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SUMMARY

In this work we argue that toughness (resistance) to fracture propagation is an
inherent characteristic of cohesionless particulate materials. This isfisagnti for
understanding hydraulic fracturing in geotechnical, geological, and petroleum

applications.

We developed experimental techniques to quantify the initiation and
propagation of fluiddriven fractures in saturated particulate materials. The fusicty
liquid is injected into particulate materials, where the fluid flow is localized in Half
propagating cracklike conduits. By analogy, we call geeconduitsP ONJ 01 4 Q 2 NJ WK ¢
fracturesQ ¢ KS S EvdR NéxfofrBed Grathree particulatenaterials¢ (1) fine
sand,(2) silica flour and (3) their mixtures. Based on the laboratory observations and
scale and dimensional analyses this work offers physicatoncepts to explain the
observed phenomena. The goal of this study is to determinectiwrolling parameters

of fracture behavior and to quantify their affects.

When a fracture propagates in a solid, new surfaces are created by breaking
material bonds. Consequently the material is in tension at the fracture tip. In contrast,
all parts of tle cohesionless particulate material (including the tip zone of the hydraulic
fracture) are likely to be in compression. In solid materials (with limited or no leakoff),
the fluid lags behind the front of the propagating fracture. However, for ftlrigen
fractures in cohesionless materidlge lag zone is absent. The compressive stress state

and the absence of the fluid lag are important characteristics of hydraulic fracturing in
XXV



particulate materials wh low, or negligible, cohesionAt present, two kiematic
mechanisms of fracture initiation and propagation, consistent with both the
compressive stress regime and the absence of the fluid lag, can be offered. The first
mechanism is based on shear bands propagating ahead of the tip of an open fracture.
Thesecond is based on the reduction of the effective stresses and material fluidization

within the leakoff zone at the fracture tip.

Our experimental results show that the primary factor affecting peak (initiation)
pressure and fracture aperture is the maigyiie of the confining stresses. The
morphology of the fracture (and fluid leakoff zone), however, changes significantly not
only with stresses, but also with other parameters such as flow rate, fluid rheology, and
permeability. Typical features of the obsed fractures are multiple of$hoots (i.e.,
small branches, often seen on only one side of the fracture) and the bluntness of the
fracture tip. The latter suggests the importance of inelastic deformation in the process
of fracture propagation in cohesitess materials. Similar to solid materials, fractures

propagate perpendicular to the least compressive stress.

Scaling indicates that, in experiments performed in the regime of limited leakoff
(i.e., the thickness of the leakoff zone is much smaller thenftacture length), there is
a highpressure gradient in the leakoff zone, in the direction normal to the fracture.
Fluid pressure does not decrease considerably along the fracture, however, due to the
relatively wide fracture aperture. This suggests thaldraulic fractures in
unconsolidated materials propagate within the toughnessninated regime.

Furthermore, the theoretical model of toughnedeminated hydraulic fracturing can be
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matched to the experimental pressutgne dependences with only one fitig
parameter. Scale analysis shows that large apertures at the fracture tip correspond to
relatively large 'effective’ fracture (surface) energy, which can be orders of magnitude

greater than typical for hard rocks.

The main conclusion of our work is thiaactures in cohesionless materials can
0S O2yaARSNBR WiKAO]l®PQ ¢KA& AYLX ASa GKFG
Therefore, the fractures in our tests can be considered toughdessinated. Further,
the primary parameter in determininthe peak injection pressure is that of confining
stressesin this work we present a comprehensive experimental development focusing
on four main parameters: confining stresses, fluid rheology, injection rate, and
permeability. We use dimensional analyaisd scaling relationshipand compare our
experimental results to a toughnesminated model of hydraulic fracturing in
cohesionless saturated materials. Finally, e@mpare the developed model téeld

data
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1. INTRODUCTND

In this work we argue that tagghness (resistance) to fracture propagation is an
inherent characteristic of cohesionless particulate materials. This is significant for
understanding hydraulic fracturing in geotechnical, geological, and petroleum

applications.

We developed experimentaltechniques to quantify the initiation and
propagation of fluiddriven fractures in saturated particulate materials. The fracturing
liquid is injected into particulate materials, where the fluid flow is localized in Half
propagating cracklike condits. By analogy, we call tee conduitsP ONJ 01 4 Q 2 NJ WK?¢
fracturesQ ¢ KS S Evef NérfofrSed Griithree particulate materials (1) fine
sand,(2) silica flour and (3) their mixtures. Based on the laboratory observations and
scale and dimensioral analyses this work offers physicatoncepts to explain the
observed phenomena. The goal of this study is to determine the controlling parameters

of fracture behavior and to quantify their affects.

When a fracture propagates in a solid, new surfaces aeated by breaking
material bonds. Consequently the material is in tension at the fracture tip. In contrast,
all parts of the cohesionless particulate material (including the tip zone of the hydraulic
fracture) are likely to be in compression. In solidterials (with limited or no leakoff),
the fluid lags behind the front of the propagating fracture. However, for ftlrigen

fractures in cohesionless materidlge lag zone is absent. The compressive stress state



and the absence of the fluid lag are iorpant characteristics of hydraulic fracturing in
particulate materials with low, or negligible, cohesion. At present, two kinematic
mechanisms of fracture initiation and propagation, consistent with both the
compressive stress regime and the absence ef fioid lag, can be offered. The first
mechanism is based on shear bands propagating ahead of the tip of an open fracture.
The second is based on the reduction of the effective stresses and material fluidization

within the leakoff zone at the fracture tip.

Our experimental results show that the primary factor affecting peak (initiation)
pressure and fracture aperture is the magnitude of the confining stresses. The
morphology of the fracture (and fluid leakoff zone), however, changes significantly not
only with stresses, but also with other parameters such as flow rate, fluid rheology, and
permeability. Typical features of the observed fractures are multiplesiodots (i.e.,
small branches, often seen on only one side of the fracture) and the bluntnes® of th
fracture tip. The lattersuggests the importance of inelastic deformation in the process
of fracture propagation in cohesionless materials. Similar to solid materials, fractures

propagate perpendicular to the least compressive stress.

Scaling indicateshat, in experiments performed in the regime of limited leakoff
(i.e., the thickness of the leakoff zone is much smaller than the fracture length), there is
a highpressure gradient in the leakoff zone, in the direction normal to the fracture.
Fluid pressw does not decrease considerably along the fracture, however, due to the

relatively wide fracture aperture. This suggests that hydraulic fractures in



unconsolidated materials propagate within the toughnessninated regime.
Furthermore, the theoretical maal of toughnesslominated hydraulic fracturing can be
matched to the experimental pressutgne dependences with only one fitting
parameter. Scale analysis shows that large apertures at the fracture tip correspond to
relatively large 'effective’ fractures(irface) energy, which can be orders of magnitude

greater than typical for hard rocks.

The main conclusion of our work is that fractures in cohesionless materials can
0S O2YyaARSNBR WiKAO]®PQ ¢KA& AYLIX ASantiKFG
Therefore, the fractures in our tests can be considered toughdessinated. Further,
the primary parameter in determining the peak injection pressure is that of confining
stressesln this work we present a comprehensive experimental development fogus
on four main parameters: confining stresses, fluid rheology, injection rate, and
permeability. We use dimensional analysis and scaling relationships to compare our
experimental results to a toughnesminated model of hydraulic fracturing in
cohesiongss saturated materials. Finally, we compare the developed model to field

data.

The thesis is organized as follows.

Chapter 1 dintroductioné summarizes workperformed in this dissertation and

introducesthe structureof this document

Chapter2 & C{-diwlSRr FNJ OG dzZNBa Ay piebentdiairéviamiofiitheS Y I G S
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literature on hydraulic fracturing imnconsolidated materials

Chapter3d 9 ELISNA YSY (| f -RNILBMBY OKNIFANAzNEB HzZA RF LI N
describes the experimental processesd poceduresdevelopedin this work for

hydraulicfracturingin unconsolidated saturated materials

Chapter4 & 9 E LIS N Y S y prdsénts tiéS raiizf esiparimental resulteelated

dimensional analysis ardkscription of the observettacture morphology

Chager 54 CS I (i dZNBRNA2AFS yF (FdXAIRO G dzNBa Ay LIheNIi A Odzf |

effect of parameterson fracture characteristics.

Chapter 6 G ¢ 2 dzZA-RZSFAa§ | § SR K& R Nprezénts Othe Fsoalin® i dzNB ¢
relationships, based othe experimental obsemtions and concludes that fluidiriven

fractures in our laboratory experiments propagate in the toughre@sinated regime.

Chapter7 & C{-RINIROSY F NI Ol dzNB a desckiheKtheieypBriaéntaNA |
series utilizing an industrial fracing fluid and alminating in a higstress test in an
industrial laboratory. In this chapter, wasodescribe the use athe developedmodel

for the experimentaldesignof the largescale test.

Chapter8a / 2y Of dzA A 2y & proviBes tie drainizbidslusigrRofthiswork
and suggests recommendations for future work on hydraulic fracturing in

unconsolidated materials.



2. FLUIBDRIVEN FRACTURE®SARTICULATE MATERAL

2.1. Introduction

| @RNI dzf AO FNIF OldzNAYy3I 2F dzyO2yazft ARIFGSR
important corsideration in petroleum andivil engineering discipline3he application
of hydraulic fracturing can be a useful technique draublesome result of pressurized
fluids interacting with particulate materials. The work presented here focuses on
hydraulicfluid-driven fractures in saturated cohesionless materials (mostly fine sand).
During tydraulic fracturing of cohesionless materisgdd material, even at the crack tip,
is likely to be in compresside.g.,Chang 2004 Germanovich and Hur2007 Hurt et
al., 2003. This presents even more complexities in that no tensile stre¢senssidered
in conventional fracture mechanicspn be present at the crack tip. It can be argued
that the tip of a fracture in coheenless particulate materials not well definedno
new surfaces are creatednd no materialbonds are brokenThere is morehan ample
evidence however, of fracturelike formations within cohesionless materials due to
hydraulic forcedChang 2004 De Pater and Dong2007 2009 Golovin et al. 201Q
Jasarevic et gl201Q Khodaverdian and McelfresB00qQ. Therefore we consider what

we preset here as hydraulic fractures.

In civil engineeringthe hydraulic facturing phenomenonin soils can be
problematic with eartherdams|[Talbot 1994 Wang et al, 2007, horizontaldirectional

drilling [Elwood 2008 Stahelj 2010, and insitu permeability testindBjerrum et al.
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1972. Converselyit can be a useful technique with remediation technolodidscking
1996 2004 Murdoch 1993¢ Murdoch and Slack2002 Murdoch et al. 20064,
evaluatingin-situ stresse$Al-ShaikRAli et al, 1981 Lefebvre et a).1991 Leroueil et al.
1983 Lutenegger199Q Zhou et al. 20108 and compensation groutinpAu et al, 2006

Gafar et al, 2009; Soga et aJ.2005 Soga et al.20064.

In the petroleum industryhydraulic fracturing is a frequently used technique
(for over 50 yearsh oil and gaseservoirsto enhance productioife.g.Henderson et al.
1954. Hydraulic fracturing in unconsolidated materiahas increasingly been utilized as
a sand control measure in unconglated reservoirdAyoub et al., 1992Hainey and
Troncosp 1992 Wedman et al. 1999, enhanced productiorby fracturing @ water
flooding [Jones and Soled999 Khodaverdan et al, 20108 and cuttings reinjection
[Chin and Montgomery2004 Ji et al, 2009 Van Den Hoek1993. There are also

complicationswith shallow water flonfOstermeger et al, 2002 Rohler et al.2003.

GComplications from hydraulic fracturing in cohesionless materialésndustrial
applications are primarily related to the initiation phenomenon. As an applied
technique the industry is concerned with the ability to effectively create and
characterizefractures. As described below,here were attempts to capture initiation
and propagation of hydraulic fractures in cohesionlesaterials. The complexities of

this phenomenon have yet to be fullgalized however.

Thus the thorough understanding of the processes and accurate modeling of

unconsolidated hydraulic fracturing could lead to several advances in production of

6



energy resourcesuch agpetroleum methane hydrateand geothermaknergy[Alonso

and Mingq 201Q Holditch and Madani201Q Ito et al, 2008 Jonk et al.2003 Nassir et

al,, 2014, design and maintenance of earthen daifidoresBerrones et al. 2014,
bioremediation[Hocking 2004 Murdoch 1995k Murdoch and Chernl997 Murdoch et

al., 20064, rehabilitation of foundationgSoga et al. 2005 Soga et al. 20064, in-situ
characterization oftress stategGuo et al. 20049. Recently subsidence mitigatiomas

been suggested as a possible application of hydraulic fracturing in cohesionless
materials[Germanovich and Murdo¢t201Q. This chapter gives a brief review ofeth

literature on hydraulic fracturing in unconsolidated materials.

2.2. Experimental Observations

Within the lasttwo decades, there were a number ofphysicalexperimental
studies thatfocusedon determining mechanisms and/or improving modeling aspects of
hydraulic fractures in unconsolidated materipd.g., De Pater and Dong2007 Dong
2010 Germanovich and Huyre007 Huang et al. 201% Ito et al, 2009 Jasarevic et al.
2010 Khodaverdian and Mcelfres00Q Khodaverdian et al. 2009 Lullo et al, 2004
Shin and Santamarina201d. The most commoriaboratory experimental technique
consistsof an unconsolidated sample (fine oraree grain), loaded ta certaindefined
boundary conditions(either stress or displanent controlled) A fracturing fluid is

applied under a controlled rate through a borehole and the pressure signature i

n

monitored over time. The sample is then mined and ang@&we of fracturings noted.



Most studies consider that fracture initian corresponds tdhe significantreduction of

fracturing fluid pressuréunder constant fluid flowates).

2.2.1. Murdoch[1993]

One of the first comprehensivexperimental and theoretical analyses of
hydraulic fracture propagation in soilwas published by Murdoch [19933 1993k
19934. Heused a rectangular sampl&i¢h a volume ofL0 cmx 10 cm x 39 cm) with
stresscontrolledboundaries. ve sidesf the samplewere constrained by neoprene air
bladders One side consisid of a transparent loading plate. The boundary conditions
were limited to pressures less thd®5 kPa (15 psi). The samplesconsistedof partially
saturatedclayey silt(cohesive particulate materialThe fracture fluid waglycerin with

arhodamine dye.

The author found that the magnitude of the water content in the samples
influenced the value of the effective fracture toughnegsg(ire2.1 (a)). Interestingly
Murdoch noted the existence of a fluid lag zone at the fracturgRigure2.1 (b)). This
is likelyanalogoudo the lag zone that exists in fludriven fracturesn brittle materials
with negligible leakoffand suggests that tensile strengtis present Murdoch et al.
[1991] concluded thatbased on thenumerical analysis dfliison and Griffith§1986¢,
Nilson[1986€], andGeertsma and Klefd 969, the pressure gradient due tfuid flow in
the fracture is small and the pressure distribution is nearly unifdmother wordsthe
pressuredrop required to drive fluid flow within the fracture is smalbmparedto the
pressure required to drive the facture itself. Uniform pressure in thefracture
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correspondsto the toughnessdominated regimeof hydraulic fracture propagation
[Detournay 2004. Toughnessdominated hydraulic fractures in fully saturated

cohesionlessnaterials are also considered in this work.
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Figure 2.1. (a) Pressureversustime record for injection tests on padly
saturated material§Murdoch 1993¢. (b)Hydraulic fracture with flid lagletters
a, b, c, and dndicate starter slot, parent fracturegobes, and leading edgef
the fracture, respectiveljMurdoch 19933.

2.2.2. Khodaverdiaret al. [2004 and[2009

Khodaverdian and Mcelfresf200Q performed hydraulic fracturing injection
experiments in a radial flow cell. The sample consiste2DOf meshsand with confining
stresses upo 5000 psi. Fracture fluid was primarily a guar basgdsslinked polymer
(Figure 2.2 (a)). Theyargued that the primary faure mechanismwas shear failure
within the process zone. This failure process was atta) to significantplasticity and
pore pressure increasaind thusreduction of effective stress) at the tip of the fracture.

In this casgthe process zone of thedcture is considered to be within the leakoff zone.



In general, they found that net fracture pressures increased with decreasing fluid
efficiency orincreasingleakoff. The fractures generated were complex with multiple

branching or segmented fractures.

Khodaverdian et alf2009 utilized a polyaxial cellith a volumeof 45 cn?.
Boundary stresses were applied by flatks. They attempted to mimic field condit®n
utilizing similar sand properties araly saturaing with oil. They scaled the boundary
stresses down from field values due to the scale of the experimeéts froximity of
boundary to borehole). A shear thinning polymer was used as the fracture fluid. The
authors mention that the lower net pressures itheir tests compared to those in the
literature may be associated with scale issues from early tests. Tha i@nclusion is
that mechanisms for stimulation are due to shear induced dilation and effective stress

reduction at the tip of the invaded zone.

However, there was no direct observation of fracturestlme post mortem
excavation of the samplesThe authos do conceptualize two regimes of fracture
propagation in unconsolidated materials mobility driven and formation damage driven
(Figure 2.2 (b & c)]JKhodaverdian et al.2010a] The two regimes represent the
significance of shear failure in the leakoff zone surrounding the propagating fracture. In
the mobility driven case the fluid leakoff zone penetrates farther irtte formation
from the fracture face, increasing the instances of shear failures in this zone. In the
formation damage regime the presence of an internal and external filtercake limits the

leakoff zone size decreasing shear failure in the leakoff zone.
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In these experimentsthe fracturing fluid leaked off into the sample obscuring
any possibility to directly observe fracture formation. This could be a different
phenomenon han what we are describingn this work. Tie processpresented by
Khodaverdian et a[2009] is leakoff dominated, perhaps defined as water flooding. In
what we presentin this work the control ofleakoff is an important experimental

technique.

1 inch

Shear Internal
Failure Filtercake

= 2 On W G

External
Filtercake

(a) (b) (©)
Figure 2.2. (a) Image of arosssection of a fracture from an injection test
[Khodaverdian and McelfresR00(Q. (b) and (c) Conceptual schematics ftwo

different regimes; (b) mobility driven, (c) formation damage driven
[Khodaverdian et gl20104.

2.2.3. Delft Group

One of the most comprehensive experimental programs focusing on hydraulic
fracturingin cohesionless soils has been accomplished [gyoup at Delft University of
Technology othe dDelft Groug [Bohloli and Depater2006 De Pater and Don@007,
2009 Dong 201Q Dong and De PateR00g. Theyutilized a number of different sample

chambers, in a number of different configurations.
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Bohloli and Depatef200§ utilized apressure controlled agymmetricsample
with a volume & 0.4 m x 0.51 m The sample consistedf fine sand, with a mean
particle diameterof 110nm. The maximum confining stresses wé@ MPa They used
a variety of fracturing fluidsviscous Newtoniariluid (50,000 cB, bentonite slurry, and
a baate crosslinked gel. The boieles were orientated both horizontally and
vertically. They found a considerable influence feacture developmentdue to fluid
rheology Also they found thata good wall building fluid is important for generating

fractures.

A wall buitling fluid can be described as a polymer fluid suspension. The long
chains of the polymers collect on the fracture face, building an extditiat cake
(external to the host material). The solvent portion of the fluid (water in guar eross
linked gels) cotinues to leakoff into the formation, further dehydrating the remaining
polymer on the fracture walls. This wall of polymer chains creates additional restriction
to fluid mobilizing out of the fracture and into the formation. Therefore, the greater the

wall building capabilities the less leakoff is present.

Theauthorsnoted that with a vdcous Newtonian fluid very higiressures were
obtained without visible fractured-urther, in their tests brehole orientation may play
an important role inthe initiation of fractures. Finally, in most cases of fracture
RSOSt2LIYSyd aGKS &aiGNBada RSLISYRSyOS 2F GKS

cavity expansion theory than with conventional fracturing theéry
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De Riter and Dond2009 and Dong[201(] describe a similaaxisymmetriccell
with a smaller sample sized., a diameter ofl52 mm, and a length o217 mm). This
cell is advantageous in that fractures can be directly observed by a CT scanning machine
during the tests. They found that the largerate tests showed qualitativelhe same
resultsas the smaller scale testéhe authorsobservedthat fractures tend to propagate
in less permeable formationd~urther, the significanceof permeability on fracture

propagationis much stronger than for strength contrastsunconsolidated materials

The real time CT scanning also allowed fan analysis of fracture closure
pressure§Dong 201Q Dong and De PateR007h. The closure pressures of fractures in
samples of fine sand were found to be much lower tifla@confinement pressures. The
post injection pressure analysis using conventional methodgu(@&tion and square
root plot) alsooverestimatedthe closure pressurelhe closure pressuyeeterminedby
observing fracture closurhrough CT scanningaried from44%to 24%of the confining

pressue.

The work presentedy the Delft University group is the most comprehensive
yet. Several scales, fluidand boundary conditionsvere utilized. Howeverthe stress
ratio (.e., minimum to maxmum) varies significantly. Furthemany injection tests
resuted in little evidence of fracture and they areconsidered to be pure infiltration
tests. Nevertheless, tie injection pressures aréound to be muchgreater than the
confinement. Inlow stresssamplesthey found thatinjection pressures culd be up to

an order of magnitudegreaterthan the confining stress At greaterconfinements they

13



found that injection pressures wergreater by a factor of 2Additionally although the

stress ratio was not equal across the tesinditions the maxmum injection pressure

wasgreaterthan even the maximum stress when fractures were observed. Firladly

authorssuggest alependence on maximum injection pressures with confinement. Our

results support this and also fit with thedata shown inFigure 2.3 (see Chapter 8 for

comparison with our resul}s
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Figure2.3. (a) and (b) fromDe Pater and DonfR007. (a) Grosssectionof an
excavatedfracture created by injeting a crosdinked gel with quartz powder
additivethe degree of saturation was not measurg) Shows the dependence
on normalized peak pressurenrsusconfinement.

2.2.4. GeorgiaTech Group

Chang[2004 utilized similar testsas describedin this work The work she

presented was in dry material¥he samples were primarily dsjtica flour(with a mean

particle diameter of19 mm). However, other samples were also usedrigure 2.4).
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Multiple fracturing fluids wee utilized €.g.,silicone adhesivegoint compound).These
experiments allowed for excavation and preservation of the fracture after the fracturing
process.Changfound an increase in fracture thickness with increasing stf€mang
2004. This assumed that the leakadh her experiments was negligible. The work we
present here suggests that fracture aperture decreases with confinement Vealeff

increasesTherefore her tests maavecontained significant leakoff/olumes

/ Kl yetgerdments showed peak pressurésat were orders of magnitude
greater than the applied boundary conditionsShepresented three main fracture tip
geometiies (1) beveled (2) fingered and(3) rounded The tip geometry was attributed
to three mechanismg1) cavity expansiofor the tip-rounded front (2)shear bandgor
beveled front and (3)leakoff and liquid cavitation for the fingering front The most
important conclusion oher work wasthat all parts of thematerial includingat the
fracture tip, are likely to be in compressiofChang et al.2003. The mainresults from
the work of Changwere extended to saturated materialsy Germanovich and Hurt

[2007] and Hurt et al.[2005].
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(b)

Figure2.4. Three typical fracture fronts of hydraulic fractures observediin
particulatematerial[Chang 2004: (a) beveled front (in silica flour); (b) fingered
front (in GeorgiaRed Clay)and(c) round front (in silica flour).

2.2.5. Golovin et al[2010 and Jasarevic et al[2010]

Golovin et al[201( and Jasarevic et a[201q utilized a stiff cellvith a volume
of 2 ft3. They applied boundary stresseseghanically andthen monitored the stress
change during the fracture experimerft.low viscosity gel with a variable concentration
of solidswas injectedthat solidified after the injection event The authors cross
sectioned theresultingfracture impres®n and evaluated the fracture morphology. The
authors mention that the fracture plane is generally perpendiculas the minimum
principle stress They found that increasinthe injection rate or loweringthe solids
concentration transitioned fractures fro plarar to more arbitrary with multiple

branching forms. The effects from parameter changes are desckib&uatiix flooding,
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OFgAaGe F2NXIGA2YS aAy3aftS FTNIOGAzNBE F2NN¥I (A2
[Golovin et al.2010] The authors attribute thearbitrary multiple branching fracture
morphology to higher ijction rate [Golovin et al. 2010] That is the change of

injection ratesfrom low to high transitions the fracture formfrom a single planar

fracture to a multiple branchingless planar form They alsoobserve that the net

pressure increases with minimum confining stress, similar to our regatifovin et al.

2010}

;‘_:_ S

Figure2.5. Image of fracture crossection from[Jasarevic et gl201q. The red
injection trace showsthe first injection stage; the bludrace was a second
independent injection stagerhis sample was fine sand, partially saturated with
a 30w oil.

2.2.6. Huang et al[2011]

The periments mentioned above tend to follow a particular pattern of a three
dimensional sampldoaded tosome boundary conditiarand injected with a fracturing
fluid. A different approach has been implemented bjuang et al. [201]1]. Theg
experiments were conducted utilizing a H8baw cellvith transparent sides asradial

flow devre. This allowed for real time visualization d[& ingctioninto porous media.
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The authors identify four propagation regim€s) radial flow regimg(2) leakoff
dominated regime(3) grain displacement regimand (4) viscosity fingeringominated
regime (Figure 2.6). They attribute hese regimes to threeenergy dissipation
mechanisms(1) viscous losses due to leakof®) grain deformation and (3) fluid flow
within the fracture.FollowingChang[2004] andHurt et al.[2005, the authors conclude
that dthe mixture of the sand grains and the fluid may have an induced apparent
cohesionor apparent toughness They indicate however, i K G & & dzOK 'y |1
toughness may dep® on parameters such as the characteristic length scales of the
LINE 6 f S Yeéndeptwak abderved in the supelislocation model presented byu

[2006.

The analogy betweenriscous fingering anttactures geerated in cohesionless
material implies that thefracturing process can be viewed asviscous fluid invading
another viscous fluidChin and Montgomery2004 Germanovich and Hur2007 Huang
et al, 2011. The work byHuang et al.[201]], however,may bethe first physical
experimentswhich verify this fluidike behavior.Although tese experiments do not
allow for the evaluation othe impact of boundangtressesthey provide an important
insight into the interplay of competing forces othe fracturing process in

unconsolidated materials.
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Figure 2.6. Experimental results fronfHuang et al. 2011. The authors inject
glycerin into fine sand and record results. They identify four primary flow
regimes:(Al),radial flow regimej(A2, 8 and B1)the infiltration- (or leakoff)
dominated regime (A4, B2, B3 and CDhrain displacementiominated regime;
(C4)viscous fingeringlominated regime

2.2.7. Summary ofliterature on experimental modeling

The literature listed aboveontainsthe main cevelopments irphysical modeling
of hydraulic fracturing ofunconsolidated fine sandHowever, it is certainly notan
exhaustive treatment of the subject. There aeveral authors thaperformed physical
experimental modeling addressing issues of fiditven fractures in unconsolidated

materials[Au et al, 2006 Elwood 2008 Ito et al, 2009 Lullo et al, 2004 Shin and
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Santamarina 201J. Many utilize significantly different experimental techniqaehat
make comparison to the material presented abov@nd in this work)somewhat
difficult. For exampleShin and Santamaring2010 used an unusualexperimental
apparatus with a fine grain soil sample. Tdeneratedfractures dd not initiate from a

borehole, but from the sosurface.

In general most physicalexperimentalobservationspresented in the literature
includea fairly narrowrange of experimental parametersr they may look at only a
few parametersMany attempt to modelin-situ conditions for field applications. While
this provides a wealth of knowledgéor current techniques and processes, the
fundamentals of hydraulic fiduring in cohesionless materials still is an open question
Further, fracturingis ot sufficiently visualized inC3 For examplethe fracture aperture
may prove to bean important and necessary experimental observatioranalyze fluid
flow in the fradure, or whether traditional fracture mechanics approachdg.g.

apparent facture toughnessare attempted.

In our own experimental developmentwe found that trying to discern
differencesin the fracture morphologymight require changes in multiple parseters
over several orders of magnitude. In what we present hese change each of our
chosen parameters.€., stress, flow rate, viscosity and permeabiliby) three orders of
magnitude.In Section5.2, we show that some parametergenerate an insigniftant
effect on peak pressure, but significantly affect fracture morphology. Further, we

compensate for our limited capabilities by employing dimensional analysis (Sdcon
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and by varyingmore readily variable parameterblevertheless,tiis possible ttat other
parameterscan affect fracture morphologies and peak pressures significayghthey
are not addressed fullyere. Finally our experimental program is unique in that the
fracture aperture is preserveafter many of our tests. This allows for agsis of

parameter changes on fracture aperture.

2.3. Theoretical Modeling

In traditional linear elastic fracture mechanice.EFM),the process zone is
introduced to alleviatethe stress singularities at the fracture tighis proceszone
harborsinelasticdeformation ahead of the crack tipnd allows for finite stresesat the
crack tip In LEFMthis process zones small compared to the fracture itse[e.qg,
Anderson 1999. In contrast in unconsolidated materialshe plastic zonenay belarge
in comparison tdhe fracture, especiallyor thosefracturesgenerated in the laboratory.
However the consequences of large plastic zone ahead of the crack tip on the

modeling aspect araot yetfully quantified

Several models were introduced to account for crack tip plasticity in soft rock
such agensile failure, continuum damage mechanics, apparent fracture toughiaad
crack layer concepfMartin, 200Q Gil, 2003. However the ability to extend LEFM or
any of the otherproposedmodels incorporating tip plasticity has yet to lpenerally
accepted as sufficiently accurafer hydraulic fracturing of unconsolidated material.
Many authors argue that traditional methods are uited for modeling fractures in
unconsolidated cohesionless materif3hin and Montgomery2004 Lullo et al, 2004
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Zhai and Sharma2005;Bohloli and Depatgr2006 Shin and Santamarin&01Q Xu et

al., 201Q.

From a traditionalLEFMstandpoint the process(plastic) zone existsin real
materials however, we are not so concerned withhysicalfailure processs at the crack
tip. Thephysicaldeformation mechanisms within the process zone are not the primary
concern, but howto account for the energy lost within the process zonémgortant.
However due to the complex coupling of fluid flow and matrix defotroa many
authors chose to develop models that attempt to capture patacudeformation
characteristic§Chin and Montgomery2004 Lullo et al, 2004 Zhai and Sharma2005;
Prodanovic et al.2009 Shin and Santaarina 201Q. For exampleZhai and Sharma
[2005] andKhodaverdian et a[2009]argue thatpermeability and porosity evolves with

the deformation ahead of the crack tiplere we consideseveral of sucimodels.

2.3.1. LEFMbased models

Currently, the common wdom suggestshat traditional hydraulic fracturing
models (based on LEFM) are limited in their ability to adequately describe fractures in
unconsolidated materialfHurt et al, 2005;Bohloli and Depater200§ Gemanovichet
al., 2007;De Pater and Don@007 2009 Dong and De Pate2008 Khodaverdian and
Mcelfresh 200Q Khodaverdian et al.2010a Zhai and Sharma2003. Although we
agree that the mechanisms that are involved at the crack tip in propagatifty so
fractures arelikely different than in hard rock, it may be that these differences are
primarily confined to the process zone at the crack tip. If this hypothesis proves valid,
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then perhaps a more traditional approach fracture modeling could be usefuin some
conditions The literature providesseveral approaches to modeling soft fractuteat
follow a more traditional linear elastic fracture mechanaggproach which is essentially

based on the concept of effective fracture toughness

For example,Murdoch [1993d utilized a LEFM approach and an effective
fracture toughnessconcept to model hisphysical experiment§1993a, 1993bjon
hydraulic fracturing in fingrainedpartially-saturatedparticulate materials Therefore
the host materialdid possesgensile strength asindicated bythe fluid lag zone(Figure
2.1Db). This complicatethe extension of his work to cohesionlessrse grain materials
as the lag zone is not expected to be preseMurdoch [1993d),d also reports that
experiments with various degrees of water saturationhe intepreted fracture
toughness was smaller for increasing values of saturation. Nevertheless, even in fully
saturated materials he was able to employ the concept of effective fracture toughness

to simulate his experimental results.

2.3.2. Fracturetip scale modeling

Tip-scalemodels areutilized due to the significant difference in deformation
characteristics of brittle and unconsolidated materifdsg., Settari A, 1989;Franquet
1990; Gil, 2003;Chin and Montgomery2004 Zhai and Sharma2005 Prodanovic et aJ.
2009 Wu et al, 2009 Xu et al, 201Q. For soft rockPapanastasio(i1997] developed a
cohesive zone model in an attempt to explain the discrepancy of much greasguin
fracture toughness when comparea tlaboratory valuesThis was attributed to the
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effects of significant plastic deformation at the crack ffapanastasio1997] used a
cohesive zone model with effective fracture toughness. This model was specifically
designed for soft rocks such as plyoconsolidated sandstones and clayjsessence, his
propagation criterion is based on critical crack tip opening displaceniédwat is, when

the crack opening opens to a critical value, the crack propagates. The author used a
combined finite difference rad finite element model to solve the coupled nonlinear fluid
flow, rock deformation, and fracture process in an impermeable solid. The result was
able to explain the high #situ fracture toughness due to the shielding of the crack tip
by the plastic yielohg ahead of the crack tipde found that due to elastplastic
deformation, the effective fracture toughness could be more than an order of
magnitude greater than that needed for fracture propagation in LEFM. Accordingly,

hydraulic fractures were much wed than in LEFM.

Originally developed for nonlinear deformatioBong and De Patd2008], De
Pater and Dong[2009] and Dong [2010], extended the cohesive zone model to
unconsolidated material by reducing the tensile strength within the cohesive zone to a
small but nonzero value The lack of tensile strength in unconsolidated matenmely

complicate the extension of traditional fracture mechanics models.

Zhai and Sharmd2005 2004 consideed that the insitu stess anisotropy
combined with shear failure characteristissimportant in determining the size of the
fracture zoneThe resuling permeability anisotropy is theprimary mechanism behind

the localized fluid flow. That ,ishey use the propagation of pe pressure coupled to
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the effective stress impact on porosity and permeabilitytheir model, the fracture is
represented by a narrow, highly permeable zone that develops perpendicular to the

minimum insitu stressjust as in traditional fractures.

Shin and Santamarin@01( arguethe shear failure mechanism at the crack tip
of cohesionless granular materigls.g., Chang 2004 Wu, 200§ is inconsistent with
their observations Similar toZhai and Sharm#005; 2006] they consider that inter
particleforces (.e., skeletal, weight, fluid qallary and fluid drag) increase porosdye
to strains normal to the propagation directioln particular they argue that opening
mode fracturesdo not develop from shear displacements at or near the craclasip
suggested by’hang[2004] andWu [2006] for particulate mediaand for solid materials
[e.g., Newman1974] Shin and Santamarinf2010] support their qualitative partcle-
scale arguments with finite differencgumerical modelinggf K2 g Ay 3 GKIF 0 a20 &
categorically imply that previous hypotheses for hydraulic fracture are not compatible
GAOK GKS FdzyRIFEYSyidalt o0SKI@A2NI 2F dzy OSYSyd S
Wu [200€6 presented two mechanisms of fracture propagation. First, utilizing
disaete element numerical simulations of injection into particulate materiathe
initiation of hydraulic fractures waund to bedue to fluidization of the particulate
material due to fluid flow.Thisconfirmed several othepossibilitieson mechanisms of
hydraulic fracturing in unconsolidated materig§Shang 2004 Hurt et al, 2009 such as
fluidization of the particle matrix ahead of the crack.tiurther developments found

that three flow patterns can bedentified: (1) fixed bed flow(2) formation of a stable
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cavity and(3) propagation of an unstable cavityu, 2006;Huang and Wu200§. The
second mechanisms applied to hydraulic fractures with limited émligible leakoff.A
super dislocation based model of shear bandirfg.g, Lin and Thomsqn1986;
Cherepanov et gl.1995;Sadananda and Ramaswam®001],applied to cohesionless

materials,demonstratesa possiblenon-locality ofthe fracture criterion[Wu, 2004.

A coupled DEMCFD modeling of fluid flow medifocused on the critical
injection velocity during the injection proce$ghang and Huang201]. The results
indicate shear failure due to well borexpansion.They mimic those shown in the
literature on physical Alsiny et al. 1992; 1994Chang 2004;Bohloli and Depatgr2006]
and numerical experimentsased on a continuum approach [e.g., Wu, 2006; Kim, 2012]
Physical expements showed similar shear banding bfluid injection eventsChang
2004; Bohloli and Depater200§ and by mechanically induced borehole expansion
[Alsiny et al. 1992 1994. These shear failure events could be an important
consequence to preferential fluid flow during the cavity expansion pro¢€smng

2004 Germanoviclet al., 2007 Zhang and Huang2011].

2.4. Summary
Existingexperimental resultsuggestthat hydraulicfracturesin unconsolidated
particulate materialgend to developprimarily in the direction of least pnciple stress
[Murdoch 1993a; 1993b; 1993&hodaverdian and McelfresB000;Hong2004;Hurt et
al., 2005;Bohloli and Depater2006 Murdoch et al. 2006;De Pater and Dondg2007
2009 Germanovich et 312007;Dong and De PateP008 Golovin et al.201Q. Furtheg
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the required pressures to initiate and propagate hydraulic fractures in cohesionless
materials often require injection pressures significarghgaterthan the kastprinciple
stress, as others havehown [Khodaverdian and Mcelfres2000;Hong 2004; Hurt et
al., 2005;Bohloli and Depater2006;Murdoch et al, 2006;De Pater and Dond007;
2009;Germanovich et gl2007 Murdoch et al. 2006b;De Pater and éng, 2007 Dong

and De Pater2008 Golovin et al.201Q.

The modeling of hydraulic fracturing in cohesionless materials can benefit from
guantification of the propagating fracture apertures. However the measurement of
fracture width is typically not &mpted. Techniques in the literature to verify the
existence of fracturare:images fromCT scanninfDe Pater and Don@009, traces of
colored fracturing fluid infiltration ina host material[Murdoch 1993a; 1993b; 1993c;
Khodaverdian and McelfresB000;Bohloli and Depater2006 Golovin et al.201(, the
use ofcoloredproppant[Jasarevic et al201(, interpretation of fluid flow conditionsr
measurablegKhodaverdian et al.2009, or direct visualizatiofHuang et al. 2011].
These techniquesletermine fracture orientation and generahape.However, these
results cannot(yet) reliably determine fracture aperturand leakoff thickness wter
known stress condition®bservation of fracture aperture may be the one experimental
result that allows us to reliably extend existing fracture models to soft fractwrgsan
unknown and undeterminable fracture aperturelhe experimental technique ev

developed is an important factor in developing the basis for our modeling. In particular,
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our tests allow for the preservation of fracture aperture during excavation and cross

sectioning of the solidified fracture.
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3. EXPERIMENTAL APPRBAOR-LUIBDDRIVE FRACTURES PARTICULATE
MATERIALS

3.1. Introduction

In our tests, the general governing parameters importdat propagating
fractures are fluid rheology, injection flow ratepnfining stresss and permeability of
the formation. An important feature of auexperimental technique is the preservation
of fracture aperture. Theaumber ofstudies that measured fracture apertuege limited

[De Pater and Don@007 Dong and De Pate008;Dong 201(Q.

A schematic of ta general test procedure is shownkigure3.1. By utilizing the
silicone injection fluid thepostfracture leakoff was constrained This allowed for
preservation of the fracture aperture for posexperiment evalation. The main
experimental resultis the characterizationof the fracture form leakoff thickness,
fracture aperture and overall fracture geomelnbDuring the testwe record injection
pressure (that must be calibrated for fracture pressure), flow rétenot constant),
global sample response (pore fluid and sample volume expansiocontraction).
Typically we prescribe the injected volume (le8san 625 ml) at a fixed injection rate.
Keeping in mind industrial applications and observations in naferg, magmatic and
sand dikes) & designed our experiments to lim@akoffand promote efficient fracture.
Other experimental work in cohesion less materials typically exhibit low fracture

efficiencieswith highleakoff [e.g., Khodaverdian and Mcelfrest2000; Bohloli and
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Depater 2006 De Pater and Dong2007 Dong and De Pater007h Golovin et al.

2010 Jasarevic et gl201Q Khodaverdian et al20104.
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Figure 3.1. General pocedure of laboratory experimentsl) preparation of
sample with injection tubing placed in particulate materid), lbading of sample,
(3) initial injection of fracturing liquid 4) monitoring of injection pressure during
hydraulic fracturing, andgj solidification and excavation of hydraulic fracture.

In this chaptey we describe our experimental processand procedures. First
we describe the equipmenincluding loading frame, presswe cells, and injection
systems The following section describabe fluid rheological properties anduch
sample properties apermeability, strengthsand deformation characteristics. Then a
description of the techniques of preparing samples and conducting the injections tests

are presented Finally we present the clibration of measured quantities and test
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results. The results and analysis of our injection tests are described in Chapieds4

for silicone injection test@and Chapter7 for cross linkedyuar injection tests.

3.2.  Equipment
Our experimental procedures exe developed around a number of different
experimental cells. The results presented here are primarily tests that were conducted
in two pressure controlled cells, described in detail below. Howewv@&umber of other
cells were utilized to refine procedes and develop techniques. A description of the

auxiliary cells and some results are describe8gpendixD.

3.2.1. Experimentalcells
The pressurdO St fa FFNBE &AYAEFNI Ay FT2N¥Y FyR 2LIS
material testing in geotechnical engineggimlisciplines. The sample is contained within
a cylindricalflexible, andimpermeable membrane. The sample is constraimedically
by two rigid end platens, one mounted to the fixed base pldiee injection source is
passed through the lower platen arnxhse plate, mounted and sealed prior to creating
the sample.The top platen is free floating and only supported by the sample. A loading
ram passes through the top of the assembled cell to apply the vertical load to the top
platen. A general schematic tife apparatus is shown iRigure3.2. In this section the

various cells are described in greater detail.
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3.2.1.1. Large Triaxial Cell

¢ KS af | Nih8a cell{LDCE) tskdwn ifFigure 3.2 contains a cylindrical
sample(with a diameter ofl2 in anda height of22 in). The maximum hydrostatic load
applied to the sample wa80 psi. The cell itself is mounted in a large steel loading

frame.

The loading frameRigure3.2) consists of two steel platesith a thickness ofl
in supported by four steel tubewith a dianeter of 3 in that contain stainless steel
treaded rodwith a diameter ofl in to support the frame under loading. The top plate
has a pneumatic cylinder bolted to it between the frame and the cell. This pneumatic
cylinder applies the vertical load to tharaple. The top of the frame lifts off the frame
base plate allowing free access to the cell during sample preparation, post experiment

excavationand cell assemblgnddisassembly.

The base plate of the LTC is showrFigure3.3. This illustrates the jaction
source configuration just prior to affixing the membrane and creating the sample. The
tubing for the injection source passes completely through blase plate of thd.TC. A
compression fitting is affixed to the base plate to seal the sample aloitegion where
the injection tube passes through the base plakbe injection source outlet is centered
within the soil sampleRigure3.3). Many different configurations ohjection sources
were utilized Howeverthe general configuration remained tleame.A more thorough

discussion of the injection source is availabldppendix E.
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The pore fluid within the sample is controlletrbugh the upper and lower
platens. The lower platen is fixed to the cell base platee upper platen is free to
move. Tle platens have two holes to provide pore fluid in and out of the sample. Each
of the platers has a polycarbonate plate with numerous large holes drilled i it.
number of plastic wire mesh layers are affixed to the plates Thire mesh is arranged
from ooarse to fine to assist in distributing the pore fluid while restraining the
mobilization of particles out of the sample space. Finallgiece of filter paper is placed
between the sample and plastic mesh layers. The upper platen is connected by two
flexible tubes that pass outside the sample, inside the cell, to the lower base plage.
membrane that provides the lateral confinement is sealed around the top and bottom

platens.

The membrane used to provide the lateral confinement was a gum rubber tube
with a diameter of12 in, with a wall thickness 00.125 in. Originally the cell uiited a
latex membrane witl0.06 in wall. These proved to be fragijdhowever,and were often
damaged during the testing process. Therefase sourced the gum rubber tubdnat
was much more robust. There is a considerable difference in the stiffness of the two

different membranesbut there is no evidence of differences in experimental results.

3.2.1.2. Highpressure Triaxial Cell

The Highpressure Triaxial Cell FHC) is constructedrom a traditional rock
triaxial cell. The sample sitms a diameter oft in and a height o8B in. A new base
plate and top platen were fabricated to facilitate an unconsolidated sanfpigute3.4
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and Figure3.5). Origirally, a latex membrane witla thickness 00.03 in was used for
lateral confinement.This proved unstable at confinement pressures ab®@® psi.
Therefore a gum rubber membrane, similar to one in the LTC, was used. The injection
source was of the same configuration as the one from th€.LEvery attempt was made

to create the same experimental conditions in thETK as in the LTC with the obvious

exception ofconfining streses and sample size.

3.2.2. Injection systems

The injection system conssstf an injection source, displacement chamhers
pressure gauge, injection pump and the associate tubing. These components are

described in more detail below.

3.2.2.1. InjectionSource

The geometry of theinjection source hada significant impact o fracture
geometry. In our experimeni# was apparent thathe sizeof the injection source must
be orders of magnitude larger than the scale of the inhomogeneity of the sample. There
was a considerabledevelopment in the configuratiof the injection source from a
single outlet hole, to a linear slit, to the owrical configuration used on a majority of
the tests.A complete description of the different source geometry and its effects on

experimental results is available in Appendix E.

Cylindrical source geometry was utilizied the majority of theresults pesented

in this work This is manufactured by drilling a series of holes into the injection tubing
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(typically with90 degreephasing) along a length of tubing. The holes are then covered
with a 250 micron stainless steel mesh soldered in place then covesgtth a small
piece of filter paper; this eliminatedthe infiltration of the unconsolidated material

during compaction and saturatiryocesses.

Typical injection source construction is shown belowigure3.6. Adrilled piece
of stainless steel tubing shownillustrating the spacingnd phasing of the perforations
along withthe crimped tube with stainless steel mesh silver soldered in place over the
perforations. A number of various tubing sizes were used f&b into 0.5 in. For
comparison testsbetween the LTC and PFTC a tubing 00.375 in was used. This

provided the best compromise in viscous losses and overall tubing size.

3.2.2.2. Injection Pumps

Three pumps were utilized in the injection test, a small triplex plunger pump, a
single diaphragm plunger py and a large triplex plunger pump. The specifications of
each pump are shown imable3.1. Our tests were conducted at a constant injection

rates, with a prescribed injection amount.

The small triplex pump allowed for precise control of the flow rateweler, the
flow rate was not adequate to produce fractures with some of the experimental
parameters (i.e.low viscosity fluids, in highermeability samples, at high stresses). The
single diaphragm pump provided necessary increase in flow rate but teewere
significant pressure fluctuationsthat made interpretation ofthe pressure curves

difficult. Forexample,the pressure curves ikigure 3.7 show the pressure signature
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recorded from the diaphragm pump (a) and the large triplex pump (b). The lapyextri

pump proved useful at high rates for producing smooth pressure signatures.

3.2.2.3. Pressurdgzauge DisplacementChamber andAssociated Tubing

The tubing connecting the injection source to the displacement chamber censist
of only a% in NPT elbw and union.This limited theviscous losses due to fluid flow of
our fracturing fluid within the injection tubing The connecting elbow was drilled and

tapped for connection of the pressure gauge/transducer.

The pressure gauge was connected to the elbowhwvatshortlength of high
pressure nylon tube. The tube was filled with oil to limit 8edume of fracturing fluid
that entered the nylon tubing. The nylon tubing became important when the two large
pumps were operated due to electrical interference with the presswansducers. The
pressure gauge was connected to a data acquisition system to monitor and record

injection pressures.

The pumps were not designed for mping highviscosity fluids. Therefore, the
displacement chamber separatehe pump fluid from the facturing fluid. It consisted
of a stainless steel cylinder with two removable end caps. Inside was a piston with a
double Oring seal to separate the pumping fluid from the fracturing fluid. The
displacement chamber allowed for exasblumesof injection at a constantrate. The
pump side of the displacement chamber was filled with water or oil, the opposite what

was being pumped. This allowed for an additional check of the injectégine The
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displacement chambers were connected to the various pumps exble high

pressure hydraulic line.

load

load frame

cylinder

.»| Particulate | - o
material =
o) 5 | -
s
o g \ '
N L b
' [ = 1 ] .'
pressure L— confining water
gauge

—Pore Fluid (top & Bottom Platen)

== fracturing liquid

(@) (b)

Figure3.2. (a) Schematic of general experimental apparatuml (b) largetriaxial
cell
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Figure3.3. Base plate of the large triaxial cellhe diameter of the sample base
plate is 12 inches.
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(@) (b)

Figure3.4. (a) Assembledhigh-pressure celand loading frame(b) Sample after
outer cellisremowed. The sample diameter is 4 inches.
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Figure3.5. Highpressure cell base plate and injection source

Figure3.6. Injection source constructiofubing diameter is 0.375 inches.
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pressure p (psi)

Table3.1. Specifications for injection paps

Pump Maximum Flow Rat{¢ Maximum Pressuré
Small Triplex 50 ml/min 5000 psi
Single Diaphragr 1700 ml/min 5000 psi
Large Triplex 15000 ml/min 5000 psi

I.' f | 11 i A & 1,200

1200 {1V l o 4 ™
VI 2 800
S 400

400 1 = =
04+—L— — 0 #‘J =,
10 20 30 40 20 30 40 50
time t (sec) timet (sec)
(a) (b)

Figure 3.7. Plots from two different pumps(a) diaphram and (b) triplex The
diaphram pump causes significant fluctuations in the injection pressuigle
such data are still usefulhé triplex pumps provide a smooth presstmme

curve.
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3.3. FracturingFluids

The fracturing fluids were chosetue to a numkber of various requirements.
First a highviscosity was needed to reduce twelume of leakoff Secondthe fluid
must solidify in a saturated environment. Thite fluid must be able to be purged of
the injection system, sthe systemcan be reused. Faily, the fluid must be immiscible
with the pore fluid. All of these properties were necessary to adequately define the
fracture geometry and post experiment inspection of the fracture aperture laa#toff

thickness.

3.3.1. Silicone adhesive

We used silicone adlserse for the fracturing fluidh tests when fracture aperture
waspreserved. This fluid is a highiscosityHerschelBulkleyfluid [Herschel and Bulkley
1926] The highviscosity is beneficial in that the fracture does not close after the
experiment is conplete, even thougttonfining stresss are maintained until the fluid is
fully solidified (typically two days). Other benefits include a moisture cure process that
readilysolidifies in submerged conditions (when utilizing water as pore fl@ick. high
viscosityallows for a more moderate fluid injection rate. Injectioate does reach a
maximum realistic valudue to the limited sample size. For example, typically tests in
our large cell ainjection rates 065000 ml/ min had aduration of 2 s. Utilizing tie high
viscosity fluidswe were able to propagate fractures at mutdsserrates. We utilized
three different silicone adhesives. The specifications from the manufact(Dew

Corning http://www3.dowcorning.com)) are listed inTable 3.2. All of the silicone
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adhesivesare a one part RTV silicone rubber. The RTV cures by the release of acetic acid
when exposed to moistureélhe use ofpore fluidsother than water (e.g., oil, glycerin)

impeded the solidification oftte siliconeadhesive

There were several tests conducted with glycerin as the pore fluid. The test
results in both peak pressures and fracture morphologies were identical to tests with
water as the pore fluid. This indicates that the solidification preaafssilicone adhesive

does not significantly hinder or alter the fracturingleakoffprocess at our time scales.

Therheologyof the silicone adhesive allowed for a qualitative analysis timing of
the injection sequence. This is illustratedrigure3.8. The highviscosity fluid, if placed
carefully in the displacement chamber, maintains a fairly distinct boundary between the
different fluid colors. The fracture cross section showrFigure3.8 shows the result.

The white fluid was first to be injectadto the formation. Theblack fluid follows. This is
accomplished by way of a single injection event. The viscous nature of the silicone
adhesive allows thdluid in the displacement chamber to act as a plug, thus a limited
degree of fluid mixing occurdA thorough descriptionof the leakoff and aspects of

fracture growth due to the colored injections are presentedirapter 4.

Given the polymer nature of the silicone adhesive themay betwo distinct
types of leakoff processes, the formation of an intror externalfilter cake First
internal filter cakeis the flow of whole injection fluid into the formation or pore space
[Economides and Nolte200qQ. This is due to fluid displacement from the pressure

gradient between the injection fluid and pore fluid. The exteriitdr cakeis due to the
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inability of the polymer chains to invade the pore space. The solvent separates from the
invading fluid and leaks off into the formatiodiie existence of higpressure gradients.
The polymer chains build up on the fracture walls and act as alitiadal porous
matrix. The consolidated polymer chains absent of the formation matrix are considered
the externalfilter cake These processes are not mutually exclusive and typically are

observed together, if the polymer is impeded from free flowing itite formation.

The leakoff characteristic of the silicone adhesives were analyzed through post
sample crossection. As shown iRigure3.8 the leakoff surface is fairly stable especially
in the proximity to the borehole (tan colored region). The tanocaiomes from the
mixing of white silicone and the FlXuartz sand The black region is pure silicone
adhesive, there is no evidence that leakoff has occurred with the black fluid. The
locations of leakoff with the black fluid apmrimarily at the tips ofthe fracture. If the
leakoff process was constant rate of fluid miatstion into the sample matrix
(perpendicular to fracture growthhenwe would expect a gradation in the color of the
leakoff zone along the length of the fracturkt.appears the majoty of the leakoff
process is confined to the tip region of the propagating fracture, thus during fracture
extension the fluid flow is primarilgarallelto the fracture face. There may be a small
region of externafilter cake however, the analysis oftiis not considered in this work.
There was no further attempt to characterize the possible development of the internal
or external leakoff. In this workwe consider the leakoff of the fracturing fluid as a

singular process.
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3.3.2. Guarbasedfracturingfluids

The guarbased fluids were an attnpt to utilize an industrialracturing fluid in

our tests. The fluid is a proprietary mixture that was provided by Schlumb¢ggds) It

can be described as a guar crelsked gel with a resin component that allows for

solidification of theleakoffregion. For simplicity we call this fluidgaar gel. A picture of

the mixed fluid is shown iRigure3.9.

Table3.2. Silicone adhesive specificationst{p://www3.dowcorning.com)). The

GSNY 289NWYIAYSE A& RSFAYSR |
the surface of the fluid, when exposed to ambient humidity.
Silicond]| Skin over timel Cure Time  Viscosity
732 10 min 24 hrs 55000 cP
734 10 min 24 hrs 43000 cP
739 20-30 min 24 hrs 155000 cP

™

a

iKS

GAYS

Figure 3.8. Crossection of injection test with silicone. The white fluid was the

first fluid injected followed by theblack. Other than the color there is no
diferance in the fluid properties. This is agoliehed by a single injection event.

Scale bar represents 1 inch.
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Figure 3.9. Guar based fracturing fluid. The fluid was poured out of the glass
beaker and remains on a flat surface in a single form.

3.4. Rheological properts of fracturing fluids

The rheological properties of th&acturing fluids were measureavith two
separate tesng procedures. For higfiuid shear strain ratedjow tests were conducted
with lengths of tubing of various diameterSor characterizing th#uid viscosity at low
shear strain rates a viscometer with a co(®®) and plate(40 mm) geometry was
utilized [e.g., Macoskq 1994] We first describe the fluid flow tests, and then
incorporate the rheometer data to characterize the fluid for the ramfeshear rates of

interest.

The fluid flow tests were conducted using a constant flow rate and monitoring

the pressure drop.The pressure gauge is placed at one end of the tubing with the
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displacement chamber in a similar configuration as used in ous.t8dte other end of
the tubing is placed in an open container. Th@emp is set to maintain a specifiow
rate. The pressure is recorded over time and when flow is establishedhemdthe
steady state pressure is notedo calculate the rheological paraters from our tests

we use a number of constitutive fluid flow models.

Among different constitutive models of polymbased fluids [e.g.Bird et al,

1987], the HerscheBulkley law [e.gHerschel and Bulkle$926]

t= ¢ K" (3.1)
repreents an important generalization of models typically used to characterize
rheology of many petroleum fluids [e.ddemphill etal.,, 1993]. Here, is the yield
stress,K is the consistency index, amdis the power law exponent (also called tfieid

flow behavior index). The power law fluid flow model

t=K'Y (3.2)
is a special case d.0) whent,= 0. Ifn=1, eq. 8.1) is reduced to the Bingham plastic

model

=t K’ (3.3)
Models (3.1) ¢ (3.3) areused below to charaetize rheology of the silicenand guar

based fluids used as a fracturing fluid in our experiments.
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3.4.1. SILICONE FLUID

3411. ToH {AfAO2YyS FTfdzAR O04GYSRAdzY¢é @Araldzarie

We first start by estimating the pressure drop utilizing the fluid flow parameters
measuredby SLB lang with the power law fluid model. The values of the consistency
index, K, were measured, with the SLB ceaed-plate rheometere.g.,Macoskq 1994,
between500 to 600 Pa set. The fluid flow behavior index, was measured to be 0.16
to 0.20. Due to emplexities of the fluid (e.g., high viscosity and curing process) the
strain rates achievable with the cone and plate rheometer are low in comparison to the
pipe flow experiments. To teshe application of the derived fluid flow parameters, we
calculatethe expected pressure loss within the pipe utilizing the po¥aer model and
the parameters measured with the SLB rheometer. If we use the standard model for
flow of a powetrlaw fluid (3.2) ina circular pipe, the pressure drop in the pipe that

correspondgo these parameters is given bg.§.,Chilton and Stainsby999

Qo

QB+1) Sk -

= PR 0 R

o8 B

where Qis the flow rate,R is the tube radius, andl is the tube length. The pressure
drop for each flow rate was measured for at least three separate exystis and the
average is listedT@ble 3.3). The comparison of results from calculating the pressure
drop using 8.4) and the measured pressure drop is presentetidole 3.4. We can see a
reasonable estimation of the pressure drop at the lowest flow rate50fml/min .

However, there is a significant underestimation of the pressure drop at higher flow
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rates. The considerable difference between the calculated and measuredyreedrop
suggests that the rheological parameteksand n, may be inconsistent at shear rates
exhibited in our fluid flow tests. It may also indicate that, if the same fluid flow
parameters are utilized, the power lamodel @.2) is not representativef the fluid

flow across the range of shear rates we are intereste®.ih gec! to 1000 sec?).

Table3.3. Pipe flow experimental parameters and data for 732 silicone fluid.

TEST Flow rate Inner Diameter | Length Pressure
m3/sec | cm3/min | cm in m Pa psi
1 8.33E07 50 1.0 0.402 1.83 | 8.76E+05| 127
2 8.33E-06 500 1.0 0.402 1.83 | 2.76E+06| 400
3 1.67E05 1000 1.0 0.402 1.83 | 4.48E+06| 650
4 |250E05| 1500 1.0 | 0.402 1.83 | 5.58E+06| 809
5 8.33E05 5000 1.0 0.402 1.83 | 1.45E+07| 2103

Table 3.4. Pipe flow calculated versus measured pressure drop for 732 silicone
fluid.

TEST | Measured Pressure| Calculated Pressure

Pa psi Pa psi

8.76E+05 | 127 6.57E+05 95
2.76E+06 | 400 9.94E+05 | 144
4.48E+06 | 650 1.13E+06 | 163
5.58E+06 | 810 1.21E+06 | 176
1.45E+07 | 2100 1.50E+06 | 218

a |~ W[(DN|PF
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Because of this disagreement, wileen estimated the rheological properties of
the fluid directly from our data. We utilize the pressure drop solu(i@d) for the pipe
flow of the power law llid (3.2). Using the least square method (LSM), we determined
the values oK andn required to obtain the best fit. The solid (red) curveFigure3.10
shows the results of fitting equatiof3.4) to the experimatal data (blue triangles). The
dashed (green) lines represents the flow rate computed based on3et). §ndthe SLB
parameters generated though the analysis of rheometer data. As can be seen, the SLB
parameters do not provide a good fit at strain ratediited during our pipe flow tests.
Furthermore, the fluid flow parameters derived using our experimental results do not

match the rheometer results at low shear strain rates.

1104 .
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F LSM Power Law
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Pressure Gradient (MPa/m) log scale

10

Figure3.10 Powerlaw fluid flow model compason to experimental results in
log scale. Fitted model parameters (red line) re 137 Pa set, n = 0.74, the
rheometer parameters (green dashed line) &e 550 Pa se¢,n=0.18
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Given the norslumping nature of the silicone fluid, one may expecttthbame
magnitude of yield stress would be a characteristic of this fluid. Thereforalsweused
a solution for pressure drop in the circular pipe with the Herséhdkley fluid[e.qg.,

Chilton and Stainsby999

- 0 n (3.5)

where

2t L 1 2n 2r°

“ROP' 2 Znd’® (mmen ¥ (hDen 1 (36)

Using again the least square method, we determiked andt, that provide the
best fit of (3.5) toour pipe flow data. The fitting results are shownFigure3.11 (solid
line), where we also plotted (dashed line) the fitting results for the power law fluid
shown inFigure 3.10. The HerschaBulkley model appears to provide the best fit
(Figure3.11) of both data sets, across the full range of shear strain rates. At low shear
rates, the deived HB parameters fit the data generated by the SLB rheometer. At high

shear rates, the H8 model fits well with the data from the flow tests.

Figure 3.12 shows the shear stress calculated based on the rhedbgic
parameters obtained from our test results (red and blue curves) and based on the
parameters measured with the rheometer (green curve). Finkilyure3.13 shows the

effective viscosity of the fluid calculateg,b
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My =— (3.7)

The resulting model parameters are listedTiable3.5.

1x10% .
5 110°F
o
= 100
£
; / & & Experimental Data
= 1or LSM Power Law | |
- / — SLB Rheometer

— LSM H-B
/ :
]D.l 1 10

Pressure Gradient (MPa‘m) log scale

Figure 3.11. HerschelBulkley fluid flow model comparison to experimental
results in log sda. Fitted model parameters (red line) ake= 123 Pa set, n=
0.75, andt, = 475 Pa The blue triangles represent the experimental data
points.
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Figure3.12. Shear stress versus shear rate for two poveev models for low ad
high shear rates of 732 silicone along with the HB model for both ranges of shear
rates. The dots represent the valid shear rates for the respective pdasr

models.
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Figure3.13 Effective viscosity3(7) versus shear ratior the 732 silicone fluid for
the experimental and rheometer parametersable3.5). The dots represent the
valid shear rates for the respective powlaww models.
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Table3.5. Table ofk andn parameters for silicone and guar.

K n to
MATERIAL | MODEL
Pa see Pa
LSM HB 123 0.75| 457

732 Silicond LSM Flow Test Power Law | 137 0.74] O

SLB Rheometer Power Law| 550 0.18( O

LSM HB 603 0.60| 485

739 Silicong LSM Dow Corning Power Lg 971 0.51| O

SLB Rheometer Power Law] 1190 0.19] O

LSM Power Law 11 041 O
Guarbased

SLB Rheometer 50 0.33] O

3.4.1.2. 739 Silicone fluid (high viscosity)

A similar exercise was accomplished for the high viscosity silicone fluid TH&9)
high viscosity fluid isimilar to the medium viscosityluid; the curing process is the
same. To increase the viscosity there is a reduction in the amount of solvent. For the
high viscosity silicone, we have data from the manufacturer (Dow Corning) of viscosity
at three shear rats (Table3.6). We have completed a limited number of flow tests with
the high viscosity silicone fluid (739) and our results agree with this data. Similar to

above, at low shear strain rates, we use the rheomederived parameters of the
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power-law model, provided by Schlumberger. For high strain rates, we utilize the data
provided by Dow Corning and compute the fluid low parameters utilizing a ptawer
model.Figure3.16 showsthe powerlaw model from the rheometer, and the powaw
fitting of the data fromTable 3.6. We take these results and use the HerseRalkley

fluid flow model to characterize the fluid across the entirega of shear ratesThe
shear stress versus shear strain rate is showifrigure 3.14. Figure 3.15 shows the
effective fluid viscosity versus shear rate. The find8 Fhodeé parameters are listed in

Table3.5.

Table3.6. Data from Dow Corning (personal communication)

Viscosity, cP | Shear rate[sec!]

200,000 25
150,000 50
70,000 200

56



1x10°

—— HB Model

—  Dow Power-Law
Sa0

1x1 EI4 | |— SLB Power-Law
tele]

1.10°F

Shear Stress (Pa) log scale

100 ' '
0.01 1 100 110

Shear Rate (1/sec) log scale

Figure3.14. The HB model fit to the data. Fitted model parameters (blue line)
are K= 603Pa set, n= 0.60, andt, = 485 Pa. The dots represent the valid shear
rates for the respective powdaw models.
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Figure3.15. The effective viscosity versus shear rate from thB Fhodel. Fitted
model parameters (blue line) ake= 603 Pa set, n= 0.60,andt, = 485 Pa. The
dots represent the valid shear rates for the respective pola@r models.
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3.4.1.3.

We accomplish a similar exercias abovewith the guar data Table3.7). The
data from calculatig the pressure dropsing equation (3.4and comparing with the
measured pressure drop is presentedTiable3.8. Table 3.8 clearly shows a consistent
over-prediction of tre calculatedpressure drop for all the fluid flow rates. This over
estimation of the pressure drop is roughly two to three times the measured value. This
suggests that the power law fluid modelay adequately represent the fluid behavior
There may be a ight over estimation of the consistency indéy the rheometer

however. Consequently, we only utilize the power law model in this sectiod not the

GUAR FLUID

HerschelBulkley

Table3.7. Pipe flow experimental parameters and data guar fluid.

TEST flow rate Inner Diameter| length Pressure

ms3/sec | ml/min cm in m Pa psi
1 |5.83E07 35 046 [0.18| 1.83 | 1.03E+05| 15
2 | 8.33E06 500 0.46 [0.18| 1.83 | 3.20E+05| 46
3 |8.33E05| 5000 0.46 [0.18| 1.83 | 7.93E+05( 115
4 |11.67E05| 1000 046 [0.18| 1.83 | 3.59E+05| 52
5 |4.17E05| 2500 0.46 [0.18]| 1.83 | 5.17E+05| 75
6 |8.33805| 5000 0.46 [0.18] 1.83 | 7.72E+05| 112
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Table 3.8. Pipe flow calculatedequation (3.4)Versus measured pressure drop
for guar fluid.

TEST Measured Calculaed
Pressure Pressure
Pa psi Pa psi
1 1.03E+05| 15 | 3.44E+05| 50
2 3.20E+05| 46 | 8.05E+05| 117
3 7.93E+05| 115 | 1.68E+06| 244
4 3.59E+05| 52 | 1.00E+06| 146
5 5.17E+05| 75 | 1.35E+06| 195
6 7.72E+05| 112 | 1.68E+06 | 244

We complete the same LSM fitting exercise with the gilad (Figure 3.16).
Figure 3.17 indicates that the powetaw exponent provided by the rheometer is
consistent with our data. The consistency index provided by the rheometer is higher
than the value indicated by our tests, however. In the case of the Herdhkley

model, there was no increase in fit quality and estimated yield stresses were negligible.

In Figure3.17, we show the calculated shear stress fromagraeters generated
by our test results, along with the parameters measured with the rheometer. Similar to
Figure3.14 for the silicone test, the comparison of the calculated shear stress versus
shear strain rate showsn increase m discrepancy between the parameters with
increasing strain rate (albeit less so). Findfigure3.18 is the effective viscosity plot.
Similar to abovgthe effective fluid viscosity may be better approximatedutyizing the
parameters estimated by our flow tests. A summary of the fluid flow parametessen

for this workis provided inTable3.9.
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Figure3.16. Powerlaw fluid flow modelcomparison to experimental results in
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rheometer parameters (green dashed line) &e 50 Pa set,n = 0.33
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Figure 3.17. Comparison of sheastress versus shear rate for the power law
model with experimental and rheometer parameter sets. The parameter set
from SLB overestimates the shear stress in the tubing (assumed to be largest
shear stress during a fracture tesl)he dots represent the udl shear rates for

the respective powetaw models MAX grepresents the largest expected shear
rates expected in our tests.
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Figure 3.18. Effective viscosity versus shear rate for guar fluid for the
experimental and rheometer parameter3he dots represent the valid shear
rates for the respective powelaw models MAX g represents the largest
expected shear rates expected in our tests.

Table3.9. Table ofK andn parameters for silicone and guar.

K n to
MATERIAL | MODEL

Pa see Pa
732 Silicond LS H-B 123 | 0.75]| 457
739 Silicone LSM =B 603 | 0.60]| 485
Guarbased| LSM Power Lay 11 041] O
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3.5. Properties ofUnconsolidatedMaterials

The sample utilized for our fracture tests consisted of fine saitida flour(silt),
and mixtures of the two. Thailicaflour provided low permeability(~20 mD) but
proved to be problematic when attempting to saturate. The ability to modify the
permeability proved useful in generating fractsreith fluids that exhibit higteakoffin
pure clean sands. Belowe describe tle mechanical properties and permeability of the

samples in detalil.

3.5.1. QuartzsandF110

The sand utilized in these experiments is fine poorly gragleattz sand chosen
based on a number of criterions. Firgtwas one of thesmallestspherical particle sizes
readily available§canning Electron Microscop8EM image of the particles is iRigure
3.11(c)). Second, the sand was well processed and had relativelysshatiesof fines,
ensuring uniformity across samples. Finaltywas readily available and wsistent

across batches acquired from the manufacturer.

Thegrain size distributions (GSD) of all the samplesaaeglable inFigure3.12.
These tests were conducted in accordance WRBTMD 422¢ 63. Additionally the
minimum and maximum densities and rnpgities are listed imable3.10. The samples
for the injection testwere all prepared at maximum density. Our preparation technique
(rodding) provided~100 % relative densities. Irmost instances the relative desity
was greater than 100 %; however we do not report relative densities greater than

100% This indicates thdncreasedefficiency ofour sample preparation technique
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compared to the technique utilized ithe ASTM D 4254 91 standard The average
maximum measured porosity and density during the test preparation are also listed in

Table3.10.

High initial densities were chosen to limit tllegreeof compaction during the
cavity expansion process, either at inittan or during fracture propagation. This also
ensured that samples are uniform with respect to densities, both individually and over
the entire experimental series. Creating uniform samples of a specific relative density
can be difficult in such a largarsple size. In addition, initial density was not chosen as
an experimental parameter in this work. Finallye maximum relative density will lead

to the lowest possible permeability decreasing the fracturing fluid leakoff.

The mechanical properties of Rl hre tested bya consolidateddrained triaxial
test as described byambe[195]]. The deformation characteristic follow what is
typically expected of fine sand$Lambe and Whitman 1979. Representative
deformation curesof the sand and sand/flour mixturare shown inFigure3.21. The
friction angle and stiffness (values listed able 3.10) were measured using
confinements ofl0 psi and 80 psi representing a majority of testing conditions of our
injection tests. Our injection test confinements randedm 8 to 2000 psi. The highest
confinement poperties were not tested, due to testing equipment limitations However
it is expected thatgreater confinements will tend to reduce dilation (limiting the
softening behavior) and increase stiffness with limited effect on critical state friction

anglegLambe and Whitmanl1979 Mitchell et al, 2003.
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The permeability tests were conducted as prescribeA8TM D50893 method
GFallingHead Test. A samplewith a diameter of2 in and a length ob in was created
using the same densification technique that we utilize in our injection teblse
prescribed confinements and deviatoric stresses were also similar to the injectian test
(8 psito 80 psi confinements) To measure permeability, a pressure gradient is applied
across the sample and the regaly flow rate is recorded. Multiple pressure gradients
are utilized for each sample. Over twenty samples were tested for each sample
combination (F110silica flourand mixtures).The permeability of F110 at maximum
density and80 psi confinementwas1.3 Darcy The value of permeability as a function

of silica powdercontent is shown ifFigure3.22.

3.5.2. Silicapowder

The silica flourpowder used in our experiments was SIOSIL106 from ITC
Minerals and Chemicals. It is produced from high purity silica which is precision ground
to microcrystalline sizes. The mean particle size was measured2a . The particle
shape is angular as shown kigure 3.19 (a) and (b). Silica flourproved difficult to
saturate using our sample preparation technique (high initial densities). There are a
number of technigques tomitigate the difficulties and achieve a saturated sample.
However these techniques cannot be applied to our experimental apparatus without
significant modification. For exampla slurry ofsilica flourcould be compacted to
achieve a dense statd.o accoplish a slurry compaction techniqueould require a

significant modification of the loading frame and triaxial cell. Further, it is doubtful that
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the magnitude of density, due to static loading, would approach the density achieved by

rodding, without extemely high surcharge loads.

Silica flourmay complicate the assumption of a cohesionless samjgeoring
confining stresss the boundary of cohesionlesgersuscohesive sampkis when the
fraction of silt or claymaterial exceed$0 % [Mitchell et al, 2003. Srictly speaking
the silica floursample can be interpreted as a cohesive soil using the USCS classification.
With no clay content silts tend to go from satike to claylike mechanical behavior as
particle size decreasefMitchell et al, 2003. Due to the inert nature of silica
electrostatic forcesbetween the particlescan be considered of limited importance.
Finally the importance of capillary and electrical forces are limited with increasing
skeletal forcede.g.,Santamarina et aJ.200]. Given the large confining stresses on the
tests with silica flour we would not expect any cohesive properties of tmaticular
materials used in our experiments dominate the fracturing proces$he upper limit of
the capillary pressure in the silica powder can be estimated (using Laplace formula,
surface tension of fluig-10* dynes/cm,and a pore radius10nm) as< 10 kPa, which is
less than half of the lowest confinement utilized in our te&S kP3d). Therefore, in our

tests we consider the silica flour cohesionless.

Only a limited number of fracturing tests were performed with psikca flour
due, in part, to the complications of saturatingVe were unable to fully saturate the
silica flour without excessive sample disturbance due to the high pressure gradients

required to drive the pore fluidThe results of the pursilica flourfracturing tests are
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presented inChapter 4. The silicone injection tests exhibited significantly different

fracture morphologies when compared to fine sand and mixtures.

The small size of the sample for the permeability tests allowed for adequate
saturation levels and characterization thie permeability of puresilica flour The tests
were conducted in the same manner as described aldfovequartz sand As shown in

Figure3.22the average permeability measured was mD.

3.5.3. Sandflour mixtures

A number of different mixtures of fine sand arsilica flourwere tested as
possible candidates for injection test. Thiaction of silica flourexhibiteda measurable
effect on both the permeability and deformation characteristics of the sample. The
permeabilty of sand andsilica flourmixtures were tested as described abovall(ng
head test), under the sameonfining stresss as the fracture testé psi/16 psi, 80
psi/160 psi). The results are shown fRigure3.22. An issue with the migration of fines
through the sample became apparent with mixtures lower tHa&96 silica flour The
fines migration manifested itself as a gradual reduction of permeability with increasing
test duration. This reduction reached a minimuvalue of permeability similar in
magnitude to that of puresilica flour Tests with sample mixtures containing greater
than 15% silica flourmeasured permeability values remained consistent through the
entire test cycleTherefore we attribute it to fines migration due to the fluid flow. The
values for mixturdractionslower than15% shown inFigure3.22 are those measured
during the initial tests of permeability.hlerefore they are an estimation.
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The deformatbn characteristics of th20% silica flourmixture exhibitedgreater
degreesof softening behavior and stiffness when compared to fine skigiire 3.21.
Given the results of the above analysis, the chosen partickture was20% silica flour
for the reduced permeability sample. This provides an order of magnitude decrease in
the sample permeability while not affecting the cohesionless nature of the particulate

material.

Table3.10. Sanple properties The properties listed with ASTM were measured
using the ASTM standards listed above. Those listed with EXP are values
measuredor calculatedduringpreparation ofour experiments.

DlO DSO D60 D5o Cu Cc f peak f min
2
mm mm mm mm | Dso/D 10 Dso QS) 1D | @ 0.5 MPa
Sand 26
£110 110 165 210 195 1.90 1.18 29
Silica 38
Elour 6 15 30 22 50 1.25 44
0
20% | 5g 140 | 180 | 150 | 7.2 4.35 37 | 285
Silica
I min I max I max h hmin hmin E @ 0.5
max MPa
ASTM ASTM EXP. ASTM EXP
glen?® | glent | glent MPa
Sand
£110 1.43 1.73 1.83 0.46 0.35 0.30 70
Silica
Elour 1.04 1.71 1.87 0.61 0.39 0.29 110
0
20% 955 | 173 | 1.00 | 053 | 0.35 0.28 90
Silica
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Figure3.19. Sanning Electron Microscopenages of particles: jand (b) silica

(b)

flour (c) fine sandChang 2004.
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Figure3.20. Grain size distributiofior F110sand silicaflour, and their mixture

(with 20% of flour).
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Figure 3.21. Strength curves for (a) silica sand (b) sand/flour mixtneaxial
tests were at 80 psi confinment with drained pore pressure. The sand flour
mixture has a greater stiffness with more softening behaviour.
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3.6. ExperimentalTechnigues

A significant effort went into ensuring that the LTC ari®I' @ were as similar as
possible with regards to the preparati, geometry and injection eventB generalthe
techniques utilized in sample preparation were the same for all the experimental

apparatuses, just scaled due to sample size.

3.6.1. Samplepreparation

A hard shelbkplit mold is placed around a flexibnd impermeable membrane
that serves as the outer radial boundary of the sample. Soil (oven dried) i<iphalifs
and compacted with a rod. Each sample is completed with eight liftsrergsa uniform

sample density.

During rodding the top of layer being coagied remains loose. In our
experience, significant compaction only takes place in the lower third of a given layer
(plus lower layerif any). Tamping can be utilized to compact the loose upper section of
a layer, howeverthe density would not approachhe value of a rodded sample.
Therefore a temporary mold is placed above the top boundary of the sample and
severaladditionallayers are rodded to compact the top section of the sample. Finally
the extra layers are carefully removed and the top of themple remains in a
compacted state. The initial densitgmained constantduring the entire experimental
series For example 20% silica flourmixturescreatedmeasured densities ranging from

1.88 to 1.90 g/cn® for over twenty tests.
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Once the samplerepamtion is complete, the top platen is placed and the
membrane is sealed around it. A vacuum is then applied to the closed sahmgsplit
mold is removed and the cell and loading frame are completely assembled. The cell is

filled with water to provide cofinement of the sample.

After a small confinement pressure is applied, the sample is flushed with CO
Following the C®flushing vacuum is then again applied to theoséd system and
allowed to drawdown the sampleagain There were typically three GQlushing
sequences.The final stage involves flushing the pore fluid in. The vacuum source is
allowed to draw down the sample one last time thelosed off and under a low flow
rate pore fluid is flushed into the sample, this continues until the samptenspletely
saturated. On the largscale cell the saturation time was typically around four hours.
Once the vacuum pressure was relieydte pore fluid wascontinuallyflushed through
the sample for a number of pore volumeéEhis technique was developed ensure the
best possible saturation and uniformity of the sampleilizing this technique typically

gained saturation levels abo®5% (measured by { SYLIWi 2y Q3. O2SFFAOASY(

It should be noted that there was no observable difference in the results of
fracturing tests in saturated or dry tests conducted in fine sandsalih flourmixtures.
However, he utilization of incompressible pore fluid allowed for qualitative kiag of
the sample pore volumaluring an injection event (More details are givenSection

5.2.5).
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3.6.2. Injection procedure

All tests are conducted under constant pressaomtrolled boundary conditions.
Further, the samples are under drained pore pressure conditiOmse the sample was
constructedand saturated preparations for the inje@n test began. The sample was
first loaded hydrostatically up to the prescribed test value. This loading was typically
done in10 psi stages to allow the sample to respond accordingly. Once the maximum
hydrostatic load was applied the deviatoric load wegplied in a similar stepwise

fashion.

The stress ratios(/s,) was kept constant at 2 té. We wanted to provide a
high-stress ratio to ensure the highest probability of generating vertical fractures.
However we want to ensure that global sample failui® not an issue. Our sample
characterization test results suggestess ratios o8 to 1 for global failure of our dense
F110 (weakest sample). Furtheamples still remained fairly elastic at stress ratios of 2
to 1. Thereforeall pressure controlledriaxial tests were conducted under stress ratios

of 2to 1.

The change in volume of the sample pore fluid and cell confinement was
monitored during loading and injection events. This allowed for monitoring change in
sample volume and pore fluid responséhe change in volume during hydrostatic
loading gave a qualitative measure of the quality of sample preparatibeasamples of
similar material shoed a similar pattern of sample compactiomdicating theinitial

conditions are the same.
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Once the loadingf the sample was complete, the assembly of the displacement
chamber and associated tubing was initiated. The displacement chamber was filled first
with the chosen fracturing fluid. Every precaution was taken to ensure that no air
bubbles were entrained ithin the fracturing fluid while filling the displacement

chamber. This was a challenge with the silicone fluids.

The volume of prescribed injection fluid, plus additional fluid to account for
system volume, was added to the displacement chamber. The @qu of the
displacement chamber plus associated fittings and elbow for direct injection source
connection was then installed. The air was purged from the displacement chamber and
the compression fitting to attach to the injection source was sealed wherirtjeetion

fluid reached the fitting.

Once the sample side of the displacement chamber was filled and sealed, the
pump side was completed. On the pump side of the chamber the fluid chosen was
opposite (water or oil) of what was being pumped. Similar te fitacturing fluid every
effort was made to purge air from the system on the pump side of the displacement
chamber.The fracturing fluid delivery system was not attached to the sample ti#il
sample was ready for the injectioDue to the nature of theolidification process of the
silicone adhesives, the time from filling the displacement chamber to running a test was

kept as short es possible. Typicallyt was within10 min.

There was no attempt to préll the injection source with fracturing fluidrior to

the start of the injection event. Initialjywe attempted to prefill to ensure that the
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fracturing fluid wasat the injection sourceoncethe pump was turned onThis proved
unnecessarily difficult. Technically, because water is the fluid firstob the injection
source there may be an initiation event prior to the fracturing fluid reaching the sample.
This does not appear to be an issue for two reasons., Hstvolume of fluid injected
prior to the peak pressure is typically mugteaterthan the volume of water displaced.
Second, we tested the injection of water at the maximum rdte I(/min ) andfound no

evidence of fracture initiation osample volume respons#ueto any cavity expansion.

The pump was prefilled, and tested at the set imj@c rate. The fracturing fluid
delivery system was then attached to the injection source and to pump. The pressure
transducer was attached to the elbow attached to the base of the injection source

tubing. The data acquisition wastiated and after10 sec the pump was started.

The pump ran until the displacement chamber was depleted, the piston
bottomed out and the pump pressure relief valve was activated. The pump was then
shut down. The pressure decline in the injection tubing was monitored untiadhred a

fairly constant value (typically below confinement).

Once the experiment was complete, the fracturing fluid delivery system was
disconnected from the injection source, the source was capped, and the displacement
chamber and fiings were thorought cleaned.The sample was left undisturbed and
under pressure for at leag4 hrs to allow for solidification of the injected fluid. During
this time pore fluid volume and cell confinement volume were monitored to ensure

sample stability After the solidifcation of the fracture, the sample was unloaded. The
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loading frame and confinement cell disassembled, and then the sample was carefully
excavated. The solidified fracture was then removed from the cell cleaned, cataloged

and crosssectioned.

3.7.  Calibration

This section describes the calibration techniques used to analyze and verify the
experimental results. All of the pumps were calibrated and checked for consistent flow
rates at multiple times. All loading frames were also calibrated to ensure the applied
load resulted in the desired stress conditions. The pressure transducers were calibrated
once a year using deadweight calibrating machine. The samples were utilized over
and over so the GSD and permeability of the sample materials were tested multiple
times throughout to verify the constancy of the samples. The most important calibration

came in estimating the pressure drop due to the fluid flow in the injection source.

The calibration of injection pressure due to fluid flow in the injection delivery
system was the most important task in analyzing the experimental results. Initial tests in
the LTC had a relatively complex fracturing fluid delivery system. This proved adequate
with the low flow rate experimentdHowever, the increasedcapabilitiesof the flow rate
requiredmodifications to the experimental apparatudue to increased frictional losses.
The resuling fracturing fluid delivery system was modified to what is described in
Section3.2.2 The pressure gauge was essentially recording the injectiesspre at the
base of the injection source. Therefotle viscous losses were due 2@ in of tubing
and the pressure drop across the perforations.
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The pressure loss due to fluid flow within the injection source was estimated by
two separate methoddgrirst, the fracturing fluid delivery system wassembdd with an
injection source. This assembly was simply left in the open air and fracturing fluid was
injected through the system. The pressure generated due to the prescribed flow rate
was recorded.Second an analysis of the pressure curve aftehutin allows for an
additional estimate of the pressure loss due to fluid flow. The fluid flow maintains a
constant rate until the piston reaches the end of the displacement chamber, signaling
the end of the test Fluid flow then stops immediately (ignoring any inertial effects). The
displacement chamber remains connected and pressurized so there is no reversal of
flow. Therefore the instantaneous drop in pressure aftshutin should be the same
order as the prssure drop in the systenAsan example the pressure curve ifrigure
3.23. This test exhibited the highest pressure drop observedi0 psi. This example
is an extreme case; most of our tests exhibited an orofemagnitude less pressure

drop. The pressurdime historyanalysis is the techniqugpically utilized

The pressure drop due to the flow of tlysar fluid was negligible, even at rates
up to 15 L/min (less than24% of the peak pressure a5 L/min). Formost silicone
fluid injection tests the pressure loss in the system was less 20&f (for flow rate less
than 1000 ml/min ). Fortests with greatst injection rates (5 L/min) utilizing silicone
fracturing fluid the pressure drop could be o\&0%. These hgh-pressure dropfave a
significant effect on the interpretation of the pressure curve. Howet@r the results

presented here we consider it a secondary issue.
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The pressure curves were simply reduced byuhkieof the estimated pressure
drop in injecton source. Technicallyhe pressure drop should be calculated for the
unsteady flow rate at the initial stage and final stage of the test. Peak and propagation
pressures however, are our main concern so a more thorough analysis of the-non

steady stateltiid flow is not considered.

Highviscous losses in the injection tubi(rg 50% of peak pressure) were noted
on a number of tests with silicone adhesive. These tests exhibited two distinct issues.
First, due to variances in manufacturing the fine mestonstancies in the fine screen
selected for injection source comsttion created abnormally higpressure gradients. A
coarse mesh Z50 mm) combined with filter paper was selected to eliminate this issue.
Secondin some instances the wrong diameter tobing was selected during highte
tests or clogging of the screen was observed. This condition created a peculiar pressure
signature(Figure3.24), and thus not usedpr the experimental observatios presented
in Chapter 4.Nonetheless, thdracture morphology did follow similar patterns as the

successful tests.

3.7.1. Boundaryeffect

Often interaction of factureswith the pressurecontrolled boundary during our
testswasnoticeable The geometry of these interactiongas varied depending on the
fracture shape. There were three distinct changes in the pressure curve that signified
boundary interaction. If the pressure remained constant, increased, or the curvature of

the pressure curve became negativéhen this usually signified some boundary
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interactions. We then measured the solidified fluid that formed on the boundary. Back
calculating using the flow rate and estimated volume, the time of the perturbation
corresponded to thevolume of fluid on the boundary.Three examples of pressure
curvesand fracture formsare shown below inFigure3.25. There was not a detectable
pattern in the reaction of the pressure curve and the geometry of the fracture at the
boundary. Though it is lIkely due to the geometry of théluid link between the

boundary and the parent fracture.

: 4 End of
%L/’ injection

Pressure drop.:
in the system

J

pressure p (psi)
=
[=)
(@)
o

15 17 19 21 23 25
timet (sec)

Figure3.23. Example of the estimation of pressure drop in the system by analysis

of the pressure curve. Taken frofiest 01-31-11 with 5000 ml/min injection
rate, 20% silica flourmixture, and silicone adhesive.
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Figure 3.25. Examples of pressure curve indicators of boundary interactions.
Black dots on pressure curve indicate the start of the boundary volume injection
shown n the red circles(a) and (c) show a decreasing pressure when the
boundary is reached. (b) Shows an increase in pressitinecontact
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3.8.  Conclusions

In this section we presentedur various experimental pressure cells. \akso
characterized the sample maiats and fracturing fluids. Wdescribedthe processes
and procedures developed to successfully initiate and propagate frexiarsaturated
cohesionless particulate materialBinally we discussed the necessary calibration of the

experimentatechniques The following are the main points of this chapter

1. The testsare conducted under pressure controlled boundariasd under drained
pore pressure conditions

2. The stress ratios(/sn) isheld constant at 2

3. The injection source f cylindricalgeometry, ypicallywith a length of3 into 5 in.

4. The fracturing fluid duar and silicone) exhibit shear thinning fluidnd Herschel
Bulkleyrheologies

5. Twopositive displacement triplex plunger pumps and a diaphragm parejuitilized
at a constaninjectionrate.

6. Injection rates varied from0 to 15000 ml/min .

7. Samples ofifie quartz sandF110), crushed silidbour, and a mixture o20% silica
flour and 80% F110are usedfor the injectiontests.

8. Permeability values are measured to be 1000 mD, 25 mD and 350 mbD,

respectively.
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4. EXPERIMENTAL RESULTS

4.1. Introduction

The results of an extensive experimental series, conducted utiliglitpne
adhesive (RTV) fracturing fluids, are presentedhis ¢hapter and Chapter 5Chapter 4
focuses on the pressure signaturegiobal sample responseand external fracture
observations Chapter 5 is primarily confined to the description of parameter effents
and a description of, thanternal fracture characteristicdn this chapter, we start with
the dimensional analysis that we d&oped to help guide the experimental process.
Then, we detail the pressure curves and what pressure signatures are characteristic of
our tests. Next, we describe the various observed fracture morphologies with the
silicone injection tests. We look at treample response and how fractures can exhibit
various dilation regimes (global, internelc.). Finally, we show an example of global
shear band development of the sample in the large triaxial cell due to an injection test.
Parameter affects and fracturerosssections are discussed in more detail in Chapter 5.

Initially, we describe the typical results generated in our tests.

The fractures presented in Figure 4.1 are three examples of our typical
experimental reslis. In this series the same confining stress, source geometry, soll
properties and injection fluid properties were utilized. Qualitatively the first sample
illustrates the initiation processin contrast,the others show the propagation of the
fracture. We observeclear evidence of cavity expansionah three samplesThe main

or primary cavity expansion is seen in all three, but in the largest sample there is
85



evidence of local cavity expansion along the length of the fracture. The remaining
fracture apeture is also quite thick, suggesting that there is significant plasticity present
during the fracturing process. Further, theakoff surface is characteristic of many of
our experiments in saturatedjuartz sand. Figure 4.1 and Figure 4.2 illustrate the
reproducibility of both the general fracture morphology and pressure curve properties

of these experiments.

The ability to crossection the fractures is an important caoiliution of this
work. We measured the leakoff thickness and aperture of our silicone adhesive tests
and analyzed the results. The cresction inFigure 4.3 (a) is from an experiment
conducted using a clear stice adhesive. This thin section clearly indicates the distinct
leakoff zone. In addition, the fracture aperture void of sample materialvVe measure
fracture aperture as the region of the cressction that is void of any particulate
material. The leakdfthickness measured and presented here is the thickness of one
sidea distance oR in away from the boreholeThese crossections are taken from the
largest lateral extent of the fracture. Many samples were injected with two different
colors of the samdluid; a crosssection is shown ifrigure4.3 (b). The injection event
a0FNISR 6AGK GKS ¢gKAGS TFtdzAR F2ftf26SR
fracturing fluid is invading the tip region of the fracturadanot contributing to the

leakoff surfacaneasurably

The fractures(experiments)presented here are categorized by date fooss

referencing. The code imm-dy-year. This allows for referencingn the main text to
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experimental data available in ppendx A, B, and CFor brevity, only pertinent
experimental data is included within the text. The full experimental parameters
(AppendixA) and results (Appendix B and C) are availdbladdition, time zero in most
pressuretime histories presented below @s not indicate the moment when the
injection begins In some cases (primarily Chapter @)en necessarythe curves are
adjusted. Howevermost are not and the injection event starts when any positive

register of pressure icorded(typically20 seq Fa example Figure3.25.

(@) (b)

Figure4.1. Fractures observed in experiments witlifferent volume injections
(a) Test09-02-05 (100 ml), (b) Test09-21-05 (200 ml), and (c)Test06-17-05
(400 ml).
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Figure 4.2. Experimental pressurBme histories corresponding to fractures
shown inFigure4-1. The colors represent: greetD0 ml injection, pink200 ml
injection, and blue400 ml injection

(@)

(b)

Figure4.3. Examples ofracture crosssections(a) Test 06L7-05 Injected with
clear silicone (b) Test @87-07 injected with white, then black silicone
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4.2. Dimensional Analysis

To aid the experimental process of hydraulic fracturing in saturated materials,
we utilized dimensional analysis of the obtained resuy#gy., Barenblatt 2003] In
general, the number of parameters describing hydraulic fracturing in saturated
cohesionless materials may be rather large. In fact, it ibginty not practical to vary all
the parameters in one experimental program, such as presented in this work. Therefore
we vary the injection rateQ, fluid parametersor more accurately, consistency inde,
and n fluid flow behavior indexmaterial permedility, k, and confining stresss,. As
described below, other parameters vary much less in our experiments or they are not
independent. For example, confining stresseg,and s3, constitute two independent
parameters, in general. In our tests, howevdreir ratio was constant at 2. Hence, in
the dimensional analysis of our experimental results, we include only one parameter of
So=S3 to characterize the effect of confining stresseShe only independent
parameters thatwe consider tosignificantly chang in our experiments ar€, Kn, Kk,

ands,.

Consider first fracture initiation, which occurs at or near (e(@)) the peak,

Ppeak, Of the injection pressure. Per the above discussion,

P.= F(K,nEnk ctan 7Q,s .., S.) (4.1)

peak —

this analysis gives 11 parameters w&loasic dimensions. This requires 8 dimensionless
groups. By incorporating the assumptions and simplifications given above4dy. (

reduces to,
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peak_ f(Q K n, k 50) (42)

where thedimensions of theparameters are

[k] —m? A2 (4.3)

Therefore, we obtairsix parameters, with three basic units. Choosi@g K, and las

independent dimensions we identify the relevant dimensionless contiong

_ Preac8k*? s s, k& "5
pKkae— o B = ge ; Ql}n (4.4)
9

applying theP -theorem|[e.g.,Barenblatt 2003]results in

n. X n -
Peadk¥ 6 _€s k& 4]

< Fo Tgk & M (4.5)

Our experimental results for the twprimary dimensionlesgroupsare shown in
Figure 4.4 and Figure 4.5. We plotted over 45 experimental data points from our

silicone injected fracture testst is important to note although the fluid flow behavior

90



index does vary slightly with thearioussiliconefracturingfluids, it is nd apparentin

the trends indicated inFigure 4.4or Figure 4.5 Furthermore, m Chapter 7 we include

the guar fluid in the same dimensional analysis and find that in our data, the results of
the dimensional analysis is not sensitive to the valuengmregardless of fid type
(silicone or guar). Therefore we only consider the two primary dimensional groups a

dimensionless peak injectiqgeressure and a dimensionless confining stress.

Values of the dimensionless groups plottedFigure4.4 vary by five orders of
magnituce, yet we still obtained a reasonable fit with a simple power law curve fitting.
Although plotting on a log scale limits the fit accuracy, having a simple dimensionless
relationship between confining stress and the peak of the injection pressure is @seful
determining governing relationships of hydraulic fracturing in particulate materials. In
fact, this result may be one of the most important developments of this work, because
our scaling indicates the existence of a process which determinesdalkngof peak

injectionpressures ohydraulicfractures in unconsolidated materials.

For comparison, a more traditional way of plotting peak injection pressures
resemblesFigure4.6. On the one handkigure4.6 shows a relationship between the
confining stres and the peak of the injection pressure. On the other hand, the effects
from other experimental parametersre ignored For exampleour peak injection
pressure data foexperiments conducted atonfinements of80 psi vary significantly

The data form a i;mgle vertical line that represents over 30 experime(fgure 4.. If
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we incorporate our developed dimensionless groups the impd@dhe combination of

experimental parameters is more evident.

Peak pressure is not solely dependent on confining steesSer results suggest
that other experimental parameters are important in controlling leakoff. Without
adequate leakoff control, fractures cannot be generated in cohesionless materials.
Changes in permeability, fluid rheology, and flow rate do not exhigitificant effect on
the injection pressures. Nevertheless, they are important for leakoff contaure4.6
shows the same data from our tests but in different axes. There is an apparent increase
with peak pressure as the confining stresses are msed. However, the other
parameters cannot be ignored, and by adopting appropriate dimensionless terms we
observe the data collapsing to a power law dependence showhigare4.4. If we

approximate dependence in (4.4) by a power law then we obtain,

P8k 5 &s k& "%
¢cQ + @ :
this can also be expressed as
o (2-1)(n)
a 3/2 0
Ppeak =As oa Kl_ aﬁk (o} (47)
cQ =

here a=1.05,A=1.05, (Figure4.4) andn=0.75is value of the fluid behavior index of the
medium viscosity silicone adhesive (732) used in the majority of our experir(ieatite

3.9). Substituting these values in (4.6), we finally obtain
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Prwc= A5 JK K Q (4.8)

peak —

where A=30, a=1.05, 6=0.05, g=0.06, anda~0.04 for the medium viscosity silicone
adhesive (732). The slightly smallexlue ofn for the high viscosity silicone does not
change the exponents representing the fluid flow parameters significagtl§.@5, and
&-0.03) The value ofUclose to unity implies nearly linear dependence of the peak
pressues on confining stresses. Conversely, small values of exponggsand
dsuggest the peak pressure in§lonly weekly depends on permeability, flow rate and
fluid viscosity. This quantifies what we noted in the experiments. Changes in confining
stres®s exhibit a significant effect on the initiation pressures. In contrast, changes in the

other experimental parameters are less evident.

The positive exponent for the permeability in§tindicates an increase in peak
injection pressures for an increage permeability. Several experimental studies in the
literature found that increases in permeability tend to increase the fracture pre§flee
Pater and Dong2009;Khodaverdian and McelfresB000] Moreover, sore (but not all)
of our results also indicate similar trends (Chapter 5). The discussion of experimental

parameters and their effeston our test resultss presented in Chapter 5.

Plotting our data along with that which is available in the literat[Behloli and
Depater 2006;De Pater and Don@007;Dong and De PatgeP008]we observe similar
results, the threshold normalized peak pressures decrease-3owith increasing
confinement Figure4.6). This may indicate a change in governing parameters. In low

stress states, the fluid pressure required to drive fluid flow within the fracture and the
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leakoff zone dominates. Therefore, our peak pressures are much greater thaniognf
stresses. Under greater stress conditions the required fluid pressure to open the
fracture is much greater. We may expect an upper bound of normalized initiation
pressure for very high confining stresse®ou et al suggested that peak pressures
must be 2.5 times the confinement to hydraulically fracture sands at-bagtfinement

[Zhou et al.2010] Our results indicate that the ratio is likely lower than 3.0, supporting

this finding.
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Figure 4.4. Dependence of dimensionless peak injection pressure versus
dimensionless confining stress (plot based on 45 test resHis).only tests
injected with silicone fracturing fluids.
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Figure4.5. Same plot as Figure-4 with fracture crossections. This shows a
general trend of increasing leakoff with increasing dimensionless parameters.
The data points are listed in groups of silicone fluid type. TalegB®es then

and K values for the silicone fluids (medium viscosity silicone (7R2) 123 Pa
sec, n= 0.75; high viscosity silicone (739¥ 603 Pa secn= 0.60). The 734 data
points are limited, so the characterization is not included here. The viscosity of
the 734is lowest of the silicone fluid&E 43 Pa seé¢n=0.60).
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Figure4.6. Normalized peak pressure versus confinement taken fBohloli and
Depater [2006], Dong [2010] andDong and De Pate2007a] with our data
added. The straight line represents the peak pressure from cavity expansion
tests in dry sand fromAlsiny et al[1992] as presented byohloli and De Pater
[2006]

4.2.1. Dimensional analysis of fracture propagation

Dimensional analysis may be applied to fracture propagation im#asifashion.
We utilize our measured fracture aperture and leakoff thickness along with the
recorded injection pressure at the end of the fracture injection. In our tests the final
pressuremeasured at the endf the injection sequences the minimum presure.
Therefore, we can utiliza similardimensional analysis as above, wkhin replacing

Poeakand incorporating experimental time.
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Puin = F(Q K, nk,5,1) (4.9)

We can consider fracture efficiency instead of the aperture and leakoff thickness as
separate independent termsWe calculate the efficiency as

w
e=

TWr W W, (4.10)

where w is fracture aperture amwieax is the thickness of the leakoff zon#. gives a
guantitative evaluation of the ratio between injected volume and fracture voluiies
definition is similar to the fracture efficiency used in ti€and gasndustry (though not
a volume formulation)Fracture efficiency is a function of the experimental parameters

and conditions and experimental time,
e= f(Q K,nk,s,,1) (4.112)

If we consider that fracture efficiency changes monotonically with time, we can replace

t in equation 4.9 with efficiencg and obtainP,,, = f (Q,K,n,k,s,,€). This results in six

in

parameters with three basic units. The parameters with independent dimens are

again chosen to he&,K, andk. The resultingd terms are

P_&k*¥2 5 s. k" &
Pl — ' min 0 E) =0 , 03Pe (412)
K QEEQ e K ‘@ =

so that
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KTQ Tk F

P.ak¥? 5 _& k& " &
o G- g (4.13)

The dimensionless groups are plotted by fracture efficiencidsigare4.7. We
observe decresing efficiency with an increase of dimensionless pressure versus
dimensionless stress. The data set is not conclusive, however. If we plot fracture
aperture instead of fracture efficiencyas shown inFigure 4.8, then there is no

detectable pattern withirthe dimensionless parameter plot.

The lack of correlation between the dimensionless groups and fracture aperture
suggests that there may be one or several missing parameters. The most likely
parameter, from a LEFM stand point, is material stiffness. Icamsider an elliptical
shaped hydraulic fracture, the maximum fracture widthméx) canbe shown agle.g.,

Economides and Nolt@000]

wwzﬂﬁg (4.14)
Ej

where pnet is the net hydraulic pressure (internal fluid pressure minus the fracture
closurepressure)d is the minimum extent of the fracture (either height or width), and

EGis the plain strain elastic modulus. The plain strain elastic modulus is related to the
,2dzy 304 Y2RdzZ dza 0%06 MUOSA digaificaniidRpéridlénceMh thél 2
O2y TAYAYy3d &aiNBaa SEAalGa FT2N GKS | 2dzy3Qa

materials. Nonetheless, as shown in Chapter 3, our stiffness is identical for all our

samples at similar confinement stresses. Therefdhe interpretation ofFigure4.8 is
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not that the material stiffness is missing from our dimensional analysis, but that it is
AYLRNIEFYOGd® LYy GKAA @2N] X 6S ALISOATAGQIEtE C
modulus. An extension of this work, however, would likely benefit from the inclusion of

material stiffness as a varied parameter.

If we exchange fracture aperture thickness with leakbftkness(as shown in
Figure 4.9), then there is a trend of increeng leakoff thickness with increasing
dimensionless parameters. This is likely the reason that a small trend is sh&iguie
4.7. This indicates that fracture aperture is not characterized by our scaling analysis.
Leakoff thickness may be, however. Tisiseinforced by the experimental observations
in that the confining stress plays a significant role in determining the magnitude of
leakoff thickness. Below we utilize an additional dimensionless analysis to further

characterize our observed leakoff tkitess.

The crosssectioning of our fractures, coupled with the two color phase fluid
injection allows for a qualitative analysis of the leakoff processaa majority ofour
tests, as described fully in Chapter 5, the leakoff appears to be mainly confirtee
tip region of the propagating fracturd-igure4.10). To facilitate this analysis,aendefine
two lengthscales (1) the thickness of the leakoff in the vicinity of the fracture tipand
(2)the thicknessof the leakoff layer at a distance far away from the tiplf we consider
that h= dthen they are both independent of time. Following a similar process as above

we obtain
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h=f[QK,nks] (4.15)

ChoosingQ, K, and k as independnt dimensions we identify the relevant

dimensionless combinations

N,

h as ‘6" s, &k¥? 6
U=—7x 5 ., P =2 P n: 4.16
QP 2 17 kEQ 2 (39
applying theP -theorem|[e.g.,Barenblatt 2003]resuts in
h o‘S 1/(3n) é,lj ék3/2 6
e G ° on (4.17)

The data are plotted ifrigure4.11. If we approximate dependence in 14) by a power

law and group fluids with similar fluid flow behavior indigethen we obtain

h as ‘6", ¢0,8 R? 6 (4.18)
~13 0 - &~ 0O -
QUEK 2 T gKTQ 2y
this can also be expressed as
h — As.oa-1/3n K]J31 -ak3’1 dZQ]JS i] (419)

where a=0.5, A=11,000 (Figure4.11) andn=0.75 (value of the fluid behavior index of

the medium viscosity silicone adhesive (732) Substituting these values in (4.18), we
finally obtain
Prea = A JKK°Q' (4.20)

peak
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where A=11,000, a=0.06, b=-0.06, c=0.56, and d=-0.05 for the medium viscosity
silicone adhesive (732). For the high viscosity (739) silicone the values of the exponents
are A=11,000, a=0.06, b=-0.06, c=0.56, andd=-0.05. For both fluids the dimensional
analysis shows the importance of permeability tre leakoff thickness. The other

parameters haversallermagnitudes of exponents.

The dimensional analysis has been shown as an important tool for evaluating
parameter effects orpeakfracture njection pressures. Furtheiit appears that leakoff
thicknesscan also be characterized through dimensional analysis, independent of time.
This time independence is due to the relatively uniform leakoff thickness along the
length of the crossectioned fracture Clearly, longer experimental time scales should

be imdemented to verify the scalability of this result.

This may be the first direct experimental observation of the dominance of the
leakoff process in the tip region of a propagating fracture in cohesionless matdiigs.
is an important consequence of thiwork.Further, he experimental observations of the
leakoff processes predominantly at the tip are reinforced through the dimensional

analysiof the measured leakoff thickness
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Figure 4.7. Dimensionlessminimum pressure versus dimensionless confining
stress. This is a similar plot as showrigure4.4 but with fracture efficiencies

are explicitly shown in the legend. On can see a small trend of decreasing
efficiencies with increasing dimensionless paeders.
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Figure 4.8. Dimensionless minimum injection pressure versus dimensionless
stress. This is a similar plot as showirigure4.4 but with thickness of aperture

in the legend. No apparent trend in frture aperture with the dimensional
parameters.
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Figure 4.9. Dimensionless minimum pressure versus dimensionless stress for
various leakoff thicknesses imches This is a similar plot as shownFigure4.4,

but with leakoff thickness in the legend. Leakoff thickness does appear to
increase with increasing dimensionless parameters.
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Figure4.10. Picture of fracture crossection with schematic of leakoprogress.

The majority of the black colored fluid is primarily leaking off at the tip of the
fracture. Further, there is an abrupt change in the leakoff color perpendicular to
the fracture propagation direction. This suggests that a majority of theoléak
thickness occurs at the tip of the fracture. A more thorough discussion of the

leakoff layer is in Chapter 5.
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Figure 4.11. Plot

of dimensionless leakoff thickness versus dimensionless

confinement. The a@lored dots represent the measured leakoff thickness for the
fracture tests utilizing silicone adhesive injection fluid.
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4.3. Injection Pressure Signatures

The recorded fracturenjection pressure is an important result from our tests.
The use of the singlei@phragm pump did not produce pressure curves that were
particularly useful in interpreting the generated pressure versus time data. We are able
to estimate peak pressures from these pressure curves and when verified with results
generated from other pumpspressures are theoretically the same. The pressure curves
presented here are only from the triplex pumps. These pumps produced smooth
pressure curves when no other issues arose (e.g., cloggfinipjection tubing or

screens.

4.3.1. Characteristic Pressure Crg

Pressure curves generated in our tests were primarily smooth with a gradual
pressure declineRigure4.12). A defined peak exists with smooth curvature down to a
constant pressure that signifies fracture intetiao with the interface of the lateral
boundary. The pressure signature fluctuations due to boundary interactions are

discussed further isection3.7.1

We found no discernible pattern of pressure signature with fracture shape. As an
example, Figure 4.13 shows a higHeakoff test along with a low leakoff test, the
normalized adjusted pressure curves are simdad peak pressures are identicglet
geometries are very different. In general, the resulting pressigeatures of our tests
were as varied as the created fracture shapemgre4.13 and Figure4.14). In Figure

4.14there are twotests under the same conditions, the peak pressures were similar, yet
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propagation pressures were not. Only the peak injection pressures of ourdiestged

any significant trends.

1,200
~ 800 g
é =
a ~ i
o | 8
S L) i
» g il
o 2 - 2
5 400 Fracture reached D=
Boundary ‘ =

0

20 30 40 50 60 L 80
timet (sec)

Figure 4.12. An example of expected pressuténe curve, raw data and
unadjusted pressures shown for TestQ&11.
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Figure4.13. NormalizedPressure (adjusted pressures) versus normalized time

and fractures created in (a) Te81-31-11 (b) test 0303-06. Two very different
geometries yet same normalized pressiiiree histories.
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Figure4.14. Normalized pressurime curves from two identical Tests. Although
peak pressures in the tests were simililar, prestinge histories during fracture
propagation varried considerablga) Test 0431-11 (b) Test 0®3-11.
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4.4, Fracture Morphology

We use the term fracture morphology tdescribe both the fracture shapend
the leakoff surface. In higleakoff tests the morphology we describe is primarily the
leakoff surfacgas shown irFigure4.16 (a)) the actual fracture morphology is obscured
due to the leakoff. Howevethe fracture geometry becomes much more apparast
we manipulate the experimental parameters to limit leakoff. Nevertheless, in most
tests, the leakoff surface does illustrate basic fracture geometry. In this seatien

de<cribe in detail the leakoff surfaces and craestions of our experiments.

4.4.1. Leakofffeatures

The features that dominate the surface of fractures in highly permeable
saturated sands appear a& pointsource infiltration phenomenon. We call these
G aLIK ENBIAYRRA (0 K S A NWith mdreSsedrr&sidtatiel té fisid invasion. These
features are not unique to our testfhree examples from the literature are shown in

Figure4.15.

We found that the spheroids can begsificantly reduced by reducing the
confining stresses and/or permeability, or increasing the viscosity and/or flow rate or
any combination thereof (basically increase fluid flow resistance in the maigire
4.16 shows a decrease in spheroids with decreasecamfining stress (all other

parameters remaimgthe same).

If we decrease the resistance to fluid flow in the host materthbn these

features become progressively larger until the formation does HaictureQand only
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fluid invasion takes place. The fracture kigure 4.17(b) shows the boundary of the
leakoff thickness we considered usefulhere is very little evidence of fracture

development for such an expiment.

The characteristic fracture shape appears dependent on the magnitude of the
leakoff. Largevolumes of leakoff lead to significant tortuosity as the spheroid
development dominates. The fractures become less tortuous and more planar, as the
spherod development becomes less dominate. Howevéactures appear as a
collection of these features whenever present on the fracture surface. This indicates

that the leakoff process dominates the fracture development

4.4.2. Silica flourexperiments

In an attempt toreduce the size of the spheroid features we conducted several
tests inp Tt silica floursamples. These tests resulted in a dramatic change in the
nature of the fracture morphology. The imagesHigure4.19 show the result of one
such experiment. The feature is less planar and has multiple wings. These wings are
orientated vertically and there appears to be three main branches. The three wing
feature has not been as prevalent in our experiments described abaweever, the
results presented byChang[2004 presented numerous instances tfiree winged

fracture development in dnsilica floursamples injected with joint compound

Saturation of pore fluid was not possildiele tothe size of the LTC and the low
permeability of thedensesilica flour Therefore we limited thesilica flourexperiments

to dry samples. Theilica flourexperiments contain many unique features. The leakoff
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thickness is quite thin compared tgreater permeability experiments. Multiple
offshoots emanate from the primary frage. These offshoots are typically at distinct
acute angles to the propagation direction. In instances where curvature of the facture is
observed, the majority of angular protrusions are on the fracture face positioned to the
outside of the curve.We hawe measured several of these angular offshoots. There was
no detectible pattern with any of the experimentphrameters;typically these angles
were between40° to 70°0. These offshoots suggeatmanifestation of docalizedshear

failure mechanisnat the ciack tip

4.4.3. Transition offeatures

The leakoff features are consistent with a majority of our experimental results.
However, there is a transition as the spheroid feature decreases to a limiting (zdue
shown inFigure4.21). Once the leakoff surface becomes thin enough the spheroids are
no longer apparent and the fracture morphology changes significantly. Our silicone
fracturing tests fature these spheroids for all fine sand asdica flourmixtures for all
ourpaNJ YSGSNBESEZ SEOSLII F2N) (62 aGGNI yaAlGA2YE
There wasonly a dramatic change in fracture morphology when the sample consisted of

dry silica flour

The prevalence of the bubbly features described above is a direct goesee
of our particular experimental parameters. A significant question arises from observing
our spheroids. That is, what happens when the spheroids reduce to past a minimum
size? The sizes of the spheroids continue to decrease as the matrix fluide8mting
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forces increase. The reduction in the size continues until the spherical nature of the
localized leakoff becamkess rounded and more a flat ke feature. In our tests,

these pedal features are typically oriented in a vertical directiigure4.21).

These experiments also show a transition away from the localized leakoff feature
(small individual peals) to a more uniform brittldike fracture surface (shown iRigure
4.22). The brittlelike features (shown inFigure 4.22) exhibit similar leakoff surface
characteristics as the fractures described in Chaftécomparison pictures ifrigure
4.224). The brittlelike features are relatively smooth and appear as one cordusl
feature, unlike the leakoflominated features mentioned aboveBrittle-like in
particulate materials is different from solids, because in solids, fractcaesbe brittle
for any leakoff, large or small. In particulate materials briltke corresponds to small
leakoff. The existence of the single planar feature suggests that fracturing fluid was
delivered by a fracture process and subsequently the legkaftess initiated. Contrast
this with the spheroids that indicate the local leakoff process precedes the fracturing

process.
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(b) (c)

Figure4.15. Three examples of bubbly surface featurefsom the works of (a)
Chang2004], (b) Dong[201Q, and(c)Jasarevic et a[201(.

Figure4.16. Bubbly featurs in the leakoff layerobservedin: (a) Tes02-10-11
(80 psi),(b) Test 1122-06 (40 psi), and (c) Test 0928-05 (20 psi). Leakoff
thickness decreases from (a) to (c) due to a reduction in confinement stress.
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Figure4.17. Large leakoff testqa) Test 0811-07 (600 ml/mi n) and (b) Test 03
03-06 (50 mil/min) (b) Fracturing parameter combinationsesulting in the large
leakoff tests are not the primary goal of this work. Leakoff is increased from (a)

to (b) by only the reduction of flow rate.
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Figure4.18. Crosssections of fractures with decreasing bubbly featur@d Test
02-10-11, (b) Test 122-06, (c) Test 027-07 and (d) Test 1D6-08.
Approximate size of spheroids shown onthe left. The width of leakoff
decreases from (a) to (dfracture perture also decreasebut less so.
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Figure4.19. Facture morphology observed in Test-292-08 fracturing of100%
silica flour The offshoots typically are smaller than the fracture aperture and are
only on one side of the fracture face (typically o thutside fae of the curved
surface of the fracure). Offshoots are at acute anglesttte propagation
direction.
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(c)

Figure 4.20. Multiple silica flourinjection test cross sections showing acute
angular offshoots fracture propagation from left to right in imagdsotice
offshoots are on one side of the fracture fa¢a) Test 08.4-08 (b) Test 0915-08
and(c) Test 022-08.

nope noHpE nomH p € Flat pedalike feature

Figure4.21. Decrease of dmeroid size to a peddike feature. Red circles indicate
the size of localized leakoff features, the pedal feature has an aspect ratio ~3/1.
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Figure 4.22. Example of the transition away from localized leakoff to more
brittle-like fracture morphology(Test03-17-11). The crossection of the fracture
shows a thick region where the leakoff is localized, the briikleregion is quite
thin in comparison. The regiomatside the red square in the lower image are

brittle-like features.
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(@) (b) ()

Figure 4.23. Silicone injegbn Test 110512 showing transition in fracture
morphology. The brittle region shown in the cressction(top of image (b)has
limited offshoots and very thin leakoff layer.
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Figure4.24. Brittle-like features of fractures generated bytee different fluids:
(a) guarfluid Test 1014-10, (b) medum viscositysiliconeTest 0512-11 and (c)
high-viscosity silicone Test a3/-11.

122



45, Sample ResponsBuring Fracture Tests

We recorded the cell and pore fluid volume during the injection testds T
allowed for monitoring sample response during the injection test, and alitegeneral
under the highest injection rate®000 ml/min ) the sample continued to respond for a
significant time after the pumping was completeow injectionrates exhibited no
significant response after the injection event stopped. In addition, the resolution of the
volume tracking was not sufficient to accurately monitor the volume change for the
time scale of the experiments with high injection ratésgre4.26). We present two

examples of the volume responsehkigure4.24.

The low stress, low rate experiments often experiesggnificantdilation that
results in pore fluid being drawinto the sample during the injection everfigure4.24
(a)). This is registered as a negative volume responseoaitored pore fluid volume
The leakoff process contributes to an increase in the measurementreffpod volume.
Consequently,he exactmagnitude of the dilation cannot badequatelyquantified with

our measurement technique.

In moderate stresslow rate tests, there idimited evidence of sample dilation.
However, the confinement volume responsexceeds injected volume for all

experiments. This indicates thabme samplelilation occurs in all tests

If a sample exhibitsrainitial negative dilating pore fluid respongagure4.24 (a)
the change in confimaent volume showed &ignificantlygreater volume expansion,
than the volume of fluid injectedThe excessive confinement response suggests a
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significantdegreeof dilation. Thepresence of sampldilation suggests significant shear

banding perhapsfrom the fracture extension processes.

The reduction in por@olume is not seen in the higétress experiments. Further
significant change occurs in both the cell and pore fluid after the injection event has
ceased. This is true for both high and low permagbdamples. Finallyhe confinement
response is typically similar in volume, or slightly less than the inject#dme
However there is significantlygreater pore fluid volume response than in the low flow

rate tests
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Figure 4.25. Unadjusted pressur¢ime and volumetime recordsfrom (a) Test
05-12-11 8 psi confinement (b) Test 022-11 80 psi confinement. Note the
different pore fluid response®oth tests were conducted in samples wiefsand
silica flour mixture. The tests were injected with medium viscosity silicoqne
K=123 cP see, n=0.75) at the same flow rat&s0 ml/ min.
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Figure4.26. Example of the pressure record and volunesponseof a high flow
rate Test 0519-11. Sample of fine sand &80 psi confinementwas injected with
medium viscositysilicone K=123 cP set, n=0.75) at 5000 ml/min.
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4.6. QObservedShear Failure

The scale of our sampkazeis an important consideration in our wirin the
large triaxial cellthere were several instances when a shear baad visibleduring the
injection event. T bandmanifesked as a distinctraceon the outer surface of a sample
(Figure4.27 (a)). Thiswas primarily visible during higstress experiments in theTlC
with low flow rates and higiviscosity fluids.These shear bands are visible on the
surface of the sample. These are considered global shear bands and are likely due to
limited sample size. dditionally, they are likely different thmashear bands attributed to

the extension of the fracture mentioned in Section 4.5.

The fracture shape is still qugdanar with multiple offshoots that are
orientated in the general direction of the shear baftie development of a global shear
bandmay be attributed to the limited lateral extent of the sampl&e experiments in
the small triaxial cell developeglobalshear bandsegularly Appendix ). However the
limited boundary does not necessarily invalie our results.The resulting fracture
shapes do not change materially, compared to other samples with no evidence of shear
bands.It appears that while the shear band does provide a preferential pathway for
fracture development the trendsf parameter clanges are consistent across the entire
experimental seriesThat isthe trends shown in the scaling relationships hold whether

there is evidence of shear band developmentot.
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Figure4.27. Test 0201-06 with shear band(a) The shear band is visible on the
boundary of the sample while under confineme(it) Unloadedsampleand cell
disassembled(c) Outer membrane removedd) Sampleduring excavation. (e)
Image showing the fracture orientation witlrespect to shear band. (f)The
excavated fracture.
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4.7. Conclusions

In this chaptey we presented a dimensional analysis of the initiation pressures
for fractures incohesionless particulate materials. We presented tlagious fracture
morphologies and how experimental parameters affect these features. Further we
analyzed sample response and characteristic pressore historiesdue to injection
events.Shear band propagation was shown to exist in some of our LTC tiegisnding

on parameter selectioniThe main points of this chapter can be summarized by:

1. The dimensional analysisf our experimental resultssuggests a powedaw
dependence of peak injection pressurersusconfiningstress.

2. Other parameterssuch as fluidheology, permeability, anéhjection flow rate are
less significant for peak pressungst important for controlling leakoff

3. Peak injection pressures are not a reliable indicator of fracture morphology in our
test conditions

4. If peak pressureare normdized by confinemenstress thenthey vary significantly
(12 to 28) at low confinements(<0.5 MP3 while at highconfinements {5
MPa) they exhibitlessvariability (3.0 to 3.5.

5. Normalized injection pressuséme curvescan besimilarfor very differentfracture
morphologies

6. In highleakoff tests, leakoff appears as a collection of multighderoidalpoint-
source events thaform the general fracture shapélhus leakoff appears to

affectfracture development.
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7. As leakoff is controlledhe size of thesespheroidsdecreass, andthen the fracture
transitions to a brittlelike feature.

8. Brittle-like fracture appears as one continuous featurdhis suggess that the
fracture may not be driven by the localized leakoff feature

9. Brittle-like in particulate mataals is different from solids, because in solids,
fractures can be brittle for any leakoff, large or small. In particulate materials
brittle-like corresponds to small leakoff.

10.Fractures insilica floursamplesdisplaysignificant differences in themorphology
compared to fractures in sand and sand mixtures

11.The sale of the sample may still be significargcauseglobal shearbandswere
observed.

12.There appears to be significalutcalizeddilation of all sampledecausethe volume
of the confinement respose during an injection event is typically larger than the

injected volumeof fracturing fluid
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5. COMPLEXITIES-FLUIDDRIVENFRACTURES IN PARTICTE MATERIALS

5.1. Introduction

In thischapter, we present theanalysis of fracture crossectionsobsenedin our
experiments We describe in detail how specific parameter changes affect the fracture
morphology and pressure signaturén addition, v look at other parameterghat
provide insight to the complexity of hydraulic fracturing in cohesionless materials.
Subsequently, we describe the fracture tip, and other observations of the fracture and
leakoff surfaces. The majority of the experiments presented iis thection were

conducted withthe Large Triaxial Cell (LTC) as described in Chapter 3.

5.2. Effects of Parmeter Variations

In this sectionwe describe the effects of parameteariationson the fracture
initiation pressures, leakoff thickness and fracture aperture. Each parameter is
presented independently and the peak pressures are presemgesusthe magniude of
the singleparameter. Then crossections of some example tests aieown The groups

presented aresimilarin allother experimental parameters, except the one of interest.

5.2.1. Boundaryconditions

We found that the magnitude of theonfiningstresseswas a primary factor in
determining the fracture initiatio pressure As the confining stresses were increased,
the thickness of leakoff and injection pressumecreased while fracture aperture

decreased Recall, as described in Chaptertl3e vertical stess is always twice the
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horizontalin our tests A series of testswhere the only experimental parameter that
was varied was the confinemenare shown below irFigure5.1. The peak pressure
versusconfinement plot is shown ifrigure5.2. The results of lptting peak pressures
versus confinement confirm the results of thedimensional analysi¢Chapter 4) In
general, an increase of an order of magnitude in confinement pressure results in a less
than an order of magnitude increasin the relative peak prease (for our test

conditions).
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Confinement =8 psi
Peak =193 psi
Test 0512-11

Confinement =80 psi
Peak=916 psi
Test 0210-11

1000

800

PPeak (pSI)

60 80 100

o (psi)

Figure 5.1. Three experiments, with crossections, comparing peaijection
pressures to confinemengeries of sampleglustrate the effect from the change
of boundary conditions. The injection tests were conducted in fine dayd
injecting with medium viscositgiliconeat an injection rate 060 ml/min. Notice
signficant leakoff thickness in th80 psiconfinement tests, yet limited leakoff
with largerfracture aperture with8 psiconfinement.
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Figure5.2. Confinementstressesversuspeak pressureMarkersare groupedto
indicate separateexperimental series that all parameteexcept stress are held
constant Significant changes in peak pressures are observed with increasing
confinement.
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5.2.2. Effects of fluid rheology

A thicker fracture with less leakoff was a resultttoé increase of fluid viscosity.
It is important to mention that there was no attempt to analyze differences in fluid
rheology beyond the effective fluid viscosity. Although both the silicone and guar fluids
are shear thinningit must be considered thathe wall building characteristics are
probably vastly different. For example, the guar based fluid exhibited more leakoff
when compared to the silicone fluidé) the high permeability fine sandsamples,.
Conversely the guar fluid exhibited comparativelyower leakoff in the lower
permeability formationsIn addition,the existence of the yield stredsr the silicone
fluid likely contributes to the preservation of leakofluid wall building characteristics
must be quantified for a more thorough analys®eak pressure and minimum pressure
showed a slight increase with an increase of viscosity. However, it was within
experimental error. The fluid pressures remained within the same order of magnitude

with an increase of three orders of magnitude of visgosi
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Peak= 897 psi
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Figure 5.3. Three experiments, with crossections, comparing peak injection
pressures @ fluid consistency indexes (viscosity). Slight decrease in peak
injection pressures with decreasing viscosifijustrates the changes fracture
morphology due to the viscosity of the silicone adhesive. The samples were fine
sand at80 psiconfinement injeted at a rate oL.700 ml/min .

136



K=90 cP se¢
n=0.70
Peak= 916 psi
Test 0303-06

K= 603 cP se
n=0.6
Peak= 950 psi
Test 1211-05
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Figure 5.4. Three experiments, with crosections, compang peak injection
pressures to fluid consistency indexes (viscosity). Slight decrease in peak
injection pressures with decreasing viscositiiere is aignificant shift in leakoff
thickness with increasing rateThe samples were fine sand &0 psi
confirement injected at a rate &0 ml/min .
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Figure5.5. Peak pressures fotest seriesat different viscosities (guar tests are
included) Markers are grouped to indicate separate experimental series that all
parameters except viscosity are held constaiihere appears to be a slight
increase in peak pressure with increasing viscosity.
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5.2.3. Effects of fluid flow rate

Fluid flow rateshowedno quantifiable effect on injection pressures. Our data
suggests that evenith three orders of magnitude change in the flow rate, there was no
significant increase in injection pressures. However, flow rate can be instrumental in
generating fractures. There is a number of test series were the fracture process was
enhanced duenly to an increase in injection raigigure5.6). In Figure5.7 the impact
of the reduction in leakoff due to the increase in flow rate is still noticedkilgure5.8
shows very little change in leakoff with three ordersnedignitude change in flow rate.
There is no evidence of a change in peak pressure due to increases in flowhates
significantly different than field applications. Typically, there is an increase in injection
pressures with increases in flow rate in the field. However, the fractdessribed here
can be consideredhick; therefore the viscous losses due ttifl flow within the
fracture are negligible. Indid applications the viscous losses may become signifesnt

the fracture increase in length
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50 ml/min

Peak=823 psi
Test 03-03-06
1700 ml/min
Peak=847 psi
Test 0917-07
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Q{ecm3/min)

Figure 5.6. Three experiments, with crossections, comparing peak injection
pressures to different flow ratesAn example of the transion from manly
leakoff, to fracture dueonlyto an increase in flow rate. The samples wé&@90

mD fine sand at80 psi confinement fractured with the low viscosity silicone
adhesive.
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Figure 5.7. Three experiments, with crossections, comparing peak injection
pressures to different flow ratesThe flow rate did haveignificant impact on
leakoff thickness, peak pressures are witbur experimental errarThesamples
were 1000 mD fine sand at80 psi confinement fractured with the medium
viscosity silicone adhesive.
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50 ml/min
Peak=748 psi
Test 1111-10

5000 ml/min
Peak=640 psi
Test 0303-11
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Figure 5.8. Three experiments, with crossections, comparing peak injection
pressures to different flow ratesessnoticeablechange of fracture aperture and
leakoff thickness as thitow rate was increased, due to l@wvpermeabilty. The
samples were850 mD sandkilica flourmixture at80 psi confinement fractured
with the medium viscosity silicone adhesive.
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Figure5.9. Peak pressures fotests at various flow rates (only silicortests are
shown) Markers are grouped to indicate separate experimental series that all
parameters except flow rate are held constaand thenpeak pressures are
compared.There appears to be no change in peak pressures with changes in
injection rate.
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5.2.4. Importance of sample permeability

Reducing the permeability reduced the leakoff of the fracture. There is evidence
of slight correlation in permeability with fracture pressures, in our tests. This is primarily
confined to the comparison of injection presss in samples of pursilica flourto those
of fine sand and fine sansifica flourmixtures. Comparing samples of fine sand to those
with mixtures there is no correlation in permeability and injection pressuFagire5-10
and Figure5-11 show two expeimental series in which the reduction of permeability
one order of magnitude reduces the leakoff significantly, yet the peak pressures do not

appear to be affected.
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350 mD
Peak=937 psi
Test 1106-08

1000 mD
Peak=1079 psi
Test 0927-07
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Figure 5.10. Three experiments comparing peak injection pressures to different
values of permeability. Comparison to dsijica flourexperimentsexhibitedthe
only significant decrease in peak pressurBlse decease in permeability had a
significant impact on leakoff thickness while litdéfect on peak pressureand
slight impact orfractureapertures
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Peak=1154 psi
Test 11:17-08
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Figure5.11. Three experiments comparing peak injection pressures to different
values of permeability. Comparison doy silica flourexperimentsexhibitedthe
only significant decrease in pegkessures Leakoff thickness is redudewith
decreasing permeabilityLhe injection tests were &0 psi confinement injected
with High viscosity silicone at a rate 15f00 ml/min .
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Figure 5.12. Injection peak pressureversus permeability data Markers are
grouped to indicate separate experimental series that all parameters except
permeability are held constant, and then peak injection pressures are compared.
There appears to be a slight increase in pressure for certain data series, but it is
not conclusive.
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5.2.5. Summary of parameter effects

In this section we presented a qualitative analysis of our results. Here we
summarize the effects of parameter changes on the fracture geometry and pressure
signature. In general, we find that boundary condisdmave the most significant impact
on peak pressures. This supports the dimensional analysis presented in Chapter 4.
Figure 5.13 shows adependenceof fracture and leakoff morphology (aperture and
leakoff charactestics) on the variation of main parameters (not in dimensionless form).
Our independent (controlling) experimental paramete@s K, kand s suggest the

existence of two characteristic times

t, =k*%Q, and t, fK 0)" (5.1)

1/n

the ratioti/t> is equivalent toP;™", whereP ; is the dimensionless parameter equation

(4.3) used in Chapter 4 for analyzing our test results.

Leaving aside the physicaleaning of timed: and to, they are both related to
the magnitude of leakoff. Indeed, the level of leakoff, generally increases with
permeabilityk and decreases with flow rat®. Therefore, we expect leakoff to leore
pronounced ag; grows. Similarly, éakoff is greater for thinner fluids, so that leakoff
increases withK. It decreases witts, however, because increasing confining stresses
generally corresponds to increasing fluid pressure in the fracture. Hepp®siteto ti,
we expect leakoff to be less pronouncedtabecomesgreater. Ths effect is illustrated
in Figure 5.13. This show characteristic timed; and t> as well as the fracture

morphology for a number of representative experimeniese two characteristic times
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describe quantitatively the range of parameters in our tests. For the silicone tests the

characteristic times rage in value

10 *sec< 1< 10™ se
(5.2)
10°sec< § <107 se

Limiting case
of no leakoff

LEAKOFF DECREASES
el

t, = (K/G)U"

—————————————— o ————

- LEAKOFF INCREASES
t;= k32/Q

Figure 5.13. Quantitative dependence of fracture and leakoff morphology
(aperture and leakoff characteristics) on the variation of twaaretteristic
times. The leakoff thickness decreases with increasing characteristic time,
parameterst; and/or t,. The fracture aperture is less definitive, but in general we
find aperture increases with characteristic time parameter

149



5.3. Otherobservations

5.3.1. Changes in pore fluid

To determine the impact of pore fluid on the resulting fracture morphology and
peak pressures several tests were performed with various pore fluids. These tests were
conducted in the ST@pPpendix E The test series also allowedrfan analysis of the
impact of the solidification process of the silicone adhesives on the experimental results.

In this sectionwe describe those results.

Comparing dryersussaturated samples in fine sand wbservedno change in
peak pressures or fcaure morphologyfor sample injected with silicone adhesivi
may be that the ratio of the pore and injection fluid viscosities is important, as we
expect in immiscible porous media fluid floWidure5.14). Given the high viscosity of
the silicone adhase, we would expect that the difference between the viscosity of air
and water to be negligible as the ratio of the invading fluid viscosity and pore fluid is still
very high. Thereforewve would expect stable viscous flow in the porous matrix (ignoring

deformation of the matrix).

We also conducted several tests utilizing glycerin as the pore fluid. These tests
were completed in the STC in samples of fine sand, at modecattnemens Q0 psi to
40 psi). Similar to the conditions of the tests above, tin@ading fluid viscosity is still
orders of magnitudegreaterthan that of glycerin. Therefore, we would expect stable
viscous flow. There was not a perceivable difference in fractures conducted with water

or glycerin as the pore fluid.
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We analyzed the edict of the solidification process of the silicone adhesive by
utilizing glycerin as the pore fluid. The silicone adhesive would not solidify when
submerged in pure glycerin due to its cure process. When injection tests were
conducted with glycerin pore fid the samples would not solidify until excavated. The
created fractures were still competent, and excavation was possible without damaging
the fracture. There was no perceivable difference in morphology or injection pressures

between experiments with aimyvater, or glycerin as the pore fluid.

Phase Diagram

Unstable . Stable Viscous
Viscous Flow % 3 Flow

= antiZZ
'*]'*‘% ~ Viscosity of
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Figure5.14. Patterns of mmisciblefluid flow in porus media fronrmodified after
[Lenormand 1989. There are no grain displaments in this figureThe viscosity

of our injection indicates we would reside within the stable viscous flow regime
with pore fluids of air, water and glycerin.
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Figure5.15. Two STC experiments conducted with water (a) and gly¢bjias
the pore fluid. The injection tests were conducted in fine sand @infinement
of 40 psi, with medium viscosity silicone at an injecticate of 50 ml/min .
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5.3.2. Unsymmetrical growth

Unsymmetrical growth is directly observed through the colored fluid injections.
Various color schemes were utilized to enhance the contrast between injetitiong
events The best combination was white and blaakored fluids. Two examples are
given below irFigure5.16. A qualitative analysis would describe the growth patterns as
somewhat radial. Howevethe pattern of the first color injected is not fully mimicked
by the pattern of the second fluid. Therefqrde growth of these fractureis probably
guite erratic and not constant on any one leading edge. The sample size limits the ability
to determine whether the fractures will continue in such a quasidial fashion. In
addition, the effect of boundary interation is not well known. For examplEigure 517
shows an experiment with a significant change in both leakoff thickness and aperture

when close to the boundary.
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(@) (b)

Figure5.16. (a) Injectiontest with black fluid preceding white fluid. Note the
variable nature of the colored boundary. The white material surrounding the
injection source is filter paper used as a part of the injection source. (b) an
injection test with white fluid preceding bi&. The lower right extent of the
fracture reached the boundary. (a) Test8311 (b) Test 0R7-07.
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(b) (c)

Figure5.17. (b) Crosssection of Test 091-09 that interacted with the boundry

(at dashed line (a)). The curved solidified form (c) is from fracturing fluid
propagating on the interface between the sample and membrane. The red circle
on the left indicates that this form is tubular. Note the reduced leakoff and

increased aperturéndicating a significant change propagation regime.
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5.3.3. Interface experiments

Several tests were conducted using samples with mixed layers of materials. This
served two purposesfl) to examine whethefractures propagate preferentially in a
given permeabity, and (2) to examine whetherthe leakoff characteristic varies

significantly for a given sample.

The first series were conducted in a large constrained boundary niadlire
5.18). The injection source and injection systene the same as used in the lutr work
presented here (described in Chapter 3). The samples were compacted through static
loading from the top, along with vibration under load. This did create a less dense
sample in the lower layer. Howevedhe interfaceremained a defined planwithin the
sample. The samples were injected at a rate56f ml/min, with medium viscosity
silicone. The peak pressures were similar to those from the LTC tests awith

confinement 0f20 psi.

The testsdemonstrate a significant change in the leakoff betweenettwo
layers. The carse sand exhibited distinct horizontal striations near the borehole. Along
the propagated fracture the bubbly features (spheroids) in the ase sand are
significantly larger than the spheroids in the fine sand. The leakoff sudbtiee fine
sand portionlooked identical to samples in the triaxial cells w2 psi confinements.
Further, the fracture propagation did not exhibit a preference for a particular sample, in
each test the fractures propagated in the lower layer. We attrgbtltis to differences in

the layer densities.

156



We conducteda singleinterface st in the (LTC). In this testhe sample was
prepared in a similar fashion as the other LTC tests. The sample consisted of a lower
layer of silica flour a middle layer of fie sand and a top layer dilica flour The
injection source was centered in the sand layer. The samples were compacted to
maximum density using the rodding technique. There was no saturation due to the

inability tosaturate large samples of higtensitysilica flourwith our equipment.

The result of the interface LTC test is showrFigure5.19. The fracture was
containedwithin the top and bottom layers. There was no fracture propagation in the
sand layer, only leakoff. The fracture reached the boundaryhe lower layer. The

results of the pressure record are identical to samples of sihilya flour

The interface experiments illustrate the complex nature of the leakoff surface.
There can be significant difference in the leakoff characteristic depgnadin the
physical properties of the sample. There is evidence in the literature that
unconsolidated fractures tend to propagate in lower permeability sampes Pater
and Dong 2007 Dong and De Pater008 Khodarerdian and Mcelfresh200Q. Our
results indicate that this is true when comparisitica flourto fine sand samples. In sand
materials, however, there may be other significant factors that need to be resolved

(e.qg, density).
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Fine Sand

Caarse Sand

(d)

Figure5.18. Interface experimentsonducted in a constrained boundary mold
(AppendixD for descriptio. The samples were dry anoaded vertically ta80
psi. The samples were yared with fine sand and eose sand. The fracturing
fluid was medium viscosity silicone injected at a raté@iml/min (a),(b), and(c)
were injected with white fluid, (d) was black.
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Figure5.19. LTCinterface Test 09-15-08 conducted at80 psi confinement A

layer of fine sandwith a thickness of8 in between two layers ofsilica flour

There is no fracture in the sandyer;it is confined to tke top and bottom silica
layer.
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5.4. Tip and Fracture Surfadggharacteristics

The results of our injection test show a complicated geometry tiyaically
opens perpendicular to the least principle stres&side from the observations
mentioned above that aralirectly related to changes in parameters, there are other
general observations that may indicate tip or initiation processes. We fdomdbasic
experimental observations that can be madéh respect to the fracture initiation and
tip:

1. Continued avity expansion after initiation
2. Splitting tips, offshoots are at acute angles to fractprepagationdirection.
3. Leakoffahead of thefracturetip.

4. Observations of fluidization

Each of these observationsdiscussed belown more detail

5.4.1. Cavityexpansion and shear failure

In our injection teststhe initial cavity expansion process is readily apparéist.
can be seen ifrigure 5.21(d) there was consistently a layer of fracturing fluid, with no
suspendedsample material, around the injection sme. In addition, tests with sections
of the leakoff zone present around the borehoienflisturbed by the fracturing process
vertical features (striations) are present that indicate shear failtigure5.20). Further,
in some tests similar featuregstriations) indicating a similar process are along the

fracture and at the tipKigure5.20 (d)).
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There are several numerical and experimental models ofstésar bandorocess
available in the literatureFigure5.21 (a) showsa FLAC model described pghang
2004 originally by[Kim, 2017 illustrating the shear band development due to cavity
expansion; the model solution is mesh dependent but qualitatively the model and
experimental feature are similar. Examples of thevity expansion process utilizing a
discrete element code (PRD) with coupled fluid dynamics DEBMMCFDwere also
presented [Zhang and Huang201]. The DEM model shows similar sheazend
development when the maximum shear strain rate is plottEaygre5,22 (b)). Further,
other experimental results from injection tests that were CT scanned during the
injection event Figure5.22 (c)); show similar borehole expansion results as ostste

[Dong 201Q.

Shear bands due to the process of fracture propagation in cohesionless materials
may be a different scale from the shear bands that develop due to the cavity expansion
that progresses around the injection source. Shear bands as a mechanism of fracture
propagation in cohesionless materiagre hypothesized bZhang2004 and Chang et
al. [2003. There are characteristics that exist at the crack tip thate attributed to
shear bandg§Chang 2004 Chang et al.2003 Germanovich and Hur2007 Hurt et al,

2005. Numercal simulations have also shown shear band developniéni, 2004.
However, thee is little direct evidence of shear bad development ahead of the crack tip.
Dong[2010 shows shear band development ahead of a crack tip through CT scanning

during an injectiorevent Figure5.23) [Dong and De PatgeR008] Two crosssections of
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low stress experiment@resented in this workare identical tothe CT images. The
fracture crosssectionsexhibit blunt tips, suggestingpropagation due teshear bands at

the crack tip. The comparisons of the experimental results are showigure5.23. The
fracture tips are remarkably similar. hB experiments byDong [201Q utilized high
leakoff fluids. Our experiments show very low levels of leakoff. This is important as most
of the available literature considers that the failure ahead of the crack tip is due to the
reduction of effectivestresses and shear failure within the leakoff zdib®ng 201Q
Dong and De Pater2008 Khodaverdian and Mcelfresi200Q Khodaverdian et al.
2009. However, our experiments have a very limitemlume of leakoff yet still appear

to propagate in a similar fashiofmhis indicates that the shear events may be larger than
the leakoff zone. Thyshe presence of sufficient fracturing fluid ahead of the crack tip

to harbor these shear bandsmaynot be essential
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(b)

Figure5.20. Images of vertical striations indicating shear failui@@.Test 0414-
06, (b) Test 0201-06 and (c) Test 0914-05 Vertical features remain in the leakoff
zone fom the cavity expansion around thHeorehole. (d)Test 0414-06 Smilar
features along the fracture extent.
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(b)

1inch 1inch

() (d)

Figure5.21. Cavity expansion in strasoftening material simulat with FLAC
model from[Chang 2004 Kim, 20113: (a) shear strain increments and) (the
corresponding deformed mesh. Shear strain increments represent the developed
shear bandsAlthough thesolution is mesh dependent, it represents the physical
process. The vertical lines in) (are from one of ourinjection Test 09.1-09
crosssection shown ind).
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