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Abstract
Hydraulic fracturing is a technique to enhance hydrocarpmuduction by
inducing fracture(s) ito reservoir rock. A fracture is induced by injecting fluid
into the reservoir at pressures greater than the formation breakdown pressure. The
fracture(s) geometry, mode, initiation and propagation pressamd other
characteristicsmay vary depending on geomechanical conditions such as in situ

stresses anttherockd physical and mechanical properties.

Hydraulic fracturing was originally used to stimulate wellbores drilled into
brittle hard rocks These rocksypically behaved like linear elastic material and
exhibited low permeabijt Recently, there has been interest in stimulating
unconsolidated and poorly consolidated formations which possess low shear
strength and high permeabilitin these caseshe asumption of linear elastic
fracture mechanicéLEFM) and small lealoff from fracture wallsmay not be

valid.

Laboratory experiments have shown that hydraulic fracturing of
weakly/unconsolidated sandstones oaourin the form of sheafailure/fractures,
(@) tensile fracturgs) or a combination of the two. Theensi |l e fracture
conductivity is a nonlinear function of the fracture widBhear failure/fracturing
results in dilative deformation, whidmhances rock permeability. Shear dilation

increasestte local stresses and, consequently, incegsefracturing pressure.

Most of the current continuwidased numerical models require a predetermined
hydraulic fracture direction. Some recent continuum moldal® beermadopted to

capture fractures ira gereral direction, but they either lack a proper tensile



fractureflow law, or do not simulate the developmensbéar failure/fracturand
the interactionbetweenthe shearand tensile fracturesBeside continuurtbased
models, modelshave been developed legis on the discrete element method
These modelslo not impose the limitations of continudmsed models, but are

computationally costly and impractical for largeale field problems.

The main objective of this research is to develop a hydraulic fractodelnfor
weakly/unconsolidated sandstones and combine it with field observations to study
the main mechanisms involved and features requioedmnodeling hydraulic
fracturing These include thdracturing direction, fracture modes and their
interaction,and fracturing pressure and its variation over tifiRis proposed
numerical model can simulatemelasticity effectsrock shear failure/fractung,

tensile fracturingleak-off, andsheafinducedpermeabilityvariation

This thesis presentsraethod to implement the cubic law to describe the flow
inside a tensile fracture in a contintiemeared tensile fracture model. Touhidi
Bahginios shear per meabil ity -indoeed el ,
permeability enhancement of oil sands, is impletee to simulate shear failure.

The smeared shear and tensile fracture schemes (including both geomechanical
and flow aspects) are implemented to develop the smeared hydraulic fracture

model.

The modelis validatedby simulating a series of well tests @i sands during
cold water injection.According to he simulationresults of the well testsat
injection pressures below the vertical streswar failuregoverns thereservoir

responsaesulting in abreakdown pressure (to induce a tensile fractungefa

wh i



than the maximum in situ stress. Sensitivity analysistrate the high sensitivity
of the fracturing pressure and length to the minimum and maximum in situ
stresses, the mechanical properties of the resepamid such as the elastic
modulus and @hesion, and the physical properties of the reservoir sand such as

the absolute permeability.

Propagation pressure is shown to be directly and fracture length is shown to be
inversely proportional to the magnitude of the maximum principal stress as larger
deviatoric stressvould induce more intense shearing and larger dilation around
the wellbore and the tensile fracture. Results also show lower propagation

pressure and longer tensile fractures for sandstones with higher cohesion.

A smaller elastic moduluss found to result in a shorter fracture and lower
breakdown pressure but higher propagation pressure. It is also shown that
absolute permeability of a reservoir has little influence on its breakdown pressure.
However, lower permeabilities tend to lowenet propagation pressure and

increase the length of the tensile fracture.
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An invasion of armies can be resisted; an invasion of ideas cannot be resisted

Victor Hugo, The History of a CrimgTranslation by T.H. Joyce and A. Locker)

Chapter 1: Introduction

Hydraulic fracturing generally refers to a process in which hydraulic pressure
initiates and propagates a fracture in the groidhchi et al., 200)7 Hydraulic
fracturing is a tool to enhance hydrocarbon production by inducing fracture(s) in
reservoir rock. A hydraulic fracture is induced by injecting fluid into a reservoir
rock at pressurdsigherthanfracture initiationpressure. The fracturg(geometry
(size, orientation, etc), mode (shear/tensile), initiation and propagation pressure
and other characteristics may vary depending on the geomechanical conditions
such as in situ stresses ahdrockd physical properties.

Hydraulic fracturing was firstusedin the Houston gas field in western
Kansas in 194{Howard and Fast, 19YG&nd has been successfully used for
stimulation purpose® improveoil recovery. Hydraulic fracturing has been the
stimulation method for more than 85 percent of gas wells and 60 percent of all olil

wells in North America. This ratio is risingeconomicas et al., 2002

In addition to well productivity enhancements, hydraulic fracturing has been
implemented in a variety of other unrelated applications, including carbon
sequestratioifReynolds and Buendia, 201 7n situ stress measureméhiannan
and Nzekwu, 1992 enhanced geothermal ener@umar et al.,, 2015 solid
waste injection(Dusseault et al., 1998groundwater remediatiofAdams and
Rowe, 2013 preconditioning in block cave miningle et al., 201p rock bust
mitigation (Zhao et al., 2012 water well developmerfddams and Rowe, 20),3
and biosal injection(Xia et al., 200Y. The hydraulic fracturing process in weak
rocks results in significant changes in rock strength and stiffness, porosity and
permeability,andgroundstresses, whichre the parameters thatgely influence
the fracture response of the formatidmiricate relationships between these


http://www.gutenberg.org/etext/10381

parametersrender the conventional fracture analysis methods insufficient to
predict the fracturing procesgarticularly in weaksandstones. Hence, it is

necessary tdevelop a proper modeling tool which incorporates tipesameters

Originally, hydraulic fracturing was employetb stimulat hardrock
reservoirs which typically behaved like brittle linearelastic material The®
reservoirswere mostly impermeable or exhibited low permeabi{Xu, 2010.
Recently, there has been interest in stimulating unconsolidated poorly
consolidated formations where the materiabseses low shear strength and
higher permeabilitf{Khodaverdian et al., 20).0Here the assumptisrof linear
elastic fracture mechanics and small fluid kedikfrom fracture wallamay not be

valid.

Researchers have found that the mode of failure during hydraulic fracturing
of weakly consolidated sandstone is influenced by material properties such as
dilative behavior, strength, porosity and permeability, injection pressureupmp
rate, injection rate, in situ stressagection fluid propertiesand possible solid
concentration in the injection fluid (Golovin et al., 201D Moreover, wellbore
orientation and completion type (e.g., number and direction of perforations) can
affect the fracture geometry and propagation patieameshy, 20032011). As a
result, a complex fractured zone rather than a simple planar fractydevelop
in weakly consolidated sandstor{@aneshy, 20032017).

Laboratory experiments have shown that hydcaufracturing of
weakly/unconsolidated sandstone could be in the formshefr failure/fracture,
tensile fracture ©0a combination of these two modéaneshy, 2003 The
hydraulicconductivity of a tensile fracture is a nonlinear function of the fracture
width (Zimmerman and Bodvarsson, 199%aite et al., 1999White, 201). In
shearfailure, the permeability enhances due to dilation and formation of shear
bandg(TouhidiBaghini, 1998. The shear dilation increases the local stresses and
consequently increasesthe fracturing pressuréPak, 199). Due to the low
strength of weakly consolidated sandstonsBear failure/fracturingof the

reservoir rock during injection is likely and has been related to phenomena such



as multiple fracturing and fracture branching in field operat{@@eshy, 2003

which aregenerally neglected in numerical hydraulic fracture numericalefsod

Most of the current continumimased numerical models require a
predetermined hydraulic fracture directigeg., Ji(2008). Even though some
recent continuum modelbave beenadopted to capture fractures in general
directions(e.g.,Xu (2010), they lack a proper tensile fractdftew law, or do not
simulate the development of shear bands and their interactions with tensile
fractures.Models have been developed by utilizing discontinuum mechanics in
the form of the Discrete Element Méhod (DEM) and othermethod. These

modelsare computationally costly and impractical for lasgale field problems.

1.1 Motivation

Most current hydraut fracture modelsparticularly those that are based on
the discrete fracture approacassume a twaving planarfracture that is believed
to occurin competent rocks.aboratory tests indicatdat weakly consolidated
sand formabns are prone tehear failure/fracturinground water injection wells
resulting in shear dilatignhence, higher permeabilitand higher compressive
stressesround thewvellbore Theshear failurgorocessnaylead tothe formation
of a fracture network instead of a péartensilefracturecommonlyobservedn
hard rocls. According to the literaturévhich will be reviewed inChapter 2)the
assumption of a twaving tensile fracture witla well-definedfracturedirection
may not bean appropriatgustification tosimulae hydraulic fracturing inveakly
consolidated sandstoriermations Therefore, new modeling approaches need t
be developed.

Smearedracturemodeling techniguearefoundto bemore suitablé¢han the
discrete fracture modely techniquefor hydraulic fractuing simulation in
unconsolidated and weakly consolidated sandstoméowever, there are
limitations to some aspects ekisting smeared fracturingnodels for hydraulic
fracturing Theyeitherdo not distinguish betweeheflow conductivity ofa shear
failure/fracture and a tensilefracture (Xu, 201Q or they assign a constant

permeability to the tensile fractuvehich is not a function of the fracture aperture
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(Zhai, 2009. However, the physics of fluilow in tensile and shear fractures
different. Huid flow in a tensile fracturean beconsidered afiow through an
open spacavhereadlow in shear fractures (or failumong should be considered
as flow through crushedmaterias. For a tensile fracturefluid flow can be
modeled by usinghe parallel plate theoryn such casegshe fracturehydraulic
conductivity is a function ofthe fracturé saperture However, in a shear
failure/fracture the permeabilityof the crushed rock in the fracture baisda
function ofthefabric alterationandthedilative deformationof theshear banddn
existing smeared fracture modeshearfracturesare onlysimulatedas diffused

shearfailure zones.

In the current research literaturereviewwas carried outo studythe results
of small and largescale laboratorgxperimentson unconsolidated and weakly
consolidated sandstosie Next, field-fracturing data in the literature were
collectedto investigatethe fractuling response ofveak sandstoneeservois. A
combination ofthe field and laboratory data assessmesvided some insights
onthepossiblefracturemodesandpatterrs in weak sandstones

A literature surveywasalso caried outon the existingnumerical modehg
tools used tosimulae hydraulic fracturingin weakly consolidated sandstane
Variousfeatures of thenumerical toolsvere evaluatedparticularly those related
to the prediction ofthe fracture directionfracture modes andthe permeability

variationof the rock matrixdue to shear and tensile fracturing

In this research, gseudo threedimensional numerical tool has been
developedto simulae hydraulic fracturing in weakly consolidated sandssone
The nodel is capalle of simulaing the possible failure modes and fracture
rotation around injection wellbores. A smeared fracture approacis

implemented and utilized based on the continuum mechanics assumption.

1.2 Problem statement

A significant amount of resech ha been directed towards understanding the

hydraulic fracturing mechanism in weakly consolidated sandsidrese studies



cover a wide range of materials, stresses and injecting fluids. Theroaever
aspectsof the hydraulic fracturing procesthat remain unresolvetbr weakly
consolidated sandstoneélhese issues includeacture modes and geometries for
weak sandstones; anhkigher-thanexpectedfracture pressure insome field

projects which are underestimated by the numerical models.

Shearand tensile failurdfacturesare believed to be théwvo possible
failure/fracturemodes for hydraulic fracturing in weakly consolidated sandstones.
The fracturing pattern in a reservoir is believed to be influenced bythefion
of shear bands in th@ocess zonaheadof the fractureon the fracture walls, and
elsewherein the reservoir. Shear band development may precede tensile
fracturing in weak sandstones. Further, it is believed that shear and tensile
fractures interact with each otheesultig in unplanar (offbalance) fracture
development in weakly consolidated sandstoms. cevelopment of shear bands
and the concomitant shear dilation may result in saktegationsn the reservoir
requiring higher injection pressures to induce terfsdetures.Further, pressure
redistribution in the medium can result istressincreases whicltan create
conditionsin which a tensile fracturenay not be induced under the operating
conditions This canlead to the development of only sheaffractured zone

aroundthewellbore.

A hydraulic fracture modek neededn which the conductivity of a tensile
fracture is calculated according to governing fracture flow rules, @gic law)
and the direction of a tensile fracture is not ptednined. Alspthe potential
transformation of a shear fracture to a tensile fracture and potentiaéngation
of a tensile fracture due to shear banding at the fracture tip has not been addressed

in the literature.

1.3 Research objective

The primary olective of this research is to develop a numerical tool to study
the failure modes and pattern and the variation of fracturing pressure during field
scale hydraulic fracturing of weakly consolidated sandstoAesmeared fracture

approach will be used wevelop a numerical tool capable of simulating shear and
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tensile fractureqthe latter without a prescribed directionhis research will
enhance theunderstanohg of the mechanisms involved in the process of
hydraulic fracturing in weakly consolidatednsistones. The main questions to be

answered in this research are:

1 Why do some reservairequirelarge fracturing pressure?

1 What factorgplay a rolen increasing the fracturingressure?

This research will provide valuable informatian guiding fracturing
practicesin field operations for optimization and management of fracturing

projects

1.4 Research methodology

The methodology in this research consists of developingseude3D
continuumbased numerical hydraulic fracture model capable of dagturoth
shear and tensile fracturingrocessesA finite difference software FLAC
(ITASCA Consulting Group, 2006)was used to carry outhe stress/strain
analysis. Asingle-phase finite difference fluid flow analysis cod@sdeveloped

and linked to thgeomechanical model using #erativecoupling scheme.

A Mohr-Coulomb plasticity model with tension eaff was usedin this
research to simulate the shéaiture in the reservoirFracture mechanics criteria
such adinear elastic fracture mechani@iEEFM) (stress intensity factor or energy
release rate)vere not used as they are deemeadappropriate for weakly
consolidatedsandstones due tbe large shear failureoneat the tensile fracture
face and tip during the injectidiKhodaverdian and McElfresh, 200RIcElfresh
et al., 2002Di Lullo et al., 2004 Bohloli and de Pater, 200Bluang et al., 20)1

The fractureenergy regularizatiomethod(Crook et al., 2008was used to
reduce the messize dependenay the simulation ofthe sheafailure and tensile
fractures The mesksize dependency assigning the equivalepermeabilityto

tensile fracturd elements waalso considered.

For tensile fractures detected in alementconsideredto be a hydraulic

fracturein the developed modehe fracturesnust becontinuouslyconnected to
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the injection point (wellbore). If this criterion is satisfiedhe fracture flow
scheme is activated argimulated in the numerical meldin accordance with
fracture flow laws. Tensile fracturesf isolated elements in the reservoir
(elements not connected to the wellboregre not considered as hydraulic
fractures as fracture flow cannot be established in cracks that are not connected to
the injectionpoint An algorithm vas implemented in the numerical model to
recognizeconnected tensileydraulic fractures in the model and distinguish them
from isolated tensileracks(failures or fractures)

1.5 Thesis layout
The research igresentedn six chapters.

Chapter 1 (theurrentchapter)provides the background and the scope of the

research.

Chapter2 presentsa literature review ohydraulic fracturing with emphasis

on hydraulic fracturingn weak sandstones

In Chapter 3, a permeabilittensor model for tensile fractures is used to
relate the permeability of an element, which is fractured in tensiontsto
deformation The permeability tensolincludes permeabilitiesin the directions
parallel andperpendiculato the fractureThe smeard fractue approachmakes it
possible topredicta tensile fracturé s d i based bni tliemumerical modes
solutioninstead of prescribing the fracture direction in advance. The difficulty in
simulating tensile fracture in a continuum model is how to relate the element
deformation to its permeabilitguch that it resultsn accuratetensile fracture
conductivity A procedure forthe permeability calculations gresentedn this

chapter andhe results arealidated against available data in the literature.

Chapter 4 describes tloalculation ofthe permeabilityin the elements that
fail in shear The existing shear pmeability modelsare described their
limitations and advantagemre discussedand aproper criterionis selectedto
calculateshearenhanced permeabilitio further developthe hydraulic fracture

model The chapter also includes thesults of themodel validation including



both shear and tensile fracturgteria against dargescalelaboratory hydraulic

fracturing experiment

In Chapter 5, theoupledmodelis used to simulate a series of well tests in oll
sands.The chapter presents the numerical studgd toassesghe facturing
pressure®f the reservoilin a sensitivity analysisvith respect to thdélow and
geomechanical parameter$ the formation These parameters inclydeamong
others,the minimum and mawium principal stress, apparent tensile strength and

cohesion of the odandsandabsolute permeability.

Chapter 6 summarizes tloairrentresearch angiresentshe major findings

from this work It also includessuggestionso further develoghe model.

1.6 Significance of the work

Hydraulic fracturing has been the stimulation methHod more than 85
percent of the gas wells and 60 percent of all oil wells in North America and the
ratio is still rising(Economides et al., 20D2Investment in hydraulic fracturing
has grown from $2 billion to almost $4llion in the last decadéMarongiu
Porcu et al., 2000and has become thee t r o | e u nsedomd thrgestt outlgyd s
after drilling (Economides and Wang, 2010This technique has become a
standard practict® developtight gas, shale gas acdal bed methane formations
and is still popular in oibearing formationsin all permeability ranges
(Economides and Wang, 2010

The model developed in this research will greatly increase the understanding
of the mechanisms involved in hydraulic fracturing weakly consolidated
sandstonesncluding fracture modes and patterns. Such improved understanding
can helpto manageand optimiz fracturing jobs. Understanding the failure mode
of hydraulic fracturing in weakr unconsolidated sandstais importantin the
optimum design ofracturing jols andto avoid inadvertent fractures in reservoir

or its caprock.



Chapter 2: Literature Review

2.1 Introduction

This chapterpresentsa literature reviewon fracture mechanisms and
numericalhydraulic fracture model$:racture mechanisms involved in hydraulic
fracturing of unconsolidated and weakly consolidated sandstweerestudiedby
reviewing publicationson laboratoryresearchand field fracturing observations.
Numerical hydraulic fracture modedsealso reviewed witlan emphasis otheir

capability in simulating fracturing mechanisms in weak sandstone reservoirs.

2.2 Definition of failure versus fracture

The literature on the material behavior presents different definitions for
failure. Bieniawski et d. (1969 defined failure as a change in the state of
behavior of a material. Examples are fracturingw( cracksform or existing
cracks areexterded and rupture the structuredisintegrags into two or more
pieces). Goodma(il989 described failure as the total loss of integrity of a rock
sample, and Bésuelkt al (2000 related failure to the formation efshear band

accompanied witthes a m p dtrairésaftening response.

Failure (material behaviorjefers to the peak strengiind pos{peak behavior
of the material wherthe material becomes unablebear additionastress and its
permeability starts tochangesignificantly. Following the peakstrength state,
micro-cracks join and form macyeracksor a fracture (shear or tensile band)
resulting in the loss of strengthtain softeningfracturing. Thisfractureforms a
highly permeable zone for fluid flow, which enhances the permeability of the

matter

As failure (softening progressesthe mataal totally loses & strengthdr, in
thecase ounconsolidated and weakly consolidated geomatatsatohesiopand

disintegrates. Thishesis refers to thisstate as fracturingShear fracturen this



researchrefers to residual strength wheeefracture has fully formed Shear
permeabilityof the naterial starts to evolveduring the softeningfailure) stage

andis enhancd to the end othefracturing stage.

In addition to considering the material behavior, it is necessary to consider
geometrc constraints when distinguishing failure from fracture. Geometric
constraints in this research refer to thanerical modeiesh size effect. A large
mesh size may lead to a diffused failure zone while strain localization and shear
banding are expected @wding to observations (a clear example will be
illustrated in Chapter 4 of this thesis). In this research, shearing is simulated in a
diffused form since the mesh size is not fine enough to capture localization of
strain. For this reason, all the diffasshear zones the numerical resultare
referred to as shear failure, independent of the nature of the material behavior
(i.e., failure or fracture). Failure is more spread and diffused in the material while

fracture is more discrete and localized.

2.3 Fracture geometry

In hydraulic fracturing of competent impermeable rocisclear tensile
fracturemay develop in the direction normal to the minimum principal stress. In
weak and unconsolidated sandstones, a tensile planar fracture may occur only
when the ingction rate is greater than thete of fluid leak-off from the fracture
into the formation. This usually happens when the pumping rate is high, or the
rock permeability is lowor the injecting fluid is very viscous @ontains solid
particles that buildup skin(Pak, 1997 Khodaverdian and McElfresh, 2000e
Pater and Dong, 200%Golovin et al., 2010Khodaverdian et al., 20)0At the
other extremesheaing canbe the prdominantfracturing modein weak rocks
when the lealoff is large due to high permeabilifiPak, 1997 Khodaverdian and
McElfresh,200Q Khodaverdian et al., 20)0A transition exists where both shear
and tensile modes of failure may occur simultaneo(i3hk, 1997 Khodaverdian
and McElfresh, 200Khodaverdian et al., 2010
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2.4 Fracturing mechanisms

The fracturing mechanism in a rock may consist only sfregle modeor a
combination of three odes: opening modegdliding modeand tearing modgeas
shown inFig. 2-1 (Daneshy, 2008 A tensle fracture is created by tensile stress
and the main resistance comes from the minimiireitu stressand the tensile
strengthof the material In this processthe fracture width is the result dhe
compression of the material surroundthg fracture walls Largeramounts ohet
pressurdNFP1) make the fracture wider. The width is proportionathte fracture
length and heightDaneshy, 2003

T 74

Fig. 2-1: Fracturing modes: a) Tensile mode, b) shear mode, c) tearing mode, d and €)
combination of modes(Daneshy, 2003

Shear failure/fractureoccurs when shear stress along a plane exceeds the
shear strength of the matdrian that plane. In this process, twaifaces of the
fracture slideover each other in opposite directions libere isno separation
between them. This type of fracture doesmokrseas easily as the tensile mode
because it requires the two waltsslide back Tearing mode ofracturingoccurs
due to tearing action in which two faces twist away from each other but no gap
forms between tha (Daneshy, 2003

! Net fracturing presse is defineds the difference between the minm in situ stress and
thefracturing pressure
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By combiningtensile and shear forceas, tensileshear fracturemay take
place In this case,the fracture results ina gap with lateral displacement
(Daneshy, 200R3as illustrated irFig. 2-1 d ande. It is likely that during hydraulic
fracturing of weakly consolidated sandstgnghearing occarat the initial stages

of injectiondue tot h e maloweshearatredgh.

Many researchers have performed theoretical and experimental investigations
of the initiation and subsequent propagation of tensile fract(ffeagoort et al.,
198Q Settari, 1980Nghiem et al., 1984Papanastasiou, 1997an Dam et al.,
200Q Wu, 2006 Ji, 2008. These studies have been driven by the assumption that
a twowing planar fracture is parallel to minimum principal stre3is
assumption however may not result in realistic outcomes wray evenyield
misleading resultgDi Lullo et al., 2004 when shear fracturg takes placgDi
Lullo et al., 2004Bohloli and de Pater, 200Bluang et al., 2001

2.4.1 Fracturing mechanismsin laboratory experiments
This sectionreviews the literature onsmall and largescale laboratory
hydraulic fracturing experimentsonductedto investigate possibé fracturing

modes during injection intweaksandstong

2.4.1.1 Tensilefracturing mode

A tensile hydraulic fracture naturally aligitself according to the direction
of in situ stressesas shown inFig. 2-2. The fractureplane propagates in the
direction normal to the minimurn situ stress since this directiaequiresthe

least energy for propagation.

Tensile fractures observedin hydraulic fracturing experimentsave been
reportedextensivelyin the literaturgivan Dam et al., 200 ook et al., 2004de
Pater and Dong, 200%Golovin et al., 2010Zhou et al., 2010 Tensile fracture
occurs in a single plane (tweing planar fracture) and grows in an orderly
manney and its trend is predictabl&s more fluid is injected, the fracture grows
and becomelonger in its original plan€Daneshy, 2008 This type of fracture is
particularly seenwhere the leak-off is small (impermeable rockhigh viscosity

fluid or efficient external filter cake)Tensile fracture due tthe formation ofa
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filter cake is known aa formationdamagedriven fracture(Khodaverdian et al.,
2010.

Fig. 2-2: Dominant tensile mode of fracturing during hydraulic fracturing (Bohloli and
de Pater, 200%

2.4.1.2 Shearfracturing mode

Shear fracture during injection is known as mobiligriven fracture
(Khodaverdian eal., 2010Q. Material properties, stress level, fluid rheology, solid
concentration, permeability and pore pressure are the most important parameters

affecting sheafracturing(Bohloli and de Pater, 2006

Shear fractureusually consists of multiplebands channeling and owdf-
plane propagatiofseeFig. 2-3) asobserved in hydrdic fracturing experiments
(Pak, 1997 Khodaverdian and McElfresh, 200Charg, 2004 Bohloli and de
Pater, 2006de Pater and Dong, 200Golovin et al., 2010Jasarevic et al., 2010
Khodaverdian et al., 201@hou et al., 20100Isn et al., 201} Injection fluids
in hydraulic fracturing operatiencover a wide range of lowo-high viscosity
with no-to-high concentration of solid particles with different injection rates and
confining stresses. In these observations, shear failure could be the dominant
mechanism or part of mixed mode of fracturingfor instance, a process zone
exists ahead of the tensile fracture tip, and a large concentration of shear stress in
that zongPapanastasiou, 199AWu, 2006, as ilustrated inFig. 2-4.
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Sometimes shedailure/fracturingis the only dominating mechanis(Rak,
1997 Khodaverdian and McElfresh, 200ih weak sandstone§&hear fractures
are more likely to occur in highly permeable rocks witharesmall skin at the
fracture wall (high lealoff) (Zhai and Sharma, 200Zhai, 2006 de Pater and
Dong, 2007 Khodaverdian et al., 2010The development of shear bandsa
major reasorthat permeabilityis enhancd in the formationrock (Wong, 2003
Zhai and Sharma, 200Bhodaverdian et al., 201@hou et al., 2010

Fig. 2-3: Shear failure and branching during hydraulic fracturing, a) shear and
subparallel fractures during cross link gel injection with 35 Ib/Mgal polymer loading
(Khodaverdian and McElfresh, 200Q, and b) shear failure during injection of bentonite
slurry with concentration of 150 g/l(Bohloli and de Pater, 200%

High shear stress:
l o plastic zone
h,min
Cohesive zone
L» O?v,mox
—D:b_ -
Fluid lag

Fig. 2-4: Shear stress concentration in the process zone ahead of the fracture {ian
Dam et al., 2000

2.4.1.3 Mixed mode
Shear fractures may opemder fluid pressurémixed mode- shear prior to
tensile fracture) and fluid can flow insidiee fractureasshown inFig. 2-3b. In
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this casethe shear fracture creates a conduit for fluid flow, whichy allowthe
fluid pressure to exert force on the shear fracture wall and convert the shear

fracture to a tensile fracture.

Further shear failure may occur #te tensilefracture face. Such a fracture
is known asa mobility-driven fracture(Khodaverdian et al., 20)0Fig. 2-5a
schematically demonstrates tfiacture zonewvhich consists othe main fracture
and several suparallel fracture and branchedhe development cdn efficient
filter cakeon the fracture waltan significantly reduce the shear failure at the

tensile fracture wallgesulting indamagedriven fractures as shown kig. 2-5b.

Internal
filter cake

O MM;J_/I::‘)/\:W O

External
filter cake

—— y -
(a) = (b) 0

Fig. 2-5: Schematic of possible mechanisms of fracture tip propagatiora) mobility
driven shear and tensile fractures, and ba formation-damagedriven fracture
(Khodaverdian et al., 2010

Shear failure during hydraulic fracturingay increase the net fracturing
pressure(Pak, 1997 Khodaverdian and McElfresh, 200Bhodaverdian et al.,
2010. These shear fractures may reduce the length of the main fracture and cause
premature tip screeout during fracpacking (Khodaverdian and McElfresh,
2000. In contrasttheycan increase the capacity of the rock for slurry and waste
injection(Cook et al., 2004

2.4.2 Field observationsof failure modesin hydraulic fracturing
Data collected from recovered cores, minebacks, microseismicity, overcores
and borehole videofracturing pressure response and surface tflfdtmeter
mapping)in sandstones, jointed granites and shaleswvell as laboratoryests
indicate that hydraulic fracturesiay not always beplanar single twewing

fractures as conventionally thought. There is a need for a new perspective
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including a potential for multipléar-field fracture occurrence that should replace

the old view ofasingle planar fractur@Mabhrer et al., 1996

Some field observationsannot be explained by classicabdels (Settari,
1988 Weijers et al., 200Maneshy, 20030naisi et al., 2001 The dimensions of
field fractures areusually much smaller (Settari, 1988 Weijers et al., 2000
Daneshy, 20032005 and their widths are much larger thpredictedby the
conventionalmodels(Settari, 1988 Daneshy, 208), which can be attributedo
the plastic deformation of the material surrounding the fractdiee atual
fracture aperture may also bearrowerthan predictedWeijers et al., 2000
Daneshy, 200pdue tothe possibldormation of multiple fractureand branches
Neither a larger volumeof fluid nor more proppants guarant#eat alonger
fracturecan benduced(Daneshy, 2003

The literature also indicates higher asared fracturingpressures than the
model calculationgSettari, 1988Leshchyshyn et al., 1998Veijers et al., 2000
Daneshy, 2003 Palmer et al., 20Q70sorio and Lopez, 2009 The Delft
Fracturing Consortium worldwide survey on fracturing pressures indicated that
net pressures encountered in the field are commonly 50% to 100% higher than
their corresponding values predicted by conventional fracturing simulators based

on linear fracture mechani¢de Pater, 199&ited by Papanastasioid9970).

2.4.2.1 Off-Balance FractureGrowth

Daneshy (2003 introduced the new concept of dfélance growth in
hydraulic fracturing. A tensilplanarfracturewhose growttpatternis predictable
i s cal | e.dThdfracautingmodesndan off-balance fracturés notsolely
Model andthe fracture is noplanaranymore instead it is irmmixed modeanda
multi-branch geometry This fracture growth pattern is calledl o-bafance
g r o w tMbsb hydraulic fracturesn weak rocksoccur inan off-balance pattern
(Daneshy, 20032005.

Branching and shear fracturing are responsible febal&nce growth and the
result is shorter and narrower fractures than whae baen degned (Daneshy,
2003 2009. The narrow width causea larger pressure drop along the fracture.
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Also, fluid and proppant movement follows this -@falance patterrDepending
on their width, hese shear fractures can open and intake proppants or prevent

proppant placemeribaneshy, 2006

2.4.2.2 Types of OffBalance Fractures
According to Daneshi(2003, two distinct fracture characteristics are

involved in offbalance growthmultiple fracturingandfracture branching

Multiple fracturing is a neatwellbore phenomenonreferring to separate
fractures created at the wellbd@aneshi, 2003)This phenomenohas also been
observed in laboratory experiments when the two stresses perpendicular to the
wellbore axisare equal (Cook et al., 2004 This nearwellbore phenomean,
which is also known as tortudy, is responsible for premature scremut and/or

low proppant concentratigi€leary et al., 1993Aud et al., 1994

Multiple fracturing is dependent on the watbmpletion design(e.g,
borehole inclination and number, size and distribution dhe perforatior).
Additional importantparameterén the development of multiple fractures include
fluid pressure inside the wellbgrand wellbore inclination(Daneshy, 2003

Further details follow.

1 Injection rate: Higher injection rateresult in quickpressure increases while
leak-off is still small. Large diameter perforation and shorter perforated
intervak provide more flow rate to a specific part of the reservoareasing
the probability of tensile fracturéeSome researchemecommendhigh-rate
injection to reduce the intensity of newaellbore tortuosity(Cleary et al.,
1993 Weijers et al., 2000

$ Length of perforation interval: Multiple fracturing is less likely when the
perforated interval is short¢€Cleary et al., 1993Aud et al., 1994Abass et
al., 1996 Weijers et al., 200Maneshy, 2003

1 Perforation diameter and direction: Perforating perpendicularto the
direction of theminimum in situ principal stress can redudée intensy of

multiple fracturing (Daneshy, 2008 So can a larger perforation diameter
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(Cleary et al., 1993Aud et al., 1994Weijers et al., 2000 by providing more
flow rate to a specific interval.

9 Fluid viscosity: High viscosity fluids can also reduce multiple fracturing
(Cleawy et al., 1993Aud et al., 1994Leshchyshyn et al., 1998Veijers et al.,
2000. Armirola et al.(2017) found that fluid leakoff in hydraulic fracturing
controls the fracture geometry. Highiscosity fluids creatdarger fracture
width due to the lowleakoff. In addition,shearfracturingis less likely to
occurwhen more viscous fracturing fluidse usedArmirola et al., 2011

1 Borehole orientation: This parameter can affect multiple fracturi(@eary
et al.,, 1993 Osorio and Lopez, 200%0naisi et al., 20)1due to stress
rotation The most impactis when fracturing a horizontal wellborén a
reservoir wherghe minimum in situ stress is parallel tioe wellbore axis
(Abass et al., 199@sorio and Lopez, 2009

1 Stress anisotropy: The naterial stress state is closer ttee shear failure
envelope whenthe stress difference is largdi.e., shearfailure is more
probablg (de Pater and Dong, 200@olovin et al., 201D Osorio and Lopez
(2009 reported different results in their laboratory experimenta gseater
difference between in sitistresses increased the probability of tensile

fracturing.

Fracture branching is another type of-b#lance fracture growthEach
fracture branch can have its osub-branchegDaneshy, 2003

Openhole

Fig. 2-6: Multiple Fracturing , a near wellebore phenomenéDaneshy, 2005
Higher net fracturing pressurean bea sign of multiple fracturing and

shearing(Leshchyshyn et al., 1996Neijers et al.,, 20000sorio and Lopez,
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2009, even in fracturing low permeability rocks such shale (Palmer et al.,
2007).

2.4.3 Summary of Field Observations
The resultsof laboratoy experimentsare consistentwith most field
observations The major common conclusisrare that both tensile andshear
fracturingmay occurduring hydraulicfracturing Shearenhancd permeabilityis
possible andhigher fracturing pressurenay be expectedwhen weak and
unconsolidatedandstoneare fracturedFluid type and injection ratas well as
wellbore completioranddeviation are the parameters thanbe selected in such

a wayto reducefracturingpressure

An idealnumerical hydraulidracture model should kequipped with enough
physics tocapturethe potentiaffracturingmodes and theinteractionas well as
multiple fracturingbranchingand the possible fracture reorientation around a

wellbore.

2.5 Parameters that affectthe hydraulic fracturing response

The following parameters are believed to influetlesfracturing responsef

weakly consolidated sandstene

2.5.1 Stressdependent elastic properties
Laboratory experimentsn weakly consolidated sandstaradicatethat the
s a n d s elasticen®dulus strongly depends on th&edfve confining stress
Fig. 2-7 demonstrates such dependence for Salt Wash Sandstoreasd pore
pressurereduces effective stressésadng to a lower elastic modulusFurther,
tensile fracturing reducegshe effective confining stressaround the fracture

resulting inlow elasticmoduliin the neaifracture zone
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Fig. 2-7: Variation of elastic moduluswith effective confiningstress(Rahmati et al.,
2012 Rahmati, 2013

2.5.2 Rock Strength
Stronger rocks are less prone to sheduriaduring injection. The higher the
cohesion, théigherthelikelihood of tensilefracturing preceithg shearfracturing
(Rahmati, 2018

2.5.3 Dilation
Shearfailure of weakly consolidated sandstones resittsshear dilation,
hence,increasedpermeability andfaster pore pressure diffusionThis, in turn,
increases the likelihood @fdditionalshear failure. Further, dilation enhances in

situ stressefPak, 1997 increasng the tensile fractuing pressure.

2.5.4 Permeability
Rock permeability is important because it influences pore pressure diffusion
in the matrix leading tothe shear failurethat, in turn, may result in higher net
fracturing pressureln weakly consolidatedand unconsolidated sandstones,
shearingresultsin dilative shear deformatignvhich leads togreatedocal stresses

andhigherfracturing pressure.
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Pak (1997 presentedh qualitativechartfor the expected hydraulic fracture
pattern in a wide range of geomaterials. This chart relatefdbture pattern to
the permeability and cohesion of geomateri@sg. 2-1). According to tle chart, a
dominant planar fracture is expected in low permeability rocks wigh
cohesion, while multiple fractures are likely to occurpermeablesandstones
with lower cohesion. In highly permeable rock with high cohesion, a rough and
irregular fracture plane is expected, while for highly permeable rock with low

cohesion, a zone of tiny intepnnected cracks is anticipated.
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Effect of hydraulicfracturing on the medium

Fig. 2-8: Hydraulic fracturing mechanism of different geomaterials(Pak, 1997

2.5.5 Fluid Viscosity
Higher fluid viscosity reduces leakf and results ira smaller poroelasticity
effect, less permeability enhancememnd lower net fracturing pressure
(Khodaverdian and McElfresh, 2000t also reduces the possibility ofhear
failure. A viscous fluid may be injected into a highly permeable material and

induce sheafracturewhile a less viscous fluid may be injectedo a very low

preamble material and result in tensileacture Therefore, themat er i al
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hydraulic conductivity to the injecting fluid should be consideradletermining

factor in the mode dfacture

2.5.6 Stress Magnitude and Direction

The tendency to shedailure increases when thdifference between the
minimum and maximunprincipal stresses higher(de Pater and Dong, Q@
Golovin et al., 201D Fig. 2-9 illustrates the stress paths of a material with two
different initial conditions. As can be seen, higher maximum principal strasses
Point A would lead toshearfailure while the same strespath startingit Roint B
would resultin atensilefracture Based on their laboratory experiments, however,
Osorio and Lopef2009 reporteda higher potential aensile fracturingor those

cases witha greatedifference between the principal in situ stresses

Shearinduced permeability
dueto dilation and formation
5’1 of shear fracture

A

Shear
failure -

Tensile
failure

Fig. 2-9: Effect of initial stress state onthe failure mode

Cook et al.(20049 reportedthe results ofaboratorynumerical research on
injecting drill cuttings (slurry with viscosity of 50 cp) into Berea sandstone blocks
under true triaxial testing conditisniThe samples were rectangular (7.6 by 7.6 by
16.5 cm) with a 0.6 cm well in the centre. The experiments showed multiple
fracturesfor equal principal stressel distinct fracture parallel to the direction
of maximum horizontal stressvas observed for the experiments with-aqual

horizontal principal stress¢€ook et al., 2004

22



2.5.7 Wellbore Direction
Abass et al(1996 performedan experimental study on hydraulic fracturing
of horizontal wells with openhole completion to study 4pdenar fractures and
their consequences. They defiredon-planar fracture as any fracture that does
not follow the conventional singleacture geometry. They found three types of
nonplanar fracturesmultiple parallel fractures, reoriented fractures arsh@ped
fractures The type of fracturedepenéd on the deviation angle d@he wellbore

with respect to the maximum horizontal stress.

Fracture initiation pressuiie a reflection othe disturbed stress field around
the wellbore andalso is a function ofa wellbore azimuth, while propagation
pressure @presents the minimum in situ stréddass et al., 1996 Referring to
Fig. 2-10, as the angle between the horizontal wellbore axis and the maximum
horizontal stress increases, fractineakdownpressure increasdgbass et al.,
1996.

5000
- — .
v
a .
§ 4000 ~
75}
g
c
z Py
% 5000*&
o
@D
_____ Vartical Well
2000 S a— ' ] ’ T
[+} W0 20 30 40 80 1] 70 8O 90

Orientation Anals, dearees

Fig. 2-10: Initiation pressure as a function ofthe wellbore deviation angle from
maximum horizontal stress(Abass et al., 1996

2.5.8 Injection Rate
In the experiments conducted by Zhou ef(2010, a lower injection rate of
a viscous fluid of 3500 cp into unconsolidated sand of&GWD md resulted in

branching and suparallel fractures whil@ higher injection rate inducealplanar
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tortuous fracture. Fractung pressure was 2.5 times the confining stress (7 MPa)
for the lower injection ratewhich may be attributetb higher pressurdiffusion

andmoresheaing.

When fluid with a 2% solid concentrationwas injectedinto cohesionless
sand, higher injection rageresulted in a transition fromsingle planar crack to
multiple branching all around the wellbof@olovin et al., 201D In their large
scale experiment on cubic samples of cohesionless sand, Jagaraki2010
observed multiple primary fractures formed at random locations all around the
casedandperforated wellbore before the main fracture propagatéuke direction
perpendiculato the minimum stres@ig. 2-11). They found that the length of
these primary fractures is inversely relatethiflow rate.

Locations of Perforations i

Q; (cc/min) * 10°

Fig. 2-11: Multiple primary fractures form before propagation of the main fracture
(Jasarevic et al., 201p

2.6 Review of NumericalModels for Hydraulic Fracture

The following are thee important aspects of hydraulic fracturing of
unconsolidated sandstaehichshouldbe incorporateih the modeling(Xu and
Wong, 2010:

1 The poroelasticdeformation andshearand tensile failure/fractureof the
matrix induced by pore fluid pressure;
Fluid flow in shear and tensile fractures as welthesmatrix;

Initiation and propagation ahe shear and tensiteacturesin the matrix.
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Tensile modehydraulic fracturing has been extensively studiadpast
decadeqPak, 1997 Papanastasiou, 1997%an Dam et al., 200C5ettari et al.,
2002h Cook et al., 2004Lian et al., 2006Xue etal., 2006 Ji, 2008 Zandi et al.,
201Q Zhang et al., 2090 Several researchers have also investigakexdismode
hydraulic fracturing of weak sar(®ettari et al., 198%ak, 1997 Pak and Chan,
2004 Zhai and Sharma, 2008Vu, 2006 Zhai, 2006 Xu, 201Q Xu and Wong,
2010.

The assumption of linear elastic fracturemechanics (LEFM)for cracktip
propagéion and a tensiléwo-wing fractureare not valid in unconsolidated and
weakly-consolidated sandstones wheplastic deformation is involved
(Khodaverdian and McElfresh, 200McElfresh et al., 2002Di Lullo et al.,
2004 Bohloli and de Pater, 200Bluang et al., 20])1

Existing numerical hydraulic fracturenodels are basedither on smeared
fractuiing (Chin and Montgomery, 200Zhai and Sharma, 200Zhai, 2006 Xu,
201Q Xu and Wong, 2010Xu et al., 201 or discrete fractur¢Hagoort et al.,
198Q Settari, 1980Nghiemet al., 1984 Settari, 1988Settari et al., 198%Bettari
et al.,, 1990 Settari et al., 1992Papanastasiou, 1997Rapanastasiou, 1997b
Papanastasiou, 1999an Dam et al., 20Q0Settari et al., 2002&5ettariet al.,
2002h Ji et al., 2004 Ji et al., 2006 Wu, 2006 Ji, 2008 Ji et al., 2009 or
discrete element{Cook et al., 2004 Gil, 2005 Gil and Roegiers, 2006
approacks They can also be divided into two major graupedels that need a
predefined direction for the hydraulic fracture and models that can predict the
fracture direction. Based on this classificatitihe following sectioa providea
description of existing numerical models of hydraulic fracturing.

2.6.1 Modelswith Prescribed Fracture Direction

2.6.1.1 Continuum Approaches

Conventional hydraulic fracture models were developed for designing
hydraulic fracturing treatments in the 19608. these models, fracture was
simulated based ottne material (volume) balance of injected fluidoward and

Fast, 197D The facture volume at each time was equal to the total volume of
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injected fluid minus the fluid volume leaked off from the fracture walls into the
reservoir. The material balance of injectedidlis in the form of Eq.2Z-1) (Ji,
2008 whereo is the fracture volumandr] andn are fluid injection and leak
off rates, respectively.

HV

— = LT e (2-1)
T G q

Using Eq. 2-1) , the assumed fracture shape and the pressure distribution in
the fracture can be used to calculate the diractength and widtl{Howard and
Fast, 1970 Gidley et al., 1989Ji, 200§. The most popular twdimensional
fracture model s ar e(Ho@ard dne Faét,s19yinmbBdels] and GdK
which mainly differ in their basi c assumg
fracture width is urform through the fracture bodin the PKN model,the plane
strain condition and elliptical fracture cross section are assumed for each vertical
cross section perpendicular to the fracture. Howevehe®dK model, the plane
strain condition is assumedrfthe horizontal cross section. Bettodelsassume
fixed fracture height equal to the height of the pay zone. For injectionawith
constant flow rate, these models calculate the fracture aperture at the wellbore,

fracture length and injection pressure.

Conventional hydraulic fracturing models do not considerthal complex
features(e.g, poroelasticity, plastic deformation and shearing around a fracture)
and may not be adequate simulae hydraulic fracturing in unconsolidated oll
sandgqSettari, 1988Ji et al., 2004Xu et al., 201D

Theinitial (old) fracture/reservoimodels includd two different grid systems
for solving fracture flow and reservoir flow(and heat transfer)Settari, 1980
Nghiem et al., 1984in which the equations could be solved in an uncoupled,
sequentially or #ratively coupled mannefhe initial models did not account for
the way in which stress/deformatiomaffectedreservoir flow andthe fracturing
procesqSettari, 198D Settari(1980 useda fracturdflow model based on mass
balance lam(GdK model) In the initial fracturereservoir moded the pressure
drop in the fracture wasonsidered negligibland the fracture flow waseated as
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a boundarycondition for reservoir flow (Hagoort et al., 1980Settari, 1980
Nghiem et al., 1984 Hagoort(1978 derived equationto estimae the fracture
initiation, propagation and opening/closure pressugettari (1980 used these
equationsto consider the effect of pore pressyperoelasticity)on fracturing
Nghiem et al(1984) usedthe GdK fracture model and developa®D reservoir
fracture modelto evaluatethe fracture initiation, propagation andlosure

pressure,

Settari (Settari, 1988 Settari et al., 1989introduced amethod for the
modular (partial) coupling of flow/stress/fracture simulation by coupling fluid
flow to soil mechanicdt wasshowedhatshear failure occurs around the fracture

facedue tolow effectivenormal stressas illustrated schematically kig. 2-12.

In a coupled reservoir/stress/fracture model, Setl®88 showed thathe
oi |l $ractarohg pdocess is controlled by fluid leak which is dominated by
the mechanical behavior of the sarsdich as shear failure at tfracture face. In
addition, studies haveshown that shear stress concentration at the fracture tip
results ina plastic zone e tip (Papanastasiou, 1997ban Dam et al., 2000
Wu, 2006.

¢ =a
¥

vl

Fig. 2-12: Processes during fracturing of oil sand (Settari, 1989
In early hydraulic fracture models, fracture equations were solved

independently of the reservoir equations usngan overall coefficient fothe

leakoff (Settarietal., 1990 I n | ate 19706s, another
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which the fracture/reservoir equations were solved in a couple manner very

similar to conventional reservoir simulati@@®ettari et al., 1990

Settari et al(1990 proposed partial couplg of the fracture and reservoir
flow. Fracture equationsvere solved numerically duringhe propagation A
fracture gridwascreated dynamically oependent of the reservoir grideakoff
was calculated for each element using an analytical/numerical mddeh the
average transmissibilitfkh/ /7y of the reservoir blocks containing the fracturere
calculated and transferred to the reservoir modieke conventional reservoir
model treaed the fracture as a stationary fracty&ettari et al., 1990 Settari at
al. (1992 showed that a dynamic fractuneth multiphase flowcan be simulated

by dynamic enhancement of transmissibilities in thetdracplane.

A fracture model comprised of a geomechanical tool linked aitkservoir
simulabr can be an effective fracture modeling tdal this modelthe fractures
treated as the highly permeable part of the rese(@eittari et al., 2002&ethri
et al., 2002pandthe fractureconductivity iscombinedwith the permeability or
transmissibility ofthe reservoirgrid containing thedracture. Settari et al(2002g
developeda 3D coupled fractureeservoifgeomechanical model which simulates
thefracture propagation durinthe fracturing job andhe static fracture duringhe
production. They used dynamic transmissibility multiplie(the ratio of current
permeability at the current pressure/stress to the original permeability under the
original pressure/stress conditiom) the fracture planéo simulatethe fracture
growth duringthe injection This multipliercould bea function ofpressure (for

uncoupled modeling) or of effective stress (for coupled modeling).

Ji et al. (2009 presentedmodeling techniquesfor a fully coupled
reservoir/fracturanodel of dynamic fracture propagatiosinga clasg fracture

model such aPKN or GdK. In their approach fracture initiation(r} ) and

propagation pressufg ) arecalculatedrom the following equations:

N , T TR (2-2)
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Pl h o et (2-3)

where A is the initial minimum stress# is the critical stress intensity
factor, , b is the initial fracturehalf-length and, is the minimumin situ stress.
Fracture length can be found bytarpolating the grid pressurde find the
position of the fracture tipThe fracture length, fracture maximum width and
width distribution along the fracturecan be calculated according the GdK
fracture modelThe fracture widtiiogether withthe porepressuren the fractured
elementare usedto calculaé the fracture transmissibility. Therthe reservoir
calculations are repeatéd updatethe grid pressure. This cycle rigpeateduntil

convergence is attaindédr each timestep.

In a3D fully coupled flowstressfracture model developed By et al.(2006
2009, a finite element geomechanical modescoupled to a conventional finite
difference reservoir simulator. In the older modbk stress/pressudependent
dynamic transmissibility multiplier was introduced to consider the effect of
fractuing on flow and stresstrain behavior. This multiplier hangel
significantly in the Bments where fractung occurred Ji et al. (2006 used
multipliers precomputedin tables dependingn either stress (ithe coupled

version) or pressure (theuncoupled version)Ji et al., 2009

Ji et al.(2009 simulated fracture propagation implicithy applyingpressure
onthefracture faceFracture face displacemerdaused by th&acturingpressure
are used to calculathe permeabilitymultipliers (Ji et al., 2009 The reservoir
and geomechanical/fracturing modulesre coupled iterativelyJi et al., 2009
The 3D planar fracture pressure and geomestetreatedas dynamic boundary
conditions in botithe geomechanical anddiv simulatos, and the fracturavas
simulated as a hidgy permeablanatrix. In the previous mode(Ji et al., 200%
these multipliersvere preecomputed as tables depending on either stresthéin
cougded version) or pressure (the uncoupled versionyvhile in the new model
(Ji et al., 2008 these multipliersvere computed based othe fracture width
(node displacement dhe fracture facg from the geomechanical modulé@he

equivalentpermeabilityin the fractureplane (x and y direction ifkig. 2-13) was
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assesseds a function othefractureaperturebased orcubic lawandresuled in

the following equatios forthe permeability multiplieqJi et al., 200

cw,’
inxdirection: PMXmuIt :1 # .......................................................... (2'4)
12k, opy

cw,®
in Z direction: PMZmuIt =1 # 5 H e R A e AR AR AR AR RN RN R EEEEEEEREEERREERREES (2'5)
12k, px

whereDx andDz arethe element (grid block¥ize inthe x and y directions
respectively(seeFig. 2-13); the A coefficientis usedto account for the factors
decreasing fracture permeability such as fracture tortuosity, fracture face

roughness and irregular shape of the chammelx is the fracture width.
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—" loads _

Fig. 2-13: Quarter layout of the fracture/reservoir model (Ji et al., 2009

The matrix permeability is also updated accordingthe permeability
relationship withstressstrainafter calibration againsaboratory tests or field data
(Ji et al., 2009

Assuming the fracture directionn an impermeable rock, Papanastasiou
(1997a 1997h 1999 solved the continuity equatiorm T 0T ff @ T
where w is the local fracture width and q is the flow ratedonjunction with the
lubrication theory Which relatesthe pressure gradient tibhe fracture width, for a
Newtonian fluid of viscosity ) and ignored the lea&ff from thefracture into the
rock matrix van Dam et al(2000 useda similar approach by solvinghe
Poiseulle law and continuity equatiorstudies haveshown that thatan
elastoplastic (hardening) rockesponsewould result ina shorter and wider

30



fracture and higher net pressutkan would elastic dutions for fracture

propagatior(Papanastasiou, 199Rapanastasiou, 199¢an Dam et al., 2000

2.6.1.2 Continuum-Discontinuum Approaches

The continuurddiscontinuum group ohydraulic fracture moded includes
special typs of elements like thifayer solid elements or zethicknessjoint
elementsTo place these special types of elements in the model, it is necessary to

know the fracture direction and location.

Xue et al.(2006 performeda coupled analysis of hydraulic fractug using
ABAQUS (based onthe finite element method andohesive elementsising
damagemechanics Zhang et al. (2010 used ABAQUS to simulatea staged
fracturing of a horizontal well in &hin pay zone. Their model included
perforatiors, wellborecasing cementthe pay zonecap and base rocka micro-
annulus fracture and vertical transverse fracture. They found ththe micro-
annulus (see figureFig. 2-14) fracture andthe transverse fractur@ccured
simultaneously at earlgtages of the processmd then the micrannulusclosed
due toa higher stress concentration around the wellbore, batttAnsverse
fracture propagatedt is worth roting that the micreannulus fracturgesenbles

multiple fracturesliscussed in laboratory experiments and field observations

transverse fracture

perforation
7 wellbore
v 1lx cement casing

pay zone
micro—annulus

Fig. 2-14: Continuum-Discontinuum model by(Zhang et al., 2010
Lian et al.(2006 simulated hydraulic fracturing using ABAQUshd found
that permeabilitys more important in #afracture tip thann other places. Their
study indicated thahe void ratio of the medium reached the maximum vdine
the model)at the fracture tipresulting ina permeability increase. Similar results
have been reported by other researctigtsodaverdian and McElfresh, 2000
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Wu, 200§. This permeability enhancement mhglp the shearing process and

increasehe fracturing pressure.

2.6.2 Modelswithout Prescribed Fracture Direction
The hydraulic fracturemodels that doot need anypredetermined fracture
direction are divided intbwo major groups: discontinuum and continuum models.
In the discontirmum group the discrete element methathn simulatethe rigid
grains or deformable blocksand the interface between them.e$htypes of
modek areimpractical in terms of solution timand areincapable of simulating
field-scale problems becaustthelarge number of particldslocks

In continuum model the fracture is smeared and #dwivalentproperties of
the fractureand matrx, such as permeability and porosigre assignedio the
continuum mesh. This approaoctekes it possibléo modelfracture flow, matrix
flow and the stress/strain effeabn permeabilityin a fully or partially coupled
manner. This method has been uesimulak fracturing jobs such as solid waste
injection in soft rock reservoir&Chin and Montgomery, 2004&ndthe fracturing
of unconsolidatedasds(Zhai and Sharma, 2003hai, 2006 Xu, 2010.

2.6.2.1 Discontinuum Models (Discrete Element Models)

Cook et al.(2004) useda 2D DEM code MIMES (Modeling Interactig
Multibody Engineering System$Rege, 199§, and extended ito fracture
propagation duringan experimental slurry injection in Bereaandstone (loosely
cemented sandstondheir model consisted of a horizontal cross section of a 4 m
by 4 m blockwith a 20 cm hole at its centénspired bythe molecular model of a

fluid, they seda circular sourcéo pressurie the borehole

Cook et al(2004 showed that similar to their experiments, multiple fractures
can occur when the two principal stresses are equal, leading to a higher storage
capacity for the fractured medium, as showirig. 2-15. In the case of different
horizontal stresses, a distinct fracture occurs parallel to the direction of the
maximum horizontal streg€ook et al., 2004 Although this model can simulate

the proper fracturing modes, it is limited because of its small size.
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Time =0.07 s Time =0.05s

(a) % ©

Fig. 2-15: Fracture pattern in DEM model by Cook et al.(2004); a) multiple fracturing
in an isotropic stress conditionb and ¢) fracture perpendicular to the minimum stress ata
stress ratio of 2:1 and 1:Cook et al., 2004

Gil (2005 and Gil and Roegier§2006§ developed a DEM model using
PFC3D to determine the potential and importanc@ghear failure mechanism
and the effect of leakoff during hydraulic fracturingn poorly consolidated
sandstonegAnter sandstone Gil (2005 found that shear failure seems to be
more important than tensifailure for these rocksHis model dimensionsvere
H=4.6 mand L=W=3.4 m including 1537 particlessimulatingthe sample aa
depth of 3,048 mGil showed thatow viscosity fluids under lowdifferential
stress (acting on samplespused unstable crack propagati(fracture that
reached model boundariesfhe cracksappearedall around the wellbore and
formed a cylindrical cloud around it. Conversely, high viscosity flowdre than
500 cp) produced stable cracks regardless of the magnitudiffefential
pressure The cracks were induced around the highest differential pressure area

(near wellbore) without any preferential orientation.

At higher differential pressure§l7 MPg, the effect of viscosity was
marginal and the results of all the models wemilar (Gil, 2005 Gil and
Roegiers, 2006 The results showthat for AnterSandstone, shear failure is the
dominant failure mechanism duringydraulic flacturing Thatcould explainwhy
the field fracturing pressure is much larger than what is predicted for
unconsolidated sasdGil, 2005 Gil and Roegiers, 20Q06Althoughthe modelis
capalbe of capturing the discontinuous nature of the fractures,
permeability/porosity change and failure modes;aih only be used fasmalt

scale problems
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