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Abstract

Shale contain tiny pores where oil and gas are trapped, and fracking is undertaken to
interconnect them and to release oil and gas. Furthermahaic fracturing is the process of
injecting highpressure fluids as high as 10 k psi into rocks to fracture them, and permeability
is optimised by inducing complicated fractures into the shale. Previous authors have studied

fracturing orientation techques, however, their work considered only simple fractures.

In this work, complicated fractures were considered using different shale samples from Mancos
and Marcellus. To determine their permeability, these samples were induced with fractures at
different orientation angles and tested at an overburden pressure of between 100 and 200 bar
using a Nane?erm machine. Computerised Tomography (@&¥$also used to determine the
porosityand to characterise the shale samples, with regard to crack width,emgtk &nd to
determine if there were any natural fractures. The liquid saturation method was also carried out
to find the pore volume, whilst XRF fluorescence was also used to determine the chemical

composition of the shale samples.

There wasa good agreenent in the porosity results for the two different methods used,
specifically the CT scan and the saturation method. Moreover, it was found that Narites

Shale t he more complex fracture had a greater
overburden pressure of 100 bar. The greater number of passageways within the shale through
which the gas could flow can explaoarburdenhi s.
pressures of 150 bar on less complex fractures radeapermeability because the overburden
pressures will have reduced the gaps between the passageways due to the greater accumulated

passageways, and hence the reduced flow.

For theMarcellus Shaleit was found that, at overburden pressures of more than 150 bar and
for all @P6s, the more complex fractures had
Marcellus Shalehad a greatepermeability compared with Mancos. This is because the
Marcdlus reservoir has a marked ratio of calcium and cementing materials, which

comparatively alter the rock structure and render it relatively incompressible.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Introduction

The time of cheap, accessible conventional oil and gas reservoirs has nearly ended; this has
resulted in a shift by the oil industry tomis expensive unconventional oil and gas resources.
Thus, it has been reported that conventional oil and gas extraction has reached a peak and is
now about to gradually diminish (Campbell and Laherrere, 1998). Petroleum experts,
encouraged by the shift wrld oil prices which recently reached above $100 /bbl., have shifted
their focus and efforts to increase the efficiency of the recovery process and to consider wells
that were originally identified as unprofitable. The scope of this work is to investigaeffect

of complex fracture orientation on the permeability of core shale samples. This leads to aid the
development of fracture techniques to enhance oil/gas recovery from shale rocks.

A shale rock matrix is a sedimentary rock/reservoir formed apesth by a buildip of clay

layers, exceeding 50% clays and an inferior amount of quartz or carbonate minerals (Britt and
Schoeffler, 2009). Over millions of years, it is gradually squeezed and compressed into a
mudstone. Shales are formed from four mainstituents: clay, quartz silt, carboich organic
matter, and calcium carbonate. These occur in various ratios in different types of shale, but
geologists adopt the term shale to elapd organic matterich mudstones that are fissile

(dividable into thn beds). Shale reservoirs are typified by ulina permeability and porosity.

Unconventional oil and gas are mainly heavy, multifaceted, cdeatem (carbon carrying), and
imprisoned deep underground in tightly sealed formations. Unconventional oils are
characteristically heavier and sourer than even the lowest class of conventional oil. To meet
global requirements for highuality oils, these oils require extra intensive treatment and
processing. Therefore, unconventional oils can cost more to prbduaase of the increased

cost of production and processing, and because of their environmental impacts.

Fracking is the procedure of injecting highessure liquids (as high as 10 k psi) into rocks to
fracture them. These artificial or humarade fracturesare kept open via proppants, for

example sand or ceramic particles. Fracking includes drilling down to about 2km vertically,

1



Chapter 1: Intnduction

after that laterally outwards for around 3km. The first fracking stimulation was carried out in
1947 for a gas well managed HyetPan American Petroleum Corporation; this was in the
Hugoton field,namedKlepperWell No. 1, and was situated in Grant County, Kansas. This well
initially had low productivity, and although it had been successively acidised, productivity was
still low. Following the fracturing, the productivity of the well was increased and this process
is now common practice for enhancing the productivity of both oil and gas wells.

Hydraulic cracks may form naturally as pressurised fluids escape from deeply buriedhiscks
fractures the rocks as the fluids escape upwards. Shale contains several tiny pores where natural
gas or oil may be trapped but this porosity is not interconnected, which render shales with ultra
low permeability. In order to release oil and gas;nmability must be initiated through
hydraulic fracturing. Fracking creates thin, fhiitled fissures which enable the interconnection

of pores in mudstones; this enables oil and gas to flow out via the rock and towards the well
(Huang et al., 2014).

Shde reservoirs are very tight due to their extreme compressibility, which is caused by the
overburden load and because they are very soft with an extremely small grain size.
Consequently, these characteristics affect permeability and porosity. The limitesity and

low permeability hinder the access of oil and gas inside these shales. Fracking is one of the most
important methods used to overcome this obstacle and optimise these reservoirs. It achieves this
by interconnecting their isolated porosity byooking suitable fracture orientation to ease the

flow of oil and gaqShah et al, (2010).

Scholars have studied the geomechanical properties of shale reservoirs; for example,
permeability, porosity and their relationship to each other (Collins and Jdreih, Tickell et

al., 1933). They have also researched compressibility, ductility, brittleness, rock strain,
deformati dMo duYoasn@dhhd Poissonbés Ratio and th
productivity (AFAnazi et al., 2011; Gharahbagh & FakhiriD11; Laudeman, & Ershaghi,

1981). They have researched parameters of pressure, confining differentiakéindiresses,

and the relationship between these stresses and permeability and porg&Etymeability and

porosity decrease with additiorstress (AL Qahtani et al., 2011; Cho et al., 2012; Hopkins,

1977; Katsumi et al., 2013).



Chapter 1: Introduction

Practical experience has demonstrated that not all shale formations react to fracking efficiently.
It is essential to find and correctly design other fracturing methicat might overcome all or

some of the confines or limits. Generally, hydraulic fracturing includes a comparatively slow
loading rate on a nearby rock and causewibg fracture geometries. In comparison, the
explosive fracturing method involves the exhe quick loading of the formation, which
produces an immediate spread of multiple fractures. Due to the great stress and heat created
throughout the detonation, the near borehole region approaches its compression limit. This study
will further the undersnding of the complex fracture orientation type and its potdutiavell

productivity.
1.2 Aims and Objectives of this Research
1.2.1 Aims

The aims of the research are to characterise the geomechanical properties of shales from Barnett,
Eagle Ford, Mancos and M=llus Reservois and to determine how simulated induced

complex fractures affect permeability.
1.2.2 Objectives

The main objectivesre to:

U Characterise the chemical composition of the shale samples usatygflworescence
(XRF);

U Measure the pore volume ofetlshale samples, apply a porosity calculation using the
liquid saturation method and compare this porosity with the CT scan porosity to validate
the results;

U Measure the porosity, crack width and crack length using a CT Scan and volume
graphics;

U Measure tb permeability for different fracture orientations using the N@eom
machine at a range of overburden pressdoesthe second set of shale samples
(Marcellus) at 34.5, 69.0, 103.5 and 138 bar. The permeability of the third set of the
shale samples (Mans and Marcellusis to be measured at 100, 150 and 200 bar.
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1.3 Report Overview

The report is divided into five chapters, outlined as follows:

Chapter 1: Provides an introduction to the study, which provides a brief description of
unconventional shale reseir®and presents the aim and objectives of the research.

Chapter 2: Describes shale composition, shale geomechanical properties, fracking technology
and pulsed fracturing. The use of analytical techniques, such as Computerised Tomography
(CT) for shale chaacterisation, and the relationship between compressibility and porosity are
also described.

Chapter 3: Describes the shale, specifically the composition of Barnett, Eagle Ford, Mancos and
Marcellus. A flowchart describes the research steps. The chaptadgs a discussion on the

test procedures for the CT scan to measure the porosity, the crack width and crack length, the
measurement of the permeability using the NBeom machine and the elemental analysis of

the shale usin-ray Fluorescence (XRF).

Chapter 4: Presents and discusses the results of the work. This details the permeability results
and compares the results between the different shale samples, and porosity calculations;
moreover, the CT scan construction images are also provided, alorngevilemental analysis

of the shale.

Chapter 5: Presents the conclusions and recommendations of the research into the
geomechanical properties of the shale rock by testing Barnett, Eagle Ford, Mancos and
Marcellus. Permeability was measured for MancosMartellus but only theharacterisation

was determined for all four shale samples (Barnett, Eagle Ford, Mancos and Marcellus). In

addition, the author recommends that further studies are conducted in different fracturing

orientations to deepen the undarsting of this trend by using other approaches to study

permeability and physical shale composition.
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2.1 Introduction

In this chapterthe literature surrounding the research will be presented, which will cover the

following areas:

A Unconventional reservoirs.

A The compositiorf shale.

A The geomechanical properties ofRatisdndl e, I
Y o u nModwdus

A Fracturing technology.

A Fracture orientations and the effect on permeability.

The link among thesareas is the need for unconventional reservoirs to be hydraulically
fractured to produce economical oil and gas. To achieve efficient hydraulic fracturing, it is
necessary to understand the composition of shale and to use a range of geomechanical
propertis . These properties ar eRapooYounmgsMadylysang e r me a |

fracturing orientation; these are essential to complete the process and obtain good results.
2.2 Unconventional Reservoirs

Unconventional oil and gas are mainly heavy, muigtad, carbon laden, tightly sealed, and
imprisoned deep underground. Unconventional oils are characteristically heavier and sourer
than the lowest class of conventional oil. For them to meet global requirememtghfquality

oil, they need intensivedatment and processing. Such unconventional oils would cost more

in terms of production and processing and in terms of their environmental impacts.
Unconventional reservoirs of oil and gas were not accessible before an understanding of
advanced technolggvas reached in the oil industry: Unconventional reservoirs of oil and gas

do not run or flow naturally via the rock, which renders them much more difficult to extract.

For a simple analysis, the difference between conventional and unconventional resetiiei
difference between a saturated sponge and a piece of saturated clay. It is easy to squeeze water

from the sponge, but difficult to squeeze it from the piece of eMgrpinski et al, . (2009).
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2.3 Composition of Shale

Shale, or mudstone, is a seditey rock shaped over millions of years by the accumulation of

clay layers (Britt and Schoeffler, 2009) that have gradually been squeezed and compacted into

a mudstone. Typically, shales are formed of the following constituents: Clay minerals (55.2%),
guartz (23.9%), carbonate (9.3%), feldspar (6.1%), organic matter (4.2%)ides (0.8%),

and other minerals (0.5%) (Torsaeter et al., 2012). These occur in various ratios in different
shal es, but geologists give trithenudstenesnhattaschal e 6
fissile.

Shale reservoirs are characterised by their extremely low permeability and porosity. These
reservoirs are very tight due to their extreme compressibility; this is because they are very soft
and their grain sizes are extreiyn small. Consequently, these characteristics affect their
porosity and permeability. Their low porosity and very low permeability hinder the production
of large quantities of oil and gas. Fracking is one of the most important techniques used to
overcomethis obstacle and optimise these reservoirs. The orientation of hydraulic fracturing is
very important in terms of oil well production, i.e., complex fractures (fractures at multiple
different angles) add multiple channels for the oil and gas to flow ghrole rock to the

borehole, which consequently optimises oil and gas production.
2.4 The Relationshipbetween Compressibility and Porosity

Li et al. (2004) conducted a study entitled,
Porosityo. elopethanew fertulgobre votlimev(Vp) = bulk volume (Vb)solid

volume (Vs),thic o mpr i ses two parameters of Raig@k: t he
which are easier to assess in the test site than through compressibility. The compressibility of

the rock grows when porosity increases, whilst the usual empirical rule displays the reverse.
However, the new formula demonstrates that the compressibility of the rock is dependent on its
rigidity. Thus, rock compressibility in a typical choicereserwir is usually less than that of

the reservoir fluid.



The relevance of the study by Li et tl.this research lies in the consideration of porosity and
permeability, which are both affected by compressibility. Compressibility helps in extracting
oil andgas from the pores in the rock matrices. When pore pressure reduces, the reservoir rock

Chapter 2:Literature Review

becomes compressed. Compressibility creates energy to help drive oil out of the reservoir rock.

The rock compressibility is measured by determining the pore volumegelagainst the pore

pressure. Hall (1953) provided a plot of rock compressibility versus porosity using the statistics
of his laboratory experiments. According to Hall, compressibility reduces as rock porosity

becomes larger. In fact, the rigid rock matis less compressed and must have a slighter

compressibility thana neni g ht

rock. Therefor e,

Ha l

A

0s

r

suggests that his core measurement for the compressibility of rock is doubtful and disputable.

Mo r e o v e r ot prévidds théseameminount of compressibility for the lithology of different

rocks, which assumes they possess the same porosity value despite their different rigidities.

Rock is a porous medium, consisting of solid particles and voids between pafsciEswn
in Figure 21, the porous medium encompasses three volumes: pore volume (the volume

between the grains), solid volume (the volume of the grains) and bulk volume (the volume of

the grains plus the volume of the pores between the grains). Thebeiideen the grains

represent the porosity. The porosity is the bulk volume of the rock minus the volume of the

grains.

N\

/_\

/\

/ - >} Rock particles

\\ )\ ./l/ voids

J

Figure2-1: Material Composition of Rock (Li et aR004)

€ S



Chapter 2: Literature Review

Figure 22 s hows rock which i1is subjected to two
stress/pore pressure (p). When either of the two stresses changes, all thres waill change

respectively.

f

N

.
Figure2-2: Stress Composition of Rock (Li et &004)

In Figure 22 , 0 outer stress generally remains inv
may add to the prodtion of oil. Changes in the pore pressure occur due to the release of fluid.

The change in pore pressure triggers the geomechanics, sthihwork within the rock

matrix, enhancing permeability and consequently productivity because geomechanica stresse
create fractures and cause the interconnection of porosity in the reservoir. The porosity is
interconnected due to the fractures that occur, which lets the oil and gas accumulated in the

pores enter the wellbore.

During oil production, the external steeis changeable but does not affect the production. Only
the change of pore volume may affect the production of oil. Therefore, the pore volume change
is the main concern of the reservoir engineer. The pore volume with pore pressure, which is
commonly termad the rock compressibility, is defined as shown in Eq. 2.1:

H

A= 2.1

Where,

6 rock compressibility; 0 A



Chapter 2: Literature Review

@ porevolumeof rock, i

Thisislmsed on Hall 6s pl ot of r wodsancobtaimped feomms i bi |
the figures from the laboratory tests. Newman (1973) identifiedrafogoudrend of rock
compressibility by porosity value stoneandal | 6s
limestone. The means to determine the rock compressibility by Hall, in which he found the
following relationship between rock compressibility and porosity, are shown in Eq. 2.2:

Where,
C. drock compressibility, MPa™*
U : porosity, f

Figure 23 illustratesH a | telat®nship between porosity and compressibility. When the
compressibility increases, the porosity decreases due to remease in the

compaction/compression of the rock matrix.

150 ﬁll

110 |
=

70 ~—
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Figure2-3: Compressibility Versus Porosity (Hall953

The deformation of the porous matrix, which is caused by the reorganisation of solgj rain

termed 'structural deformation’, as shown in Figu#e B this rearrangement, the volume of

9
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the grains is not altered at all, whereas both the pore and bulk volumes are all changeable with
stress alteration.

f"“““’f A VTN
&‘\R"< —> ,fk\f'd\—*"’r

a/’ ‘\f\f

Figure2-4: Structural Deformation of Porous Media (Li et 20049

The deformation, shown in Figure42 was caused by the reorganisation of solid grains. This is

termed ' structur al def or mati ono.

Figure 25 shows the deformation of the pasomatrix, which is caused by the volume alteration

of solid grains but not by their reorganisation; this is termed 'primary deformation’. In this
action, the grainsdé6 arrangement is not alter
matrix are tgether subject to change. This primary deformation is mostly produced in tight

rock/soil due to cementation between grains.

I,f’ NN

I I I'f"hhWt H'I
e

A/ N

Figure2-5: Primary Deformation of Porous Media (Li et Q04

As shown in Rjure 26, when internal stress/pore pressure differs o = and skeleton
stress at once differs frold wto A % all volumes of the rock change respectively. This

deformation form is primary because of the cementation betw&grains, as shown in Eq. 2.3
and 2.4:

10
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wn — HA
A= 2.3

Where,
C, MPa!
V, dskeleton volumem®

P: pressure, pgrock compressibility,

+Cl'

(a) (b)

Figure2-6: Compression of Rock (Li et ak004

A=—A 2.4

Where,

C, drock compressibility MPa'*
C.dskeleton compressibility, MPa

f : porosity, f
It can be seen from Eq. 2.4 that the compressibility of rock is dependent on the mineral rigidity
in rock, i.e. rigid minerals, such as caim, quartz and silicon render the rock smaller in

compressibility value. This fact may explain why shale is higher in compressibility than other

rocks, for example, sandstone. Moreover, rock compressibility is also dependent on its porosity

value, and lose rock may attain more compressibility.

11



Chapter 2: Literature Review

Figure 27 shows the relationship between porosity and compressibility. When the porosity
voids are plentiful, the compressibility increases, due to more space between the grains in the
rock matrix; for example, wdn the compressibility is around 0.05 MPa, the porosity is around

28%,accordingt o Hal |l 6s pl ot .

0.05

0.04 -

0.03

10+ M Pa-!

=
—
I
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[
=
=

0.00 : ' |

Figure2-7: Compressibility of Rock Versus Porosity (HAIB53

Rahman et al. (2009) conducted a studytlexdtitheil nt er acti on bet ween |
Fracture and Prexisting Natural Fracture in a Peetastic Environment: Effect of Pore
Pressure Change and the Orientation of Natur
of fractures, seams, badd and defects. In models of conventional fracking, the supposition is

that the induced fracture is perfect, simple, conventionajiog, and spreads equally in a flat

vertical to the least stress. Furthermore, obviously cracked formations may vafigaangiy

from fracking in straight reservoirs. Owing to interaction through natural cracks, the fissure can
spread unequally or in several strands or sections in naturally fractured reservoirs. The existence

of natural fractures changes the way the infeesl crack propagates through the rock. Daneshy

(1974) showed that a fracture follows the local pathway of minimum opposition, not the global

path, which leads to significant branching.

Blanton (1982, 1986) demonstrated that a crack spreading crossediraryofracture, goes

into the natural crack, or, in some situations, goes into the natural fracture for a small space,

12
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then begins to spread again in an automatically favourable orientation, relying mainly on the

oncoming angle.

Practical researchers gose that hydraulic fractures rise dmsspresentiractures at a high
differential stress and at high angles of approach. At low approach angles and small stress
differences, the natural fracture opens, preventing the fracturing liquid from stopping the
completed crack from crossing, at least temporarily.

Wr i ght and Conant (1995) conducted a study
Primary and Secondary Recovery froml&e r meabi | ity Reser voirso.
situ stress state ctrnls several aspects of the fracture propagation, involving: the geometry of
hydraulic fractures, nedyorehole crack zigzagging, and hydraulic frack direction.

Understanding the main role that the stress state plays, not just in fracking but also in the
stability of wellbore and formation sand control, is a challenge the industry has long faced. It
has often unsuccessfully addressed the problems by just determining the statioégervoir

stress.

Wade and Bilgesu (2012)Impacd ofHydcaulie &ractare antl udy
Subsequent Increased Production Dueteint u St ress Changes in the
found that the reservoirs of shale gas are rapidly becoming a significant source of natural gas.

The shale reservoirs were not pgoasly investigated for economic production due to their
extralow permeability figures. However, by using hydraulic fracturing in combination with
horizontal well completions, shale formations have become prudently producible, particularly
amongstMarcellus Shaleplays (aplay, is a group of oil fields in the same region that are

controlled by the same set@éologicalcircumstances).

Ol son et al . (2004) conducted a study on il
Combining Geomechanics and Diagsne s 0 . Hi gh temperatures an
sandstone reservoirs state that the interaction and response between mechanical and
geochemical procedures might considerably enhance the development of rock and crack

characteristics. Geomechanical modelliagp method for forecasting the spatial planning of

13
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opening method fracture systems. A model founded on the subcritical fracture expansion is
utilised to create crack trace models (Olson, 1993; Olson et al., 2001).

An essential ability of such modelling the capability to foresee the existence orexistence

of crack assemblage, and the form of the crack length spread. The diagenesis is the alternation
in interstitial watercompositionor change inemperatur@r both, which generally leads to a
chemtal change of the existing minerals. Diagenesis is the outcome from any system of
physical, chemical, or biological change to these comparatively young deposits as they are
lithified (converted intaocky material). However, the majority of current litewee highlights

the orientation of earth stresses (Crampin, 1987; Heffer, and Lean, 1993), the integrity in
fissures, and a prone host rock as critically essential controls on porosity, liquid flow attributes,
and the sensitivity to effective stress altienas (Dyke, 1995; Laubach et al., 2004; Olson and
Gale, 2004).

2.5 The Role of Geomechanics in Reservoir Simulation

Gutierrex and Lewis (1998) conducted a stud)
Simul ati on 0. is é3sentialdocexmaim irockefbrmations because of the pore

pressure and temperature changes caused by the production and injection of fluids. As such,
rock permeability and pore compressibility will be affected by rock failure, while the pore
pressure will also vary due to changes the volume of pores. It is recognised that
geomechanical reaction and fluid flow a fully-coupled procedure because pore pressure
modifications influence rock mechanical reactions and vice versa, and these two processes

occur at the same time.

The g®mechanics, shown in Figure&is essential to explain rock deformations because of
the pore pressure and temperature alterations caused by the production and injection of fluid.
The pore pressure changes influence the rock mechanical reaction. Cotlgeopjecting fluid

into the formation and producing oil initiates geomechanics, wiiatturesthe rock and

conseqguentlyncreases thpermeability and production, and vice versa.

14
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Figure2-8: Schematic of the Interaction between Geomechanics and Fluid Flow in a
Deformable Reservoir (Can, 1992; Settari et al., 1992; Terzaghi et al., 1925)

Okubo et al. (2013) conduct e dedMdedismandiFyactorem i St r
Propagation due to Formation Pressure Change
enhance fluid production in the development of a hydrocarbon basin in conjunction with

different well testing techniques, forstancedrill stem tests of builelip, etc.

The local stress field that might be measured by acoustic emissions analysis during drilling
governs crack propagation. In recent years, it has similarly become well known that fracking a

well plays a key part in the growmtti shale oil. It is also recognised that the length and direction

of cracks induced by fracking are powerfully
under which any basin is located. Thus, it is essential to have knowledge of the locéiesdress

and the rock physical parameters of the basin formations prior to fracturing. To represent
failures in the earthdés top | ayer materials
utilised, (Belytschko and Black, 1999).
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2.6 Fracability Evaluation in Shale Reservoirs

Jin et al . (2014) conducted a study-Aon WAFr
|l ntegrated Petrophysics and Geomechanics App
most significant mechanical properties of rock, whiels been integrated in nearly all shale
petrophysics reports of unconventional reservoirs (Chong et al., 2010; Jarvie et al., 2007; Li et

al., 2013; Rickman et al., 2008; Wang and Gale, 2009). Moreover, it is presumed that formations

that contain high brittness are simple to fracture (Alassi et al., 2011; Kundert and Mullen,

2009; Rickman et al., 2008; Slatt and Abousleiman, 2011), but this presumption is not always
correct, as a formation with higher brittleness may act as a fracture barrier. For example,
dolomitic limestone has a high brittleness, but in shale reservoirs, it is a fracture barrier since,

in shaleformation, the fracture gradient is less than that of a dolomitic limestone structure
(Bruner and Smosna, 2011). Consequently, brittleness elaae sufficient to characterise the

fracability of unconventional shale reservoirs. In fracking, extra parametersstance

specific energy, ought to be incorporated to evaluate the fracture (Altindag, 2010).

Collins and Jorda(il961) conductedawstdy ent it | ed, APorosity and
of Sedi mentary RocksoO. Porosity is a measur e
Jordanfound that porosity and permeability, in general, decrease with increasing depth; this is
because fogrowing compaction due to the increasingly confining pressure and the increasing

load of newer overlying burden sedimentation. They also found porosity as a ratio between the
bulk volume of the rock and the pore space volume of the same rock, as shBgnZ2irb.
Sometimes, there is porosity but no interconnection; therefore, in this case, there is porosity, but

the permeability is zero or very low.

yI ’i’ nl’?’luﬁ’_l !l' ululv uH
"HTUT T "1 °H

2.5

Where,

f : porosity, %
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Permeability is an indication of the capability for fluids, gas or liquid, to flow through rocks.
High permeability indicates that fluid passes through the memie easily. Permeability within
a fractured porous media is mostly controlled by the geometry, the interconnection of the pores

and some fractures, and by the stress state.

Permeability (K) is calculated as follows (Eq. 2.6)&&yed and Ehab, 1999):

" .
€ fl — .
| [ > 2.6

Where,

g = flow rate,mS; K = permeability constant (mD);= length of cylinder (m);r2 = radius of

cylinder (m); 1= radius of axial hole (m)l,D = pressure of fluid in axial hole (pals)? = pressure

of surrounding fluid (pa).

Youn and Gutierrez (2011) conducted a study
Permeability of Fractured Rock Masseso. They
essential issue in various fields. In most casesk permeability is much bigger than the intact

rock permeability. Thus, knowing the system of the fracture is the most essential part in finding

out the fractured rock permeability.

Furthermore, several scholars and researchers, such as Snow (kP&#taoff (2000), have
developed explicit applied and discreteacturematrix models. Furthermore, the dual
continuum technique, involving dual porosity and dual permeability, have been established and
utilised by Barenblatt et al. (1960). Whilst, Od#d85) established a crack and permeability
tensor technigue, which accounts for the volume fraction of the crack set within the entire

cracked rock.
2.7 SinglePhase Flow through Natural Fractures

Jones et al. (1988) c o-Rhdggcltoend tah rsotuugdhy Neanttuirtall

and identified that, by relying on the variation between the matrix and crack permeability and
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the number of apertures, natural cracks can have a large or little contribution to large reservoir

flow characteristics. Flowhtough a fracture is usually characterised using the equation of

classical cubic law (Witherspoon et al.,, 1980) for a constate isothermal laminar flow

linking two parallel plates, as shown in Eq. 2.7:

Q=5.11x 106" —= 2.7

Where,

Q = flow rate (bbl/day)

w = width of fracture face (ft)
oo P= pressure differential (psi)
b = fracture aperture (in)

L = length of fracture (ft)

¢ = fluid viscosity (cp)
2.8 Visualisation of the Channel Flow through a Single Frature

Mijrata et al. (2002) conducted a study
Single Fractureo. Fluid flow through a

environmental problems, particularly for the geological isolation @lear waste and toxic

on t

r ock

materials. The hazardous substances are carried by the fluid flow through the rock mass matrix.

The rock mass is in the upper part of earth's crust where the geological separation isuarried

and includes various assortment ssaléfractures. These fractures have a higher permeability

than the unbroken parts of the solid rock mass, and this controls the fluid flow through the rock

mass. Thus, the characterisation of the fluid flow behaviour through the fractures is one of the

major subjects of this study.

Although a fracture surface is coarse and some pieces of its surface touch each other, it was

found that the geometry of the contact regiorikiences flow paths more meaningfully than

that anticipated from considering just theminal area fraction of these contacts. This would
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cause the crack permeability to diverge from the local cubic law (Mgaya et al., 2006). Moreover,

the fracture permeability is affected by the stress working on the fracture surface. A number of
studies hve researched these factors to evaluate the fracture permeability more precisely
(Barton et al., 1985; Tsang & Witherspoon 1981; Walsh 1981; Witherspoon et al., 1980). These
authors concluded that the lengthways roughness on the walls of the frdayagecertain role

in controlling the flow. In the typicgbarallelplate representation for a fracture, the flow is

relative to the cube of the constant aperture. However, when the effect of the fracture roughness

is taken into consideration, the flow folos a compar abl e décubicd | aw
single value for the opening has to be replaced by a suitably weighted average.

2.9 StressStrain Relationship

Liao et al. (2009) c ondaistrain Ralatioashis Based gn Seamt i t | €
Spae 6, and stated that the quantity of stress
on the rock type and composition, temperature and the time the rock is kept under stress, i.e. the
rock generally breaks quicker than if it is underground wdtegss is applied, as shown in Eq.

2.8.

HU 1 EHH
H™l "FYH
Where,

F = force (Newton),

A= area ?)
210Youngdés Modulus and Poisson's Ratio

Takahashi (2012) conducted a study on the AR
and Compressive Strengthof Soft Bede nt ary Rockso. As Modulbsvn i n

(E) is the ratio between the stress, g, and
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>~l

S (psi) 8
Where,

E = Young'sModulus psi

Figure 29 and Eq. 2. 10 &$ which is & strase gnd strairMmedsurement
method. The strain is measured by dividing the increase in length due to applied force to the

original |l ength; Youngdés Modulus is the rat.i
L
Strain
AL/L ( O
| AL
144>
Stress Ty 3
Figure2-9: Young's Modulus (Takahast@012
v oeEoy T W NTTHITTE  EE, .
ni "TH i H"Alm_rHi._EE —,E(p5|) 8
Where,
E = Young'sModulusp s i P = stress or pressurena MPa) ,
length (m).

o L= elongation length, m
2.11 Relation of Young's Modulus and Poisson's Ratio to Brittleness

Ri ckman et al . (2008) conducted a study on
Stimulation Design Optimisation: All Shale Formation Beds A Blones of theBarnett
Shal® . F10ghowsdheilfindings regarding the connection betweigteness, Young's

Modul us and Poissonbds Ratio
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Brittle shale is prone to natural fracturing and is expected to react well to fracking treatments.
Thereis a requirement to measure the brittleness factor to combine both rock mechanical

properties in a shale mati¥olhart et al., (2005).

I n terms of Poissonbdés Ratio, the | ower the v
of YoungoOsr Masle| ushenbrittleness of the rock
Ratio and Young6s Modulus are notably dissim
is combined, and the average is taken to yield the brittleness coefficient as a percentage.

The idea of rock brittleness unites both Poi
are joined to mirror the rockos ability to f
(Youngds Modulus) once t healeisoa & preferred feseavairt ur e d
as the formation has the tendency to repair any natural or hydraulic fractures. Easily malleable
shale, on the other hand, makes a fine seal, preventing the hydrocarbons from moving away to

the more brittle shale below.

89 : : s : : : : : &o

P 2 The dots show the
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Figure 2-10: Brittleness Young's Modulus and Pois&Ratio (Rickman et al2008
2.12 Geomechanical Properties of Shale

Reservoir rock properties are identified by core analysis or logging and by the analysis of the

production testsThe two techniques, separately and together, are broadly used in reservoir
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evaluations. For cracked reservoirs, a difficulty exists in linking the core parameters to the in
situ reservoir properties (Collins and Jorda961).

Potyondy (2007) researchelde pore geometry effect and demonstrated that the pores with
edges have a greater impact on the simulated material stiffness and strength compared with
pores with a rounded shape ( GhRatoamihag'uamgads!]

Modulusare thetwo major constants used in rock failure models.

Thus, Yodulns@ih@ satio between stress and strain) is used to assess the rock material
stiffness, vhateisappliad toRestinaesthe sifhuktaneous increase in elongation
that correspods with the thickening of therosssectionalarea inside the elastic range {Al
Anazi et al., 2011; AAwad, 2001).

2.12.1 Barnett Shale

A number of shales from various sources are used in this research. To further understand their
properties, it is importanbtidentify their chemical composition. The shales used in this work
were Barnett, Eagle Ford, Mancos and Marcellus. The permeability was measured for Mancos
and Marcellusonly, but the characterisationwas conducted for the four shale samples

(Appendix F siows the Barnett, Eagle Ford, Mancos and Marcellus Shales Chemical Analysis).

TheBarnett Shalés a weltknown oil/gas supply reservoir and one of the most common shales
in North America that has a huge hydrocarbon potential. It is situated in the Faith Wo
Reservoir of North Central Texas, which is the main producing natural gas field in the USA,
producing around 5.5 billion standard cubic feet per day Bcf/d. Furthermore, it increased its
production to 9 trillion cubic feet (Tcf) by the end of the y2@d0. It is hard to predict well
performance and resources due to geological difficulty; therefore, it is usual to find wells with
a similar production interval showing large variances in production quantities (Ezisi et al.,
2012).

Due to the local complexature of the BarneReservoir and considering reservoir formations,

it is often hard for petroleum engineers to correctly predict future performance with inevitability
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for drilled and undrilled oil/gas well positions (Hall et al., 2010). For exampleelacan
produce 3 Bcf (billion cubic feet) while a nearby well might produce just 1.3 Bcf.

The Barnett Shalechemical composition, as shown in Figurd®, consists of mica, illite,
kaolinite, chlinochlore, quartz, microcline and pyrite. TBarnett Shad quartz and mica

representabout the same ratio, which is approximately 30%, whereas illite represents about
25%.

Table2-1: Typical Mineral Abundances for the Barnett Shale (Burner and Smd3h3,

Barnett Shale % Elemental composition
Quartz 35-50
Clays, primarily illite 10-50
Calcite, dolomite, siderite 0-30
Feldspars 7
Pyrite 5
Phosphate, gypsum apatite Trace

The mineral constituents of these shales contain quartz, feldspar, pyrite, micaydcklynae
carbonates with a different wt.%. The clay mineral ratio is contained in kaolinite and illite with
few chlorite constituents. ThBarnett Shale shown in Table A, has comparatively high

guantities of hardness and bulk density because of itstigh of quartz (Aydin, 2009).
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Barnett Shale

Kaolinite Clinochlore

S|
%
Quanz
Ilite B
- LY
23% — ——
s \ Microcline

399f —— -

“' Pyrite

3%

Mica

Figure2-11: Mineral Components of Barnett Shales (Zhi and Ahr2ad 9

The mineral constituents f@arnett Shaleshown in Table 2, are as follows: quartz, 28.7%;
clay, 63.6%; feldspar, 4.9%; pyrite, 2.7% and carbonate, 0%. The density is about 2 g/cm3 and
the hardness index 4367 (Aydin, 2009).

Table2-2: Mineral Composition, Density and Hardness of Shale Samples (A@h9).

Shale Sample Quartz Clay | Carbonate| Feldspar | Pyrite Density, Hardness
0 JL
Class wt.% Wt.% WE% W% Wt.% o/5r O Index
Barnett 28.7 63.6 0 4.9 2.7 1.932-1.956 434-467

2.12.2 Eagle Ford Shale

The stratigraphy and sedimentary facies offhgle Ford ShaléCretaceous) will be discussed

in this section. The key part of the Eagle Ford formations extends along the strike line from the
San MarcodArch in the northeast into the MaveriBleservoiralong the border with Mexico.

The maximum initial production i a strikeparallel belt reservoir ward of the Karnes trough
and landward of the Cretaceous shelf margin. The three lithologies include the majority of the
Eagle Ford Shala the area: argillaceous shale, calcaremudrock and limestone. The mud

rocksmostly consist of coccoliths and hold more total organic carbon than the other lithologies
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(stratigraphic units). Alterations in thickness dadiesinside the Eagle Ford suggest that the
area was a topographic high on the sea floor and that alteratitims lbathymetry influenced
the facies distribution and eventually production fromBhgle Ford Shal@Harbor, 2011; Reed
and Ruppel, 2012).

The Eagle Ford Shaleis a hydrocarbofaden formation, situated in Texas State, and an
unconventional shale oilnd gas reservoirEagle Ford Shaleis a recent discovery because
activities of drilling and completion began around 2009. The key difference between this type
of formation and other formations of an equivalent type ef@ample Marcellus andVlancos
Shales, is its ability to yield gas and liquid hydrocarbons.

Starting from 2008 to the present time, HagleFordShaleReservoithas been one of the most
important established areas. From the first well that was drilled to access the formation, 1,103
wells have been drilled and finalised for production. HegleFord ShaleReservois extend

from the USAMexico border via the soutlvestern part of Texas State. Its geological age (100
million years) matches the Lower Cretaceous, Paleozoic Era. The reseptbibdéveen the
northern and southern parts differs between 6,000 to 15,000 ft and changes in width range from
between 300 to 400 ft. However, an essential point for consideration is the high heterogeneity
of this formation (Mullen, 2010).
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Table2-3: Presents a summary of reservoir properties from core data analysis (Stegent et al.,

2010).
min max
TOC, % 2 6
Porosity, % 8 18
Water saturation, % 7 31

Permeability, milliDarcies 0.000001 0.0008

YM, psi 1.00E+06 2.00E+06

01 EO®G&tb 6 O 0.25 0.27

2.12.3 Mancos Shale

The Mancos Shalén the San Juan Basin nmorthwesterrNew Mexico has become a target of
interest as new technologies have unlocked the potential of its unconventional resource
petroleum plays, (Bdhead, 208). TheMancos Shalés an important shale deposit located in

the western part of the USA. TMancos Shalés located in Dakota andtertonguesvith the
Mesaverde Group. It is a carbaoh form of Cretaceous (around 100 million years aga)esh

with a porosity range of-8% and a clay content of about-26% (Holt et al., 2012). The rock
permeability has been found to be in the range of 10 Naroy (Sarker and Batzle, 2010).

The mineralogy oMancos Shalen percentages, shown in Figurel3, are: quartz, 43%;

calcite, 12%; dolomite, 10.5%; mica/illite, 11.5%; kaolinite, 9%; plagioclase feldspar, 5.5% and
other ratios of unnamed elements, 5.&8863%. The organic contents are the outcome of both
plants and ani mal s éea. rTheshighlpereentage of uare isignifies ghatt h e

the reservoir is highly brittle and frackable.
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Figure2-12: Mineralogy of Mancos Shale (outcrop), (Mokhtari et 2013.
2.12.4 Marcellus Shale

Zamirian and Aner i (2016) conducted aMareelius Glyale e nt i t
Petr ophys i cMarcelltssrSbhafiscarDevorgan lilack, and is part of the Appalachian

Basin that starts from New York, continues through Pennsylvania and West Virginia, and
extendsnside Ohio and Maryland (Bartuska, et al., 2012). It is advantageously situated for the
markets in the Nortftastern areas, the Eastern Seaboard, and the Great Lakes region of the
USA. Found 4,500 ft to 8,500 ft deep in the formation, natural gas isgeddnost proficiently

using advanced horizontal drilling techniques in combination with fracking enhancement
treatments. Despite advances in technology, the emergence of thlewepgrmeability

structures irMarcellus Shaléas created fresh challengesthe expansion of the resource.

Soeder (1988) conducted a study on APorosity
for which highaccuracy core analysis was carried out for eight gas shale samples from the
Devonian basin. The samples consifttiee Middle Devonian AgeMarcellus Shalein
Morgantown, West Virginia. Porosity and permeability values were evaluated on eight shale
cores from Devonian, and are tabulated in TabkB Zhe gas utilised in this measurement for

these core samples was agen. Different samples, shown in Tabl8,2were taken and
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analysed from Huron and Marcellus formations at different depths, which gave the following
data on the net stress, porosity to gas and permeability.

Table2-4: Devonian Shale Core Sample Analysis Results (So&€88.

Depth | Net Stress o o
Sample Formation Porosity of gas (%) | 0 AOT AAAE
(ft) (psi)
EGSPWV-5 1,750 <0.10 0.066
Huron shale | 3,028
Mason County 3,000 <0.10 0.014
More no 1(KY) 1,750 0.12 0.022
Huron shale | 2,904
Leslie County 3,000 <0.10 0.005
EGSP Ob/4 1,750 <0.10 6.80
Huron shale | 2,771
Gallia County 3,000 <0.10 4.50
EGSP O 1,750 0.15 0.001
Huron shale | 3.245
Megs County 3,000 <0.10 0.0002
EGSP W\6 3000 9.28 19.613
Marcellus | 7.448.5
Monongalia County 6,000 8.67 5.909
EGSP Ob/4* 1.750 <0.10 8.342
Huron shale | 2,770.8
Gallia County 3,000 <0.10 5.489
EGSP OH/5 1.750 0.18 0.248
Huron shale | 2,441.4
Gallia County 3,000 <0.10 0.008
EGSP O 1.750 <0.10 0.194
Huron shale | 3,325
Noble County 3,000 <0.10 0.078

Different samples were taken from Barnett, Eagle Fordaaatellus Shaldormations, which
were analysed and gave the following data of the kerogen and porosity, as demonstrated in
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Table 24. Barnett Shke produced the maximum kerogen ratio, then Marcellus whilst Eagle
Ford produced the lowest ratio. In comparison, porosity was at a maximum for Biéuerett,
Eagle Ford and finally Marcellus. More kerogen content contains higher oil and gas ratios but
there is no relationship between porosity and permeability or oil production; sometimes there is
porosity but the permeability is low. The presence of organic matter in shales inperasty
because most pores in shales are placed in organic nfatibrgse et al., 2000

Table2-5: Estimated % Kerogen by Volume and Porosity for Barnett, Eagle Ford and
Marcellus (Soeder, 1988).

Sample Kerogen (Vol.) % Porosity %

Barnett 5.3 2.3
Eagle Ford 2.4 0.4
Marcellus 5.0 0.2

Figure 213 shows a Barnett sgle under baciscattered electron (BSE) images of 9 different

gas shale formation samples prepared in a sesson with Focused lon Beam (FIB) milling.

The bedding planes are perpendicular to the images and the horizontal field represents 5.12
micromete. Most of the samples are seen to contain dispersed kerogen, whilst the very bright

material is pyrite. Note that in most images, the kerogen is porous with darker holes.
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g v
Barnett Eagle Ford Marcellus

Figure2-13: Barnett Sample under Ba&cattered Electrons (BSE) Images of the 9 Different
Shales Sampled Prepared in Cr8&xtion with Focused lon Beam (FIB). Horizontal Field
Width in All Images is Identical, (Zamirian and Ame2016).

In terms of the mineralogical constituents, as shown in Taidr@m the xray diffraction
(XRD) analysisMarcellus Shale are rich in calcite at 75.14%; they contain a small quantity of
clay (illite) at 12.94%, quartz at 9.74% and pyrites.283. The composition demonstrates that
the shale is brittle because of the higher ratio of calcite within the formation (Ding et al., 2011).
These outcomes disclosed uniformity with the published figures of XRD analysis on the
analogous outcrop shale sdegp(Lora, 2015). The ratio of quartz is very low so the fracability

is too low forMarcellus Shale
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Table2-6: Mineralogy of Marcellus Shale (Lora015.

Whole Rock Mineralogy (Weight %)
Calcite 75.14
Illite 12.94
Quartz 8.74
pyrites 3.18

2.13 Fracturing Technology

Hydraulic fracturing is the process of injecting higitessure fluids (sometimes as high as 10 k
psi) into rocks to fracture them. These artificial or humaade fractures are kept open by
proppants, for example, sand or ceramic particles. Hydraulic cracks may be created naturally
when pressurised fluids escape upward from deep reservoirs and fracture rocks in their way.
Fracking causes the pores in mudstones to become interconnected ansk bétais, the oil

and gas flow out through the rock and towards the well (Collins and Jdeih).

This research demonstrates complex fractures at different angles for Mancharaetius

Shale samples tested at 100, 150 and 200 bar overburden mes$dowever, previous
researchers have overlooked the complex fracture orientations. A complex fracture is a varied
fracturing technique, where fractures occur at different orientation angles and locations within
a sample, which facilitates the flow of aihd gas through multiple channels to the borehole and

thus recovers oil and gas production.

While unconventional oil reservoirs may be enhanced by hydraulic fracturing, reservoirs that
predominantly consist of clay sediment size of <62.5 um and at masur might not be
possible to fracture. This is because, after reservoirs are fractured, the clay deposits of the size
62.5 um, turn back into mudstones again due to compaction and chemical alterations through

the burial diagenesis process (Aplin and Maer, 2011).
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In the field, conventional techniques are used to determirstunstress, for example,
overcoring and hydraulic fracturing, but these methods include many limits and economic
downsides (Bock and Foruria, 1984 )-.ditu stresses can vary frgoint to point in a rock mass

and are volume dependent. However, it is not always likely to produce a definite mathematical
formula/relationship between stresses and depth, which is usually wanted by the designer,
(Kumar et al., 2004).

In a comparativelysmall volume of rock, for example| , stresses may vary notably over a
small distance. This can be due to discontinuities in geological structures and variations in the
rock properties of a mass of natural rock. Therefore, conflicting results maptheea if
reduced measurements are undertaken or are performed at dissimilar sites. Therefore, the
complex nature of rock structures can make the interpretatiovelbogs tricky and often
useless. Moreover, severe borehole conditions repeatedly ptieeepplication of geophysical

well logs (Laudeman and Ershaghi, 1981).

2.14 Geomechanical Models to Compare the Productivity of Shale Reservoirs Using

Different Fracture Techniques.

Safar.i et al . (2013) conduct ed aomschamiday ent i
Models to Compare the Productivity of Shale I
The research involved the application of a pressure load with a eloctile transition that

would be set off with a number of fractures spreadingfaom the borehole. The fracturing

load was applied over a period of milliseconds to initiate and lengthen multiple fractures

laterally from the borehole.

The downsides of the hydraulic fracturing method were that 20 to 30% of the water used in the
process was lost in the formation when cleaning up, which sheds doubt over the fracture

efficiency and highlights the possibility of damaging the fracture sand face.
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2.15 3D Analysis and Engineering Design of Pulsed Fracturing in Shale Gas Reservoirs

Pulsed Gas ifacturing, which is used to tailor the presstinge performance of a pulse source

to initiate several fractures and avoid natural limits in hydraulic and explosive fracturing
techniques, has been overlooked. In this technique, a dynamic pulse is triggéeedrder of
milliseconds to initiate and spread multiple cracks that radially start at the holebore as ductile
to brittle alteration is prompted (Kutter and Fairhurst, 1971; Nilson et al., 1985). This could
represent the best fracturing techniquenm future, as this makes the clagmoperation easier

and quicker. This type of technique is just an alternative fracturing method; the outcomes
demonstrate that, if planned precisely, pulsed fracturing might help prompt a ductile to brittle
change and ay initiate complex fracture networks. Pulsed fracturing makes a burden
approximately an order of scale above thsiin stress degree, but could remain underneath the
elastic limit of the rock (Coates, 1967; Safari et al., 2013).

Safarietal. (2014)scoduct ed a study entitled, AR3D Anal y ¢
Fracturing in Shale Gas Reservoirso. The wo
fracture networks, which might remain unlocked throughout production. It is important to
increase permeability to enhance the extraction of oil and gas from shale oil and gas layers/beds.

In the time and pressure extent of the fracking processes, it is not easy to create crack complexity

in a ductile shale, although, while subjected to a hidbeploading, the rock may show a brittle

to ductile change and a complex crack network could be initiated.

The main concern ithat,in a deep shale reservoir it may not be possible to fracture efficiently
because the formation could heal/close/repaelfitthereby cancelling the fractures. As an

outcome, it is important to find alternative fracturing methods that might:

A Make extensive and open fracture networks,

A Reduce the use sfickwater(fluids) and as well proppants, and,

A Make the most of the regery and productivity of oil and gas (Gandossi, 2013; Safari
et al., 2013).

The majority of the field observations propc¢

Modulusi s hi gh a n dRatioi$ Isw. Fhe idea sf@uiséds fracturing is tdlda the
33



Chapter 2: Literature Review

pressurgime performance of a pulse source to make multiple cracks and avoid limits innate in
both hydraulic and explosive fracturing. Hydraulic cracks characteristically yield individual
single cracks aligned with the maximum principakitu gress orientation/direction.

There are various pulse sources that may be utiliseéxéomple propellant burning, electric
pulses, and plasma tools, to initiate stress waves inside the formation rock matrix. The
propellant pulse source releases a fagergy gas pulse with deflagration. The resulting crack
patterns from a pulsed cracking operation are shown in Figd#e Zhis Figure shows the
multiple fractures that propagate when the pufsactureis set off. The forking and slip along
externally popagating cracks might induce a gelbpping system, as demonstrated in Figure
2-14.

Figure2-14: Branching as Observed from a Pulsed Fracturing (Kutter and Fairhurst, 1971:
Nilson et al., 1985).

2.16 Engineaing design of pulsed fracturing

Following the application of the pulsee interval, which triggers multiple radiated cracks,
many postpeak scenarios may be followed. The initial scenario is to apply a pulse source, which
gives a bigger decay time andn-stop gas penetration, while pgstak, as illustrated in Figure

2-15, may be attained by successively using many or multi propellants. The second scenario

34



Chapter 2: Literature Review

includes a comparatively fast gas outflow into the made primary fractures, which is illustrated
in Figure 215. The third scenario entails the pumping of gas at an additional reduced rate and
for a long amount of time into a previously made crack network. Any of the aforementioned

scenarios may lead to dissimilar fracture network designs.

2
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Figure2-15: Different Scenarios for Pulse Pressure Profile (Kutter and Fairhurst, 1971; Nilson
et al., 1985).

The application of higlenergy gas and pulses would limit proppant transportation that might
assist and maintain craclmductivity inside the network. Thus, the potential issue of crack
conductivity maintenance with no proppant, under fulgisure stresses is of maximum
importance while pulsed cracking is applied. Nevertheless, practical observations of
channelling, advoda that a slip along newdgnade coarse surfaces could initiate a-self

propping system, as shown in Figurd @

The use of higlenergy gas and pulses can limit proppant transportation, which can help to
maintain crack conductivity inside the network. fidfere, as previously suggested, the possible
issue of the maintenance of crack conductivity with no proppant undecligilirestressess

of maximum importance while pulsed cracking is applied. However, practical observations of
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channelling, advocatedha slip lengthwise against coarse surfaces can triggerarepfiing

system.

6" -
l After shear slip l
= l Fracoure dilation
—_— - e
=

Figure2-16: Slip/Dilation Potential along Asperities that Promote Misalignment and Self

Propping under wsitu Stress Field (Kutter and Fairhurst, 1971; Nilson et al., 1985).

2.17 Chapter Summary

This chapter has detailed unconventiorraservoirs, the composition of shale, the

geomechanical properties of shale, and how this helps in enhancing the oil/gas recovery of

unconventional reservoirs. Fracking technology and the effect of fracking orientation on

permeability have also been détd. A number of authors have studied shale fracture

orientation and its effect on reservoir permeability, but they have only addressed basic fractures.
The author of this research dealt with complex and multiple complex fractures with the aim of
increasng the permeability of tight shale reservoirs and thereby increasing the production of oil

and gas.

It has been noted that there has been limited work on the effects of complex fractures on

permeability covering varying shale types. Therefore, this iard@nwhich the research will

concentrate.
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The main findings of the chapter are:

A

Shale rock is formed of clay minerals 55.2%, quartz 23.9%, carbonate 9.3%, feldspar
6.1%, organic matter 4.2%, fexides 0.8%, other minerals 0.5%.

The porosity of unconveional reservoirs is not all interconnected, which renders them
with very ultralow permeability. Pore geometry and mineral components, and the TOC
and maturity obrganicmattershowthat depositional environment, diagenesis, and the
thermal evolution obrganic matter control the formation and conservation of pores.
Shales with a high TOC have uldl@wv porositybecause a high organic content causes
high hydrocarbon production. Organic pores were closed because of the compaction
after the hydrocarbon gera¢ed was expelled (Er et al., 2016).

Shales contain many small pores and hold natural gas or oil or both.

Geomechanics can cause different fracture orientations, which influence the production
rate when a well is drilled.

The compressibility of rock is gendent on the mineral rigidity present in the rock, i.e.
rigid minerals render the rock smaller in compressibility value.

Many researchers agree that the behaviour of theDaway flow is caused by a
turbulent flow because of the high velocity and trextia forcedueto the lithology and
tortuosity.

Rock matrix is a quagirittle material that includes flaws, pores, and micracks. The
existence of pores involves a substantial effect on the rock engineering properties; for
instance, uniaxial tensilgrength, uniaxial compressive strength and stress of crack
initiation.

Permeability within a fractured porous media is mostly controlled by the geometry, the
interconnection of the pores and some fractures, and by the stress state.

The two components of Bson's Ratio and Young's Modulus work together to mirror
the ability of a rock to fracture when a stress is available. They keep the fracture open

when the rock fails under stress.

37



Chapter 3: Experimental Apparatus and Method of Data Collection

Chapter 3. Experimental Apparatus and Method of Data

Collection

3.1 Chapter Overview

This chapter describes how the shale samples from the Barnett, Eagle Ford, Mancos and
MarcellusReservois were processed, and the experimental setup (Rano) and procedure

for a range of equipment used to investigate the effects of complek or&ntation on
permeability. The chapter covers:

Sample preparation.
The chemical composition of the shale samples.
Crack and porosity data using the Computerised Tomography (CT) scan.

> > >y >

Operation of the Nanr®erm machine used to obtain the permeabilitthe secondset
of the shale samples (Marcellus) over a range of overburden pressures 34.5, 69. 103.5
and 138 bar. The permeability of Mancos and Marcellus (third set of shale samples)

measured at overburden pressures of 100, 150 and 200 bar.
3.2 Flow Chart

The flow chart shown in Figure3-1 highlights the experimental work that was undertaken,
starting with the preparation of the shale samples collected from Barnett, Eagle Ford, Mancos
and MarcellusReservois. The samples were initially analysed for their chemical compaosition
using anXRF spectrometer. The pore volume for the second set of shale samples (Marcellus)
was then calculated using the liquid saturation method which involved finding the difference in
weight between the dry and wet samples and, by knowing the density ofribe the pore
volume can be calculated. This value of porosity was compared with porosity measured using

the CT scanasshown in Table 4.

The second set of shale samples (Marcellus), shown in Figrar®l Table 4, was then
induced with complex fractes using a poweredack saw. The CT was used to determine the

crack width and crack length and to analyse the samples for any natural cracks. THpehano
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machine was then used to determine the permeability of the second set of shale samples
(Marcellus)for the following range of overburden pressures: 34.5, 69, 103.5 and 138 bar. These
overburden pressures generally representvéledepths of the shale reservoirs mentioned in

this research. It was noted in the literature that every 207 bar of overbuedehes around

152.4 m burial depth of igpically compressed reservoir (Fatt and Davis, 1952).

Permeability was also measured for the third set of shale samples (Mancos and Marcellus) at
overburden pressures of 100, 150 and 200 bar.

— Barmett shale —
— Eagle Ford shale | |
Freparation of samples }— Fracture fype
Mancoz shale
e i
— Marcellus shale —
90* vertical ‘ Two #)° vertical ‘
Nano-Ferm machine Liguid =aturation method Elementsl
| T scan Tnmearurepﬂmuhlm To measure permeability Analbysis

Figure3-1: Flow Chart of Method and Data Collection
3.3 Geomechanical Properties of Shale

Many authors trying to understand the physics of the flow and to ultimately enhance
productivity have investigated the geomechanics of shalk. rothis research aimed to
investigate the geomechanical properties, such as the permeability and porosity of the shale
reservoirs, through testing shale core samples of different fracture orientations to further
develop an understanding of these propsitie permeability. The study also investigated how

permeability is affected by fracture orientation relative to the bedding plane under varying
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overburden pressures. Thus, the geomechanical properties of six shale samples from Marcellus
were fractured atifferent angles of orientatipasshown in Table 3.

3.4 Preparation of the Samples

The Marcellus Shalesamples were fractured using a powehedk saw, each to the required
fracture orientation, as shown in Figur &nd defined in Table-B. These weras follows:

unfractured (1, i vertical fractured (2), twe w it vertical fractured (3), horizontal fractured

(4), triangle complex fractured (5), and line complex fractured (6).

Samplel: Top View Sample2: Top View Sample3: Top View

Samplel: Side View Sample2: Side View Sample3: Side View
Unfractured Marcellus Sample Fractured (Vertical) Marcellus = :
ractured (Two 90deg Vertical) Marcellus
Top and Side Views Sample Top and Side Views ( 9 )

Sample Top and Side Views

<<

Sample4: Top View Sample5: Top View Sample6: Top View

Sample4: Side View Sample5: Side View Sample6: Side View
Fractured (Horizontal) Marcellus Fractured (Line Complex) Marcellus Fractured (Triangle Complex) Marcellus
Sample Top and Side Views Sample Top and Side Views Sample Top and Side Views

Figure3-2: No Fracture and Different Fracture Orientations of Marcellus Shale Samples

40



Chapter 3: Experimental Apparatus and Method of Data Collection

Table3-1: Shale Samples Preparing and Fracturing.

Samples | Fracture type Sample Size. mm Prepaation: cutting and lapping | See Figure in
Appendix B
Sample 1 Natural 6.35 (L) * 37.44 (D) The six shale samples from Bl

MarcellusReservois were prepare

Sample 2 | w mvertical 27.74 (L) * 37.44 (D) by fracturing them using a B2

poweredhack saw, each to the
Sample 3 Two w Tt 27.74 (L) * 37.44 (D) ) ) ) B3
required fracture orientation. The

vertical
fractured amples were then lappe
Sample4 | Horizontal | 27.74(L)*37.44 (D) | '0maketheir surfaces matchan{ — pq
encased in a plastic sleeve whicl
Sample 5 Triangle 13.4 (L) * 37.44 (D) wasthen heated to form a shrink B5
complex wrapped seal.
Sample 6 | Line complex | 13.4 (L) *37.44 (D) B6

Figure3-3: Two 90-degree Vertical Marcellus Shale Sample

3.5 CT scan

The Computerised Tomography (CT) scan technique is based on the attenuation-@fythe x

beams penetrating the scanned obiject at different angles as the sample is rotated in front of the
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x-ray source and a detector records the transmitteg xntensiy data. From these projections,

a crosssectional slice is generated through the core via a computerised reconstruction process.
A threedimensional image can then be reconstructed from the-seat®nal slices taken from

the sample. CT scans were usecestablish whether there were any-pxrésting fractures in

the unfractured core that may affect permeability, and then to determine the crack length and
width of the induced fractures of the fractured samples. There were-eaigtiag fractures.

3.6 Equipment Description and Principle

The CT scanner (manufacturer: GE Sensing & Inspection Technologies phoesmyxgmrd

model: V|tome|x s 240) used data optimisation and reconstruction software.-rage x
produced by the machine have wavelengths in the rah@e01:10 nm. The xay machine

shown in Figure 3!, contained two xay tubes, the microfocus and thenofocugx-ray spot

size down to 100 nm). These are used to deal with the different sample sizes; for example, the
nanofocusis for smalisize samm@s (smaller than 2 pence coin) and the microfocus is for

normatsize samples, which can be the same or a larger size than a 2 pence coin.

The CT scanner consists of a sliding door, which is used to access the CT scan chamber and
sample manipulator andray tube enclosure, the monitor adjusts and controls the scanning
process and control console to control the sample position. In addition, there is a desktop

computer for the reconstruction and to ppsicess the scanned work.

The first set of shale samgléMancos, Eagle Ford and Marcellus) 152.4 mm (L) by 50.8 mm
(D) were scanned wusing the microfocus tube,
porosities were determined through the module defect analysis software, Volume Graphic (VG)

analysis. Inthe 3D volume, grain structures, layering and fractures in 3D can be studied.
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3. Sample manipulator and x-ray tube enclosure 2. Screen
' & @
x ¥ Sliding @ /e l
door
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Figure3-5: Microfocus- Nano Focus (from a CT Scan Manual)

The tubes, shown in Figure33 consist of a deflection unit and target insulator, filament grid,

anode and magnetic lens.
3.7 CT Scan Principles and Applications

Over several decadesyay Computased Tomography (CT) has gained wide acceptance as a
routine analysis tool. In the oil industry, the cost of utilising a CT scan for rock characterisation
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is small in comparison to the overall projgalueand can improve the probability of reaching

the yper end of an NPV (net present value) range. Efforts in support of the more widespread
use of CT scanning to investigate fielelated problems, such as formation damage solutions
and improved perforations, may offer improvements in the recovery of prabéeoil and gas

wells. CT scanners have been in use inghgoleumindustry for 30 years or more as an
effective tool for studying basin rocks (Siddiqui and Khamees, 2004).

3.8 CT scan Setup

The CT scan setup consisted of a number of stages:
Stage One:CT scan setup, which is performed in the following steps:

I.  Create a new project.
ii.  Mount sample, under a tilt, to avoid Feldkamp issues (avoid sample planes parallel in
the cone beam.).
iii. Switchxr ay ON (i . e. 100kVv / 100&¢A, sslowest t i
Image.
iv. ~ Drive CNC Coordinates X = 0 mm and select the CT Sample(R&dion Of Interest)
v. Adjust x-ray parameter, timing, and filter.
vi.  Select the average number of projections, random detector movement.
vii.  Auto scan|optimiser and writia filter type +thickness.
viii.  If the backgrounds inhomogeneous, createaw offset and gain correction.
iXx.  Define the observations area.

X.  Start CT (stepping, fast|scan or auto|ct).

After completing a CT scan, theray images were compiled into a quality 3D view of the
interior of the scanned specimen. This process is known as reconstruction, and the most
important parameter in the process is called the image centre of rotation. The process of
reconstruction is essentially an overlaying procedure, where the individagl irages are

aligned and laid on top of each other to form the final image.
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Stage Two:The reconstruction T scan was performed undertaking the following steps:

I.  Start datos|x reconstruction and load Ri@Afile.
ii.  Use the agc or scan|optimiser for geometmrection.
li.  Use bhc correction.
Iv.  Set 0° rotation and define a min. RARegionOf Interest) for reconstruction.

v. Start CT reconstruction.

Stage Three: Postprocessing of the data, which refers to the use of filters on the existing
volume. When filtering st#s, the filter type and filter size are chosen and the filter volume is

clicked. These filters available are:

A Median low-pass filter, which is particularly useful for reducing noise with minimal
edge blurring.
A Gauss: reduces the noise in the volume, aaduces the size of outer radii after surface

extraction.

The parameters, shown in Tabl&€ 3are typical of those used when performing the CT scan.

The number of images was typically 1000 or more and the skip was set to 0. If the skip is 1 and

the imags required are 1000, the CT scan will produce 1000 + 1 image, with a timing of 333
seconds. Sensitivity was set to between 0.5 and 4, whereastcurrem € A and volt aq

equal or larger than 80.
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Table3-2: CT Scan Parameters and their Values

Parameters Values

Average 2

Number of imagey 1400

Sensitivity 2.000

Size 1000
Skip 0
Timing 333

Current| O 8

Voltage, kV O 8

The energy of the-xay has to be decided by tuning the voltage. A value of 80kV is sufficient
to penetrate the minerals and makegpadcontrast between the void and solid. The resultant

current is around 80¢A.

A series of detectors record the transmittedxintensity data. From these projections, a eross
sectional slice is generated through the core via a computerised reconstruction. -A three
dimensional image can be reconstructed from the @estsonal slice taken from the sample.

The main factors that limit the resolution of a conventional CT include-thg tube beam size,

the detector array, and the broad energy spectrum ofring beam.
3.9 Image Segmentation

The common practice in geological fieldsasemploy thresholding techniques to segment such
images by applying a visually interpreted threshold or image processing approach. A summary
of the parameters was undertaken to obtaiayxattenuation profiles. The detailed procedures

for a synchrotron nasro-CT Scan are as follows:
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First, the energy of-xay must be decided by tuning the voltage. A value of 90 kV is sufficient

to penetrate the minerals and ensure a good contrast between the void and solid. The resultant
current IS around 100 e A. T h eqoired té hesovec o r r e c
inhomogeneity in the background images, i.e. images with only air between the source and
detector. Two such images are required, one with-lagxon and one with therays off (also

called the flat and dark field in the synchrotronmi€T). The flat field is necessary to account

for the noruniformities in the xray beam and the neimiform response of the detector.

A section of the sample was segmented and used for the image extraction and volume analysis.
After segmentation, the inga was extracted and a 3D visualisation of the extracted geometry

of the processed CT scans of the shale sample was produced. The porosity of the scanned
samples was then determined using the Volume Graphics (VG) Software. The shale core

samples scanned veeMancos and Marcellus.

3.10 Reconstruction

Reconstructing a CT scan produces a representation of the interior features of an object. A
regular single xay image can also show the same features, but accurate locations of interior
features cannot be determirfeaim a single view. The CT process usagayimages from many
different views through a thin section of an object to pinpoint the locations of the internal
features. When the scan is reconstructed, the resulting image is @exrteral view of the

object as if it had been cut through the plane at the scan location.

3.11 PostProcessing Scan Data

3.11.1 Introduction

During the posprocessing stage, a number of analyses covered porosity (shown in Fables 4
and 47 and Figures-6 and 47) and crack width; furtherame, crack length measurements were
alsoundertaker{Table 45). Image analysis was also undertaken foiMlaecellus ShaleThis

includes voxel discretisation, reconstruction and surface determination. Porosity can be
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calculated from the CT image with mgle scan of a core sample by detecting the pore space
by image segmentation techniques.

Segmentation is the first treatment applied to CT images before analysing the physical
characterisation. It consists of the pore spaces extraction in each sces¢panding to the CT

image resolution. In addition, threemensional CT scans may provide interesting qualitative
views of the interior structure of shale samples. Using a CT scan, the core sample porosity can
be calculated using the model defect analy}smyume Graphics or VG.

3.11.2 Porosity Estimation by CT scan

Porosity can be calculated from the Computerised Tomography (CT) image with a single scan
of a core sample; this is achieved by detecting the pore space through image segmentation
techniques. By using CT scan, the core sample porosity can be calculated using the model

defect analysis, Volume Graphics (VG).

3.11.3 Calculating Porosity Using CT scan

The porosity of the samples was obtained using thegrosessing software and by undertaking

the following seps:

I.  Adjust the square and click each angle to make suréhinsampleis within the frames
at different angles.
ii.  Click scan/optimiser, Compute, Apply, Yes and Accept.
ii.  Click auto/ROI, activate the 3 items, start and Yes.
iv.  Minimise the square and play witimgles to be sure that the sample remains inside the
rectangle and click Start, Save and Yes.
v.  Click in the right lower quarter to make the square appears.
vi.  Click volume analysis, zoom in or zoom out to size the shapes.
vii.  Click surface determination, Automatnd adjust the red line to get the best array of

grains and click Finish.
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Rotate the sample and adjust the red line to get the clear view of grains and put the axes

by clicking the Tripod and choose Show Box.

Click oO0Define mat er ithelsmal yectamglteaaside, selecer e a 6

using amouseand click next.

Select an example region in a slice view below usingribaseto define the material

and click finish two times.

Click New Detection, choose tlefault(v 2.1), voids, activate Show Riew and click

6Use determined Surfacebo.

Put a value of 3 for Probability threshold and see the resbig(number of probability
givesa small number of porosiignd vice versa), and always put the maximum size =

0.05; for example, if you get a smalllwa of porosity, decrease the value of the

probability and adjust the probability until you get an acceptable value.
Click Calculate
Wait wuntil the porosity has been

3.11.4 Measuring Crack Width and Crack Length Using CT scan

The following steps were undertaken to determine the crack width and crack length:
.

Vi.

Vil.

Select, Selection Modes and then Ellipse.

Press the left button of the mouse and drag over the shape to be restarted, resize using

the red crosses.

Extend the edline in the first right quarter to cover the area.

cal cul at

To create aegionof interest, click first R sign on the left top corner and go to region 1

of interest on the right side of the computer under the grey box (right click) and go to

enable ROI to rendesettings.

Click on the grey button (next light source 2) and click transparency and input zero and

enter. Any analysis should be done when the region 1 is highlighted.
Go to the selection modesand choésed abt heé t o dr aw

of themousefrom side to side.

a

ni

ne

Extend the line in the top left corner to cover the whole circle then click R in the left top

corner (first R) to createragionof interest, and wait for the calculation.
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vii. ~ To measure the length of the line, click the nastent and choose the polyline length,
if the line is not straight, atistancejf the line is straight.
iX.  Click the start point and then hold Ctrl and click the end to measure the length of polyline
(if the distances not a straight line).
x.  Click the starfpoint and then drag to the end to measure the length of a distance (if the
distances a straight line).

xi.  To undo the last step, rigltick on the right to Scene Tree and choose Delete.
3.12 Measuring Permeability Using NanePerm Machine

The NanePerm machineshown in Figure &, is designed to measure the permeability of the
ultraclow permeability shale reservoirs, especially unconventional shale reservoirs.
Permeability was measured using the N&awm machine, as shown in Figur®.3The Nano

Perm rig conists of two core holders (D & E) that can be pressurised with an overburden
pressure of up to 276 bar, by using the hydraulic pump (G). A meniscus tube (C) is used to
monitor the movement of the liquid in mm/s (industrial coloured oil is usually used:tedrty

seen through the meniscus glass). The Console Switch (A) is used to switch the machine on and
off, and a vent valve (B) is used to release the overburden pressure (34.5, 69, 103.5, 100, 138,
150, 200 bar) when the experiment is completed. Gase\(&Ms used to control nitrogen from

the cylinderand isused to build differential pressure for the permeability measurements, shown

in Figure 35 (for more detail, see Appendices B, D and E).
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A: Console Switch, B: Vent Valve, C: C: Meniscus Tube,

D: Core Holder (i), E: Core Holder (ii) F: GasIn Valve,

G: Overburden Pressure Pump.

Figure3-6: NanoPerm Machine at Petroleum Lab, the University of Salford
3.13 Experimental Procedure for the NanePerm Machine

The following steps were used when operating the NReron machine:

i.  Open the Nitrogen Tap.

ii.  Turn the regulatoof nitrogen pressure to 100 psi (6.9 bar).

iii.  Use the overburden pump to achieve the desired overburden pressure (check the pump
oil level).

iv.  Turn the Gadn valve to get a differential pressure of 35 psi (2.413 bar).

v. Start the stopwatch, and when done retidhe meniscus and stop the stopwatch and
record the time.

vi Divide the meniscus (cc) by the time it

vii.  Substitute in the equation to calculate the permeability.
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3.14 Experimental Procedure

At the set overburden pressure required and eiffiésl pressure 35 psi (= 2.413 bar),
permeability through the sample was obtained by measuring the displacement of the industrial
oil. The flow rate reading in mm/s is divided by the time in seconds taken by the stopwatch to
find the flow rate (Q). By knewing the area olsample(A), the sample length (L), the
atmospheric pressure (Pa), viscosH ,(differential pressur )v’|} and mean pressure (Pm),

and by using Eq. 3.1, the permeability (K) can be calculated.

&+?§fii |EZ i - ”-+ 3.1

3.15 Permeability Error Estimation

The error in permeability measurement, which occumwéde reading the meniscus tube, is
estimated to be = 1 cc/s. This measurement error also includes the tuning option with a

stopwatchwhilst taking the readings. The error bars are shiowsigures 48 and 415.
3.16 X-ray Fluorescence (XRF) for Shale Composibn

This equipment belongs to Energy DispersiveaX Fluorescence Technology (EXRF). An
x-ray fluorescence spectrometer (XRF) is amay tool used for the comparatively non
destructive chemical analyses of rocks and fluids. This was used to measwatesthical

composition of the shale samples.
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Figure3-7: X-ray Fluorescence (XRF) Spectrometer

3.16.1 Principles of XRF

The XRF technique relies on essential principles that are shared by several other imatrume
devices, involvingnteractions between electron beams andhyswith specimens. The
breakdown of elements into geological materials, by usirayyuorescence, is made possible
when materials are stimulated through kéytergy, short wavelengttadiation, when they
become ionised. If this energy is sufficient to remove an inner electron, then the atom becomes
unstable and an outer electron substgufor the missing inner electron. Once this occurs,
energy is released due to the reduced binding energy of the inner electron with an outer electron.
Since the energy of the released photon is characteristic of a transition between a definite
electron kell in a specific element, then the resulting fluorescenatys can be used to identify

elements that are available in the sample.

3.16.2 XRF Calibration

The XRF calibration used the mining setting
complete edmental list. The device is calibrated by the company each year (which is standard

practice for this type of device) and was checked on the day with a Certified Reference Materials
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(CRM). The values fell within the parameters amereused in the characisation. The setting

used on the XRF estimates the amount of the element in the sample; it does not use equations
to see if it is a carbonate, efor more detail on the calibration applied and to compare between
CRM and the characterisation provided e tXRF spectrometer, refer to the Certified
Reference Materials Table: G1, page 189, Appendix G.

The equipment was set up in a bench stand complete with a lead shield and was remotely
controlled via a laptop. Each sample was analysed by the ends ofehEa&ch end was scanned

3 timesfor 600 seconds to give the direct ppm (parts per million) of elements and not oxides,
etc. These fell within the acceptable error and the limits of detection (LOD) of the device (if
any of the elements fell outside of tl@guirements, the device would be sent for repair, because
once it has given one element error, the rest could also be faulty).

The definition of oOoquantitatived XRF anal ysi
planned use for the data. Foweonmental applications, the XRF results are quantitative, and

if the measurement accuracy is within 20%, the results are accepted by an approved research
laboratory method (US EPA/ERT, 1991).

3.16.3 Fundamental parameters calibrations

Fundamental parameter (Ffechniques have been understood and utilised on laboratory XRF
systems to analyse a varied number of materials. In history, FPXRF instruments that have been
applied for environmental use have depended orspieific calibration methods but with the
avalability of field portable computing power, the fundamental approach is valid for FPXRF
analysers and offers mulite capabilities. However, uncertainties in the data used to generate
theoretical coefficients may lead to errors and biases in FP anhlyticlels, which are based

on these data. Therefore, changes based on certified reference materials may be necessary to
produce dependable results. Rather than empirical methods that require-spetific
calibration standards, the FP approach utiliseety to predetermine interelement coefficients.

The lower the average atomic number of the sample, the higher the intensity of the incoherently
scattered peak. Several criteria must be met to successfully apply FP techniques in XRF
analyses (Kalnicky edl., 1995).
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3.16.4 Analysis

I.  X-ray fluorescence is utilised in magtemicalanalyses of key elements (Si, Ti, Al, Fe,
Mn, Mg, Ca, Na, K, P) in rocks and sediments.

ii.  Majority of chemical analyses are of trace elements (in loads >1 ppm; Ba, Ce, Co, Cr,
Cu, Ga, La, M, Ni, Rb, Sc, Sr, Rh, U, V, Y, Zr, Zn) in rocks and sediments.

3.16.5 XRF Limitations

In theory, the XRF has the capability to senseyx emissions from practically all elements
reliant on wavelength and the strength of incidemays. Nevertheless, in pracatic most
economically existing instruments are restricted in their capability to exactly and precisely
measure elements that have Z<11 in most expected earth resources; for example,

from hydrogen to neon, Z is the atomic number.

3.17 Chapter Summary

This chapte has provided detail on the preparation of the shale samples from the four different
reservoirs to investigate the effects of fracture orientation on permeability. Also discussed in
this chapter was the experimental setup and procedures that were utedaitterise the
material composition of the shale, namely porosity, which was measured using the CT scan and
the liquid saturation metho@he permeabilityf the shale was measured using the NBaom
machine. The following chapter will discuss the resaf the analyses in relation to the fracture

orientation on permeability and the impact this may haveehproductivity.
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Chapter 4: Results and Discussion

4.1 Overview

This chaptempresents the results and discusses the findings of the research difigsfuaill be
presented in the following order:

A Shale composition,
Porosity (CT Scan),
Shale Porosity,

Permeability (Nand’erm), and

> > > >

Liquid Saturation method to measure porosity.
4.2 Shale composition: Xray Fluorescence (XRF)

The XRF technique involvasteractions between electron beams an@yswith specimens.
Since the energy of the released photon is characteristic of a transition between a definite
electron shell in a specific element, the resulting fluoresceaalyx can be used to identify

chemicalelements that are available in the sample.

Following the XRF analysis, the results recorded in TabB shows that silicon (Si) and
aluminium (Al) are the chief elements in the Mancos rock, adding to nearly 37% of the entire
weight. Bal (balance) is n@in element but the remainder of chemical compositions that could

not be analysed by the XRF (such as oxygen, nitrogen, carbon). Other element&iafume
magnesium (Mg), iron (Fe), sulphur (S) and titanium (Ti), can also be observed as slight
contentsj . e . l ess than 1. 8 %. For more detail on

F3, page &1, Appendix F.
4.3 Barnett, Eagle Ford, Mancos and Marcellus Shales
4.3.1 Barnett Shale

Table4-1: Percentage Breakdovaif the Barnett Shale Sample Chemical Elements & Others
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Chemical Average Percent
Bal 53
Ca 41
Si 3
Others* 4

*Others: Total of all chemical elements in the sample that individually are less than 1.8%

Figure 41 and Table 4L show the results achievé@m the xray spectrometer analysis of the

Barnett Shale or e sampl e analysed by XRF. At 53 %, (
predictable by the XRF) has a higher percentage. The next largest percentage in the core sample

is calcium at 41%, followe by silicon at 3%. Further elements that contain a percentage lower
than 1.8% include sulphur, i1Tron, and potassi
total 4%.

In the current characterisation, it can be concluded that the calcium eletiteist efevated in
the Barnett Shalesample and that is why the sample is not as cemented in comparison with
other shale samples. This is consistent with XRF chemical analysis results (Table: F1, page 171,

Appendix F gives further informaticon the chemial analysis).
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Percentage Average Chemical Elements

3%

5%

m Bal = Ca = Si = Others

Figure4-1: X-Ray Fluorescence for Barnett Shale Characterisation

4.3.2 Eagle Ford Shale

Table4-2: Percentage Breakdown of the Eagle Ford Shale Ba@igmical Elements &

Others
Chemical Average Percent
Bal 53
Ca 28
Si 16
Others* 3

* QOthers: Total of all chemical elements in the sample that individually are less than 1.8%

Figure 42 and Table € demonstrated the results reached from th@yluorescence analysis
of the Eagle Ford core shale sample examined by XRF (further detail is provided in Table: F2,
page 175, Appendix F). It can be seen that Bal. (Balance: comprising the elements not known

by the XRF) represents the highest percentagé38b. Calciumcomprises anothelarge
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percentage at 28%, whilst silicon encompasses 16% in the analysed sample. The remainder of
the elementsnakeup a percentage of less than 1.8%, and include, for example, sulphur, iron,
and potassium. Other compositoh el ement s are | abe-Rbneld as

comprise 3% of the sample.

It can be deduced that the calcium share is larger ik#gée Ford Shalecore sample, which
explains that the sample is highly cemented compared with other shale cotessarmjs is

clearly found in the XRF analysis (in Appendix F, on pag®.17

Percentage Average Chemical Elements

3%

m Bal m Ca = Si = Others

Figure4-2: X-Ray Fluorescence for Eagle Ford Shale Characterisation
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4.3.3 Mancos Shale

Table4-3: Percentage Breakdown of the Mancos Shale Sample Chemical Elements & Others

Chemical Average Percent
Bal 53
Si 31
Ca 5
Al 6
Others* 10

* Others: Total of all chemical elements in the sample that individually are less than 1.8%

Figure 43 and Table 4@ indicated the results attained from theay fluorescence analysis of

the Mancos Shalsample tested byie XRF. Bal. has the highest percentage at 53%, whilst

silicon represents another largercenége at31%. This is followed Y thecalcium element at

5% andal umi ni um el ement at 6 %, and 6ot herodo el el

(for example, sulphur, iron, and potassium amongst others).

It can be ascertained that the calcium ratio is too small in the andsmsmbsShalesample,
which is why the sample is not as cemented as other shale samples. This understood from the

XRF analysis (further detail is shown in Appendix F on padd.17
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Percentage Average Chemical Elements

ﬁ

m Bal = Si m Ca = Al = Others*

Figure4-3: X-ray Fluorescence for Mancos Shale Characterisation

4.3.4 Marcellus Shale

Table 44 indicates that calcium (Ca), silicon (Si) are the prime elements in this shale rock study,
constituting nearly 45% of the whole weight. EBxelements, such as potassium (K), sulphur
(S) and iron (Fe) can be also detected but at smaller contents.

Table4-4: Percentage Breakdown of the Marcellus Shale Sample Chemical Elements &

Others
Chemical Average Percent
Bal 53
Ca 43
Si 2.0
Otherg 2.0

* QOthers: Total of all chemical elements in the sample that individually are less than 1.8%
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Figure 44 and Table 4 designated the results obtained from thrayfluorescence analysis

of the Marcellus $ialesample tested using the XRF fluorescence. It can be understood from
Figure 44 that the Bal. (Balance: the remainder of the elements which cannot be measured)
represents the main percentage at 53%. The second lpeyesntageat 43% is calcium,

followed by silicon at around 2%, which is low; however, this is according to the XRF results
(refer to Table: F4, page 38Appendix B. Other elements that comprise less than 1.8% of the
sample include K, S, Fe and Alt, hearnsodn gi4no t Fhiegru
Thus, it seems that the calcium element is more important in the compostanceflus Shale

sample, as there is a raised degree of cementing in this sample compared with other samples.

Percentage Average Chemical Elements

2%_\ 2%

m Bal = Ca = Si = Others

Figure4-4: X-ray Fluorescence for Marcellus Shale Characterisation
4.4 Induced Fracture

The induced fracture crack width and crack length were also measured by using the CT scan
reconstruction technique. The crack width was measuredialocations then averaged; these

are shown in Table-8, along with the diameter of the samples.
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The average crack width and the crack length are found for 4 samples collected from Marcellus
Reservoir the crack width and crack length for the othes smmples are not taken as these are
unfractured and fractured at different orientation angles, as demonstrated in-bable 4

Table4-5: The Crack Width and Crack Length Measurement

Sample fracture Size, mm Reservoir Average crack Crack See Figure
type width, mm length, mm
Unfractured 1 | 6.35 (L)*37.44 (D) | Marcellus Shale 0.21 6.35 410 (a&b)
Horizontd 2 27.72 (L)*37.44 (D) | Marcellus Shale 0.14 37.44 4.10 (g & h)
wTtvertical 3 | 27.72 (L)*37.44 (D) | Marcellus Shale 0.22 37.44 4.10 (c & d)
Two w Tt 27.72 (L)*37.44 (D) | Marcellus Shale 0.19 37.44 410 (e &)
vertical 4
Triangle 13.4 (L)*37.44 (D) | Marcellus Shale NA* NA* 410 (k&)
complex 5
Line complex 6| 13.4 (L)*37.44 (D) | Marcellus Shale NA* NA* 410 (i &)

*The crack width and crack length were not measured for samples 5 and 6. Measuring all
samples was unnecessary as the same daxkvasutilised to induce fractures for the same

shale samples.

As can be seen, three different lengths were used in the analysis because the length of the sample
does not affect the crack width and crack length. For full measurement steps via the CT scan,

referto Table B2, page 153, Appendix B.
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Samplel: Top View Sample2: Top View Sample3: Top View

Samplel: Side View Sample2: Side View Sample3: Side View
Unfractured Marcellus Sample Fractured (Vertical) Marcellus "
Fractured (Two 90deg Vertical) Marcellus
Top and Side Views Sample Top and Side Views ! (Tw 9 ical .

Sample Top and Side Views

<\

Sample4: Top View Sample5: Top View Sample6: Top View

Sample4: Side View Sample5: Side View Sample6: Side View
Fractured (Horizontal) Marcellus Fractured (Line Complex) Marcellus Fractured (Triangle Complex) Marcellus
Sample Top and Side Views Sample Top and Side Views Sample Top and Side Views

Figure4-5: Crack Width and Crack Length Measurement
4.5 Porosity Calculation and CT scan Image Construction

The Eagle Ford, Mancos and Marcellus samples are the first sets of unfractured shale samples*
that were used to measure theqsity using a CT scan. The porosity is calculated using the CT
scan, as demonstrated in Figur®,dwhich presents the value of the percentage voids. For

example, the Marcellus porosity for the unfractured sample is equal to 1.37%.

* The first set of shal samples comprises Eagle Ford, Mancos and Marcellus, refer to Table 4
6,

* The second set of shale samples only compiasellus Shalerefer toTable4-5,

* The third set of shale samples comprises Barnett, Eagle Ford, Mancos and Marcellus, refer to

Figure 413, and for the chemical analysis, refer to Appendix F, p@ge 1
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Table 46 presents the porosity values and description for the Eagle Ford, Manddarartus
Shales for the norfractured samples. The shale samples have similar levels of gorosit
regardless of the bedding plane and the reservoir from which they were obtained.

Table4-6: The Porosity Values for Each Sample.

Samples No| Sample size, mm Description Porosity%

Sample 1 | 152.4 (L)*50.8 (D) No Fracture Eagle Ford (parallel to the bedding plane 5.08

Sample 2 | 152.4 (L)*50.8 (D) | No Fracture Manas (perpendicular to the bedding plane 5.05

Sample 3 | 152.4 (L)*50.8 (D) No Fracture Mancos (parallel to the bedding plane) 4.45

Sample 4 | 152.4 (L)*50.8 (D) | No Fracture Marcellus (perpendicular to the bedding pla 5.25

Sample 5 | 152.4 (L)*50.8 (D) No Facture Marcellus (parallel to the bedding plane) 5.76

Table 46 shows that the porosity was measured before fracturing. The directions in which the

samples were cut in the reservoir formation were parallel or perpendicular to the bedding plane.

The poosity of the unfractured and fractured samples was found using teea@nd is shown
in Figures 46 and 47 as the value of percentage voids. Here, the Marcellus porosity for the

unfractured sample is 1.37%, (for more detail, reféfdble B2, page 153ppendixB).
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Chapter 4: Results and Discussion
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Figure4-6: Marcellus Unfractured Shale Samplg Porosity Computation using CT Scanner

Figure4-7: Marcellus Horizontal Fractured Shale Sample (2) Porosity Computation using CT

Scanner.

Table 47 presents the different porosity values between the unfractured (1) and fractured

Marcellus Shalesamples (2, 3, 4, 5 and 6). It is clear that, when the sample is fractured, the
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