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Hydraulic fracturing is a well stimulation techniquéhich increass the hydrocarbon
production by inducing fractures in the rock formatidme induced fractures in the
reservoir serve as highways for faster hydrocarbon movefleatprocess is carried out

by injecting fracturing fluid which primarily contains gelling agent, crosslinker,
bactericide,fluid loss additive, friction reducerclay stabilizer, buffer, breakerand
proppant mixed in a base fluid. Fracturing fluids are carefully selected for each rock

formation.

A Tight gas reservoir is commonly referred to as a-pesmeability reservoir. Tight gas
accounts foabout 7% ofthewor | d6s hydrocarbon resources
the conventional gas @). Enormous quantities of natural gas are present in these tight

gas reservoirs. Unlocking these reservoirs is fairly challenging due to the amount of
complexities associatedith them. Geomechanics plays a key role in the extraction of
hydrocarbon from tight gas reservoirs. Hydraulic fracturing is an integral part of

geomechanics and @& essential operation to achieve economical production.
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The importance of fully understanding the fracturing process is critical in properly
devel oping an efficient hydraulic fracturdi
several uncertainties associated in its implementation. Therefore, thisshglo address

some of the challenges for tight sandstone in the areas of geomechanics and hydraulic

fracturing.

The objective of thigsesearchs to develop amfficient experimental setup tdetermine
the breakdown pressure tight sandstone rock&ffect of the type of fracturing fluid on
breakdown pressure, effect of saturating fluid on the breakdown pressure and the

geomechanical properties of tight sandstone rocks is studied in this research.
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CHAPTER 1

INTRODUCTION

1.1Energy Demands

Energydeliveredby nonfossil fuels are estimated bocreasdasterthan fossil fuelsbut
t hat doesnoé6t ddssll fugseare tstii domihaatc energyshpply Recent
forecasts by the U.S Energy Information Administration show that even by 2040, fossil
fuels accounfor over two thirds of the energy consumptidimong the fosi fuels, the
fastest growing element is Natural gas even though it has a low carbon intEtgirg

1.2).

Shale gas, tight gas and coalbed methane are tlewkaibutors to the higher consumption

of Natural gasHydrocarbon extraction frortheseresevoirs is much more challenging

than conventional oil and gas reservoirs. The technology involved in the extraction of such
reservoirs generally increases the cost which requires us to consider investigating new tools

and procedures
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Figurel.1 World Energy Consumption (EI&Z017)

1.2Background

Conventional hydrocarbon reservoirs are highly porous and permeatblthereforeare

easy to drill and produce. These reservoirs are driven by hatassure antlenceovera
period of time, productiomleclines Techniques like artificial lift or fluid injections are
used to help in increasing production. If methods beyond these artificial lift or traditional
methods are used to surge production,tyipe of hydrocarbon produced is classified as

unconventional.
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Unconventional resources accourydrocéribon t wo
resourcesFigure 1.2 (Unconventional Resources, 201hows the types of hydrocarbon
resources in the world with their contributions. Tight gas accounts for about 7% of the
worl dés hydr oamdis@amouat the sam® asrthe esnventiogas (9%).

Enormougyuantities of natural gas are present in these tight gas f@asnginski, 1991)

A Tight gasreservoiris commonly referred to dke lowpermeability reservoifHolditch,
2006) Saudi Aramco defines tight gesservoirasthe onehaving permeability less than 1
md, porosity less than 12% and requiring hydraulic fracturing to be commercially produced

(Hayton et al., 2010)



Production from such a reservoir is fairly challenging due to the amount of complexities i
the reservoir. Geomechanics plays a key role in the extraction of hydrocarbon from tight
gas reservoirsGeomechanicsleals withthe study of how rocks defornrwhenthey are
subjected tostress, temperature and other environmefaetors Most of the faures
witnessed in the life of a well are due to geomechanics. Tight gas reservoirs rage high
geomechanical concerns. Hydraulic fracturing is an integral part of geomechanics and is

used to improve the productivity from such reservoirs.

Hydraulic fractuing technique is utilized to help in the economical production of
hydrocarbons. The process involves inducing fractures in the rock formation to serve as
highways for fastehydrocarbortravel. Hydraulic fracturing is done in both vertical and
horizontalwells. The direction of the induced fracture is dictated byliretionof in situ

stresses, natural fractures or other features.

The importance of fully understanding the fracturing process is critical in properly
developing an efficient hydraulic fraging plan. The industry today still lacks the
knowledge of the process and fackfficulties in designing the hydraulic fracturing job
(Syfan et al., 2013)As a result, improper desigriave damaged many wells leading to
uneconomical production rates. Thus, effort must be placed to understanactheng

technique

Therefore, this study aims to address some of the challenges for tight sandstone in the areas

of geomechanics and hyde fracturing.



1.3 Problem Statement

Hydraulic fracturing is performed to enhance production in reservoirs with low
permeability |t 6 s a r lwutthere are dtilesevieral ungantanties associated in

its implementation. One of the uncertainties is the dependence of breakdown pressure on
the type offracturing fluidused. Therefore, this thesis sets ouddtermine the role dhe

type offracturingfluid on the breakdown pressure of tight sandstone rocks

1.4 Thesis Objective

The objective of thigsesearchs to develop amfficient experimental setup tdetermine
the breakdown pressuretgfht sandstone rockshd study the effect of the treatment design
parameters on the tight sandstdsreakdown pressurd’arameters investigated in this

study were:

1. Effect of saturating fluid on thgeomechanical properties of tight sandstone rocks
2. Determination othebreakdaevn pressuref tight sandstone rocks
i Effect of the type of fracturing fluid on breakdown pressure

T Effect of saturating fluid on the breakdown pressure

1.5Approach

In order to perform this study, the following work flow will be used:

1. Characterization ohie tight sandstone cores

2. Investigation of geomechanical parameters

5



3. Breakdown pressure determination using fracturing cell setup

4. Posttest analysis

1.6 Thesis Organization

This thesis is organized as per the guidelines stated dyeheship of Graduate Bties

of King Fahd University of Petroleum & MineglThe thesis is divided into five chapters:

Chapter one states the introduction, problem statement and the approach taken for this

research.

Chapter two contains the literature reviewtloa types ofracturing fluids,fracturing fluid
additivesthei ndustryés met hodol ogy on deffectofr mi ni n

saturating fluid on the geomechanical properties of tight sandstone

Chapter thredefines the methodology for this research and stattepaby step approach

towards solving the problem.

Chapter four contains a detailed explanation of the results.

Chapter five winds up thikesishy stating thessummarygconclusion and recommendations

for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Hydraulic Fracturing

Hydraulic fracturing is a well stimulation technique to increase the production by inducing
fractures in the rock formation by injecting pressurized fllilte process isarried ouby
injecting fracturing fluid containing water, proppant and other matef@dsdossi and
Von Estorff, 2015) Figure 2.1, showsa shale formation is being fracturedabgh a

horizontal well.

Il n 1947, Stanolind Oil and Gas, currently
the oil and gas industry. Two years later, in 1949 the first commercial fracturing application
was performed in the United Sta{&yfan et al., 2013)As described by J. B. Clark (1949)

of Stanolind Oil & Gas Company, for a Hydrafrac process to be successful, the following

criteria must be met:

1. The fracturing fluid must be visas enough to be injected in the well at high

pressures, enough to fracture the formation.



2. After the fracture is created, the fracture tends to close due to in situ stresses.
Therefore, the fracturing fluid must carry some propping agents ssanasThes
propping agentprevent the fracture from closing after fracking.

3. After the fracture is created, the fracturing fluid must reobain in the wellbore
andblock the formation but it must be thin enough to flow back out of the well.

4. Depending on the petpbysical properties of the rock, there must be sufficient
pumping capacity to inject fracturing fluid faster than it leaks away into the
formation.

5. Thetargetformation must be sealed off from other formations using formation

packers to avoid fracking othéormations.

Roughly 200 tanker A pumper truck injects a Natural gas flows out of well.
trucks deliver water for mix of sand, water and £ - Storage  Natural gas is piped
the fracturing process. chemicals into the well. Recovered water is stored in open 2
gp £ pis then taken to a reatment tanks to market.
i i plant.

| 7.000
Hydraulic Fracturing
B Hydraulic fracturing, or
2 “fracking,” involves the injection
of more than a million gallons
| of water, sand and chemicals
3,000 at high pressure down and

across into horizontally drilled
wells as far as 10,000 feet
below the surface. The
pressurized mixture causes the

Graphic by Al Granberg

Figure2.1 Hydraulic Fracturing proceg®ropublica)
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In addition b the abovementioned criteriathe fracturing fluid also must be

1. Environmentally Friendly: The constituents of the flumigst bdeast damaging to
the environment as possible.

2. Safe:The fracturing fluid must be nemazardous to the crew and pose a minimum
damage if spilled.

3. Easyto PreparePreparingthe fracturing fluid must be easy even under harsh
environments.

4. Cost Effective: The fracturing fluidmust be economicalless than$4.00 US/

gallon) andmust have a good balance between cost and required objectives.

I n 19806s and 19906s wel | known experts Ho
considerably improved andided the hydraulic fracturing process by defining critical
fracture parameters and their effects on production. The result of their research impacted
positively in the development of Bakken, Eagle Ford, Barnett, Haynesville, and Marcellus

shalegSyfan et al., 2013)

It is evident that geomechanid&tatesthe fracture parameters like breakdown pressure,
fracture length, height and width. As stated by Perkins and Kern (1961), if thatifmms
overlaying and underlying thtargetformation exhibit higher irsitu stresses, the fracture

wel | be contained in the intended format.i
Without considering geomechanid¢sacturing fluid parameters and fracttbehaviors, the

fracture maybe induced but result in a femonomical production.

It was reported in 201that there been over 2.5 million fracturing treatments pumped

worldwide (King, 2012) No tworeservoirs are the same and require tailored frac design

9



to achieve effective fracturing. In essence, the Hydraulic fracturing process remains the

same but is designed differently for different reservoirs.

The factorcontrollingthe frac design are:

1. In-situ stresses

2. Permeability

3. Viscosity of reservoir fluids

4. Around wellbore damage or Skin factor
5. Initial Reservoir pressure

6. Reservoir depth

7. Wellbore parameters like (radius, friction, etc)

2.2 Fracturing Fluids

Designing offracturing fluid is a crucial part of the hydraulic fracturing operations. For a
fracturing fluid to be effective, severaktfars are to be consideredre of them manpot
be easily controllable such imgection rate, fracturing fluid properties anappant quality

(Pye and Smith, 1973)

2.2.1 Types of Fracturing fluids

Several kinds of fracturing fluids are being used initldeistry. Some of these fluids are:

1. Slickwater
2. Linear Gel

3. Crosslinked Gel

10



4. Oil-basedrluids
5. Foam/Poly Emulsions

6. Viscoelastic surfactant ES)

The following paragraphs briefly describes each of these fluids.

Slickwater

The constituents which make upckhvater are water, clay stabilizer and friction reducer.
To reduce water blocking effects and to not disturb the relative permeability, a Water

Recovery Agent (WRA) is added.

There are numerous advantages of using slickwater as fracturing fluid. Slicksvate
usually the most environmentally friendly and eefficient type of fracturing fluid due to

its ability to be recovered and reused. High pumping rates can also be achieved by using
lower hydraulic horse power (HHP) and can easily induce both teamgllshear fractures

(Kennedy et al., 2012)t is also mn-inflammable thus reducing esite hazards.

The chief disadvantagef slickwater is its low viscosity. Effective proppant transport is
dependent on viscosity making slickwater an inefficient proppant carrier. As a result, the
fracture width is narrow anaydrocarbon production suffers. So, it may nosbigablefor

some caseKennedy etal.,2012) f sl i ckwater isnd6t adequate
In hybrid fracs, slickwater is injected (to fracture) in combination with viscous fracturing

fluid to aid in the proppant placemgiiing, 2012)
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Linear Gel

Linear gel contains water, clay stabilizers and gelling agents like Guar,
HydroxyPropylGuar (HPG) or HydroxyEthylCellulose (HEC). Bactericides are added to
the mixture since gelling agents prombgeteria growth. The damage to the proppant pack

is controlled by using breakefGupta,2009)

Linear gel s advantages are environment fr
relatively less cost. As the fluid penetrates the formation, filter cake is formed and it helps

in regulatingfluid loss. The primary disadvantages includeron fracture width due to

low viscosity and the returned water contains the leftover breaker deeming it unfit for

reusability.

Crosslinked Gels

Crosslinked gels are made up of the same ingredients as the Linear Gel with some
additional additives. Crobsker is added to increashe viscosity from about 30 sRo

more than 1000 cPHigher viscosity tends to increase the fracture width and also
contributes to carrying higher quantities of proppant. This further improves proppant
transport to the fractureninimalizes the fluid loss and reduces friction presDnee the
formation is fractured, a breaker is set in place to reduce the viscosity and assist in

withdrawing the fracturing fluigBennion et al., 2004)

Crosslinked fluids are environment friendly and the viscositstablefor some of the

crosslinked fracturing fluid which are borate based witilie unstablefor titanium or

12



zirconium based. Crosslinked fracturing fluids are often formation fluid compatible

(Conway et al., 1983)

Oil-based

Oil-based fracturing fluids are used on water sensitive formations which undergo
remarkable damaday usingwaterbasedracturing fluids. Palm oil was used as the first
viscosifier with Naphthenic Acid (Napalm) as cslisker. Some crude oil additives have
filter cake building tendencies which could control fluid loss, but fluid loss is mainly based

on viscosity.

A field study showed thdhe use ofvaterbasedracturing fluid caused water entrapment
in the reservoir Wich interfered with the relative gas permeability restricting gas flow. On
the other hand, whemil-basedracturing fluid was used, better permeability was seen i.e.,

little damage was done to the formationdilybasedracturing fluid(Coskuner, 2006)

The major diadvantages include the flammable nature of oil and the extent of damage it
can do to the osite crew and the environment. High viscosity crude oils contain

surfactants (naturally occurring) which potentially cause gelling problems. Some refined
oils like diesel are obtained from refinery and could be very expensive but can be sold off

to the market or reprocessed.

Foam/Poly Emulsions

Fracturing fluids containing ingredients which are immiscible in water are called
Foam/Poly Emulsion fracturing fluids. Nitrogen, Carbon Dioxide, propane or diesel are the

prime ingredients. Foam based fracturing fluids generally contain 65% to 80% of

13



immiscible fluids. The range of the immiscible fluids is to determine the quality. Typically,

these fluids provide an excellent proppant pack, proppant transport and breaking (due to

gravity).

Nitrogen based fracturing fluids must be quickly flowed back duetstanature of
dissipating quickly in the reservoir causing flow obstruction. Whereas, Carbon Dioxide
based fracturing fluids are dense under most conditions and causes less dissipation.
Another advantage of using Carbon Dioxide is that it dissolves dearill and it reduces

its viscosity which helps in clean up. Fracturing fluids containing an excess of 80% of
Nitrogen or Carbon Dioxide tends to have extremely low viscosity and is usually not

deemed fit for fracturing purposes.

If the concentration ohe immiscible fluids is about 20% to 30%, the type of fluid is called
energized fl uid. Nitrogen and Carbon Diox
energize fracturing fluids. Studies suggests that energized fluids have the potential to
improve well grformance by 1-2.2 times as compared to nonenergigelditions(Burke

et al., 2011)

Apart from increasing hydrocarbon recovery, energized fracturing fluids reduces the water
consumption, proppant required and injection rates. The created fracturbsraee al
widerthan in a nonenergized fluid. The major drawback for using such a system is the cost
of Carbon Dioxide and Nitrogen supply and equipment needed at the well location

(Friehauf and Sharma, 2009)

Emulsifying and keeping a hydrocarbon (diesel or condensate) as the external phase with
water forms a Poly Emulsion fracturing fluid. By varying the ratio of hydrocarbon and

14



water, the viscagy can be controlled. Drawback of using such fluids is the safety concern
due to high pressure pumping and gelled propane which is flammable. Carbon Dioxide can

cause additional problems due to its ability to form dry ice plugs as pressure is decreased.

Viscoelastic surfactants (VES)

Viscoelastic surfactants (VES) are known for their ability to provide high viscosity and by
forming wormlike micelles and entangled structures in the formation rock. Increased
viscosity further enhances the ability of proppamspension, proppant transport and the
ability to divert fluid in acidizing treatmen{¥'u and NastEl-Din, 2009) VES fluids have

been used in various applications ie thl and gas industry for several decades. Only in

the past decade VES has been used as a fracturingGlupda, 2009)

VES fracturing fluids contaisurfactantsor inorganic saltsComplex network of worm

like micelles are formed when pH is increased and the surfactant molecuesyaeitze

and align themselves due to intermolecul&naations and nowovalent bond§Samuel et

al., 1997) VES fracturing fluidscan be used at high temperatures with addition of high
temperature stabilizers. Their high viscosity can be brokerabying the pH osalinity or
sometimes by introducingydrocarbons. They are recyclable as well. The negatives of the

VES fracturing fluid include high cost and questionable compatibility veitmétion fluid.

As witnessed above, a variety of fracturing fluids are available with different applications.
The is no fAbest fracturing fluido, each fr
Bothwaterbasedracturing fluids andoil-baseccrosslinked fracturing fluid perform well

in high temperatures with good proppant transport. VES may be usedmétion
compatibility issues arise due to usingterbasedfracturing fluid. VES may also be

15



energized if needed. To reduce leak off, Nitroge@€arbon Dioxide can prove helpful. If
capillary pressure problems arise, methanol containing fracturing fluids can bé aded.
depends on what the fracturing design team decides what could be the most efficient

fracturing fluid system for the specifeone or reservoir.

2.2.2 Fracturing fluid Additives

Majority of the fracturing fluids used in the industry amaterbased To achieve the
desired properties of the fracturing fluid, chemical additives are added to it. Additives
contribute to about 0.1%0.5% of the total fracturing fluid volum@rthur et al., 2009)

To achieve the desired fracturing fluigsoperties selection of ach ofthe additivess

critical (Jones and Britt, 2009)

Depending on the base fluid (water or oil) diffetreype of additives are used. Fostance
waterbasedracturing fluids require highanterfacial tension and flow resistance reducing
surfactants. Butvaterbasedracturing fluids requirdess frictionloss reducerdue to its
friction reducing natwe. Similarly, other fluids require additives to compensate for their

limitations.

In general, additives are used for two main functions which are 1. Improving fracture
creation and 2. Reducing formation damé&genway et al., 1983)The different types of

additives are discussed below:

Fluid loss additives

Fluid loss additivesre mixed with the base fracturing fiiuio restrict it from escaping the

fracture.Fluid lossis a major concern since leakage of fluid through an unrestrained leak

16



off potentially causes accunation of proppant near the wedire. This increase in
concentration cr e attean restrictifractuce promgation éntirelyd g e 0
(Harris, 1988) On the other hand, low fluid loss could initiate larger and deeper fractures

(maybe undesired for certain formations).

Fluid loss additives are generally insdiiland remain in the fracture when the fracturing
fluid | eaks off into the formation (known
additives form a filter cake and thus prevent further fluid loss in the formation. The filter

cake remains in the fragte provided there is sufficient pressure. When the well starts to
flowback, the filter cake rdisperses and escapes back to the borefhtdevsey and

Jacocks, 1961 The fluid lostper unit aregrior to the formation of filter cake is known as

Spurt and in naturally fractured reservoirs, its effect is signifiGkories and Britt, 2009)

Fluid loss additives raise some concerns as well despite their effectiveness. They
significantly redice fracture reduce formation permeability and fracture proppant
conductivity which directly affect well productiviffPye and Smith,973). Some examples

of fluid loss additives are diesel, particulates and fine sand.

Bactericide/Biocides

Bacteria growth control is often required mainly for wdiase fluids.Frackingwith
untreated water can cause bacteria gro(itbward and Fast, 1970)iscosity of a
fracturing fluid can be destroyed by aerobic bacteria in aeamatthours thus reducing the

effectiveness of the fracturing fluid.
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Anaerobic bacteria in the fracturing fluid have the potential to produce Hydrogen Sulphide
("O™Y within the reservoir. Both types of bacteria can be controlled by introducing
chlorinated phenols, amidgpe chemicals and quarternary amines in the fracturing fluid
(Howard and Fast, 1970PDther examples ar€hlorine dioxide 2-Bromo-2-nitro-1,2-

propanediol and gluteraldehyde

Breaker

Breakers are deployed to deoxidize the polymerrmoc ul eds backbone and
fracturing fluidds viscosity is significan
These additives primarily useful fractwieanup and flowback. One area of concern with
breakers is the time of breakirithe breaker is deployed early, the well will experience
significant fluid loss as well as ineffective fractures. If the breaker is deployed late, the

viscous fracturing fluid could potentially cause invasion or plug the fra(fimk, 2013)

For temperatures under ¥2@nd with a pH below 8.5 hemicellulose is used. At higher
temperatures, ammonium and sodium persulfate are or with an activator at lower
temperaturegJones and Britt, 2009 Some example are Peroxydisulfat&sdium or

Ammonium persulfate

Buffer

Some fracturing fluid additives require certain conditions to be fully active. Some
properties are bacteria control, crosslinking, gel breaking, polymer gelation rate, stability
of viscosity. For fracturing fluid, the common pHhge is from 3 to 10. Additives like the

crosslinkers require a pH sweet spot to fully attain the maximum viscosity of the fracturing

18



fluid. For this purpose, buffers are used to adjusts pH of fracturing futfers are
produced by blending weak acidshvwveak base@Harris, 1988) Some buffers have slow
dissolving properties, allowing them to delay the properties associated with it (like

crosslinking)

Some examples are Sodium carbon&mjium Hydroxide, Hydrochloric Ad, Acetic

Acid, Potassium Carbonate aRdrmic Acid,

Clay stabilizer

Clay stabilizersare additives that help increase the formation and fracturing fluid
compatibility. Some clay minerals present within most formations are sensitive to certain
fracturingfluids (waterbasedmainly) and are vulnerable to migration and swelling. It is
extremely important to prevent clay damage especially in tight, low pressured reservoirs

since it adversely affects the capillary presg@mderson et al., 2010)

The aim of the c¢clay stabilizers is to pre
shocko. To facil it at designeditesprovidelhigh elediravglents t a b i
strength. Potassium chloride, Sodiuchloride, Tetramethyl ammonium chloride or

Calcium Chloride are used as clay stabilizers. To control fine migrations, polymeric clay
stabilizers are used which have the abilitatimch anions on the clay. Fine migration is an
important element to consider since proppant placement can be affected due to invasion of

fines(Harris, 1988)
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Corrosion inhibitor

To reduce chemical degradation, corrasiohibitors are added to the fracturing fluid.
Fracturing fluid which use acid (delayed acid gelling) can cause corrosion. Samples
of gel stabilizerareTriEthanol Amine (TEA) methanolAmmonium Bisulfateandother
inorganic compoundsf Sulfur. Othercorrosion inhibitors are available baifot of them
interfere with crosslinkingf the fracturing fluid Cassidy et al., 2011Methanolis toxic,
flammable, expensive and can cause reactor tower catalysts pgisbBi and sulfur

stabilizershave none of thtee characteristics and hence have an advantage over methanol.

Crosslinker

The main purpose of the crosslinker is to provide high viscosity to the fracturing fluid. A
crosslinker is a long chain chemical additive which bonds (either ionic or covalent) with
the base fracturing fluid (Linear Gel) and alters the physical properties. Crosslinking is
triggered by reaching certain temperature, pressure or change in pH. As a result, the

viscosity is increased in the range of 2 to 3 orders of magnitude.

Metals like Zirconium, Ttanium and Boron are usedas crosslinkers. Chromium,
Aluminum and Iron based crosslinkers are not preferrduntical stabilizers like as
thiosulphater methanohre addetb maintainviscositysince these crosslinker decompose

at high tempraturegover 22% ). As far as lowtemperature@under 15@ ) are concerned,
aqueoussolutions of the previously mentioned crosslinkamsemployed(Harris, 1988)

Il nstead of r ai si magon,tcrosslinkmg usiggntransitios metabcations n t

are done to significantly increase viscosity since they are more cost effective.
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Some example are Potassium hydroxide zordte salts

Gelling agent

The mostwidely usedtypes of polymersre Guargum andcellulosic derivatives. These

additives increase fracturing fluid viscosity, to help in carrying proppants.

Loyd Kernsubmitted the first patent on borate based guar in (I98Z2Patent 3058909.

By 1970,Guar gumwasthe mostwidely used gelling ageiiHoward and Fast, 197MHIPG
(Hydroxypropyl guar) an€@MHPG (carboxymethyl hydroxyppyl guar)are produced by
chemically altering thevaterbasedpolymers attained from gua€ellulose oranother
natural sourcederived additives areHydroxylethyl cellulose and carboxymethyl
hydroxyethyl cellulose (CMHEC)These additives have a wide range of applicability in

terms of temperature (60 F to 400 F).

The llulosic basedderivativestend to beresiduefree andtherefore decreasedamage
caused to the formation by the fracturing fluid. But they are difficuligperse since they
have a high hydration rat&uar gumand its derivatives on the other hand are dispersed

easily but some reside is left behind when broken.

Proppant

Proppants helps the fracture to remain open after the treatment is done. Thistalows t
hydrocarbons to flow from the formation to the fracture and to the wellbore. Maximize
fracture conductivity is the primary goal of and effective proppant performance us
measured by how good is the fracture conductivity. Fractures tend to close aftencre

due to insitu stresses thus making proppants an integral part of the fracturing fluid design.
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Example include Sand (Sintered bauxite, ceramic beads, zirconium oxide) ceramic (glass
beads), aluminum alloys, resin coated cerapiastics and nutshisl Strength and specific
gravity are the main differentiators of proppadtmes & Britt (200Pstate that proppants

are usually in the price range of about 5 to 10 times to that of sand.

Surfactants and Alcohol

Surfactants are commaniised inwaterbasedracturing fluids. Surfactants are additives
which helps reduce interfacial tension, reducing capillary pressure as a result. As capillary
pressure is reduced, less fluid will remain in the pores and thus, lower pressure is needed
to flow back from tight reservoirs. So, it also enhances the compatibility enhances between
reservoir fluids and fracturing fluids. Another use of surfactants is to stabilize foams

(Harris, 1988)

Alcohol can also assist in lowering the interfacial tension but its use is looked down upon
due to its negative effects on the fluid loss prevention and viscosity c@dtwiard and

Fast, 197Q)Moreover, it one of the most expensive additives.

Some examples are Ethoxylated alcohol, Methanol and isopropanol

Other fluid additives

Acid

Acid cleans borehole and surrounding formation to provide access path for the fracturing

fluid. Some examples are Muriatic acid or HCI (concentration of 3% to 28%)

Friction reducer
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Friction reducers reduces friction for better movement of fracturing flExGmples

include Petroleum distillates and polyacrylamide (PAM).
Iron control

Iron control additives helps in preventing settling of carbonates and sulfates which could
block the formation. Some examples are Ammonium chloride, ethylene glycol and

polyacryate

2.3 Fracturing fluid for tight sandstone

Maplani (2006) performed an extensive literature review and performed interviews with
numerous industry experts. His work provided a road map which helped operators to select
the type of fracturing fluid. Eight parameters were used as key to selectcthefigfluid.

The parameters were BHP, BHT, natural fractures, barrier types, geomechanical properties
of the formation, thickness of pay zone and fracture half lekgglare2.2 represents the

road map. In Saudi Arabia, the formations such as Unayaadih) &nd Qasim are important

tight gas formations in Saudi Arabia. Unlocking them has been a challenge in the past. One
such challenge is the high temperature (>3Q@&nd depths (>15,000 ft) of the reservoirs.

| t 6 s c Figuee2.2thatrcrosslinked g is suitablefor these reservoirs.
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Figure2.2 Fracturing fluid selection guide for tight sandstone reservoirs

Bu-Khamseenet al., (2010) described a successful hydraulic fracturing treatment
conducted by UKOIL. The Sarah formation of Saudi Arabia which is a tight sandstone
reservoirs was treated. 20 ppt Linear gel was used to perform integrity tests and 50 ppt
crosslinked gel was used to perform the minifrac test. Zirconium based crosslinker was

used wih 3% to 6%0 O or U ® O kirine (for high density).

Lealet al.,(2014) discusses the usage of a novel hydraulic fracturing fluid recently used in
Saudi Arabia. It consists of CMHPG guar crosslinked with a Zirconium based crosslinker.

This is a delayedrosslinker which is fully active at high temperatures. The fluid is
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stablized at high temperatures by using gel stabilizer and optimum vissosityieved by

adjusting the pH.

Al-Momin et al.,(2015) describes some challenges faced during the hydfeadturing
operation in an undisclosed tight gas reservoir in Saudi Arabia. In this study, 20ppt linear
gel with 15% KCI brine was used to conduct the minifrac test while for the Main frac job,

45ppt Crosslinked gel with 15% KCI was dse

Al-Jalalet al, (2011) describes some fracturing jobs which were planned to be conducted
on the Qasim, Sarah, Sharawra and Unayzah formations. Fracturing jobs were designed
using fracture gradient as a key. If the fracture gradient was higher than 1 psi/ft,
conventionafracturing fluid was used (crosslinked gel). As stated in section 2.2.1, these
fluids are cost efficient, fairly compatible with the formation and easily flowed back.
Pressure limitations arise when fracture gradients higher than 1 psi/ft are withessed,

high density fluids were used with VES. As stated in section 2.2.1, these fluids are

expensive and usually incompatible with the formation.

Well B was completed in Qasim formatidfigure2.3). TheQasimformationis comprised
mostly of sandstonand siltstone containing quartz, mica, feldspar and a few traces of
carbonate. The clay volume ranging is below 10%. There are two zones in this formation
namely Lower and Upper Qasim. The Lower Qasim has 6% porosity with 0.013 mD
permeability and 50% watesaturation. The Upper Qasim also has 6% porosity with 0.01

mD permeability and 37% water saturation.
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Figure2.3 Stratigraphic Column of Lower Paleozoic Succession (Hayton 204lb)

First the lower @sim Zone was treated. The fracture gradient in this zone is 0.94 psi/ft
which is lower than 1 psi/ft but it was decided to use VES with high density (11.4 ppg)
0 w O lirine as base fluid. During the operation, the maximum achieved pumping rate was

26 pm and breakdown pressure was 19,287 psi Wtfi57 psat the wellhead.

After flowing back the well, an emulsion was seen. Upon further studying and conducting
laboratory tests, it was found that the emulsion was generated due to the interaction
betweenthe fracturing fluid and the iron in the tubulars. The production improved

significantly.

The Upper Qasim Zone was treated next. The fracture gradient in this zone is also 0.94

psi/ft which is lower than 1 psi/ft but this time it was decided to go wilctnventional
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fracturing fluid with 45 Ib crosslinked gel (borate) with 8.6 pp@ firine as base
fracturing fluid. During the operation, the maximum achieved pumping rate was 26 bpm

and breakdown pressure w2 088psi with 14,716psi at the wellhead

As witnessed from the two fracturing jobs (summarizethible2.1) in the same formation

with about the same properties, the breakdown pressure is affected by the type of fracturing

fluid used.
Table2.1 Summary of the fracturing job in Qasim formation
Zone Lower Qasim Upper Qasim
Parameter PP
Permeability(mD) 0.013 0.01
Porosity 6% 6%
Water Saturation 50% 37%
Fracture Gradient(psi/ft) 0.94 0.94
. : : . . . | Borate Crosslinked Gel
Fracturing Fluid VES with 11.4 pp® ® 0 with 8.6 ppgy 6 &
Pumping Rate(bpm) 26 26
Breakdown Pressurépsi) 19,287 23,088

Furthermore, Well C was completed in the Qusaiba shale formation. The upper
Rhuddanian(tight) sand interbedded with the Qusaiba shale was targeted in this job.
Permeability and porosity were 0.035 mD and 7% respectively. The fracture gradient was
higher than 1 psi/ft so it was decided to use a heavier fluid system. This time, a Zirconium
based crosslinked (50 ppt) fracturing fluid with 12.3 ppg NaBr brine was used. The

maximum pumping rate applied was 16.4 bpm with a maximum BHP of 21,600 psi. The
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job was cancelled due to BHP exceeding the safety limit of 22,000 psi. Better knowledge

of thebreakdown pressure can help avoid such situations.

2.4 Determination of Breakdown Pressure

Breakdown pressure of a rock formation is the pressure at atirelcture will be created

in the formation Determination of breakdown pressure and fracture asak/smportant

for drilling operations in the areas of Leak Off Test (LOT) analysis, casing design and for
hydraulic fracturing operations in the area of mini frac analysis and determination of the

horse power requiredetournay and Carbonell, 1997)

LOT6s are performed during the drilling
formation. A typical leak off test of Formation Integrity test (FIT) is performed when
casing is placed and by using a heavier mud (which is required to drill thEormeation)

the formation integrity is tested. In this type of test, the formation is not fractured, but the

drilling mud is tested if it can breakdown the formation or(Ratstler, 1997)

Extended Leak Off Tests (XLOT) are similar to LOT tests but in this case the formation is
fractured to determine the breakdown pressure and the minimum haliginess. As seen

in Figure2.4the fluid starts to leak in the formation at the Leak Off Point (LOP) until its
finally fractured at Fracture Breakdown Pressure (FBP). Minifrac tests are similar to XLOT
tests but with more cycles. These tests are conducted only on very selectateofosrand

are very expensive (Minifrac tegt)i et al., 2009)
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Figure2.4 An Extended Leak Off Test (XLOT)

Generally, minifrac tests are subject to misinterpretation since they are conducted on cased

hole. Having a lab based experiment to determine breakdown pressure can potentially save

the high costs required to condticese tests.

Zeng & Roegiers (2002performed fracture breakdown pressistudy with changing
fracturing fluid injection rates. The study involved using a poly axial frame setup and used
three large samples of sizes 5in x 4 in x 4 in (and greater) of Jackford tight sandstone.
Breakdown pressure increased as injection rateedsed. The tests were also validated

against the Linear Elastia&ctue MechanicfLEFM) model and matched well. But the
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study only wused one type of fracturing fI

fracturing fluid was used in the study.

Gunawanet al., (2012 evaluated thd-racture Assisted Sandstone Acidizing (FASSA)
technique A hydraulic fracture was created, then an acidizing job was performed. Apart
from treating the skin, the acid aids in creating a conductive path for the fluid tdBilbw
FASSA teatment is only effective for Sandstone reservoirs having permeability of 20 to

60 mD. For reservoirs with permeability be

Brenneet al., (2013) investigated relation between breakdown pressure and Acoustic
Emi ssions of 6 different rock types.in a
Samples of diaeters 1.5 in. and 2.4 in. with lengths ranging from 2.25 in. to 5.1 in. and
drilled hollow from the center with a diameter of 0.25 in. Their only drawback is that they

used distilled water to frac and didnot i n

Fortin & Stanchits (2015)erformed hydraulic fracturing on a piractured shale outcrop

with dimension279 x 279 x 381 mron a poly axial frame. A high viscous fracturiihgd

was used to frac the block. Acoustic sensors were used to find fracture propagation
velocity. Since the fracturing fluid was very viscous, detection of acoustics was easy. This
test Iis very expensive to petyfamalysmfoatypel it 6s

of rocks and fluids.

Dehghanet al., (2016) 300 mm cubic cement blocks were used to study the induced
hydraulic fractures. For the block with no natural fractures, the hydraulic fracture was
straight and biwing propagating in the direction along the direction of the least principle
stress. But for the block with a natural fracture, the fracture propagated in the same
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direction of the natural fracture and decreased the fracture initiation apedgpton

pressures.

Gomaaet al.,(2014)introduced a new experimental setup fan2x 2 in. Mancos shale
cores with a 0.25 in. diameter hole in the center from which fracturing fluid was injected.
Effect of fracturing fluid was investigate

cores.

Majority of the literature covers lab $&d hydraulic fracturing on poly axial frames using

one fluid. But only a few investigate the effect of fracturing fluid itself. The poly axial tests
are difficult to perform due to sample preparation, test procedure complexities and are very
expensive. Meeover, the effect of fracturing fluid on breakdown pressure for tight
sandstones is not witnessed. Therefore, a small setup is proposed to study the fracture

breakdown pressure and fracture complexity for tight sandstones.

2.5 Effect of Saturating Fluid on Geomechanical Properties

The elastic properties of geomechanics are divided into two categories namely, static and
dynamic. Static properties are more accurate but are destructive, meaning the rock should
be tested till failur¢Fjaer et al., 2008 Dynamic on the other hand are rdestructive and

are fast. Both types of tests have their advantages and disaglesand are listed Trable

2.2.
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Table2.2 Differences between static and dynamic properties

Static Dynamic
Direct determination (lab tesnly) Indirect (logs, ultrasonic lab test)
Actual Value Overestimated (1.5 to 1.8 times)
Destructive Non-destructive
Expensive Cost effective
Tedious lab work Easy and fast
Discrete data based on coring Continuous data with depth
Accurate and reliable Affected by environments
Used directly Calibration required
Pore collapse, crack sliding and dilatan Low amplitugfefehci?eh df:ﬁggsency and low

The stiffness of a materiathenstress is applied to it is described¥bo ungds Mo dul
(E).Ifahi gher nYoduusiggseéenthe less elastic (higher stiffness) the rock is

(Zoback, 2010)

Poi s s on 0 sdefinadtaghe nefgatie ratiosofadial strain to axial strain.l t 6 s a
measure of how much the material can expand laterally wherpressed axially.

Poi ssonb6és ratio ranges from 3=0.5 (incompr
lateral expansion when compressddpback, 201D These elastic parameters are

responsible for most of the geomechanical modelling including hydraulic fracturing.

As the water saturation changes in the rock, the geomechanical parameters are affected. As
the water saturation increases, a reductiothenUCS(Yagiz and Rostami, 2®) and
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Youngbés modul us is seen, wHhWidaeson®Patal. 2@80b)n 6s r :
Usually sedimentary rocks are more affected by the wateras@in than the igneous and

metamorphic rockWong et al., 2016)

For carbonatefeVilbiss (1984 partially saturated limestone rock with water and saw an
attenuation in the acoustic velocitieBrignoli et al., (1995) performed UCS on fully
saturated | imestones and s awodulusFabriciun& 20 % r

Eberli (2009 also saw a similar decrease.

Mc Carter (2010andPerereet al.,(2011)performed UCS on coal and sandstones and saw
a decrease in UCS and Youngos Lamz & Bdrgers as W
(1991)saw a decrease of 15 % in the Youngds n

granite whileVasarhelyi (2003%aw the same effect in Hungarian volcanic rocks.

Widarsonoet al.,(2001)c ompared | og cal cul ated Youngos
for in a sandstone reservoir with water saturation ranging 2@ to 90%. The reduction
intheYoungds Modulus was up to 50% and the i
Meng (2005), Gu (2008)Hawkins & McConnell (1992)Lashkaripour & Aalloeian

(2000) performed UCS on sandstones and mudstones and saw a decrease in UCS and

Youngbés Modul us.

As seen in the literature, the fluid saturation affects the geomechanical properties of the
rock. As a result, fracturing operation is affected frther understand the interaction of

the fracturing fluidn the reservoirthe tight sandstone cores will be subject to both oil and
brine saturation to investigate the effecthad saturating fluidn geomechanical properties

and breakdown pressure
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CHAPTER 3

METHODOLOGY

As mentioned in the first chapter, the research is broken down in the following workflow:

1. Characterization of the tight sandstone cores
2. Investigation of geomchanical parameters
3. Breakdown pressure determination using fracturing cell setup

4. Posttest analysis

Beforedescribinghedetails of thevorkflow, the experimental requirements and materials
are given first The first section therefore covers the expentakrequirements for each
set of experiments, the second section contains the materials and from the third section

onward, the workflow is described.

3.1 Experimental Requirements

The equipment to be used are:

1. For sample preparation:

a. End face grinding mdxine Figure3.1)
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This machine is vital to prepare samples for geomechanical tests. It grinds the
ends of the samples with very high precision to ensure extremely smooth

surfaces.

b. Drill press Figure3.2)

By using a special concrete bit, the drill presss used to drill hole into the

samples required for the breakdown pressure test.

"(GS-618M

Figure3.1 End face grinding machine
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Figure3.2 Drill press
2. Forgeomechanical tests:

a. AutolLab 1500 for tHaxial and ultrasonic testingrigure3.3)

The AutoLab 1500 is a state of the art geomechanical testing equipment
designed foconducing both static and dynamic te#itcan provide confining

and axial pressures wp 10,000 psi.

b. Brazilian Disc Testing Machind-{gure3.4)

This machine is used for estimating the tensile strength of the rock.
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Figure3.3 NER AutoLab1500
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Figure3.4 Brazilian Disc Testing Machine

3. For Breakdown Pressure test:
a. ISCO dual syringe pumg-{gure3.5)
b. Fractuing fluid accumulator holding up to 1,000 riigure3.6)
c. Modified ageing cell (described in section 3.Biglre3.7)
d. Pressure transducer connected to data acquisition to record the injection

pressure aa function of time
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Figure3.6 Fluid Accumulator
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Figure3.7 Ageing cell

4. For NMR experiments: Oxford NMR GeoSpeéagure3.8)

Figure3.8 Oxford NMR GeoSpez
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5. For saturation

a. ISCO dual syringgump (same as for the breakdown pressure test)
b. Accumulator cell (same as for the breakdown pressure test)

c. Saturation cellKigure3.9)

Figure3.9 Saturation cell

6. For preparation of Fracturing fluid
a. Cole-Pamer variable speed MixeFigure3.10)
b. pH meter Figure3.11)
c. Water bathFigure3.12)
d. Grace m3600 viscometeFiure3.13)

e. Weighting balanceRigure3.14)
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Figure3.10 Cole-Parmer mixer

Figure3.11 Benchtop pH meter
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Figure3.13 Grace n3600viscometer
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Figure3.14 Weighting balance

7. For CT scanningToshiba Alexion TSX032A medical Xray CT(Figure3.15)

Figure3.15 Toshiba Alexion TSX032A medical Xray CT
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3.2Materials

3.2.1 Tight Sandstone Cores

Samples forngcioto tght sandtoneoutcropwereused in this studyDue toawide range

of experiments conducted, a variety of @ere required for each experiment. The 12 in.
by 12 in. block of tight sandstone was first cut into smaller bldekgifes 3.16 and 3.17).
Then one of the smaller blocks was sent to Schlumbéagsity to be cored into smaller

cores (Figure3.18).

Figure3.16 Large rock cutter
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Figure3.17 Block cut into smaller blocks

Figure3.18 Two different sizes ofore plugs were obtained as per test requirements
The requirements of core samples are different for different type of testescribed

below:
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1. 1.5in. diameter with 3n. length for geomechanical te¢&amples 41 to 1:15).

2. 2in. diameter with 2n. length for fracturing tegSamples 21 to 223). A hole of
0.25in. in diameter and 0.7#1. lengthis drilled an one face of each core. A 0-25
in. OD tubeis placed and fixed inside the hole at depth of 0.25 in., leaving an open
hole section of 04n. length(Figure3.19). The pie was fixed using strong epoxy.

3. 1lin. diameter with 0.5n. length for Brazilian tensile testing

4. Total numter of core plugs obtainedas38, out of which 23 arasedfor fractuiing

testand the remainind5 wereusedfor geomechanical tests.

0.25 inch Pipe

“C A ) [ YT 0.25inch

U 0.5 inch I

0.75 inch deep

2 inches 0.5 inch open hole

- N—_ / \ p

2 inches

Figure3.19 Core dimensionsequired for fracturing study

Drilling of the central hole was performed on a precise heavy duty drill press to maintain

hole smoothness. The drill bit chosen for the job was a concrete drill bit with a round tip.

|l tds i mportant for the bott olintheobbttoemholeis be r o
pointed, then the stress will be concentrated at the tip resulting in an abnormal propagation

of the fracture as well as lower breakdown pressure. To ensure smooth bottom hole, CT

scans were perfor med Fygaréd320 thattheipipel(brighigwhite)l t 6 s
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is placed at a depth of 0.25 inch and 0.5 inch (black) is open hole as well as the bottomhole

is round.

Argam PETE

Figure3.20 CT scan of sampl2-21 showing the placement ofalpipe and roundness of the

bottomhole.
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3.3Characterization of the Tight Sandstone Cores

In this section, the properties of the cores will be determined. First the Routine Core
Analysis (RCA) is performed followed by special analysis by using Nuclegnte
Resonance (NMR) and CT scan. The aim of characterization of the cores is to determine

the degree of homogeneity.

3.3.1 Routine Core Analysis (RCA)
RCA includes the determination of the petrophysical properties. Standard petrophysical

equipment is u=d to determine the:

1. Permeability
2. Grain density

3. Porosity

Since the samples are tight sandstone rocks, the permeability and porosity values are

expected to be low. This will help us in determining the type of fracturing fluid to be used.

3.3.2Special CoreAnalysis (SCAL)
In order to have an even better understanding of the rock properties, special core analysis

was performed. The SCAL inclad NMR, CT Scan and XRD/XRF.
Nuclear Magnetic Resonance (NMR)

NMR is a powerful tool which can help in tdetermination of the different pore systems
present in the sample. Few samples were saturated with brine and NMR was performed on

them to understand the porosity, saturation profile, the pore systems and homogeneity.
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CT Scan

Core imaging is an integral gaf core analysis. It gives us eyes inside the core to explore
features which are otherwise difficult to see. CT Scan was used to scan the samples for any
significant features. All cores were CT scanned after coring. The methodology established

for maintaning healthy cores was to conduct CT scan:

1. After plugging
2. After drilling central borehole

3. After running fracturing test
XRD

X-Ray Diffraction test measures the concentration of individual chemical compounds and
determines the percentage of thasenpoundsPerforming XRD on th¢ight sandstone

sampleswill help us understantheir constituents.
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3.4Investigation of Geomechanical Parameters

In this section, some of the crucial geomechanical parameters will be determined. The
dynamic Yousg@asmdM&Podulssonds Ratio will be
and the indirect tensile strength will be determined using the Brazilian test. Some cores

were saturated to study the effect of saturation on the geomechanical parameters.

3.4.1 Ultrasonic Test

Ultrasonic tests were performed to get the dynamic geomechanical properties of the tight
sandstone samples. The core plugs were placed within a rubber sleeve and placed in an
ultrasonic core holder. The equipment used was the NER AutoLab 1500. Théostiie

ultrasonic tests are as follows:

1. The required orientation of the sample is chosen and the sample is placed in a rubber
sleeve

2. The rubber sleevgsample enclosed) is then placed on the ultrasonic core holders.

3. The core holder with the source dajsis placed at the bottom of the sample and
the receiver at the top

4. To avoid the confining oil to penetrate the sample, the system must be tightly
sealed. To achieve a healthy seal, the rubber sledighily tied against thecore
holder by using wire

5. The setup is then placed in the load cell of the AutoLab 1500 and the sensors
connected

6. The setup is then checked for any faults and then loaded into the triaxial cell to start

testing
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7. Confining pressure is applied and the p and s waves are recorded

8. Step 7is repeatedintil necessary stages are complete

9. In a typical test, the waves are recorded at increasing confining pressure and also

while decreasing to investigate the hysteresis

Acquisition Viewer

-—a-—»w—w—-—‘—«-.w-——\,\p\_J

\ /
l| IIL/

Figure3.21 Typical response from an ultrasonic test
Figure3.21 shows a typical response from an ultrastest From this response we can

quickly identify the arrival of sonic waves. The P andv&ave velocities are then calculated

from the arrival time of the sonic waves by using:

W (3.1)
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0'MihQ

Wk p or s wave velocity (m/s)

Upon calculating theelocities, the dynamic geomechanical properties can be calculated

by:

. z z z z

O (3.2)
z

o - (3.3)

W' MihQ

O Dynamic Young6s modulus (GPa);

” Bulk density (g/cc); and

H Dynamic Paiggssonds R

3.4.2 Unconfined Compression StrengtfUCS) Test

UCS tests are conducted to determine the static geomechanical properties of the tight
sandstone samples. In a UCS tesial load is applied to theample in the absence of
confining pressureThe axial load is increased until the core plug is failed. Aighest

axial load is called the UCS. The equipment used was the NER AutoLab 1500. The steps

for theUCStests are as follows:
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1. The required orientain of the sample is chosen and the sample is placed in a

di ffe

abl e

special rubber sleeve for destructive tests
vari

(l'inear
n

t he change

2. Both the radial andxialL VDT 6 s
pl ace. LVDTOs

i n measur e
3. The setup is then plad in the load cell of the AutoLab 1500 and the sers@s

connected
4. The setup is then checked for any faults and then loaded into the triaxial cell to start

testing
5. Axial load is applied on the sample until the rock reaches failure

6. The maximum axialdad applied to the sample before it fails is the UCS of the

sample.
The static Youngbés Modulus is the ratio
strain More specifically it is the slope of the stress strain canckis given by:
: y
-— 4
© S (34)
@' MihQ
0O Static Youngdés modulus (GPa);
Y, Axial Stress (psi); and
Y- Axial Strain:
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The statiP o i s s 0 niogerenRya t i o

’ y— (3.5)
Yy
®'MihQ
’ Poi s Ratio; 6 s
y- Lateral Strain; and

Axial Strain;

Or in simpler terms it is the ratio of the slep# the axial stress vs strain curve and the

axial stress vs lateral strain curve.

3.4.3 Brazilian Disc Test
The Brazilian Disc test is a simple aaginexpensive way to indirectly measure the tensile

strength of a rock. Stress is applied on the diametrical plane of the disc until it is cracked

(Figure 3.22). This test is more representative of the field cases due to the complicated

stresses found in théeld. The sample undergoes tensile failure while placed in a

compressive stress environment (which is what happens is the field).
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Figure3.22 Brazilian Disc test

The Brazilian ten$ strengtican becalaulated usinghe following equation

" — (3.6)

where:

” Brazilian tensile strength (MPa);
P Failure load (N);

d Diameter (mm)and

I Length (mm).

As per theASTM D3967 testing standard, the following is the procedure followed to
conduct the Brazilian Disk test (indirect tensile test)
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1. The sample is cut into a circular disc of diameterch and thickness of 0.5 inch.
The thickness to diameter ratio is to be kept irémge of 0.2 to 0.75 as peETM
D3967.

2. The sample is placed in the load frame

3. Make sure the surfaces of the sample are in uniform contact with the load frame

4. Load is applied at 0.027 mm/mifhe pressure builds linearly until the sample is

cracked

3.44 Saturation of cores

In order to saturate the cores with the given liquid, the following procedure was followed:

1. Place the cores in the saturation cell and fill the empty space with spacers

2. Vacuum the saturation cell forf®urs

3. Start pumping theaturation fluid in the saturation cell and apply pressure of 2000
psi.

4. Stop pumping and leave the saturation cell pressurizetidays

5. Carefully operthe valves to remove pressurgald the saturation cell and retrieve

the cores
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3.5Breakdown Pressire Determination Using Fracturing Cell Setup

An experimental setuwwas developetb deerminethe breakdown presgeiof coresThe

design and procedute conduct this experiment are discussed in this section.

3.5.1 Developing the Fracturing cell

The ISCOpump provides pressure by pumping distilled water to the bottom end of an
accumulator cell which contains the fracturing fluid on the other end. The accumulator cell
is connected to the fracturing cell (modified ageing @l)well as to the pressugauge

and the pressure transducer to record the pressurd-tatesg 3.23and 3.24.

The fracturing cell is actually an ageioell with a pressure rating oD80 psi which was
modified to conduct the breakdown pressure test. Two inlets were added ohthep
ageing cell(Figures 3.25 and 3.26)The inlet in the center is for the injection of the
fracturing fluid and the other inlet is to provide confining presstine.confining pressure

is provided by means of Nitrogen gas (cylinder) which is condeoténe fracturing cell.

58



Jllewayds 1sa] ainssaild umopieaig

dwing

Ui fjw
001

Isd 000°0T
:Ayoeden

e
g|duwies
8107
|
aunssald
sz uspInglang e anep anen
0 JO1E|NWNIY
EVIENY PN
NN
Jsonpsued]
ageng

8inssald

Figure3.23 Breakdown Pressure Test Schematic
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Figure3.24 Breakdown Pressure System
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Figure3.25 Fracturing cell
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Figure3.26 Fracturing cell showing the two inlets
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3.5.2 Fracturing Fluid Preparation

The preparation of the fracturing fluid required precise measurementsanfditiees. The

following are the different types of fracturing fluids and their preparing procedures:

1. Brine (3% Potassium Chloride)

a.

b.

Pour 800 ml of distilled water into a clean 1000 ml volumetric flask
Measure 30 grams of Potassium Chloride using weidhhba and add to
the distilled water

Stir the mixture for 10 minutes on stirrer

After the Potassium Chloride was dissolved, add more distilled water till

the 1000 ml mark.

2. Linear Gel

a.

b.

Weigh 1000 (1) grams of tap water using a 1000 ml beaker
Place the bdeer under the mixer and set the 1100 (+100) RPM on mixer to
obtain vortex
Using 10 mL cut off tip syringe slowly adte gelling agent (CMHPGbr
i. 40 ppt add 10 MCMHPG
i. 30 ppt add 7.5 MCMHPG
iii. 25 ppt add 6.25 NCMHPG
Increase nxing rpm to 2000 (x100) RYA.
Start stopwatcho monitorand continue mixing for 20 minutes.
Add 1.0 gpt of Claytabilizet
Continue mixing for 10 more minutes

Measure the viscosity on Grace m36@100i  shear rate
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3. Crosslinked Gel
a. Set the water bath to 180and wait for it to warm up
b. Weigh 250 (£ 0.5) grams of base gel into a beaker
c. Place the baker under the mixer and set it2000 (+100) RPM
d. Slowly add Bufferto adjust the pH to 10.25 and continue mixing for 30
seconds
e. Add 1 gpt of crosslinker ancbntinue to mix for 1 minute
f. Place the beaker into the water bath for 15 minutes (the crosslinker is a
delayed crosslinker and fully active when the system heat aboxe)130
g. Remove the beaker from the water bath and measure the viscosity on Grace
m3600@ 100i shear rate
4. 20% GLDA with Guar Gum
a. Weigh223.05grams ofdistilled water usinga beaker
b. Add 1.95 grams of Guar and mix for 10 minutes
c. Add 225 grams of 40% GLDA and mix for another 10 minutes

d. Measure the pH and Viscosity

3.5.3 Fracturing Test
1. Fush the system thoroughly with toluene and distilled water, then by air
2. Clean the fluid accumulator and place the fracturing fluid in it and connect the lines
3. Pump the fracturing fluid through the system and bleed it from all valves to make
sure thered no air or any other fluid in them

4. Pressurize the system to 2000 psi and make sure there are no leaks
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5. Once the system is full with the fracturing fluid, place tiore in the rubbesleeve
and tighten its ends to avaidnfiningfluid to enter the samel

6. By means of a syringe, inject the fracturing fluid in the core through the pipe to
make sure all the air in the borehole is replaced by the fracturing fluid

7. Start the pump at the required rate and connect the core to the fracturing cell
(continuous purping is required to make sure there is no air in the system)

8. Secure the fracturing cell and tighten it

9. Apply the required confining pressuréhe pressure builds up until the core is
fractured, then the pressure instantly falls to a significantly loaierev

10. The maximum pressure (before the pressure drops) is the breakdown pressure

11. Stop the pump and the confining pressure

12. Slowly release the confining pressure and disconnect the fracturing cell and retrieve
the sample

13.Conduct CT scan on the sampladentify the fracture behavior

3.6 PostTest Analysis

After the tests have been completed, the sample is examined for the fracture behavior and
type. The sample is also CT scanned to see the extent of the fracttine aefrmation,

if any.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization of Cores

As discussed in section 3.3, the cores will berattarized using numerous techniques.

The obtained cores are divided into two groups and are tabulafedled.1

Table4.1 Types of cores

Geomechanical group Fracturing Group
Samples 11 to 115 Sample2-1 to 223
Size: 30 di a, Size: 20 dia

4.1.1 Routine Core Analysis (RCA)

RCA was performed on trgeomechanicatores and the results are tabulate@able4.2.

The tight sandstone coreave an average porosity is 3B%, average bulk density is 2.3
g/cc and an average permeabiligf 1.3 mD. It can be considered as a tight sandstone

(Hayton et al., 2010)
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Table4.2 Routine Core Analysis

Nsﬁrr:géer Bullzg[/)cecr;sity Porosity (%) | Permeability (mD)
1-1 2.294 1351 1.188
1-2 2.304 13.21 1.217
1-3 2.298 13.54 1.375
1-4 2.304 13.65 1.434
1-6 2.311 12.91 1.292
1-7 2.283 13.15 1.432
1-8 2.305 12.43 1.212
1-10 2.287 13.97 1.276
1-11 2.297 13.21 1.284
1-12 2.311 13.51 1.317
1-13 2.299 13.48 1.254
1-14 2.300 13.12 1.334

4.1.2Special Core Analysis (SCAL)

NMR

Four coes (core number-1, 1-12, 1:13,1-14) were selected and were fully saturated with

brine (3% KCI). NMR was then performed on these samples.

Figures 4.1 to4.4 representshe saturation profile of the cores. élsaturation profile

depicts how the total saturation is distributed along the length of the core starting from the
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top of the core till the bottom. It is evident frafigures that the coreare evenly saturated

and are very identical and therefore, honmagris.
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Figure4.1 Saturation profile of samplie-1
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Figure4.2 Saturation profile of sampli-12
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Figure4.4 Saturation profile of sample14
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Figures 4.5 to 4.8 represents the NMR T2 Distribution results of the core plugs. The T2
distribution curves are skewedatards the left indicating presence of two pore systems
namely Micropore and Mesopore systems. The Mesopore system is located towards the 20
ms T2 time, while the micropore system is located at the beginning of the T2 curve. The

Mesopore system is the doramt system as seen from thigure

The porosity of the cosds also identical asee inTable4.3. The range of the porosities
are from 14.5% to 14.9%. The average porosity is 14.8%. This porosity is higher than what
we saw in the RCA, but NMR wonsidered as the most accurate tool to determine porosity.

Hence, this porosity will be for all samples

Table4.3 NMR Results

Sample Number Porosity (%)
11 14.5
1-12 14.8
1-13 14.8
1-14 14.9

Based orthe results from NMR, we can conclude that:

1. The tight sandstone cores are homogeneous
2. Presence of two pore systems namely, Mesopores and Micropores.

3. Porosity for the coeis 14.8%
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CT Scan

All the core samples were scanned by using Medical CT scanner. The 23 cores for
fracturing test wre scanned 3 times while the dgomechanical cores were scanned once
after pluggirg and once again after saturation as mentioned in section 3.3.2. The ranges of

the CT scan were kept same throughout so it will be easier to identify the changes in them.

Figures 4.9 to 4.11 show a few samples from the fracturing test grou-igimes contain
slice by slice images from the top of the
have no internal features like cracks or fractures and are homogeneous. But the bedding
plane can be identified and hence the samples are horiZeigtats 4.12 to 4.14 show the

same samples after drilling a borehole in thdinis is done to see if the hole is drilled

smooth and if there are any affected areas due to drilling
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Figure4.9 Sample2-2 After plugging
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Figure4.14 Sample2-10 After drilling

Sample 11 has been displayed in dry and saturated (brine) conditions in Figures 4.15 and
4.16 respectively. An increase in CT number (approximate density) is seen as the core is

saturated.

Figures 4.17 and 4.18 show samp#® in both dry and saturatgdil) conditions. An
increase in CT number is witnessed but 1itd
sample. It can also be deduced that the samples are evenly saturated. The images of the rest

of the samples can be seen in Appendix A.
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From the CT scans, an estimation of bulk density was calculated. The comparison of the
dry and brine saturatemple is shown ini§ure 4.19The comparison for the dry and oi

saturated sample is shown in Figure 4.20.
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Figure4.19 Approximate density comparison for dry and brine saturated sample (Shtjple
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Figure4.20 Approximate density comparison for dry aoitisaturated sample (Samle?)
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The increase in the approximate density by saturating with brine was 0.13 g/cc. This
increase in density can be converted to porosity by simply dividing by the density of the
pore fluid (0.86 g/cc for oil and 1.03 for brine). The porosity for brine saturated sample
was 12.6% and for the oil saturated sample was 12.1%. This comparison was done to
confirm the complete oil saturatiomhe Approximate Density curves for the rest of the

sampla can be seen in Appendix A.

XRD

XRD for Scioto sandstone rocks was obtained from Mahmoud, M. A. €2@L]). The

The percentage concentration of each mineral is tabulafieabie4.3.

Table4.4 XRD Results

Mineral % Concentration
Quartz (SiQ) 70
ite 18
Chlorite 4
Feldspar 2
Plagioclase 5

Calcite Traces
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4.2 Effect of Saturating Fluid on the Geomechanical Properties

Rock properties are affected by the fluids present in them. This is one of the cause of
uncertainties in formation evaluation. Effect of satiagafluid on tight sandstone rocks is

investigate in this section.

4.2.1Ultrasonic test results
To understand the effect shturating fluidon the geomechanical properties of tight
sandstones, the dynamic properties of the dry were first measured at dry condition and later

at saturated conditioff.able 4.5 shows the cores and their saturating fluids.

Table4.5 Cores with their saturating fluids

Sample Number Saturating Fluid

1-1

1-12

Brine (3%0 0)a
1-13

1-14

Oil
1-15

1-16
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As mentioned previously, the ultrasonic test records the sonic waves with increasing and
decreasing confining pressure at same intervals of time and same pressures. The dynamic

properties of the samples were nearly identical for all the samples.

Figure 4.21 showsthe change in Compressional Wave Velocity Y with confining
pressure. The blue circles represent the measumith increasing confining pressure

while the orange triangles representith decreasing confining pressure.
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Figure4.21 Compressional wave velocity vs Confining pressure (Saff)e
As the confining pressure increases, the sample is squeezed and the grains are more tightly
held together therefore, increasing the grain &ngrontacts. This results in an increase of

bulk density.® is directly proportional to bulk density, so as the confining pressure

increasesp increases. A similar trend is witnessed fordha Figure4.22
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As explained previously, as th@onfining pressure increases, gegre held tightly
together. This can potentially cause some reorientation of the grains and some minor
def or mati on. As a result, when the confini

back to their original statand cause hysteresis.
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Figure4.22 Shear wave velocity vs Confining pressure (Sarhgle

Figure4.23represents the effect of confining pressuregr@nDynamicY oung és Mo d ul
O .0 increases when confining pressure is applied i.e., the rock tends to become

less stiff as confining pressure increases. Hysteresis effect is clearly seen as the confining
pressure is reducedhe Dynamid® o i s s o0 nud s followd the same trend as saen

Figure4.24
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Figures 4.25 to 4.28epresent the dynamic properties of sampletbth in dry and brine

saturated statélhe w increases as the bulk density of the sample is increasedo The
decreases due to the brine present in the pOres.for brine saturated sate is higher

than dryat low confining pressure but the same at high confining presBoi®is due to

the decreasegh. 100%increase is seen in tike  due to the pores filled with brine. Brine

is incompressible and this hinders the compaction of the rock, making the rock more

incompressible as a whole. Due to this, hysteresis effect is also minimal.
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Figure4.25 Comparison of Compressional wave velocity vs Confining Pressure, Dry vs Brine

Saturated (Sample-1)
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Figure4.27 Comparison of Young's Modulus vs Confining Pressure, Dry vs Brine Saturated
(Sample 11)
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Figure4.28 Comparison of Poisson's Ratie Confining Pressure, Dry vs Brine Saturated
(Sample 11)
Figures 4.29 to 4.32epresent the comparison of the dynamic properties of an oil saturated
sample with its dry stat&he effect of hysteresis is higher than that of the brine saturated
sample. Tis is due to the lower density of the dih the oil saturated sample, all the
properties show an increase. ®he is decreased as the confining pressure is increased.

The decrease |  is much higher in the oil saturated sample than in theetsaturated

sample. This is because of the slightly compressible nature of the oil and lower density.
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Figure4.29 Comparison of Compressional wave velocity vs Confining Pressure, Dry vs Qil

Saturated (Saple 12)
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Figure4.30 Comparison of Shear wave velocity vs Confining Pressure, Dry vs Oil Saturated
(Sample 12)
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The effect of saturating fluid on the dynamimjperties is summarized ihable 4.6.
Regardless of the type of saturating fluid, all the properties increased exwépth
decreased for brine saturated sample. Also, the properties are much more effected in lower

confining pressures.

Table4.6 Effect of Saturating Fluid on the Dynamic rock properties

Percentage dict on the dynamic properties
Property Low Confining Pressure High Confining Pressure
Oil Sat. Brine Sat. Oil Sat. Brine Sat.
T + 24% +20% +10% + 8%
Tv +10% () 4% + 2% (-) 8%
™ +39% +21% +16% +1%
-, . +72% +144% + 38% +87%

The dynamic properties of other samples are displayed in Appendix B.
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4.2.2Unconfined Compressive Strength (UCS)est
UCS were performeth order to determine the change in strength and elastic properties
due to saturating fluid3 samples were tested with different saturating fluidse first

sample was dry, followed by brine saturated and lastly oil saturated.

Dry Sampges
1. Sample 111
Figure4.33 shows theaxial deformation with respect to the axial stress appied. This
graph is referred to as the stress strain curve. Since this is an unconfined test, the initial
behavior of the rock is seen to be less than idd®. curve increases linearly after 4500
psi of axial stress is applied. The failure is at the highest point of the curve and the value at
this point is known as the UCS. The UCS for this test1a457 psiThe slopeat 50% of
the UCSgives thestaticY o un g 6 s (®lo d)Equateon3.4) which wap& 7@ p 11

psi or 9.65 GPa.
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Figure4.33 Axial Stress vs Axial Strain (Dry, Samplell)
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Figure4.34 Failure pattern of Dry rock (Samplell)

Figure4.34shows the failure pattern. Given the nature of the sample is horizontal, the shear

failure between the bedding can be clearly seen.

2. Samplel-7

As seen fronFigure 4.35, the stress strain curve looks to be ideallamte this sample
will be considered for further analysishd UCS was found to be 11,600 psi. The static
Youngodos Mp#uwlp umpsiond43 GPaThe failure profile is shown in Figure

4.36.
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Figure4.35 Axial Stress ¢ Axial Strain (Dry, Sampl&-7)

Figure4.36 Failurepattern of Dry rock (Sample7)
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Brine Saturated Samples

1. Sample 114
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Figure4.37 Axial Stress vs Axial StrairBfine SaturatedSamplel-14)

Figure4.38 Failure pattern of Brine saturated rock (Saniplet)
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Axial deformation withrespect to the axial stress for sampi4lis shown in Figure 473
The UCS was 8,573 psiand e  =p® 1 p 1tpsi or 10.36 GPa. Figure 843hows

the failure pattern.

2. Sample 11

Figure 4.39 shows the stress train curve for sartylleThe UCS was 8,351 psi while the
static Youn gpds¢pMwondd2 GPa. The taiture pattern is shown in Figure

4.40.
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Figure4.39 Axial Stress vs Axial Strain (Brine Saturat&hmplel-1)
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Figure4.40 Failurepattern of Brine saturated rock (Samplg)

Oil Saturated Samples
1. Sample 116

Figure4.41 shows theaxial deformation with respect to the axial stress applied on it. The

UCS wasl0,448psi and théD isp® P p Tipsior 1157 GPa Figure4.42 shows the

failure pattern.
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Figure4.41 Axial Stress vs Axial Strairdil Saturated, Samplke16)

Figure4.42 Failure pattem of Oil saturated rock (Samplel6)
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2. Sample 15

Figure 443 shows the stress strain curve and Figure 4.44 shows the failure profile. The

UCS was 10, 357 psi and tp&ep sapseotl2 @a.Youngos
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Figure4.43 Axial Stress g Axial Strain (Oil Saturated, Samleb)

Figure4.44 Failurepattern of Oil saturated rock (Samgiks)
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The results of the UCS tests are summarizddbie 4.7and graphically depicted in Figure
4.47 The UCS for the dry sample is the highest, followed by the oil saturated sample and
then the brine saturated samfiiegure 4.45. The decrease in UCS itheoil saturated
sample was 1% and brine sample was 25%. Téhecreasén O in the oil saturated
sampé was 13% and brine sample wa%®d able4.8).The decrease in the UCS is shown

as a function of increasing bulk density in Figure 4.46. Imigortant to note that the
increase in the bulk density is caused by fluid density. As the fluid density increases, the

UCS decreases.

The degradation inthe UCS andtBe is in agreement with the literatufehe decrease
in UCS is observedue to thephysicachemical interactionbetween the grains of the

sample and the fluid in theopes andhe effective stress created by thadl (Duda M. et

al., 2012).
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Figure4.45 Effect of fluid saturdon on UCS
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Figure4.46 UCS comparison with increasing bulk density
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Figure4.47 Effect of saturating fluid on the UCS
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Table4.7 Summary of the UCS tests

Property Dry Oil Sat. Brine Sat.
UCS (psi) 11530 10,400 8,500

Table4.8 Effect of Saturating Fluid on th&tatic Properties

Percentage dict on the properties

Property
Oil Saturated Brine Saturated
Uucs (-) 10% (-) 25%
Tvet < & (-) 13% (-) 23%
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4.3Brazilian Tensile Test

Brazilian tensile tests were performed on a total of 11 samples out of which 3 were dry, 4

were saturated with oil andséamplesaturated with brine.

4.3.1Dry samples

a. Sample 17A

The maximum load applied to the disc before undergoing tensile failurat2833 N.

Figure4.48 shows thdoading profilefor sample 17A andFigure4.51 shows the failure

profile of the sample

2,500}

2,000

Ll L L

T T T L} L} L} i T T T i T T T L}
0 100 200 300 400
Time(sec)

Figure4.48 Computer generated Load profile (SampleA, Dry)

b. Sample 1B

Figure 4.49 shows the Brazilian Test for sample-B7 The sample failed aR287.8N.

Figure4.51 shows the failure profile of the sample
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Figure4.49 Computer geerated Load profile (Sampler-B, Dry)

c. Sample 117C

The tensile failure was achieved at 2687Figure4.50). The failue profile is shown in

figure 4.9L.
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Figure4.50 Computer geerated Load profile (Sampler-C, Dry)
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17-A 17-B 17-C

Figure4.51 Tensile Failure Profile (SampleA,B,C, Dry)

4.3.2Brine Saturated

a. Sample 19A

Figure 4.52 shows the Brazilian Test for sample-A9 The tensilefailure was seen at

1523.4 N Figure4.56 shows the failure profile of the regle.

Figure4.52 Computer gnerated Load profile (Sampl&-A, Brine Saturated
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