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This study integrated the three different aspects of research on the unconventional shale
gas reservoir. Geological characteristics, fracture study, and geomechanical
characteristics. Q ukhai Basimhas Beanctadkea as a case studye Ru b
to investigate its geological characteristics (lithofacies, natural fractures, primary
sedimentary structures, microscopic characteristics, porosity, mineralogy, and elemental
composition) and geomechanical characteri
Cohesion and Friction). Determination of the geological and geomechanical
characteristics are two main folds of objective that enable us to better understand the
reservoir heterogeneity and variability and allow us to improve the potential for the

development and production of these resources in Saudi Arabia and elsewhere.

The study was conducted on sixty feet continuous subsurface core samples representing
Qusaiba Shale and Mid-Qusaiba Sandstone from Rub Al-Khali basin southeast Saudi
Arabia. It includes lithofacies identification, fracture identification, preparation of
mechanical earth model, brittleness and anisotropy analysis. Lithofacies were identified

through core, thin sections examination, mineralogy and elemental composition, and

XiX



micro-images analysis. Fractures were identified in cores and thin sections study.
Geomechanical analysis includes establishing the empirical relations, development of

mechanical earth model, and brittleness and anisotropy analysis.

The geological characterization categorized the Qusaiba Shale into three lithofacies: (1)
Micaceous laminated organic-rich mudstone facies (Lithofacies-1), (2) Laminate clay-rich
mudstone facies (Lithofacies-I1), and (3) Massive siliceous mudstone facies (Lithofacies-
I11) and Mid-Qusaiba Sandstone into two lithofacies: (1) Quartz Arenite and (2) Quartz
Wacke. All lithofacies have different geomechanical characteristics and provide the basis
to identify the brittle layer within entire shale interval and to analyze the anisotropy of

Qusaiba Shale.
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CHAPTER 1

INTRODUCTION

This thesis presents integration of three different aspects of research on the
unconventional shale gas reservoir: Geological characteristics, mineralogical and
elemental composition and geomechanical characteristics. These characteristics are
essential to understand the full reservoir lifecycle (Josh et al., 2012). Qusaiba Shale in the
Ru b "-Khak |Basin has been taken as a case study to investigate its geological

characteristics (lithofacies, sedimentary structures, microscopic characteristics, porosity,

mineralogy, and elemental composition) and geomechanical char act er i st i cs

modul us, Poisson®"s ratio, Cohesion and

The objectives of this study are twofold: first, to evaluate the geological characteristics of
the Qusaiba Shale, second, to determine the geomechanical characteristics in order to
have clear understanding of heterogeneity and mechanical parameters variability. The
study intends to highlight the sweet spots (that have good reservoir and completion
quality) in terms of brittleness for hydraulic fracture optimization. As for the mineralogy,
rock fabrics, and geomechanics are interrelated and have influence on production, an
integrated approach to understand the relation between these factors, is needed to achieve
the optimum hydraulic fracture design (Britt and Schoeffler, 2009). Using the integrated
results, exploration, development and production will be cost effective with improved

recovery. This study aims to provide a better understanding of shale gas reservoirs in

(



terms of geological and geomechanical characteristics and allow us to improve the
potential for the development and production of these resources in Saudi Arabia and

elsewhere.

Identification of lithofacies, macro to micro primary sedimentary structures, and visual
porosity by core examination and thin section study are important for this type of researh.
Lithofacies identification is essential and provides the basic framework for the
mineralogy and elemental analysis. Core examination and thin section study reveal
mineralogy, texture, cements, matrix, pore spaces, micro-laminations, provenance,
diagenesis, and environment of deposition. Different kinds of sedimentary structures (soft
sediment deformation, bioturbation, lamination pattern and fractures) provide the
information about the events at the time of deposition and post-deposition (Slatt et al.,

2008).

X-Ray Diffraction (XRD) provides bulk mineralogy, relative abundance of clay species,
and elemental composition. Mineralogy is the main factor that controls the brittleness of
shale. Brittle zones and fractures are mainly associated with high quartz and other brittle
minerals (pyrite, calcite, dolomite etc.) contents rather than clay content (Young et al.,
1984). Mineral morphology that relates to mineral origin, relationship of clay minerals
with pore system, pore geometry and elemental composition are determined using
Scanning Electron Microscopy attached with energy dispersive spectroscope (SEM-

EDS).

Geomechanics has been recognized as an essential tool for the exploration, development

and production from unconventional resources (Gao et al., 2013). Geomechanical tests



include acoustic velocity measurements, uniaxial compressive strength and empirical
relations in order to have elastic and failure mechanical parameters. Geomechanical
analysis provides information about the mechanical behavior in terms of anisotropy,
elastic and failure/strength parameters. These geomechanical parameters can be obtained
from experimental laboratory work and/or log based measurements to generate the one
dimensional mechanical earth model (1-D MEM). The 1-D MEM can be used in the
design of the hydraulic fracturing stimulation treatments in deciding the multi-lateral

drilling pad location and direction (Britt and Schoeffler, 2009).

1.1 Unconventional Resources

There are two types of natural energy resources: conventional and unconventional. The
conventional resources are those having significant porosity and permeability for oil/gas
storage and flow. Mainly traditional methods are used to produce from such resources. In
conventional resource hydrocarbons are found in discrete fields but in unconventional
cases, they are found over a wider area that has low exploration risks. Low porosity (less
than 10%) and low permeability (micro to nanodarcy range) are main characteristics of
these unconventional plays (Williams 2002). In spite of the difficulties in production,
unconventional resources are the main focus of industry due to the tremendously
increasing demand for energy (EIA, 2014). Therefore, special techniques need to be

designed for successful exploration, development and production of these unconventional

plays.

There are several types of unconventional natural gas resources. They include coal bed
methane, shale gas, tight gas, and methane hydrates. Among these, shale gas, tight sand

and coal bed methane are major sources of unconventional gas (Schmoker, 2002).



1.2 Shale Gas

Shale gas is the source of natural gas found in shale formations (Schmoker, 2002). Shale
gas is extensively distributed in sedimentary basins as shale is the most common organic-
rich sedimentary rocks. For the conventional gas/oil, shale has been recognized as source
rock where hydrocarbons are generated from organic matter and then migrated to
reservoir rocks; however, some hydrocarbon is left behind in shale due to the very low
permeability. We need to apply integrated technologies for the successful exploration,
development and production of shale gas sources. For successful application of these
technologies, it is very important to have complete understanding of shale under

consideration.

Major developments have been taken place in USA and Canada on the unconventional
natural gas resources during the last three decades, especially on the shale gas and tight
sand gas (Holditch, 2003; Holditch, 2006). Various authors reported about 22 major shale
plays, distributed in different regions of USA. Other parts of the world also have
extensive shale resources, especially Middle East, China, Latin America, and Russia
(Sahin 2013). According to recently released figures, the USA produced 58% of its
natural gas from unconventional resources (mainly shale and tight sand) and more

production is expected in the future (Warlick, 2006).

The major constituents of shale are very fine (clay size) particles (< 2 pum) with varying
proportion of silt (2-60 um) and fine sand (> 60 um). The principle components are
shown in Figure 1.1. Porosity of shale is ranging from close to zero to 6% having pore

size from 2 to 50 nm which are normally filled with organic matter (Eseme et al., 2007).



Figure 1.1: Principle components in shale (Eseme et al., 2007)

In shale, organic matter and minerals are present in micro-lamination; however,

laminations on macro level are also observed in cores and wireline logs (Fertl, 1976).

1.3  Shale Gas in Saudi Arabia

The Middle East and North Africa is the third largest region (with about 2547 Tcf) after
North America and China in terms of the estimated unconventional shale gas resources as
shown in Table 1.1 (Kawata and Fujita, 2001). Despite of its favorable geology, Saudi
Arabia possesses only 4% (282.6 Tcf) of natural gas reserves of the world in its
conventional reservoirs. Considering the overall geological conditions, this figure appears

to be far below the expectations (Sahin, 2013).



Table 1.1: Distribution of unconventional natural gas resources (Coal bed methane (CBM), Shale gas
(SG), Tight gas (TG)) (after Kawata and Fujita, 2001)

e TYPES OF GAS (Tcf)
CBM SG TG TOTAL
|North America 3,017 3,840 1,371 8,228
Ilatin America 39 2,116 1,293 3,448
W. Europe 157 509 353 1,019
Central and E. Europe 118 39 78 235
|Former Soviet Union 3,957 627 901 5,485
|M. East & N. Africa 0 2,547 823 3,370
Sub-Saharan Africa 39 274 784 1,097
Asia (including China) 1,215 3,526 353 5,094
|Pacific (OECD) 470 2,312 705 3,487
Other Asia Pacific 0 313 549 862
South Asia 39 0 196 235
World 9,051] 16,103 7,406| 32,560

Conventional and unconventional resources are commonly distinguished on the basis of
permeability cut-off value (0.1 milli-darcy). Statistical analysis, using this cut-off,
revealed that proportion of low permeability resources is several times higher than high
permeability resources since permeability is log-normally distributed (Sahin, 2013)

(Figure 1.2).
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Figure 1.2: Lognormal distribution of natural gas resources (Sahin, 2013)



1.4 Role of Fractures in Production

In most shale gas reservoirs, natural fractures play vital role in production due to their
interaction with hydraulic fractures. Natural fractures in Barnett Shale (USA) play
significant role through the enhancement of hydraulic fracture stimulation treatments.
Hydraulic fracture stimulation causes the tensile failure at these weak planes and results
in reactivation of natural fractures that tend to generate a complex network of fractures
and stimulate the large volume of rock. Prospective shale gas reservoirs contain natural

fractures and have good production potential (Gale et al. 2014).

The fracture study in the Mishref Formation (Kuwait) using borehole images, electrical
logs and production data revealed that fracture permeability does not only depend on
faulting and deformation, but also on fracture-prone mechanical layers (Ozkaya and
Lewandoswki, 2007). Due to intense faulting within the Mishref Formation, fracture
permeability is significant within brittle layers (2-5 feet thick) due to well fracture

network.

1.5 Geological Setting of the Study Area

The Paleozoic rocks in Saudi Arabia represented in a sequence of lithological formations
in the Precambrian rocks of the Arabian Shield. They dip gently to north-east, east and
south-east from Arabian Shield and cover an enormousarea i n subsur f
Al-Khali Basin, these units are intersected at 14,000 ft to 18,000 ft depth range. Based on
their low porosity (< 10%) and very low permeability (< 0.1 mD), they are considered as

tight formations (Sahin, 2013).



Paleogeographic map indicates that the Arabian Plate was present at about 45°-60° South
during the Silurian period as shown in Figure 1.3 (Konert et al., 2001). In Saudi Arabia,
the Early Silurian (Llandovery) time represents the most important regional marine
transgression following the de-glaciation phase of the Late Ordovician (Late Ashgill)

Zarga/Sarah Gondwanaland glaciation (Le Heron. and Craig, 2008).

PROTEROZOIC CAMBRIAN [ORDOVICIAN|  DEVONIAN |CARBONIFERQUS| PERMIAN | TRIASSIC| JURASSIC
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Figure 1.3: Paleogeographic change of the Arabian Plate during the Paleozoic time (Konert et
al., 2001)

After this transgression, anoxic water bottom condition in sediment-starved basin
prevailed providing the favorite depositional condition for organic-rich shale at the base
of the Silurian transgression (Jones and Stump 1999). The Lower Silurian Qusaiba Shale
is the main source rock in the Paleozoic petroleum system in Saudi Arabia and is also
known as Qusaiba hot shale (Cole, 1994; Abu-Ali et al., 1991) It is considered to be one

of the main targets for unconventional shale gas resources in Saudi Arabia (Sahin, 2013).

Stratigraphically, the Qusaiba Member is subdivided in two units, the upper and lower.

The lower Qusaiba Member is characterized by progradational series, whereas the upper



member is exhibiting a fining-upward series (Jones and Stump, 1999). The upper Qusaiba
shale is prodeltaic and the basal hot shale is formed by regional marine transgression,
which is characterized by organic matter of the type-Il of marine environment (Luning et
al., 2000). The generalized stratigraphic column representing Paleozoic in Al-Qasim area

is shown below (Figure 1.4).
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Figure 1.4: Generalized stratigraphy of Qusaiba Member of Qalibah Formation (Senalp and
Al-Duaiji, 2001)

The type locality and type sections of Qusaiba Shale are located in Northwestern part of

Saudi Arabia (Cole, 1994). The Qusaiba Shale is also encountered in the Rub Al-Khali

basin over the range of depths. The data of this work, including subsurface core samples

and well logs, are obtained from two wells located in the north-eastern part of the Rub

Al-Khali Basin (Figure 1.5).
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Figure 1.5: Location map for the study area (Google Maps)

1.6 Motivation and Objectives

The objective of this study is to characterize the Qusaiba Shale from geological and
geomechanical perspectives. The mechanical and geological characteristics provide better
understanding of shale behavior within a reservoir under different stress conditions.
Anisotropy, determined from laboratory experiments is key factor for hydraulic fracture
orientation. Geology and geomechanics of shale gas have been studied by various
researchers; therefore, their integration is the main essence of this study. The one-
Dimensional Mechanical Earth Model (1-D MEM) developed during the course of study
can be used to highlight the brittle layers/zones within whole shale interval and optimize

the hydraulic fractures treatment.
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In summary, this study addressed the three key areas: (1) understand heterogeneity within
the Qusaiba Shale in study area, (2) integrate the factors controlling the production from
shale reservoirs through lithofacies, mineralogy and geomechanical analysis, and (3)

predict the mechanical behavior of Qusaiba Shale lithofacies.

1.7 Problem Statement

Shale gas reservoirs have several challenges since gas is stored in very low permeability
(micro- to nanodarcy range) rock matrix (Williams, 2002). Production of shale gas totally
depends on fracture permeability. Natural fractures and induced fractures have the main
contribution towards the total gas production (Montgomery et al., 2005). Identification
and characterization of natural fractures are essential to predict the flow potential of shale
gas. To produce gas on commercial scale, it is necessary to develop integrated hydraulic
fracture stimulation. Obviously, success of these techniques is mainly dependent on the

geological and geomechanical characteristics of the shale.

In the light of the above statements, the geological and geomechanical characteristics of
Qusaiba Shale must be well understood. Geological characteristics include lithofacies,
lamination pattern, primary sedimentary structures (macro and micro scale), total organic
content, mineralogical and elemental composition. These characteristics will allow to

delineate the brittle zone within the shale formation (Young et al., 1984).

In order to deal with aforementioned problems, Geomechanics has been recognized as a

powerful tool for development and production from shale gas (Gao et al., 2013).

Mechani cal parameters including Young?®"s

under different confining pressures, failure parameters (cohesion and angle of friction)

11
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provide the clear picture for rock deformational behavior (Rickman et al. 2008). The
magnitudes and directions of in-situ stresses are important to optimize the hydraulic
fracturing design. Using mechanical parameters, the 1-D MEM is generated to define the
most brittle zones within the entire formation. To sum up exploration, development and
production from shale gas reservoirs are not possible without taking geomechanics into

consideration.

1.8 Methodology

Diverse and integrated techniques have been adopted for this study. The results from
different disciplines have been integrated to provide complete description of the Lower
Qusaiba Shale. Integration of lithofacies, mineralogy and rock mechanical properties
enables us to construct a complete geomechanical model to delineate the brittle zones
within Qusaiba Shale. The integrated model can resolve many problems related to

drilling, fracturing and production from the shale reservoir.

The core objectives of the study are achieved through the following steps:

Core examination, thin sections study, mineralogy, micro-imaging and elemental

analysis for lithofacies identification.

Fracture identification (natural and induced) through core examination and thin

section study
Measurement of the geomechanical parameters (elastic and failure)
Determine the fractures type and their distribution within lithofacies

Integrating the lithofacies and geomechanical characteristics

12



Sixty feet (60ft) of subsurface cores from two wells representing Qusaiba Shale and
Sandstone within the north-eastern Rub Al-Khali Basin, have been used for the study.
Cores have been fully described in terms of color, size, mineralogy, and primary
structures. Geological characteristics of shale on macro-scale were studied using
binocular microscope to identify lithofacies, their variation, and sedimentary structures.

Fifty nine thin sections were examined micro-scale geological features under microscope.

Mineralogical compositions and their relative abundances were determined using the
XRD technique. Surface morphology visualization including identification of various
types of minerals especially clay minerals and the study of the micro-pores and porosity
network were performed using the SEM. Furthermore, the SEM-EDS was used to

conduct elemental analysis with relative abundances.

Geomechanical properties such as wun,jaxi al
Poisson®s rati o, cohesi on, friction, ul t
horizontal and vertical directions in order to take sample-scale anisotropy into account.

Ultrasonic velocity (primary and secondary waves) measurements were carried out to

attain the stiffness in terms of dynami c

Autolab 500. Various confining pressures were applied during measurements to simulate

the reservoir conditions.

The compression test equipment was used to determine the uniaxial compressive strength
(UCS). The static Young“"s modulus and Poi s
strain results obtained from UCS test. The test was performed using both vertical and

horizontal samples.
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CHAPTER 2

LITHOFACIES ANALYSIS

This chapter deals with geological features resulting from core examination and
petrographic analysis. Core examination and petrography are of utmost importance for

lithofacies analysis which is highlighted in the following sections.

Core examination and petrography of the tight formations like shales provide information
to define the reservoir heterogeneity and production potential of shale play by analyzing
its texture, mineralogy, sedimentary features. The formation and maturation process in
tight reservoirs are controlled by various geological factors including source rock quality,
sedimentary environment, structural elements, and reservoir heterogeneity (Huang et al.,
2013). The results from thin sections and core examination indicated that TOC,
brittleness, porosity, and fracture density are the four main shale characteristics that

define the shale productivity (Ouenes, 2013).

2.1 Petrography

Petrographic study was conducted using thin section microscopy, the XRD, and the

SEM-EDS.

Pore type, size and arrangement are very important in fine-grained reservoir rocks and

can be evaluated by micro-pore analysis through petrography (Milner et al., 2010).

Thin section microscopy is based on mineralogy, organic matter distribution, and

diagenetic features which are the main factors that provide the basis for the lithofacies

14



identification and classification (Huang et al., 2013). Mineralogy is the key parameter

that indicates the brittleness/fracability of the reservoir (Wang et al., 2008).

Shale is investigated precisely using the SEM. This technique provides sufficient
information about the microstructures in terms of morphology, concentration and pore
size and geometry (Grunewald and Pingel, 2014). Micro analysis techniques (SEM and
BSEM) were applied to carbonaceous mudstone, Western Canada, to determine the fabric
characteristics of intrinsic and secondary porosity providing sufficient information on
depositional environment and burial processes (Jiang and Cheadle, 2013). The SEM
provided the insight of rock fabric, arrangement of grains in shale such as Devonian
Shales, USA (Davies et al., 1990). Minerals with same chemical composition can be
distinguished on the basis of their crystal systems under the SEM. Hence, SEM vyields

three-dimensional view of microstructures, fabrics and pore geometry (Bryant, 1990).

2.2 Qusaiba Shale Lithofacies

Lithofacies in Qusaiba Shale, on both macro and micro scales, were identified from core
and thin sections study (CPM Reports, 2009). Thirty feet (30ft) of subsurface core was
available from one well representing Qusaiba Shale within the Rub Al-Khali Basin. The
cores were examined using binocular lens and fully described in terms of color, size,
primary sedimentary structures and vertical lithofacies variation. Detailed description of

core is presented in Appendix-A.

In addition to core examination, thirty thin sections were used for thin section microscopy

to examine the different components of shale, mineralogy, natural microfractures,

15



porosity type as well as other micro-scale geological features. Thin section results are

provided in Appendices B.

Mineralogical and elemental compositions were determined using ten representative
samples (Appendix-D). Micro-analysis of Qusaiba Shale was conducted in order to focus
on the micro-pores network, pore geometry, and mineral morphology. To see the
complete SEM-EDS results, please refer to Appendix-E. On the basis of core description
and petrography (Mustafa et al., 2014), this study categorized Qusaiba Shale in three

different lithofacies as below.

1) Micaceous laminated organic-rich mudstone facies (Lithofacies-I)
2) Laminate clay-rich mudstone facies (Lithofacies-I1)

3) Massive siliceous mudstone facies (Lithofacies-111)

2.2.1 Micaceous laminated organic-rich mudstone facies (Lithofacies-1)

This lithofacies covers approximately 18% (4.84 Ft) of total length of the examined core.
The Lithofacies-1 is black in colour with horizontal and parallel laminae of 1-3 mm
thickness (Figure 2.1). Both sharp and gradational contacts have been observed. The low-
calcite content in the Qusaiba Shale was indicated by very low effervescence with 10%

HCI solution.

Lithofacies-I is composed mainly of detrital mineral grains (quartz, micas). Clay minerals
represent the groundmass in which these grains are embedded. The clay minerals
preferentially deposited in horizontal laminations (Tucker, 2001). Organic matter ranges
from light brown to dark brown to black reflecting different levels of maturity

(Kleineidam et al., 1999) and it is present in both disseminated and laminated form. Mica
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flakes (2-10 %) are aligned with the lamination planes. Interparticle porosity is very low
(< 1%), however, fractures and lamination planes enhance porosity (visual assessment
using chart by Terry and Chillinger, 1955) to about 5-6% in some cases. Scattered
euhedral pyrite crystals are also encountered throughout the whole lithofacies (Figure

2.2).

XRD analysis shows that this lithofacies composed of quartz, muscovite, kaolinite, and
albite (Table 2.1). The SEM results high organic matter content (about 12-15% of the
total lithofacies volume, Figure 2.2). This has been confirmed by elemental composition

analysis by EDS: Al, Si, K, O and Na (Figure 2.3).

On the basis of above discussed features (high organic matter, pyrite, lamination pattern,
scarcity of bioturbation and soft sediment deformation) in cores and thin sections,
Lithofacies-I has been interpreted to be deposited in low energy environment with anoxic
conditions (Abouelresh and Slatt, 2011). Clay dominated mudstone with high organic
matter was possibly deposited in moderate to high water depth (Hulsey, 2011). Presence
of pyrite (FeS,) indicate anoxic (reducing) environment of deposition for Qusaiba Shale

(Cole, 1994).

The results from core examination, thin sections, mineralogy, and elemental analysis for

Lithofacies-I are shown below.
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Figure 2.1: (a) Total Core Image, (b) Lithology Column, (c) Lithofacies Column (red arrows are pointing to
Lithofacies-1) (d) Representative Image of Lithofacies-1 (1 Div. = 1 inch)
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Figure 2.2: Field of view under plane polarized light showing (a) Micaceous laminated organic-rich
mudstone facies. Yellow arrows point lamination plane filled with organic matter, blue arrows point
to silica grains. Green points to pyrite (b) Micaceous laminated organic-rich mudstone facies. Red
arrows point to mica flakes.

Table 2.1: Mineralogy of Lithofacies-1

Minerals Percentage (%)
Quartz 39.9
Muscovite 23.7
Kaolinite 27.8
Albite 8.6

Figure23: SEM i mage and el emental composition
Lithofacies-I.
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2.2.2 Laminated clay-rich mudstone facies (Lithofacies-I1)

Laminated clay-rich mudstone facies (Lithofacies-I1) is the dominant lithofacies in
Qusaiba Shale with occurrence of 55.87 %. This lithofacies is present in lamination
pattern with varying thickness of about 5-15 mm. Based on visual colour with light and
dark grey laminae, probably the Lithofacies-Il is composed of alternating argillaceous

and siliceous laminae (Figure 2.4).

Lithofacies-11 is composed mainly of clay minerals (groundmass) embedded with detrital
mineral grains (quartz and micas). High silica mudstone is present alternately. Mica
occurs in the form of elongated flakes representing about 2-5 %. Interparticle porosity is
very low (< 1%), however, natural fractures and lamination planes enhance porosity to
about 2-3% in some cases (Terry and Chillinger, 1955). The organic matter represents
about 1-5 % of the total lithofacies volume (Figure 2.5). The minerals identified quartz,
muscovite, kaolinite, and albite as main minerals in this lithofacies (Table 2.2). Quartz
percentage is relatively higher than that of Lithofacies-l. The elemental composition of

Lithofacies-11 indicates Al, Si, K, O and Na as major elements (Figure 2.6).

Primary sedimentary structures include lamination pattern, bioturbation and soft sediment
deformation (Figure 2.7). On the basis of observed features, the depositional environment
has been interpreted as cyclic high and low energy environment (Hulsey, 2011).
Hypopycnal (low density flow) and hyperpycnal (higher density flow) are interpreted as

depositional processes (Abouelresh and Slatt, 2011).

The results from core examination, thin sections, mineralogy, and elemental analysis of

Lithofacies-11 are shown below.
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Figure 2.4: (a) Total Core Image, (b) Lithology Column, (c) Lithofacies Column (red arrows are pointing to
Lithofacies-11) (d) Representative image of Lithofacies-11 (1 Div. = 1 inch)
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Figure 2.5: Field of view in plane polarized light showing (a) Laminated clay-rich mudstone facies
(yellow arrows point to lamination planes), (b) Laminated clay-rich mudstone facies (Red arrows
point to lamination planes filled with organic matter).

Table 2.2: Mineralogy of Lithofacies-11

Minerals Percentage (%)
Quartz 49.3
Muscovite 13.3
Kaolinite 8.7
Albite 28.7

1418 m ]

WAL
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]

Figure 2.6: SEM Image of Quartz grain with its elemental composition
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Figure 2.7: Core images showing (a) Bioturbation, (b) Soft sedimentary deformation

2.2.3 Massive siliceous mudstone facies (Lithofacies-111)

This lithofacies is observed as light grey to grey with high silica content. It represents
approximately 26% of total core (Figure 2.8). It occurs in a relatively thick massive
laminae (>15 mm). No prominent sedimentary structure has been observed in this

lithofacies.

Lithofacies-111 is mainly composed of detrital mineral grains (quartz, micas) with high
silica contents embedded in clay groundmass. Interparticle porosity is very low (< 1%).
No prominent micro-scale bedding fractures have been observed in this facies. The

organic matter is about 1- 3 % of the total lithofacies volume (Figure 2.9 (a) & (b)).

The mineralogy of Lithofacies-111 comprises quartz, illite, feldspar (albite), and chlorite
(Table 2.3). This lithofacies tends to be more brittle due to high concentration of quartz
(78.1%) as it is reflected also by SEM images and elemental composition (Figure 2.10).

The elements, found in this lithofacies, are Si, Al, O, K, Na, Mg, and Fe.

Massive silica rich mudstones are interpreted to be deposited in low energy environment.
The possible processes involved are suspension settling and hemipelagic plumes (Hulsey,
2011). The results obtained from core examination, thin sections, mineralogy, and

elemental analyses for Lithofacies-111 are illustrated in Figure 2.8.
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Figure 2.8: (a) Total Core Image, (b) Lithology Column, (c) Lithofacies Column (red arrows are pointing to
Lithofacies-111), (d) Representative Image of Lithofacies-I11 (1 Div. = 1 inch)
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Figure 2.9: Field of view in plane polarized light (a), massive siliceous mudstone facies, blue arrow
points silica and yellow arrow points organic matter (b) Massive siliceous mudstone with
disseminated organic matter (red arrow).

Table 2.3: Mineralogy of Lithofacies-111

Minerals Percentage (%)
Quartz 78.1
Chlorite 13.4
[lite 5.8
Albite 2.7

Al B Lo I o I8 74 |

Figure 2.10: Quartz grain under SEM-EDS with elemental composition
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2.3 Mid-Qusaiba Sandstone Lithofacies

Mid-Qusaiba Sandstone has been categorized in two lithofacies: Quartz Arenite Facies
(Lithofacies-1V), and Quartz Wacke Facies (Lithofacies-V). These lithofacies are

discussed below.

2.3.1 Quartz Arenite Facies (Lithofacies-1V)

The core of the Mid-Qusaiba Sandstone has revealed an intercalation of massive light
grey and dark (brownish) grey fine to medium grained sandstone. It is featured with
intense fractures including horizontal, vertical and inclined which will be discussed in
details in Chapter 3. Very few primary sedimentary structures like bioturbation, soft
sediment deformation, and concretion were observed as shown in Figure 2.11. Gradual to

sharp contacts have been observed between light and dark grey sandstone (Figure 2.12).

The quartz arenites are light grey with bimodal grains, fine to medium (125 — 250
microns for fine and 250 to 500 microns for medium) with few disseminated coarse
grains (Figure 2.13 (a) and (b)). They are poorly to moderately sorted and generally sub-
rounded to rounded (Figure 2.13 (a) and (b)). The quartz is ranging from 75 to 90% in
this lithofacies. Quartz is mainly of monocrystalline type ranging from 93 to 97%, while
the polycrystalline quartz ranges from 1-3%. Feldspars range from 1-2%. Other mineral
constituents include rock fragments and heavy minerals (<1% or =1%). Micas are
observed locally in some samples being less than 1%. Clay coating is present around the
grains (Figure 2.13). Vacuoles are observed within quartz grains. Many grains have
sutured grain contacts resulting in local partial dissolution of silica due to high
compaction between grains (Barclay, 2006). Micro fractures and fractured grains are also

observed in this lithofacies (Figure 2.13 (a)).
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The clay and fine quartz minerals form the matrix (1% to 15%). The porosity in the
quartz arenite lithofacies is mainly intergranular. It ranges from 5-15% with an average of
about 9% (visual assessment using chart by Terry and Chilingar, 1955). Porosity is
partially reduced by ferroan calcite cementation and clays. In addition to the tightly
packed fabric observed in the samples, other main diagenetic features include silica
cementation by quartz overgrowths (Figure 2.13). For complete thin sections

descriptions, please refer to Appendix-C.

The major minerals are quartz, illite and feldspar (microcline) (Appendix-D). The
elemental composition is Si, O and C as major elements along with Al, K, Mg and Fe

indicating clay and fine quartz matrix present in Lithofacies-1V (Figure 2.14).

Based on features (fine to medium grained and bioturbation) discussed above, quartz
arenite has been interpreted from middle shoreface to upper shoreface environment

(Mahmoud et al. 1992).

Figure 2.11: Sedimentary structures (a) Soft sediment deformation (b) Concretion
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Figure 2.12: (a) Total Core Image, (b) Lithology Column, (c) Lithofacies Column (red arrows are pointing to
Lithofacies-1V), (d) Representative Image of Lithofacies-1V (1 Div = 1 inch)
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Figure 2.13: (a) Quartz Arenite lithofacies showing fractured quartz grains (red arrows) with
sutured contact (yellow arrow), vacuole (green arrow) and matrix, (b) Quartz Arenite having 13-
15% matrix, black arrow points lithic fragment.

Table 2.4: Mineralogy of Quartz Arenite

Minerals Percentage (%0)
Quartz 81.1
[lite 15
Feldspar 3.8

B spectrum &2
Wi% e

Figure 2.14: SEM Image of quartz grain embedded in clay matrix. Elemental composition of quartz
grain.
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2.3.2 Quartz Wacke Facies (Lithofacies-V)

The core examination has revealed an intercalation of dark (brownish) grey fine to
medium grained sandstone and laminated silty shale with sharp contacts between them
(Figure 2.15) (CPM reports, 2009). Primary sedimentary structures include bioturbation,

soft sediment deformation.

The quartz wacke lithofacies are light grey with bimodal grains ranging from fine to
medium (125 - 250 microns and 250 to 500 microns) grain size. They are poorly to
moderately sorted and generally sub-rounded to rounded grains. The quartz is ranging
from 65 to 80% by visual assessment. The quartz grains in quartz wacke lithofacies
consist mainly of monocrystalline quartz (90 to 95%), while the polycrystalline variety
ranges from 3 to 5%. Feldspars range from 1-2% and rock fragments are present about
1%. Quartz grains are coated with clay (Figure 2.16). Micro fractures are also observed in

quartz grains (Figure 2.16).

Visual porosity assessment indicates 2 to 8% porosity with an average of about 5%.
Porosity is mainly primary intergranular of micro pore type. The main diagenetic features
observed include silica cementation by quartz overgrowths (Figure 2.16). Quartz is the
main mineral found in this lithofacies with microcline and albite (Table 2.5). The major
elements include Si, O, Al, K, Mg, Fe, indicating quartz mineral with clay matrix (Figure

2.17).

Based on the above features (fine to medium grained sandstone, bioturbation and
laminated silty shale), quartz wacke lithofacies has been interpreted from middle

shoreface to upper shoreface environment (Mahmoud et al., 1992).
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Figure 2. 15: (a) Total Core Image, (b) Lithology Column, (c) Lithofacies Column (red arrows are pointing
to Lithofacies-V) (d) Representative Image of Lithofacies-V (Scale 1 Div. = 1 inch)
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Figure 2.16: Quartz Wacke Lithofacies (a) quartz grains embedded in matrix, feldspar (yellow
arrow), rock fragments (red arrow) and quartz overgrowth (blue arrows). (b) fracture plane within
quartz grains (yellow arrows) and lithic fragments (blue arrow).

Table 2.5: Mineralogy of Quartz Arenite

Minerals Percentage (%)
Quartz 66
Feldspar (Microcline) 16
Feldspar (Albite) 17

SEl 0wV

Figure 2.17: SEM Image for Quartz Wacke; quartz (Qz) grain embedded in clay matrix (CM).
Elemental composition Quartz Wacke (yellow spot)

Table 2.6: Lithofacies and their main characteristics
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Interpreted

Lithofacies | Occurre Description Main Quartz Main Depositonal
nce (%) Minerals (%) Elements | Environment
Horizontal and
Micaceous parallel laminae | quartz, illite Si, Al, K, | Low energy,
laminated 18.2 of 1-3 mm. muscovite, 39.9 O, Na deep marine
organic-rich Organic matter | kaolinite, environment
mudstone 12-15% by and albite
Qusaiba facies volume
Shale 5-15 mm thick
Laminated of lamination quartz, illite | 49.3 Si, Al, K, | Cyclic high
clay-rich 55.87 pattern. Organic | muscovite, O, Na and low
mudstone matter is 1-5% | kaolinite, energy
facies by volume. and albite environment
>15 mm thick
Massive 26.1 laminae. 1-3% quartz illite, | 78.1 Si, Al, O, | Low energy
siliceous organic matter. | feldspar and K, Mg, environment,
mudstone chlorite and Fe from
facies suspension
fallout.
Massive light
Quartz 65.8 grey. Highly quartz, illite | 75-90 Al K, Middle to
Mid- Arenite fractured and feldspar Mg, and upper
Qusaiba Fe shoreface
Sandstone Massive grey
Quartz 26.8 sandstone. quartz, 65-80 Si, O, Al, | Middle to
Wacke Highly microcline K, Mg, upper
fractured. and albite and Fe shoreface
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CHAPTER 3

FRACTURES SYSTEMS

In this chapter, the fracture systems in Qusaiba Shale and Mid-Qusaiba Sandstone will be
addressed. Density, aperture, persistence and extent of fractures are main parameters for
fractures description. Fractures are good indicators for the brittle zones and considered as
essential for production from tight formations like shale. These natural fractures provide
conductive flow paths for the hydrocarbon to the wellbore and also play significant role
after being enhanced using hydraulic fracture stimulation treatments. However, in some
cases intensely fractured zones do not significantly contribute to production depending

upon the filling material of fractures (Gale et al., 2014).

Montgomery et al., (2005) studied fractures in Barnett Shale, USA to define the process
of generation and fracture network within the reservoir through coupling the natural
fractures with hydraulically induced fractures that contribute to total gas production. An
intense fracture system does not always mean high permeability; sometimes fracture
permeability is very low due to their filling with impermeable material. An example is
that highly intense fractured zones of Barnett Shale have low production, as compared to
zones with low intensity fractures (Montgomery et al., 2005, Bowker, 2007). The
brittleness is of utmost importance to explain fracture initiation and propagation (Britt

and Schoeffler, 2009) .
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Various kinds of fractures are commonly developed in shale including tectonic, bedding,
diagenetic contraction, and stylolite fractures. Tectonic fractures are developed due to the
local or regional tectonic stress release and concentration. Fractures are also developed
along lamination/bedding planes and are termed as bedding fractures/cracks (Figure 3.1)
(Ding et al.,, 2013). Reservoir permeability is strongly dependent on these bedding

fractures which may be found in visibly non-fractured zones (He et al., 2011).

Figure 3.1: Micro-fractures from black shale reservoirs of Lower Permian Shanxi Formation (Ding
etal., 2013)

Tectonic and bedding fractures are very important for development of shale reservoirs.
They enhance the effective porosity and permeability as well as provide the main
pathways for the migration of gas. In addition, the presence of micro fractures increases
the free and absorbed gas content within shale reservoirs through enhancing the pore

space and specific surface area (Ding et al., 2013).

3.1 Fractures in Qusaiba Shale

Fractures have been observed on the both macro (cores) and micro (thin sections) scale in
the Qusaiba Shale. Based on their scale, they are described in two groups in the following

paragraphs.
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3.1.1 Macro-scale Fractures

Various tectonic and bedding fractures were identified in core samples and thin sections
with fracture planes being horizontal, vertical and irregular. However, most of them show
fresh surfaces and are considered as induced fractures (Figure 3.2) (Bowker, 2007). Most
of those fractures are open and few fractures are filled (Figure 3.3 (f) and (j)). Majority of
the fractures are irregular, horizontal and vertical and are extensional fractures (Mode-I)
with no considerable displacement along fracture planes (Figure 3.2 and 3.3). Some shear
fractures (Mode-I1) have also been observed with minor displacement along fracture

plane (Figure 3.3 (f)).

Fracture density varies with lithofacies in Qusaiba Shale. The intensity of fractures
(Mode-1 and Mode-Il) is higher in Lithofacies-111 (contain relatively higher silica
content). Fractures are also observed at the sharp contacts between Lithofacies-1 and II.
There is a periodic repetition in horizontally oriented natural and induced fractures after
approximately every foot resulting in a specific pattern with horizontal planes as shown
in Figures 3.2 and 3.3. Very few macro-scale fractures are observed in Lithofacies-I

which contains relatively smaller amount of quartz (39%).
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Figure 3.2: Core Images: (a) to (f), show induced (blue arrows) and natural (red and yellow arrows)
fractures observed in Qusaiba Shale. (Scale 1 Div. = 1 inch)

Figure 3.3: Core Images: () to (f) Natural fractures (red and yellow arrows and circles) observed in
Qusaiba Shale. Some fractures are induced (blue arrows) during coring and handling. Most of the
fractures are located in Lithofacies-11 and 111 (light color). (Scale 1Div = 1 inch)
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Similar kinds of horizontal fractures were also reported in Barnett Shale cores as shown

in Figure 3.4 (Faraj and Brown, 2010).

Barnent Shale Core

10C 4%
Fractured Yoo ~L3
(Brirtle)
Shale Gus
Play "

Figure 3.4: Fractures observed in Barnett Shale (Faraj and Brown, 2010)

3.1.2 Micro-Scale Fractures
Fractures which have Il ength | essrefarditon 10
as micro-fractures (Ding et al., 2013). These fractures may be observed visibly non-

fractured zones (He et al., 2011).

Micro scale bedding fractures (parallel to lamination planes) have been observed in thin
sections images of Qusaiba Shale that are filled with organic matter (Figure 3.5 (a) and
Figure 3.6). Micro-scale fractures are oriented along lamination planes and have

relatively higher intensity in Lithofacies-1 and Il (Figure 3.5 (b), and 3.7 (b)).
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Figure 3.5: Thin sections, (a) Natural fracture filled with organic matter (b) Probably induced
fracture in Lithofacies-11

Figure 3.6: Thin sections images showing (a) fractures along lamination planes of Lithofacies-11 (b)
lamination planes filled with organic matter (Lithofacies-I1)

Figure 3.7: Thin section images show (a) lamination in Lithofacies-11 filled with organic matter (b)
fracture along lamination
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3.2 Fractures in Mid-Qusaiba Sandstone

Highly intense fractures were observed in Mid-Qusaiba Sandstone in both macro
and micro scales. Number of fractures with horizontal, vertical and irregular fracture
(open and open) planes was observed in core samples. They reflected high tectonic

stresses in the study area.

3.2.1 Macro-scale Fractures

The core samples of Mid-Qusaiba Sandstone exhibit macro-scale fractures with both
open and filled types. Most of the filled fractures are oriented at 20° to 40° degrees. Most
of the observed fractures are of extensional fractures (Mode-1) (Figure 3.8 and 3.9) and
few of them as shear fractures (Mode-II) (Figure 3.9 (b)). Fracture density is relatively
high compared to Qusaiba Shale. Mode-1 fractures form the systematic pattern with
horizontal oriented fracture planes as shown in figure 3.9 (c), (d), and (e)). The inclined
fractures were developed under stress along particular direction, however, exact
orientation of tectonic stresses (major and minor principle stresses) is not possible to

determine from available data.
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Figure 3.8: Core images (a) to (f) showing number of horizontally oriented and inclined fractures
(yellow arrows): natural (blue arrows) and induced (red arrows).

41



Figure 3.9: Core images (a to f) showing number of horizontal oriented and inclined fractures (yellow
arrows). Mode-1 and 11 (open and filled) fractures (blue arrows). Images c, d and e are showing
systematic joint sets with fracture planes horizontally oriented.

3.2.2 Micro-scale Fractures

Micro-scale fractures were observed under thin sections. They are oriented randomly.
They can be open or filled. These micro fractures may be associated with high in-situ
stresses or tectonic activity (Ding et al., 2013). Due to high stresses, broken quartz grains
have also been observed in thin sections (Figure 3.10 and 3.11). High intensity of

fractures in sandstone reflects its brittle nature.
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Figure 3.10: Thin sections images show (a) and (b) micro-scale fractures (Mode-1) with broken
guartz grains

Figure 3.11: Thin section images show (a) natural fracture in quartz arenite filled with organic
matter (b) fractured quartz grains

3.3 Fracture Analysis from Logs

Fractures were also identified in both the Qusaiba Shale and Mid-Qusaiba
Sandstone using well log data. Micro spherically focused log (MSFL), porosity and
density logs were used for the identification of fractures. Qusaiba Shale and Mid-Qusaiba
Sandstone intervals were selected on the basis of gamma ray response, clay contents, and
quartz, feldspar, mica (QFM) contents (Figure 3.12 and 3.15). Shallow resistivity
measurement tools (microlog ,ML" and
locations and relatively higher values where healed fractures are present (Laongsakul and

Dirrast, 2011). The highly fluctuated resistivity values with spikes in sandstone and shale
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intervals indicate open fractures (Figure 3.12). Within sandstone interval, decreasing
density with spikes also gives indication of fractures (Crain 2010). Shear wave energy is
significantly attenuated and its travel time increases due to presence of fracture. Acoustic
signals are attenuated and depict abrupt increase in travel transit time. The high
variability in formation bulk density (Figure 3.13) indicates high fracture intensity with
low resistivity and solid formation with high resistivity values. Low density values are
observed at open fracture locations and slightly higher at filled/mineralized fracture

locations (Laongsakul and Dirrast, 2011).

The MSFL (Figure 3.12) exhibited low values at fracture locations due to the conductive
formation fluid and resistivity spikes with higher values indicating mineralized fractures
(Laongsakul and Dirrast, 2011). Decrease in density has been observed at fractured
zones with sharp spikes in Qusaiba Shale density log (Figure 3.13 and 3.16). Neutron
porosity log may not be the good indicator for fracture identification (Crain, 2010), since
neutron porosity is based on hydrogen concentration within formation which may
overestimate porosity in hydrocarbon rich formations. S-wave travel time variation
exhibited increase due the presence of fractures as shown in Figure 3.14. Diameter of
borehole increases due to fracture resulting in increased caliper log measurements
(Laongsakul and Diurrast, 2011). The increase in caliper log values at fractured interval

has been observed in Figure 3.14.
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Figure 3.12: Gamma ray, clay content, and MSFL correlation (Depth Scale: 1 small division = 100 Ft)
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Figure 3.13: Density and porosity logs for Qusaiba Shale (Depth Scale: 1 small division = 100 Ft)
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Figure 3.14: S-wave travel time and Caliper log variation with depth (Depth Scale: 1 small division = 100 Ft)
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Figure 3.15: Gamma ray and Clay and Quartz Feldspar Mica (QFM) Contents (Depth Scale: 1 small division = 100 Ft)
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Figure 3.16: Density and porosity variation with depth (Depth Scale: 1 small division = 100 Ft)
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Fractures with relatively lower density have been identified in Qusaiba Shale. Fracture
identification with sharp decrease in density (spikes) in shale interval has been supported
with porosity, sonic and caliper logs. On the other hand, Mid-Qusaiba Sandstone is
highly fractured as indicated by sharp peaks in the porosity and density log values.
Intense fractures indicate brittle nature of sandstone which is also revealed by mechanical

parameters having high Young®s Modulus (33

The fractures can play significant role in production from the Qusaiba Shale by
developing a complex fracture network within reservoir with application of hydraulic
fracture stimulation. As discussed earlier, the Lithofacies-111 with high quartz content
(60-78%) may be the probable cause for fracturing in shale interval. Lithofacies-111 also
exhibited hi gher Y o uanngd” s| oMwedru |l R@i s(s302n “ GP ar
compared to Lithofacies-1 and Il (Table 3.1) exhibiting brittle behavior. These silica rich

facies add brittleness to Qusaiba Shal e, e

Table 3.1: Fractures association with Lithofacies and Mechanical Parameters

Mechanical Parameters Fractures Density
. . Occurrence
Lithofacies %) Yamige
Modulus (Awg) | Poisson’s ratio (Avg) Macro-scale Micro-scale
(GPa)

Micaceous laminated .
organic rich mudstone 18.2 26 0.34 Low (Tect.onlc L High (Bedding)

. bedding)

facies
i ) . Higher than Lithofacies-

Qusaiba L?:“;‘atteg Czyimh 55.87 31 0.32 I (Tectonic and High (Bedding)

Shale udstone facies bedding)

Massive siliceous Higher than Lithofacies
. 26.1 32 0.25 | & 11 (Tectonic and Low (Bedding)
mudstone facies .

bedding)

i Quartz Arenite 65.8 33 0.2 High (Tectonic) High (Irregular)
Qusaiba
Sandstone

Quartz Wacke 26.8 32 0.2 High (Tectonic) High (Irregular)
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CHAPTER 4

GEOMECHANICAL CHARACTERISTICS

In this study, geomechanical analysis was conducted in order to determine mechanical
parameters using experimental as well as field (log) data. Mechanical properties are of
utmost importance for shale characterization as will be discussed in the following

sections.
4.1  Importance of Geomechanics

Geomechanics is of vital importance for the exploration, development and production of
unconventional resources (Abousleiman et al., 2007). The key mechanical parameters

(Poisson®"s ratio and Young“s modulus) defi
explains the failure under stress while t|
fractures containment. Rockstendtobehnave as brittle material !
(< 0. 3) and high Young®s modulus (>25 GPe¢
fracturing stimulation treatments. On t he
Modulus show ductile behavior and act as barrier to fracture propagation (Rickman et al.,

2008). For the prospectivity evaluation and successful development of shale gas plays,

mineralogy and rock mechanical parameters are essential. Shale with high silica and

carbonate minerals and low clay constituents is prospective. Prospective shale responds

o1



as a brittle material to applied stress, e

ratio.

The integration of geomechanics with mineralogy, lithology leads to designing the
optimum hydraulic fracture simulation treatment. The potential costs for hydraulic
fracture treatment can be reduced significantly by identifying and categorizing the
lithofacies in terms of mineralogy, organic matter and geomechanical properties (Jacobi
et al., 2008). The geomechanical model is of key importance to optimize hydraulic

fracture stimulation, tackle stability problems during drilling with minimum mud weight.

Anisotropy must be taken into account in stress modeling for unconventional shale
reservoirs because static and dynamic elastic moduli of shale show remarkable variation
in horizontal and vertical directions. Taking into account anisotropy in stress profile
estimations result in better and cost effective completion decisions (Higgins et al., 2008).
The reservoir simulation and geomechanical model revealed that stress anisotropy has
significant influence on well productivity and on the permeability anisotropy for

hydraulically fractured horizontal and non-fractured wells.

4.2 Material and Method

This study determined the mechani ca
modulus and unconfined compressive strength, cohesion, friction, and ultrasonic
velocities in both horizontal and vertical directions in order to highlight the anisotropy in
Qusaiba Shale and Mid-Qusaiba Sandstone samples. Samples were selected from each
lithofacies and tested to determine their mechanical parameters using various techniques.

Ultrasonic velocity (primary and secondary waves) measurements were carried out to

Jo
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determine stiffness in terms of dynamic P
Autolab 500 testing equipment. Ultrasonic velocity measurements were performed at

different confining pressures in order to simulate true reservoir conditions. The uniaxial

compression test equipment was used in this study to determine the uniaxial compressive
strength along with static Young®*s modul us and Poisson®s

on both vertical and horizontal samples in order to take anisotropy into account.

Samples were selected from 30 feet of Qusaiba Shale and 30 feet of Mid-Qusaiba
Sandstone, on the basis of variation in lithofacies. All five lithofacies, as discussed earlier

in chapter 2, were considered for sampling.

However, depth correction is essential before sampling to attain the log depth calibration
with core data. Depth corrections were performed by comparing the core gamma rays
with the log values (Sahin and Abouelresh, 2014). For depth corrections, please refer to

Appendix-F.
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4.3 Sampling

Plugs were taken from each lithofacies as shown below (Table 4.1).

Table 4.1: Samples for Geomechanics Testing

T\Illég Depth (ft) Orientation Lithofacies
1 XX Vertical L-11
2 XX Horizontal L-111
3 XX Vertical L-1
4 XX Vertical L-111
5 XX Horizontal L-1
6 XX Vertical L-11
7 XX Vertical L-11
8 XX Vertical L-11
9 XX Horizontal L-11
10 XX Vertical L-11
11 XX Horizontal L-11
12 XX Vertical L-11
13 XX Vertical L-111
14 XX Vertical L-1
15 XX Horizontal L-1

Samples locations are shown below in Figures 4.1 to 4.3.
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Figure 4.1: Core Plugs Locations (Qusaiba Shale, Upper Section)
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Figure 4.2: Core Plugs Locations (Qusaiba Shale, Middle Section)
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Figure 4.3: Core Plugs Locations (Qusaiba Shale, Lower Section)
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4.4  Acoustic Wave Velocity Measurements

The acoustic measurements on rock samples were performed in this study to determine
the compressional (P-wave) and shear (S-wave) wave velocities using the ASTM D 2845.
They yield the dynamic el astic modul i i
Acoustic measurements were made on 19 shale samples using Autolab 500 equipment.
The method and procedure adopted has already been discussed in Chapter 1. The
measurements were performed under different confining pressures to simulate reservoir

conditions.

The ultrasonic velocity measurement system yields velocities of compressional and shear
wave and their variation with changes in confining pressures. Before conducting acoustic
test, some pretest measurements (dimensions and density) were performed. These
measurements (density and dimensions) (Table 4.2) are necessary to calculate the

dynamic elastic parameters from measured acoustic velocity.
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Table 4.2: Pre-test values for acoustic measurements

Plug No. Length Diameter 'Aﬁ\éirgt%e S‘;i:i?:r Volume Weight Density
(mm) (mm) (mm) (mm) (cc) (gms) (gms/cc)
51.91 37.82
51.91 37.83

1 51.92 37.83 51.922 37.832 58.3364 156.82 2.6882
51.93 37.83
51.94 37.85
52.27 37.83
52.28 37.83

2 52.29 37.84 52.292 37.852 58.814 159.147 2.7059
52.29 37.87
52.33 37.89
52.42 37.82
52.43 37.83

3 52.43 37.8 52.43 37.81 58.83 158.968 | 2.70176
52.42 37.79
52.45 37.81
52.31 37.79
52.28 37.81

4 52.27 37.81 52.308 37.812 58.7079 159.376 2.7147
52.3 37.82
52.38 37.83
52.53 37.71
52.54 37.72

5 52.54 37.76 52.55 37.748 58.78 158.501 2.6965
52.57 37.77
52.57 37.78
51.21 37.72
51.22 37.75

6 51.23 37.79 51.24 37.77 57.381 154.874 2.699
51.26 37.79
51.28 37.8
45.87 37.81
45.84 37.81

7 45.84 37.81 45.858 37.814 51.474 137.949 | 2.67997
45.85 37.82
45.89 37.82
51.2 37.69
52.2 37.72

8 52.21 37.77 51.21 37.746 57.275 158.366 2.765
52.22 37.77
52.22 37.78
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Table 4.2: Pre-test values for acoustic measurements (continued)

Length Diameter AR A_verage Volume Weight Density
Plug No. (mm) (mm) Length Diameter (cc) (gms) (gms/cc)
(mm) (mm)
52.27 37.77
52.28 37.8
9 52.28 37.81 52.288 37.8 58.648 158.3 2.6991
52.3 37.81
52.31 37.81
51.72 37.66
51.72 37.71
10 51.73 37.77 51.732 37.738 57.834 156.403 2.7043
51.74 37.77
51.75 37.78
50.62 37.81
50.63 37.82
11 50.66 37.83 50.66 37.83 56.912 152.543 2.6803
50.69 37.84
50.7 37.85
50.38 37.77
50.39 37.77
12 50.4 37.78 50.396 37.79 56.496 151.029 2.673
50.4 37.81
50.41 37.82
50.96 37.75
50.98 37.77
13 51.02 37.77 50.988 37.784 57.141 153.035 2.6781
51 37.81
50.98 37.82
51.13 37.75
51.16 37.68
14 51.07 37.72 51.124 37.752 57.197 154.7 2.7046
51.11 37.8
51.15 37.81
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4.4.1 Qusaiba Shale

Acoustic measurements were performed on 14 samples at different confining pressures
i.e. 2000, 3000, 4000, 5000, and 6000 psi. The results exhibit the direct relation between
P and S wave velocities and confining pressure. The results derived from acoustic
measurements on Plug 1 are shown below. For complete results, please refer to

Appendix-G.

Table 4.3: P and S waves velocities with confining pressures (Plug no. 1)

Confining P-wave S

NIr?qst;er Formation Pressure | Velocity | Velocity e \(/neqz}g)clty
(MPa) (m/s) (m/s)

0 Qusaiba Shale 13.8283 5558 3047 3118

1 Qusaiba Shale 20.7112 5603 3062 3110

2 Qusaiba Shale 27.6183 5610 3085 3115

3 Qusaiba Shale 34.5173 5626 3105 3121

4 Qusaiba Shale 41.4164 5648 3108 3127

5 Qusaiba Shale | 34.5173 5626 3100 3124

6 Qusaiba Shale | 27.6585 5618 3083 3121

7 Qusaiba Shale | 20.7112 5610 3067 3118

8 Qusaiba Shale 13.8684 5595 3056 3116
Lo Phwave: Velocity variation with Conffining: Pressime. .-
5640 - AN RN NS
.|, 5820 i Ae BRI
55600 e .. o - ..
S 5580 . == P-wave Velocity with
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SO SRS S, .1 velocity with Confining £
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Figure 4.4: P-wave velocity variation with confining pressure
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Figure 4.6: S,-wave velocity variation with confining pressure
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4.5 Uniaxial Compression Test (UCS)

The uniaxial compression tests were performed on 13 Qusaiba Shale samples (both
vertical and horizontal) following the ASTM D 2938. Static elastic parameters i.e.
Young®s modulus and Poisson®"s ratio were
values. The results of uniaxial compressive strength tests are shown below (Table 4.4).
The stress versus axial strain and lateral strain relationships forthe Pl ug , 1 ar e i |

in Figure 4.7. Stress strain plots are presented in the Appendix-G.

Table 4.4: Summary of Uniaxial Compressive Strength Test Results

Lithofacies Plug No. I\tlcc))léﬂ?uss P(gzst?g's (IL\JA%; (05 (pE) C(ol\r)leps;())n ?rr;grieoﬂf

(GPa) (degree)

2 33.22 0.25 103.334 | 14983.43 | 30.952 | 22.977

4 34.82 0.29 81.347 | 11795.315 | 31.639 | 22.817

" 6 28.7 0.246 | 106.114 | 15386.53 | 24.069 | 21.896

9 30.5 0.25 86.978 | 12611.81 | 23.381 | 22.312
Average 32 0.25 94.4 13694 27 23

1 27.9 0.33 45.059 | 6533.555 | 26.822 | 22.177

7 32.79 0.319 30.462 | 4416.99 23.381 | 21.975

! 11 31.76 0.305 | 128.833 | 18680.785 | 27.51 22.614

 EEEENCIEIEEERER

3 35.27 0.372 46.044 | 6676.38 27.51 22.614

14 26.48 0.331 | 105.711 | 15328.095 | 33.016 | 23.908

! 15 18.2 0.312 78.576 | 11393.52 | 24.069 | 22.177
Average 26 0.34 77 11132 28 23
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I UCS Test Result (Stress vs Axial & Lateral Strain) I
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Figure 4.7: Stress vs Axial strain and Lateral strain

4.6  Correlations between Mechanical and Physical Parameters

The elastic and strength parameters of materials are closely related to their physical

properties. On the basis of experimental and calibrated log values of elastic and strength

parameters determined in this study, various relationships have been developed for the
Qusai ba Shal e. The parameters uswvevedandfSer t he
wave Vvelocities (Ve and Vs) porosity (®), Dy d@np Dynamic Young"®
Poisson®g) ,r a$tiat i(cv Youwdg" sStmadwl uBgy,(SBEon" s
cohesion (c), frictional angle (), clay content, quartz feldspar mica (QFM) content, and

UCS. These relationships will be useful for the further geomechanical studies of Qusaiba

Shale and contribute to the understanding of the behavior of shale under stresses. The

complete list of derived relationships are given in Table 4.5.
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Table 4.5: Correlations between Mechanical and Physical parameters

Sr.

No Parameters Correlations

1 Edyn and Esat Egtat = 0'9416*(Edyn) 0.9501

2 | Ug@andn v Uat= 0. 4f)B% (v
3 | UCSand Egn UCS = 12.862*(Egyn)***

4 | UCS and Egp UCS = 1.4191%(Egyn) ™

5 Eayn and Density Egn= 77. 885 * (
6 Eswat @and Density Ect= 350 .27% * (
7 | UCS and Density Uucs = 17385 7
8 Eayn and Porosity Eqn= 3 1. 1°8% * (
9 | UCS and Cohesion UCS = 21.055 exp” %"

10 | Esar and Cohesion Ectat = 1_201*(0)0-9648

11 | Egynand Cohesion Eqyn = 3.2531*(c)" >

12 | Eswe @and Frictional Angle Eqtat = 66-05%(g) " %

13 | Egyn and Frictional Angle Eayn = 6E-05%(g) "

14 | UCS and Frictional Angle UCS = 0.0435 exp’ 307 ®

15 | Esar and Clay Content Esat = 18.441%(W/W)cLay) 0%
16 | Eayn and Clay Content Egyn = 28.099*((W/W) o ay) ">
17 | UCS and Clay Content UCS = 185.3 exp 7% WW)
18 | Esiar and QFM Content Eqa = 49.4%((WIW) o) ">
19 | Egyn and QFM Content Eayn = 49.896% (W/W)orm) "o
20 | UCS and QFM Content UCS = 32.186 exp™ & (W), )
21 | Eqar and P-wave velocity Eqat = 0.9316%(Vp) 277

22 | Egyn and P-wave velocity Eayn = 1.0292%(Vp)2 ™

23 | UCS and P-wave velocity UCS = 1.1302 exp” V)
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These correlations can be used for estimating the elastic mechanical and failure
parameters from physical properties in case of missing data. The graphical
representations of these relationships are illustrated in figures 4.8 to 4.28. The mechanical
parameters exhibit relationships, either increasing or decreasing trends, with physical and
other mechanical parameters. However, some correlations (Figure 4.9, 4.12, 4.13, 4.14,
4.16, 4.23, and 4.26) are poor indicating variability in experimental results. High
variability may be due to the small scale heterogeneity in shale or due to errors in

measurements (instrumental or human).
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Figure 4.8: Static vs Dynamic Young' s
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Dynamic 'E' and 'UCS'
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Figure 4.11: Uni axi al Compressive Strength (UCS) vs
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Static 'E' and Density 'p’
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UCS vs Density
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Figure 4.14: Uniaxial Compressive Strength vs Density
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Dynamic 'E' and Porosity 'phi’
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Figure 4.15: Dynamic Young's Modul

UCS vs Cohesion
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Figure 4.16: Unaxial Compressive Strength vs Cohesion
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Static 'E' vs Cohesion
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Dynamic 'E' vs Cohesion 'c'
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Figure 4.18: Dynamic Young's Modulus vs Cohesion
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Static 'E' vs Angle of Friction 'phi’
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Static 'E' vs Clay Content
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UCS vs Clay Content
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Figure 4.23: Uniaxial Compressive Strength vs Clay Content
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Dynamic Young's Modulus (GPa)

Dynamic 'E' vs Quartz Feldspar Mica (QFM)

Content
50
45
40
L 4
35 Y
30
25
0.3 0.4 0.5 0.6
QFM Content (Fraction)

|y = 49.896x038% |

0.7

Figure 4.25:Dy na mi ¢

Young'’' s

Modul us

vst Quart z

Uniaxial Compressive Strength (MPa)

UCS vs Quartz Feldspar Mica (QFM) Content

140

120

100

80

60

40

20

0

0.3

y = 32.186e18119% |

0.4

0.5

0.6

QFM Content (Fraction)

0.7
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Dynamic 'E' vs P-wave Velocity 'Vp'
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