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ABSTRACT

Shale is a sedimentary rock composed of clay minerals and silt-sized particles.
Its pore throat sizes are as small as 10 nm in its matrix, which leads to ultralow
permeability. It has become economically viable for hydrocarbon recovery because of
hydraulic fracturing, in which the required energy is defined by fracture toughness.
Shale is mechanically unstable and retrieving a suitable core size for common tests is
costly and time-consuming. Thus, there is a need to develop new methods applicable to
small pieces such as drill cuttings, which are often the only sources available in real-
time conditions.

This study proposes two methods for the geomechanical characterization of
shale at the core scale based on the interpretation of small-scale measurements. Both
rely on nanoindentations. The proposed conceptual models have applications in
characterizing formation heterogeneity in the petroleum industry. The first determines
Young’s moduli from cuttings, and the results are compared with those of the core plugs
from the Wolfcamp Formation. The sensitivity of the results to sample preparation is
also discussed.

The second method characterizes the fracture toughness of shale based on the
conceptual model proposed in accordance with the effective medium theory. The
proposed model sheds light on the complexities of the induced fracture patterns in shale
that differ from those observed in homogeneous materials, such as fused silica and
aluminum. The conceptual model is realistic for shale because it captures the sample

heterogeneity. The second method is tested at a small scale using different tip

v



geometries. The interpreted fracture toughness values from the cube-corner and
Berkovich tips are close, with less than 18% difference, which provides a partial
validation for the conceptual model.

The proposed model is also tested against independent data obtained from the
cracked Chevron notched Brazilian disc (CCNBD) test. The difference between
predicted fracture toughness values from nanoindentation and the CCNBD test is less
than 13%, and this good agreement validates the proposed model. The proposed model
has applications in characterizing the mechanical properties of shale using small

samples from unconventional resources.
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NOMENCLATURE

a = empirical coefficient, dimensionless

B = shape factor or geometric parameter, dimensionless
€ = intercept factor, dimensionless

0 = face angle with the central axis of the indenter or semi-angle, deg
o = applied stress, N

Omax = maximum applied stress, N

Oyield = yield strength, %

A, = projected area, microns>

a = distance from the center to the corner, microns

a = fracture length of pure mode I, m

a, = contact radius, microns

B = sample thickness, m

CCNBD = cracked Chevron notched Brazilian disc

c = fracture length, microns

Cp = plastic zone radius, microns

D = sample diameter, m

d = total deformation, microns

E; = Young’s modulus of the indenter tip, GPa

E, = reduced modulus, GPa

E; = Young’s modulus of the sample, GPa
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Frax = applied compressive load, N

H = hardness of the sample, GPa
h. = contact depth or penetration depth of the elastic contact, microns
hs = final depth where the elastic displacements are recovered upon

unloading, microns

Rmax = maximum indentation depth, microns

hg = surface displacement at the contact perimeter, microns

K, = fracture toughness using nanoindentation, MPa.m!"

Kic = fracture toughness of pure mode I, MPa.m'?

l = distance from the indented corner to the fracture tip, microns
Prax = maximum applied load, mN

R = sphere radius, microns

S = slope which is equal to % obtained from the unloading portion,
dimensionless

v; = indenter tip Poisson’s ratio, dimensionless

Vg = sample Poisson’s ratio, dimensionless

Y = geometry factor, dimensionless

Ymin = critical stress intensity factor, dimensionless
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CHAPTER 1. INTRODUCTION

1.1. General problem

Shale formations have been extracted over the past decades as a major natural
gas and oil source in the United States (EIA, 2021). Shale is a fine-grained clastic
sedimentary rock consisting of clay, quartz, calcite, pyrite, and kerogen (Li and Sakhaee
Pour, 2016; Hornby et al., 1994) with extremely low permeabilities (Soliman et al.,
1991; Javadpour, 2009). It is mechanically unstable because of various mineralogical
components that easily break into pieces. A scanning electron microscope (SEM) has
been used to study numerous samples, and the findings are that the pore throat diameters
of the shale matrix are in the range of 5 to 100 nm, with the most pore throat peaks
between 10 and 15 nm (Nelson, 2009). Therefore, to improve the oil and gas recovery
rate, hydraulic fracturing is conducted to enhance shale permeability (Soliman 1983;
Poulsen and Soliman 1986; Hill et al., 2004).

As an important mechanical property for formation characterization and
successful hydraulic fracturing design, fracture toughness is usually evaluated by
diagnostic fracture injection testing (DFIT) on a field scale (Hagoort, 1981; Liu and
Ehlig-Economides, 2018; Mayerhofer and Economides, 1993; Nolte, 1979, 1986;
Soliman et al., 2005). DFIT, which is referred to as mini-frac, is used to estimate
permeability and horizontal stresses by injecting a high-pressure fluid (Hagoort, 1981;
Soliman et al., 2005). For this reason, injection is halted, and pressure decay is

monitored.



Measuring core-scale properties provides more detailed information that is used
for static and dynamic modeling (Lee et al., 2019). Core analysis accurately models the
complex rock behaviors, such as mineralogical composition, pore-volume, fluid
chemistry, capillary pressure, relative permeability, wettability, and geometry of the
rock in the core plug, which may not be available from a field-scale measurement
(Andersen et al., 2013; Gomes et al., 2007). In addition, large-scale measurements from
static laboratory testing, such as triaxial compression (Aliha and Ayatollahi, 2013), or
dynamic testing, such as seismic wave velocity (Crawford et al., 1995), often perform
well in quantifying the failure of sample resistance. The only sources available in
practice are usually drill cuttings that can be recovered abundantly during drilling
operations (Tutuncu et al., 2005).

Cuttings provide valuable information about real-time drilling operations.
Correct sampling and interpretation are keys to improving drilling performance and
process efficiency (Karimi, 2013). Cuttings clarify some petrophysical parameters in
shale affected by mud, where the presence of barite may obliterate the photoelectric
index (Sherbeny et al., 2015).

Problem statement: The main problem with these common tests is that large
samples are often unavailable. The standard experiments are also time-consuming and
costly. The time required for conducting the standard measurement can be up to one and
a half hours. Sample preparation requires 10 to 15 minutes, and setting up the sample
takes 30 to 45 minutes. Cleaning up the device requires an additional 15 to 20 minutes.

Running the experiment can take hours or days, depending on the size of the sample.
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For nanoindentation, sample preparation and placement on the device take up to
17 and 10 minutes, respectively. The total time is about 30 minutes. There is an
additional 10 to 15 minutes required for camera and tip calibration; however, these
procedures are performed periodically as the camera is only calibrated to indent new
material. Another advantage is that there is no need to clean up the device after
completing the experiment. Running the experiment can take hours to days, depending
on the number of indentations being applied on the surface of the shale.

Nanoindentation, which is non-destructive, is an appealing technique applicable
to small samples (<1 in.). This technique allows cuttings to conveniently provide and
map the mechanical properties of shale, such as Young’s modulus and hardness. Its
mapping capabilities allow the petroleum industry to characterize heterogeneity along
the wellbore. Shale mechanical properties are of great importance in determining
fracture toughness in accordance with Poisson’s ratio for hydraulic fracturing design.
They also contribute to drilling operations and wellbore stability (Asef, 2013).

Researchers have implemented nanoindentation to characterize composite
materials (Brown et al., 2018), cement (Jennings et al., 2005), bone (Tai et al., 2006),
and thin films (Nair et al., 2009). Nevertheless, the applications of nanoindentations for
shale samples have remained limited (Abedi et al., 2016; Abousleiman et al., 2016;
Sondergeld and Rai, 2019). This limitation is associated with the complex fracture

patterns generated in shale (Gupta et al., 2020; Shukla et al., 2013).



1.2. Objectives

This dissertation has two main objectives for the geomechanical characterization
of shale samples at the core scale using cuttings:
1. Determine Young’s moduli of cuttings and compare the results with the core
plugs.
2. Predict the anisotropic fracture toughness of the shale cuttings using

nanoindentation.

1.3. Hypotheses

Hypothesis 1: I hypothesize that Young’s modulus of shale on a core scale
equals the average value obtained from nanoindentation at regular spacing, if the
average value does not change significantly with the decrease in distance between
indentations. A 20% difference is used as an engineering assumption in this study. The
spacing must be larger than the plastic zone to avoid interference between the stimulated
regions. The spacing between indents is included to use the smallest size possible.

Test 1: The first hypothesis is tested by comparing the average value of
nanoindentation with an independent laboratory measurement of the core plug. This
study shows that sample preparation plays an important role in nanoindentation. The
sample surface is initially ground and polished to remove local defects. The load is then
applied with regular spacing.

Hypothesis 2: I hypothesize that the shale matrix can be represented by two

intertwined solid domains. One is weaker and fails when loaded, resulting in fractures,
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whereas the other remains intact. The fracture toughness can be estimated by accounting
only for the failure of the weaker domain. A fracture only occurs when the tip hits the
weaker domain. This study proposes a conceptual model representing a shale matrix
that comprises different minerals to form the grains. The boundary between the grains
constitutes the weaker domain.

Test 2 (same scale): The second hypothesis is tested by comparing the predicted
fracture toughness values using two tips, which are Berkovich and cube corner, with
different topologies. The sample is indented following the hybrid grid system, in which
various loads are applied at different locations to better characterize shale heterogeneity.

Test 3 (independent validation): The second hypothesis is also tested against
an independent measurement to fully validate the proposed model. The cracked
Chevron notched Brazilian disc (CCNBD) test is first used to obtain the fracture
toughness at the core scale. Upon the completion of the CCNBD test, each core plug
breaks and splits into two semicircular pieces. The semicirculars are then used for
nanoindentation. Subsequently, the semicirculars are crushed, and the properties are

characterized using the Berkovich tip.

1.4. Contribution to knowledge

This dissertation has two major contributions, which are:
1. A new method to determine Young’s modulus of the shale samples on a core
scale using cuttings. This would investigate Young’s moduli of the shale cuttings and

provide the sensitivity of sample preparation.



2. A conceptual model based on the effective medium theory to characterize the
anisotropic fracture toughness of shale. This would clarify the complexities of fracture

patterns by applying various loads on the surface of shale.

1.5. Summary of chapters

In Chapter 2, the fundamental concepts of fracture toughness, including the
modes and types of fracture and standard measurement, are presented. Then, the
application of nanoindentation is discussed, including the tip geometries, load-
displacement curve, indentation modulus and hardness, benefits of nanoindentation over
atomic force microscopy (AFM) and various sources of errors affecting nanoindentation
results. This research focuses on shale samples and will cover their importance and
behavior as well as two basic equations for calculating their fracture toughness.

In Chapter 3, a new method is proposed to determine Young’s modulus of the
Wolfcamp Formation on a core scale using cuttings. To define the scale of the cuttings,
the method accounts for the spacing between the indentations and applied load. A
review of nanoindentation and the sensitivity of the required sample preparation at
different stages are presented. The predicted Young’s moduli of the shale cuttings using
nanoindentation are tested against the independent laboratory measurements.

In Chapter 4, a proposed conceptual model based on the effective medium theory
to characterize shale fracture toughness using nanoindentation is introduced. The
complexities of induced fracture patterns are discussed. Various loads at different

locations are applied to define the acceptable load ranges to sufficiently induce simple



fractures where the linear elastic fracture mechanics are realistic. Finally, the predicted
fracture toughness values obtained from the Berkovich tip are compared with the cube
corner for partial validation.

In Chapter 5, the predicted anisotropic fracture toughness values of the shale
core plug and cuttings using nanoindentation are validated with the CCNBD test. The
CCNBD approach is used to measure the shale samples, which turn out to be halved
(semicircular). The semicircular samples are then tested using nanoindentation.
Afterward, the samples are crushed to represent smaller pieces of shale that are found
more frequently. Finally, the cuttings are evaluated for fracture toughness
characterization using nanoindentation. The difference between the fracture toughness
values of each sample from the nanoindentation and the CCNBD test is obtained.

The assumptions and limitations of the indentation technique to determine
Young’s modulus at the core scale using drill cuttings and the proposed conceptual
model are discussed in Chapter 6. This chapter investigates the limitations of applying
small pieces in nanoindentation. For completeness, the anisotropic behavior, fluid-rock
interactions, and application to other formations are included.

The conclusions are presented in Chapter 7. A promising new method is
proposed for determining Young’s modulus of shale cuttings using nanoindentation.
Furthermore, the proposed model can determine the anisotropic fracture toughness of
shale at the core scale using cuttings. Recommendations for future work are also

provided.



CHAPTER 2. LITERATURE REVIEW

2.1. Importance of shale

Over the past decades, the petroleum industry has been extracting natural gas
and oil from shale formations (Soliman, 1986; Morsy et al., 2013; Sheng et al., 2014;
Hughes, 2013). Mineral identification by x-ray diffraction in shale poses major
challenges, as the effects of diagenesis and metamorphism may occur (Roberts and
Elmore, 2018). Shale comprises multiple phases of clay, carbonate, and quartz,
including mica, aluminosilicate, and sulfide, with fewer mineral contents (Raven and
Self, 2017). It also contains organic matter, such as kerogen, that generates oil when
subjected to intense heat and overburden pressure. The structure of shale is laminated
(Gu, 2018) or fissile, and it tends to split into thin layers in the direction parallel to the
bedding planes or even break down into pieces, depending on the brittleness level.

The complexity of shale's mineralogical composition and structures may
significantly impact oil or gas recovery (Grim, 1947). The decline of oil and gas
production rates with the increasing price of conventional reservoirs makes alternative
hydrocarbon sources of unconventional reservoirs, such as shale, tight sands, and coal
beds, attractive (HO0k et al., 2014). Shale gas and oil development are expected to
significantly enhance the energy reserves of the United States (US) through horizontal
drilling (Campbell, 1891) and multistage hydraulic fracturing (Soliman et al., 1990;

Daneshy, 2003).



According to the US Energy Information Administration (EIA) (2013), 42% of
total world resources are identified as shale formations. The US is ranked fourth for
shale gas and second for shale oil among 41 countries worldwide. Although more
prospective shale formations are assessed outside the US, none of them produce shale
oil and gas in commercial quantities as the US does. In 2020, the EIA estimated that
shale oil resources still dominated about 65% of total US oil production. The global
shale gas market is predicted to grow by 10.7% after companies recover from the

COVID-19 impact that resulted in operational challenges (Market Report, 2021).

2.2. Why is fracture toughness important?

Hydraulic fracturing requires a deep knowledge of the stress field distribution to
artificially create a fluid flow pathway into the wellbore (Thiercelin, 1989). The
treatment works by applying sufficient pressure to fracture the formation. The
horizontal wells are placed in the direction of minimum horizontal stress with the
intention of hydraulic fracturing in the direction of maximum horizontal stress. The aims
are better reservoir contact and production. For a successful hydraulic fracturing design,
the fracture toughness value is crucial for the mechanical properties, usually evaluated

on a core and field scale (Arora and Cai, 2014; Liu and Economides, 2018).

2.2.1. Fundamental concepts of fracture toughness

Fracture mechanics is the field of mechanics that studies fracture propagation in
samples. Researchers have investigated the possibilities of fracture growth rates and

mechanisms in various conditions. The basic theory of linear elastic fracture mechanics
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(LEFM) was first developed by Griffith (1920), then modified by Irwin (1957) because
of plastic deformation at the fracture tip per unit surface area that was introduced as a
critical stress intensity factor.

A stress intensity factor characterizes the stress state near the fracture tip in
brittle materials where the fundamental assumptions of LEFM remain valid and specific
conditions are met. LEFM is applicable if all materials are elastic except a small size of
the inelastic region in the vicinity of the fracture tip. A stress intensity factor is a function
of applied stress, induced fracture length, and fracture patterns as (Irwin, 1957)

Stress intensity factor =Y o +/m q,, (2.1)

where o is the applied stress, a; is the fracture length, and Y is the geometry factor,
which is a dimensionless number with the values zero to 10 (Tada et al., 2000). The

geometry factor depends on the fracture topology and its orientation to the applied load.

2.2.2. Modes and types of fracture

There are three fundamental fracture modes, and their mixture is often described
as mixed mode. At the fracture tip, the stress field is categorized into a mode I, mode II,
and mode III (Figure 2.1). In mode I (Figure 2.1a), the fracture plane is perpendicular
to the normal face and results in pure tensile. In mode II or sliding mode (Figure 2.1b),
the fracture occurs under the action of shear stress and propagates in the same direction
(in-plane). In mode III or tearing mode (Figure 2.1c), the fracture occurs in shear mode

and propagates in the direction perpendicular to the shear (out-of-plane).
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Figure 2.1—Modes of fracture are classified into (Irwin, 1968): (a) mode I or pure

tensile, (b) mode II or in-plane shear, and (c) mode III or out-of-plane
stress.

Mode I is the most common method for more reliable results. It often creates
more damage and receives the most attention in research. Mode II does exist, but the
result is not reliable as mode 1. There are only a few applications of mode III because it
does not occur as often as the other two modes (Griffith, 1920; Westergaard, 1939). The
International Society for Rock Mechanics (ISRM, 1978) recommended different
approaches to determine rock fracture toughness based on modes I, II, and I1I, as listed
in Table 2.1. Irwin (1958) proposed that the stress at the fracture tip was a function of

the applied stress and the fracture tip as

Kic=Y omax VL ay, (2.2)

where o0,,,« 18 the maximum applied stress when the fracture occurs, a; is the fracture
length, and Y is the geometry factor, which is a dimensionless number with values of

zero to 10 (Tada et al., 2000).
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Table 2.1—The experimental methods to evaluate rock fracture toughness in different
modes.

Mode Test methods Reference

Chevron Bend (CB), Short Rod (SR), Cracked
I Gokaraju et al. (2017)
Chevron Notched Brazilian Disc (CCNBD)

Compressive Shear (CS) or Shear Box (SB),

Punch-Through Shear with Confining Pressure
Backers et al. (2002);

II (PTS-CP), and Modified Punch-Through Shear
Vizini and Futai (2021)

with Confining Pressure (MPTS-CP) as a

rectangular version of PTS-CP

Edge Crack Torsion (ETC), Edge Notched Disc
Aliha et al. (2015);
I Bend (ENDB), Notched Cylinder subjected to
Pietras et al. (2020)
torsion

Ashby (1999) postulated that fracture toughness values vary up to four orders of
magnitude over a broad number of materials, with the highest value of 175 MPa.m'?
for steels and the lowest value of 0.1 MPa.m!? for polymers and foams. Several
investigations have been performed to evaluate factors affecting the fracture toughness
of coal measures of sandstones (Singh and Sun, 1990), polymer composites (Sharafi et
al., 2021), aluminum alloys (Hahn and Rosenfield, 1975), natural composites (Al-
Maharma and Sendur, 2018), and shale (Chandler et al., 2016; Gupta et al., 2020). The

major factors controlling fracture toughness are temperature, strain rate, impact
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strength, ductility, stress concentration, and specimen size (Anderson, 1991; Ayatollahi
and Akbardoost, 2012). Understanding these factors help predict fracture height and
width (Gokaraju et al., 2017).

There are two types of fractures in materials divided into brittle and ductile.
These characteristics are defined depending on their ability to undergo plastic
deformation prior to fracture. A brittle fracture involves an unstable fracture propagation
with negligible or no plastic deformation, thus requiring a small energy absorption.
Fractures may propagate through the grains (trans granular) or along the grain boundary
(intergranular). They often occur unexpectedly.

In comparison, a ductile fracture requires more strain energy to induce a fracture
because of the excessive amount of plastic deformation. As a result, the fracture
propagation tends to be stable and slow. Ductility is a function of stress state, strain rate,
and temperature. Two quantifications of ductility are the reduction and elongation of

the area (Anderson, 1991).

2.2.3. Cracked Chevron notched Brazilian discs (CCNBD)

This study uses the CCNBD test (see Figure 2.2 for schematic) as an independent
laboratory measurement to test the second hypothesis. Out of the three methods
suggested by the ISRM, the CCNBD test is the most advantageous because it
consistently requires the least amount of sample preparation and its failure to create
fractures (Aliha and Ayatollahi, 2013; Aliha et al., 2018). Furthermore, it entails simple

geometry and demonstrates flexibility in setting up the sample between two flat platens.
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In addition, it introduces pure mode I or pure mode II by adjusting the fracture
orientation relative to the applied compressive load (Berto and Ayatollahi, 2011).

The initial notch is created in ceramic, graphite, and rock because of the
difficulties in generating fractures (Ouchterlony, 1988). The fracture toughness based

on CCNBD is expressed as (Fowell, 1995)

_ Fmax =«
Kic =—=Y,

BVD min» (2'3)

where K. is the fracture toughness of pure mode I, F,,, is the applied compressive
load, B is the sample thickness, D is the sample diameter, and Y,,,;,, is the dimensionless

critical stress intensity factor.

max

$3 8

Core plug

Tt
anx

Figure 2.2—The loading fixture for pure mode I (Fowell, 1995).

2.2.4. Heterogeneity and anisotropy in shale

Heterogeneity is defined as the variability or complexity of system properties as

a function of spatial locations, which arises at all length scales attributed to mineralogy
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and lithology, rock facies, and pore types (Fitch et al., 2013). The mineralogical
heterogeneity in shale leads to difficulties during sample preparation. The soft minerals
(Du et al., 2018) tend to detach during the grinding or polishing stage, whereas the hard
minerals are easier to prepare. The finished surface aims to reach a higher level of
smoothness to lower standard deviations of the resulting Young’s modulus and
hardness.

While anisotropy is a material property with a directionally dependent value, it
has unique physical properties along different axes. In shale, anisotropy is a direction-
dependent intrinsic property from the oriented clay platelets or fractures in shale and the
distribution of organic matter (Fjer and Nes, 2014). The platelet orientations occur
during or after deposition processes, such as burial and diagenesis. Anisotropy affects
aspects of shale development, such as reservoir characterization (Sone and Zoback,
2013), in-situ stress estimation (Khan et al., 2011), wellbore stability analysis (Lee et
al., 2012), hydraulic fracturing design (Serajian and Ghassemi, 2011), and seismic
imaging (Zhang et al., 2018). Notch direction and fracture propagation describe three
principal orientations that indicate shale anisotropy, as shown in Figure 4.12.

Shale heterogeneity and anisotropy are generally subject to an in-situ stress state.
The in-situ stress is affected by overburden pressures and maximum and minimum
horizontal stresses and results in different values in various directions. Those
characteristics represent significant challenges in quantifying shale mechanical
properties. The properties provide insight into hydraulic fracturing performance in shale
formations (Tang et al., 2018).
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2.2.5. Fracture toughness in shale

Organic matter, rock properties, and clay minerals distinguish shale behaviors
from other homogeneous materials, such as metal, ceramic, polymer, and composite.
The properties of shale, such as Young’s modulus and hardness, and its mineralogy
substantially control fracture toughness. For instance, shale with higher porosity, clay
content, and total organic carbon has lower Young’s modulus, which leads to small
fracture toughness values (Gupta et al., 2020). In addition, shale anisotropy significantly
contributes to predicted fracture toughness in different directions (Chandler et al.,
2016).

Mineralogical variability causes mechanical instability in the behavior of shale,
which results in the samples easily breaking into pieces. Thus, recovering large samples
for standard mechanical testing is challenging and expensive. The only sources often
available in practice are drill cuttings that can easily be retrieved during drilling
operations (Tutuncu et al., 2004). As a result, indentation has become a popular method
for capturing the mechanical properties of shale from small pieces (Cheatham and
Gnirk, 1967; Maurer, 1967; Simon, 1967; Mishnaevsky, 1995; Alehossein and Hood,
1996; Oliver and Pharr, 2004).

Nanoindentation provides valuable information on mechanical properties
(Abedi et al., 2016; Xiang et al., 2017), such as Young’s modulus (Sneddon, 1965),
hardness (Doerner and Nix, 1986), fractures (Lawn et al., 1980), shear modulus (Sinha
et al., 2019), creep (Acosta et al., 2021), and the fracture toughness (Laugier, 1987;

Gupta et al., 2018) of samples. Fracture toughness is estimated by accounting for the
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induced fracture length for a given maximum applied load based on LEFM (Griffith,
1920; Shukla et al., 2013). However, current studies have remained limited to ideal
(symmetrical) fracture patterns (Ponton and Rawlings, 1989a, 1989b; Dukino et al.,
1992) induced in homogeneous materials, such as fused silica (Shukla et al., 2013) and
aluminum (Gouldstone et al., 2000). Indentations lead to complex fracture patterns in
shale, which pose difficulties in characterizing fracture length and toughness (Gupta et

al., 2020).

2.3. Fundamental concepts of nanoindentation

Contact mechanics refers to the mechanical behavior of two bodies brought in
contact. In the nineteenth century, Hertz first studied the nature of the contact between
an indenter tip and a flat surface in an analytical solution as a foundation of
nanoindentation measurement. The Hertzian theory assumes that the contact area is
elastic and much smaller than the contacting bodies (Johnson, 1985). Each body is
considered an elastic half-space, and the surface is frictionless (Popov, 2010), as shown

in Figure 2.3.
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R = sphere radius
a, = contact area radius
d =total deformation

_____________ Surface of material

Figure 2.3—Contact of a rigid indenter with a flat material.

In the classical sense, the indentation stress field provides insight into aspects of
the indentation process, such as yielding and fracturing (Oliver and Pharr, 1992). The
stress fields are assumed to be purely elastic and described in closed form for various
indenter geometries (Fischer-Cripps, 2011). The indentation process is commonly an
ideal elastic-plastic one, and the presence of plastic deformation complicates the
behavior. Indentation techniques are typically used to measure the hardness that
represents the least value of pressure beneath a spherical indenter at the center of the
contact area (Hertz, 1881). Indentation testing may also investigate fracture toughness,
strength, and internal residual stresses.

In 1925, Brinell introduced a test to determine the hardness of a given material;
this was later referred to as the Brinell hardness test. In this test, a carbide ball is pressed
into a surface with an accurately controlled test load (Brinell, 1925). It is commonly
used to characterize materials that are coarse or rough, such as castings and forgings,

and usually applies a high load of 500 kgt and 3000 kgf for non-ferrous materials and
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steels, respectively. There are other Brinell scales with loads as low as 1 kgf and 1 mm
diameter indenters, but those are not frequently used. The Brinell test is applied to a
wide range of metallic material.

For brittle materials such as ceramic or glass, the indentation hardness is also
called the apparent hardness, H, which is less than the true hardness because it measures
an ideal elastic-plastic deformation (Marshall and Lawn, 1985). There is little elastic
deformation, as shown in Figure 2.4a. The apparent hardness corresponds to the true
hardness when the material behavior is an ideal rigid plastic, such as steel and copper,

as illustrated in Figure 2.4b (Atkins and Tabor, 1965).

b b

Stress

Stress
Loading
Unlo‘ading

0
§
<
o
~

UH]Oadl'ng

Plastic strain Plastic strain

Strain Strain

(a) (b)

Figure 2.4—Type of stress-strain behavior (Fischer-Cripps, 2011) in materials, such
as ideal elastic-plastic (a) and rigid-plastic (b).

In nanoindentation, an indenter tip with known mechanical properties probes the
shale samples, and their properties are unknown by applying well-controlled contact

forces. The procedure characterizes the mechanical properties of samples, such as
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Young’s modulus and hardness, from the load-displacement curve (Pharr et al., 1992).

The indenter tip geometries vary, as discussed in the following section.

2.3.1. Indenter tip geometries

The known geometry of the indenter tip—generally spherical, conical, or
pyramidal—defines the size of the contact area. Conical and pyramidal tips are sharp,
easily constructed to meet a single point, and self-similar while indenting a half-space.
They perform permanent deformations (irreversible) after contact or load removal
(Pharr et al., 1992). A spherical indenter, categorized as having a blunt tip, offers a
smooth transition from elastic to elastic-plastic contact and is suitable to indent soft
materials (Fischer-Cripps, 2011).

Sharp tips are classified as three-sided or four-sided indenters. For example,
Berkovich and cube-corner tips are considered three-sided indenters, whereas Vickers
and Knoop are four-sided indenters. This study used Berkovich and cube-corner tips to
test the proposed conceptual model (Esatyana et al., 2021). The Vickers tip was also
applied, but it did not create easily identifiable fractures. Other geometries, such as cone
and sphere, are not used in this work. It is challenging to manufacture conical diamonds
with sharp tips, whereas the contact stresses are initially small and only produce elastic
deformation for the spherical indenter (Fischer-Cripps, 2011).

Berkovich—a scientist from Russia—invented the Berkovich tip (1951). It is so
it is fairly easy to create the three-sided geometry with a sharp tip. The tip maintains a

self-similar geometry at small scales and induces plasticity even at small loads; the large
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angle of 65.27° minimizes the influence of friction (Berkovich, 1951; Rother et al.,
1998). The Berkovich tip is used to characterize materials and films thicker than 100
nm (Khrushchov and Berkovich, 1951).

The cube-corner tip is a three-sided pyramid with mutually perpendicular faces
arranged in geometry like the corner of a cube (Marshall et al., 1980; Rother et al.,
1998). The centerline angle is 35.27°. This sharp tip produces much higher stresses and
strains in the projected area (Marshall et al., 1980), and is beneficial for generating small
and well-defined fractures in brittle materials.

A typical range of the tip radius for the new Berkovich and the cube-corner tip
is in the order of 50 to 100 nm. The indenter tips are based on contact geometry,
projected area, semi-angle, effective cone angle, and geometry factor (Fischer-Cripps,
2011). The impression sizes vary depending on the applied load. The properties of the

Berkovich, cube-corner and Vickers tips are provided in Table 2.2.
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Table 2.2—Summary of the indenter tip properties and their impressions on the shale surface. The cube-corner tip has
a smaller applied load than the other tips because it has a sharp contact angle.

Indenter type Berkovich Cube-corner Vickers
Geometric shapes Three-sided Three-sided Four-sided
Projected area, Ac 3v/3h%tan?0 3v3hZtan20 4h?tan?0
Contact angle, o 65.27° 35.27° 68°
Effective cone angle, ¥ 70.3° 42.28° 70.3°
Geometry correction factor, 3 1.034 1.034 1.012
65.27° 35.27° 68°

Indenter tip geometry
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2.3.2. Load-displacement curve

Nanoindentation provides real-time load-displacement data while indenting the
sample surface. This study employed sharp indenters with three-sided geometry, such
as the Berkovich and cube-corner tips. Figure 2.5 delineates an indentation movement
and pinpoints several parameters used in the analysis.

Pmax

‘ Surface of sample at
unloading condition

/ Surface of sample

at initial state

ar

2 Indenter tip

\ Surface of sample at
he \/ loading condition

Figure 2.5—A schematic of an indentation movement with various parameters involved
in the analysis (Oliver and Pharr, 1992).

hg v \hf

hmax

where h,,,, 1s the maximum indentation depth, h is the surface displacement at the
contact perimeter, h. is the contact depth or penetration depth of the elastic contact, a,
is the contact area radius, hy is the final depth where the elastic displacements are
recovered, and when the indenter tip is fully withdrawn (upon unloading), A, is the
projected area, and P4, 1s the maximum applied load. The maximum indentation depth
is determined as
hmax = hs + he. (2.4)
The projected area depends on the geometry of the indenter tips, and for the

Berkovich and cube-corner is expressed as (Oliver and Pharr, 1992)
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A, = 3v/3h%tan?0, (2.5)
where 6 is the face angle with the central axis of the indenter or semi-angle. The semi-
angle equals 65.27° for the Berkovich tip and 35.26° for the Cube corner.

The penetration depth depends on the applied load (Figure 2.6) and can be

expressed as

he = hmax — EPn;axa (2.6)

where ¢ is the intercept factor (Pharr and Bolshakov, 2002), and S is the slope, which is
equal to % obtained from the unloading portion. The Berkovich, cube-corner, and

Vickers tips’ intercept factor is 0.75, while for the conical indenter, the value is 0.72
(Oliver and Pharr, 1992).

The experimental work begins when the load is applied to the indenter tip,
increased from zero to a maximum value, and reduced to zero. The actuator mainly
performs nanoindentation. For instance, it attaches the tip, applies the load, and controls

the movement, as depicted in Figure 2.6.

Indenter tip

Figure 2.6—The nanoindenter features that perform indentation testing.
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The load-displacement curve varies, depending on the maximum applied load,
types of samples, and indenter tip. Typically, higher loads and sharper tips result in an
extensive penetration depth. The mechanical properties of the sample, such as Young’s
modulus and hardness, are characterized by analyzing the load-displacement curve, as

shown in Figure 2.7.

Loading

————————————

Z Unloading

D R ——

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Displacement (nm)

hy

A

>

A
\ 4

hmax
Figure 2.7—A typical load-displacement curve obtained from nanoindentation (ISO

14577). The slope on the unloading part is used to characterize the
mechanical properties.

2.3.3. Indentation modulus and hardness

The variation of the load-displacement curve offers a valuable tool for
calculating the indentation modulus (Oliver and Pharr, 1992)

S T

Er S Z—B A—C, (27)
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where E, is the reduced modulus, S is the slope of load versus displacement at the
beginning of unloading, and f is the shape factor or geometric parameter. The shape
factor is equal to 1.03 for the Berkovich tip, and other geometries are reported in the
literature (Cheng and Cheng, 1998).

The reduced modulus is a function of the modulus and Poisson’s ratio of both
the sample and indenter tip. Oliver and Pharr (2004) estimated the sample modulus by

accounting for the reduced indenter modulus as

—p2 —v?
R N (2.8)

Eg E, E;’

where vy is the sample Poisson’s ratio, E; is the sample Young’s modulus, v; is the
indenter tip Poisson’s ratio, and E; is Young’s modulus of the indenter tip. The right
side of the second term is usually negligible because the E; value is much higher than
Es.

The indenter tip is made of a diamond with a typical Young’s modulus of 1140
GPa and Poisson’s ratio of 0.07 (Klein and Cardinale, 1993). For most rock types, the
Poisson’s ratio is usually between 0.25 and 0.3, which is more representative of shale
(Sone and Zoback, 2013). Therefore, changing the Poisson’s ratio by 0.1 would alter
the results by less than 0.01 as

AE; =~ E.(1—Av?). (2.9)

The reduced modulus obtained from indentation testing varies depending on the
sample. In this example, the values captured from the shale samples range from 60 to
95 GPa (Esatyana et al., 2020). The hardness is determined from the unloading portion

as
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Pmax
H= e (2.10)

Table 2.3 represents the difference between the predicted Young’s modulus of

shale, E, and the reduced modulus, E,., is between 1.31% and 1.81%. With that being

said, the reduced modulus can be directly implemented to determine fracture toughness.

Table 2.3—Typical interpreted Young’s moduli calculated from the shale samples and
indenter tips.

E; (GPa) Vs E, (GPa) v; E; (GPa)
59.21 0.25 60 0.07 1140
96.72 0.25 95 0.07 1140

2.3.4. Atomic force microscopy (AFM) versus nanoindentation

The objectives of AFM and nanoindentation are to measure mechanical
properties by indenting the sample's surface. AFM topographic imaging provides a
three-dimensional surface profile of sample structures in high spatial resolution (Engel
and Muller, 2000) to map chemical and physical properties and molecular interactions
(Alsteens et al., 2017). The required samples are often soft and thin in the order of a few
nanometers (Park et al., 2004). In AFM, the indenter tip is mounted on a cantilever,
which governs the movement in an up or down direction. The cantilever has multiple
degrees of freedom while moving down to the surface by a piezo transducer.

AFM has some drawbacks for several reasons (Griepentrog et al., 2013). First,
the AFM tip radius, ranging from a few through 10 nanometers, causes difficulties in

measuring exact dimensions and shapes (Cappella and Dietler, 1999). Second, the
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cantilever can twist if the tip deforms and cause undesirable motions while analyzing
the tip-sample contact. Thus, AFM measurement is challenging and time-consuming
(Grienpentrog et al., 2013).

Conversely, nanoindentation covers larger areas than AFM to perform hundreds
of tests with micron spatial resolution on a small sample size. Furthermore, the
indentation technique represents the variability across the sample for heterogeneous
materials. Each indent accurately captures the load-displacement curve to determine
Young’s modulus and hardness and indirectly measure fracture toughness. To measure
the impression of the indentation does not require a powerful microscope because the

contact area is measured with the indentation depth and tip geometry.

2.3.5. Various sources of errors affecting nanoindentation data

Errors can lead to misleading conclusions, which are inevitable in any scientific
experiment, including nanoindentation. Therefore, several issues affecting
nanoindentation and the potential remedies will be discussed here. The potential
remedies are important to gain more confidence in the resulting data.

First, the nanoindenter device is sensitive to vibration and shocks, including air
current or noise. Noise could come from the surrounding area, such as people walking
or talking in front of the laboratory. Thus, the device is usually placed on an anti-
vibration table made of steel. The table is designed with a sturdy framework for a

remarkably reliable vibration prevention system (Nohava et al., 2009).
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Second, experimental research findings reveal that surface roughness lowers the
sample resistance and reduces Young’s moduli obtained from nanoindentation
(Esatyana et al., 2020). Surface roughness represents the relation between indentation
depth and the measured properties (Miller et al., 2008), including the contact area
between the indenter tip and sample surface (Jiang et al., 2008). The Oliver and Pharr
(1992) method assumed a perfectly flat and smooth surface for indentation analysis.
Therefore, it is recommended to properly prepare the sample before indentation testing
and quantify the surface roughness value to provide more information. Sample
preparation consists of grinding and polishing the stages to achieve a smooth and shiny
sample surface (Esatyana et al., 2020).

Third, the pile-up and sink-in phenomena depend on the material, indenter tip,
and applied load. The sample surface is typically drawn inwards underneath the indenter
in an elastic material known as a sink-in. Meanwhile, the material may either pile up or
sink in around the impression in the plastic material. Tabor (1950) concluded that piling
up and sinking in have detrimental impacts on contact area determination. Large and
little dislocations are found in the crystal structure concerning the indenter tip; the
resulting errors in the contact area are up to 60% (Bolshakov and Pharr, 1998). A
procedure for accounting for piling-up and sinking-in effects based on contact stiffness
and high-resolution images is required (McElhaney et al., 1998).

In addition to the sources of errors mentioned above, the indentation size effect
(ISE) is often overlooked with the association to the area function (Li et al., 1993). The
ISE indicates that hardness tends to increase with decreasing indentation depth. For
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conical and pyramidal indenters, the phenomenon becomes important at indentation
depths of less than 1 micron (Pharr et al., 2010). For spherical indenters, higher hardness
is produced when the diameters of the spheres are less than 100 microns. The presence
of thin oxide films, residual stresses, strain hardening, and friction between the indenter
and material lead to the ISE (Li et al., 1993). The indentation of hard materials and

proper sample preparation diminish the significance of the ISE (Fischer-Cripps, 2011).

2.4. Fracture toughness measurements using nanoindentation

Nanoindentation is an ideal tool to indirectly determine fracture toughness over
localized areas at small loads. The maximum load is equal to 1,100 mN. The fracture
length emanating from a local indentation impression on the surface determines fracture
toughness (Sebastiani et al., 2015). However, a significant portion of the induced
fracture under the sample surface is difficult to map, which creates another challenge in
characterizing fracture patterns after indentation (Gupta et al., 2020). The inability to
generate fractures with easy-to-map patterns has limited the number of relations
available for indentation techniques.

The governing relation is easier to derive when the fracture pattern is defined by
analytical and numerical methods (Tada et al., 2000). The Palmqvist or radial fractures
(Figure 2.8a) occur on the surface (visible) and extend shallowly downward into the
material (invisible) by hoop stress. Lateral or horizontal fractures (Figure 2.8b) are
generated by tensile stress beneath the material surface. Median fractures (Figure 2.8c)

are created underneath the surface where the direction is located at the corner of the
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residual impression. Half-penny fractures (Figure 2.8d) may extend upward and join
radial fractures that intersect at the surface. The creation of fracture patterns is sensitive
to experimental conditions. The variability of fracture patterns based on the Vickers

indenter in homogeneous materials is shown in Figure 2.8 (Cook and Pharr, 1990).
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Figure 2.8—Schematic of potential fracture patterns (Fischer-Cripps, 2011) where
analytical relations were developed, such as Palmqvist or radial (a),
lateral (b), median (c), and half-penny fractures (d).

There are two methods for fracture-toughness characterization in homogenous
media based on nanoindentations (Liu, 2015). They are known as the fracture length

(Laugier, 1987) and the energy release rate methods (Griffith, 1920). The two methods

are discussed subsequently.

2.4.1. Fracture-length method

Fracture toughness refers to a material’s property that evaluates its resistance to
fractures when the load is applied. The indentation technique measures the fracture
length generated by a sharp tip. The fracture length is an essential parameter to directly

quantify fracture toughness. The approach is known as the fracture length method.
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In 1980, the Lawn-Evans-Marshall (LEM) model introduced elastic-plastic
indentation damage in ceramic and glass for the median or radial fracture system.
Following that, the evaluation of the indentation technique was developed to directly
measure fracture toughness. A simplified fracture toughness analysis was modeled
subject to long fractures (c/a >> 1) and treated as a half-penny fracture. The equation is

as (Anstis et al., 1981)

1

K, = a(%)g% @2.11)

where K, is the fracture toughness, a is an empirical coefficient, E is Young’s modulus
of the sample, H is the hardness, P4, 1s the maximum applied load, and c is the fracture
length. The empirical coefficient value varies depending on the tips. For the Berkovich
tip, the value is 0.016 (Dukino and Swain, 1992), and it is 0.032 (Ast et al., 2019) for
the cube-corner tip. In nanoindentation, only one value of Young’s modulus is captured
on each test, resulting in an isotropic Young’s modulus. Nevertheless, fracture
toughness is anisotropic due to the presence of defects in different directions.
Calibration was performed using the data from Anstis et al. (1981), which
showed a small coefficient of variation. Unlike glass, induced fractures in ceramic are
more realistic to form the Palmqvist type (Laugier, 1986). Nevertheless, fracture
toughness analysis based on half-penny fractures is reliable for developing a novel

analytical approach to Palmqvist fractures proposed by Laugier (1987) as
1 2

K.= « (5)5 (’5—)5 Pmax. (2.12)

l H c3
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where a is the distance from the indented center to the corner, and [ is the distance from

1
the indented corner to the fracture tip. The term of (%)2 represents the slight variation

between glass (median or Palmqvist) and ceramic (Palmqvist).

The fundamental assumptions of Equation 2.12 are based on linear elastic
fracture mechanics, in which the material behavior is brittle and limits interactions
between induced fractures. Moreover, there is no ensuing lateral fracture, delamination,
or shattering (Laugier, 1987). Fractures are initiated at the loading portion of the load-
displacement curve (Cook and Pharr, 1990). The relation is valid for the ideal geometry
wherein the induced fractures form a three-sided pattern emanating from the indented

corner, as shown in Figure 2.9.

Figure 2.9—Schematic of a sample indented with a three-sided pyramid geometry tip,
where the gray region represents the impression.
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Fracture toughness is measured by the indentation method with a Vickers,
Berkovich, or cube-corner tip. Berkovich and cube-corner tips are sharper and preferred
over the Vickers tip because the size of radial fractures is best described on a sample
surface (Dukino and Swain, 1992). A sharp indenter has been widely applied to define
penetration depth and induce relatively simple fracture patterns rather than a blunt shape
that most likely behaves in an elastic manner (Bell et al., 1991; Schiffmann, 2011). The
fracture patterns generated on a sample surface are strongly related to the small contact
loads with sharp indenters and the geomechanical behavior of materials. They govern

elastic-plastic stress fields behavior for fracture development (Lawn and Howes, 1981).

2.4.2. Energy method

The energy approach is an alternative method to calculate fracture toughness
(Cheng et al., 2002). This method is applied to thin films and shale (Li et al., 1997; Liu,
2015). The following equations were developed as a quadratic function (Kick’s law) to

represent the loading and unloading curves without a holding step (Lawn and Howes,

1981) as
hZ
P = P,ax hz—,loading (2.13)
_ 2
and P = P, (=hy) unloading, (2.14)

max (h_hmax)z ’

where Byqyx is the maximum applied load, hy is the final displacement, and hy,qy is the

maximum displacement at the end of a loading step. The total energy is expressed as

U= Up+ Uy = Uy + Upp + Uprac, (2.15)
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where U, is the total energy, U, is the elastic energy, U, is the plastic energy, Uy, is the
pure plastic energy, and Uf,.q.1s the fracture energy.

Liu et al. (2016) proposed the method to employ elastic and pure plastic
behavior. However, it does not represent real materials with complex microstructures.

Pure plastic energy can be expressed as (Liu et al., 2016)

2

U _ 4 _ -3() +2(;21,%) (2.16)

UL’ hf )
1 (hmax

and by = hy — hep — hereeps (2.17)

3

where hg, is the thermal drift measured by the system, and hy..p is the creep

displacement that occurred during a holding step at the maximum applied load. Jha et

al. (2012) observed the load displacement in the power-law as

P = Phax h”i = Kh", loading (2.18)

max

and P = R, (ohy)

max (h_hmax)m

= a(h — he)™, unloading. (2.19)

The total and elastic energies can also be determined by calculating the area

under the loading curve with a holding step and the unloading curve expressed as

PmaxPmax (1+n—n ! )

h hmax Prmaxh max
U, = fo 'Pdh + fhl Pdh = Tnl + Pmax(hmax - hl) = 14n :
(2.20)
hmax Pmathax(l_h:ltlx)
and U, = fhr Pdh = (1+m) ’ @21)
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where n and m are the power indexes for the loading and unloading curves, h; is the
loading displacement at P,,,,, and h,. is the residual displacement. By acknowledging

the previous parameters, the fracture energy, Us,.q, and can be calculated as

Urrac = Up — Upp (2.22)
Pmax
and h, = hygy — € < (2.23)

where h, is the contact depth, € is a constant related to the geometry of the indenter tip
(0.75 for the Berkovich indenter tip). The critical energy dissipated during fracture per
unit area of the created fracture-surface area or strain energy release rate is G, where

the projected area, A, is determined as

A, = 24.5h2 (2.24)
and G, = ZZ% - U;— (2.25)

The fracture toughness, K. (Cheng et al., 2002), can be computed from the

energy release rate multiplied by the reduced modulus, E. as

K, = \/G.E,. (2.26)
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2.4.3. A comment on the application of the energy method for fracture

toughness characterization based on nanoindentation

This investigation is related to the mechanical properties, mineral compositions,
and microstructures of shale samples from the Bakken Formation. The fracture
toughness of the shale was calculated using the energy-based method. The theoretical
concept of this approach was proposed by Cheng et al. (2002), in which total energy
(U¢) is a sum of irreversible or plastic energy (U,) and elastic energy (Ue). It
corresponds to the load-displacement curve: the area under the loading and unloading
curves determine U, and U,, respectively. As a result of nanoindentation, shale samples
generate more complex than simple fracture patterns, making it difficult to measure their
lengths. Therefore, many researchers prefer to use the energy approach rather than the
crack length method to calculate fracture toughness on a small scale using
nanoindentation. Three drawbacks of the energy-based method are as follows:

1. The mathematical expression of pure plastic energy, U,

By using the mathematical relationship, Up,, can be easily obtained by Equation
2.12 or Equation 11 in Liu et al., 2016. However, this expression assumes that the energy
changes during loading-unloading are only costed by elastic and plastic deformations
thoroughly (Lawn and Howes, 1981). Hence, U, = Up,,. Some materials, such as cement
paste and mortar, generated complex microfractures (Jha et al., 2012) and induced

fracture energy, Urrqc, Where Usrge = Up — Upp,.
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Upp 18 a key parameter to calculate Usyq., which is used as an input parameter

to calculate the energy release rate, G, (Equation 2.24 or Equation 12 in Liu et al., 2016).
Subsequently, it is possible to compute fracture toughness, K. (Equation 2.26 or
Equation 14 in Liu et al., 2016). It was observed that U, and U, obey the Meyer’s power
law function. By considering this, there were inconsistencies in the mathematical
Upp

£ because the denominator U,, following Kick’s law,

relationship while calculating m
t

was investigated, and the function does not consider microfractures

2
P = Bnax hf— , loading (2.27)
h h h? h3 himax P h; Prmaxh
and Ut = f() max pih — fo max ) %dh — Pmax % — n;ax thi — max3 max
(2.28)

ii.Application of projected area, A,

The projected area is one of the parameters used to estimate E,- and H (Fischer-
Cripps, 2011), and it is related to penetration depth and the known geometry of the
indenter. Here are some of the reasons why the proposed method and equation require
correction or clarification for fracture toughness characterization:
a. Assuming that the energy release rate may be written as stated above, apart from
fracture energy definition, we also need to know the crack surface area created at this
energy level. The proposed method assumes that crack surface area is related to
maximum displacement and is a constant of 24.5. However, it is unclear how the

equation has been derived and the physical evidence relating it to the crack surface area.

38



b. The equation for A, is used to calculate reduced Young’s modulus (E,) and
hardness (H) in Equation 2.24 and Equation 9 in Liu et al. (2016). The only difference
is the magnitude of penetration depth (h,,,, versus h.), which indicates a huge
difference that is not expected between the two.
iii. The correct order of magnitude

Some researchers have calculated fracture toughness based on the energy-based
method using nanoindentation; the workflow can be seen in Liu (2015) and Liu et al.
(2016). After comparison with the crack length method, both results have at least ten
orders of magnitude difference. On the other hand, comparing the crack length method
with standard mechanical testing, such as short-rod (Chandler et al., 2016), Brazilian
tensile (Tran et al., 2014), three-point-bending (Jin et al., 2018), and straight notch
Brazilian disc (Yuan et al., 2017), has proven that shale fracture toughness is in the same
order of magnitude. Therefore, further investigation is required to develop a new

expression of calculating fracture toughness based on the energy-based method.
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CHAPTER 3. INDENTATION TECHNIQUE TO DETERMINE
YOUNG’S MODULUS OF SHALE AT THE CORE SCALE USING
DRILL CUTTINGS

The content of this chapter has been published in Petrophysics — The SPWLA
Journal of Formation Evaluation and Reservoir Description (Esatyana et al., 2020).
This chapter proposes a new method to determine Young’s modulus of shale at the core
scale using drill cuttings. The average values of cuttings obtained from nanoindentation

are compared with independent laboratory testing using core plugs.

3.1. Sample descriptions

Seven core plugs were collected from the Wolfcamp Formation. The first three
plugs are samples A, B, and C. The objective is to test the sensitivity of shale preparation
at different stages based on Young’s moduli results. The other four samples are labeled
D, E, F, and G to define the spacing between indents on shale cuttings. The four plugs
are then crushed to obtain cuttings and tested by nanoindentation to capture Young’s
moduli values. The results are compared with independent laboratory measurements on

the core plugs.

3.2. Sample preparation

Standard rock mechanical testing has a large actuator that makes it less sensitive
to local defects. Thus, core samples are easier to prepare before nanoindentation.

Sample preparation is also easier for other fields, such as materials science and
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mechanical engineering, because they focus on homogeneous materials, such as fused
silica and aluminum, which usually have fewer defects than shale.

For the indentation testing, the tip that applies the load to the sample surface is
smaller than the core size, which is in nanometers. The small tip size and penetration
depth suggest that the sample surface must be properly prepared to obtain reliable
results. Otherwise, the interpreted results may capture the surface roughness or any
small fractures on the sample surface, which lower the resistance of the intact medium.
The surface roughness is usually quantified in materials science and engineering, and
the standards follow ISO 4287 (1997). However, the quantitative characterization of
surface roughness is beyond the scope of this study.

Table 3.1 represents different stages of sample preparation on core plugs. The
first three stages (stages 2 to 4) are grinding, and the last three (stages 5 to 7) are
polishing (Bhushan and Gupta, 1991). Sample preparation begins with the grinding
stage, which uses rough abrasive surface materials to remove imperfections like pits,
nicks, lines, and scratches. Next, the polishing stage uses a finer abrasive to leave
progressively thinner lines invisible to the naked eye. The sensitivity of sample

preparation at each stage is discussed in the subsequent section.
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Table 3.1—Shale surface with various discs for sample preparation at different stages. A nanoindenter tip is placed on the sample
surface in the first stage for size comparison. The surface roughness decreases at higher stages and is more reflective
of light.

Stage 1 (original) 2 3 4 5 6 7

Core plug

25.4 mm 25.4 mm © 25.4mm

+———r —mMm> ¢———> +——r «

Enlarged surface

25.4 mm 25.4 mm 25.4 mm 25.4 mm 25.4 mm 25 4 mm 25 4 mm
o — ) D .
I
Disc description Bonded Bonded Composite Woven Woven Porous

- diamond diamond for fine acetate natural silk neoprene
(Grit 500) (Grit 1200) grinding
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3.3. Sensitivity of Young’s moduli to sample preparation

In the first step, the cross-section of the shale surface is divided equally (squares
1 to 16), and each square is indented at its center. The shale sample is initially indented
at stage 1 (original). Then, it is prepared for the subsequent stages and tested until the
sample surface at all stages is examined. The removed length of the shale sample
perpendicular to the circular cross-section must be larger than the plastic zone size to
avoid interference between indents.

The investigation of the average Young’s moduli helps to better understand the
effects of sample preparation at different stages, shown in Figure 3.1. The outcome is
susceptible to the grinding stages because they remove local flaws, such as
microfractures or defects, while the polishing stages slightly alter the results. Local
flaws reduce the sample resistance against deformation. Hence, they can lower Young’s
modulus results captured from nanoindentation. For instance, after removal, the average
Young’s moduli in the first preparation stages increased to 83%, 52%, and 64% for
samples A, B, and C, respectively. The average modulus changed to less than 10%

during the last three stages for all the samples.
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Figure 3.1—The shale cross-section is divided into equal areas and indented at the
center (a). The average Young’s modulus variation is obtained from the
nanoindentation of the shale sample at each preparation stage (b).

3.4. Determining the cutting scale for nanoindentation

To interpret the elastic properties of the rock samples, it is assumed that
Young’s modulus of shale on a core scale is equal to the average value obtained from
nanoindentation at a regular spacing if the value changes less than 20% while
decreasing the distance between indents. This is based on the notion that the indent
spacing must be larger than the plastic zone to avoid interference between the
stimulated regions. The spacing distance is later implemented for cuttings.

In nanoindentation, Sneddon’s solution is based on the stress field in an infinite
half-space (Sneddon, 1965). This basis is usually applied to finite-size samples where
the sample size is larger than the stimulated region. Sneddon’s assumptions are often
overlooked because researchers have focused on quantifying the local properties of
porous media (Ulm et al., 2007; Shukla et al., 2013).

In this study, the assumption is compatible with the Sneddon solution, wherein

nanoindentation captures a bulk property (as opposed to a local property) pertinent to a
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volume smaller than the core volume. The justification is that a solid medium undergoes
deformation in various locations, even at a small load. Johnson (1970) proposed a
relation to calculate the corresponding plastic zone size (Figure 3.2), and it can be

approximated as

1

‘p _ 1 Eg T B 3
ar L—u-m <_ tan (3 - 0) +4(1 21@)] , (3.1)

where ¢, is the plastic zone radius, a,. is the contact radius, v, is the Poisson’s ratio of
the sample, E is Young’s modulus, 6,4 is the yield strength, and 0 is a geometrical

parameter.

A
v

Plastic zone

Elastic zone

Figure 3.2—Schematic of the plastic zone. The minimum distance between
indentations is larger than the plastic zone size (Chen and Bull, 2007)
to avoid interference (spacing > 2¢p).

The corresponding distance (cp,) is equal to the representative elementary

volume (REV) size (Hill, 1963), represented by the red square in Figure 3.3a, in which
repetition creates the bulk volume at the large scale shown in Figure 3.3b. Thus, the

assumption implies that there is a scale smaller than the core scale that controls the
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core-scale properties. A smaller scale refers to a cutting scale, which is not essentially
equal in different formations. In practice, it may be impossible to accurately determine
the cutting scale for each formation because only small pieces are available.
Nevertheless, estimating Young’s moduli of a sample with a size close to the cutting

size predicts their values at the core scale.

Plastic zone

I elastic zone |
|
|

(2) (b)

Figure 3.3—Conceptual illustration of the representative element volume (REV), in
which repetition (a) generates the shale bulk volume (b).

The objective is to propose a method that can be applied to shale cuttings. The
plastic zone size constrains the spacing between indents as the lower limit and the core
size as the upper limit. The spacing must be larger than the plastic size to avoid
interference between the stimulated regions. In the plastic zone, the sample is damaged

significantly. Thus, the properties are unrealistic.
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Next is the determination of the plastic zone size. In this study, the indentation
load is 500 mN because the results are obtained with a smaller load (<100 mN) and are
influenced by surface roughness (Miller et al., 2008). Various shale samples show that
the penetration depth is close to 3.5 microns for this load range. The semi-angle for the
Berkovich tip is 70.3°, the Poisson’s ratio is 0.25, Young’s modulus is 20 GPa, and the
yield strength is 20 MPa (Wang et al., 2001; Mavko et al., 2009; Zhu et al., 2009; Gao
etal., 2015). The pertaining parameters lead to the plastic zone size (=2¢) equal to 85
microns (Equation 3.1). The variation of the plastic zone size corresponds with Young’s
moduli and yield strength when the Poisson’s ratio is equal to 0.25, thus providing an

estimate for the lower limit in different shale samples, as represented in Figure 3.4.
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Figure 3.4—Variation of the plastic zone size with Young’s modulus at different yield
strength values. The Poisson’s ratio equals 0.25, and Young’s modulus
and the yield strength values represent shale formations (Sayers, 2013;
Sone and Zoback, 2013; Rybacki et al., 2015).
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The plastic size estimation is based on the assumptions that Young's modulus
and yield strength can change independently. In practice, the two are correlated, so the
determined values present a limiting scenario. Nevertheless, the presented values are
used only as a lower limit in this study, and they do not change the research findings.

At the initial stage, indentations with regular spacings are applied on the
polished surface of a core plug to determine the cutting scale. Figure 3.5 represents the
divisions and spatial locations of the indentations at each step. The spacing between
indents is halved at each step. Other possible patterns can be attempted, which are likely
to yield different outcomes. The objective is to determine the cutting scale and find the
smallest size possible to be applied at the core size (~1 in.). The smallest size allows for

small cuttings, which are more accessible.
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3 4
d 1 d
2 5
(a) (b)
29 30 45 46 61 62 77 78
9 10 17 18
28 31 44 47 60 63 76 79
27 32 43 48 59 64 75 80
8 11 16 19
26 33 42 49 58 65 74 81
d d 25 34 4 50 57 66 73 82
7 12 15 20
24 35 40 51 56 67 72 83
23 36 39 52 55 68 7 84
6 13 14 21
22 37 38 53 54 69 70 85
(c) (d)

Figure 3.5—Spatial locations of nanoindentations in four steps on a core plug (d =
25.4 mm, [ = 17.6 mm) with regular spacing. The area is equally divided
in each step, and the process stops when the distance between the nearest
indentations is close to the plastic zone size (a, b, c, d).

Nanoindentation investigates the shale surface regularly at various locations
based on the pattern shown in Figure 3.5. The penetration depth is close to 3.5 microns
when the applied load is 500 mN. Hence, the regular spacings of the loads are crucial

for characterizing the shale surface. The result is related to the bulk properties and
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depends on the penetration depth of each sample. Figure 3.6 represents the variation of

Young’s modulus of each sample.
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Figure 3.6—The variation of Young’s modulus with the indentation number for samples
D (a), E (b), F (¢), and G (d). The spatial locations of the indentations are
shown in Figure 3.5.

The primary parameters available from nanoindentations are Young’s modulus
and hardness (Equation 2.6). The main interest is to determine Young’s modulus of the
cutting scale. The average difference between Young’s moduli at each step and those of
the four nearest indentations evaluate the cutting scale. Figure 3.7 shows the average
difference between Young’s moduli is smaller than 6% when the regular spacing equals
2.2 mm and close to 4% when associated with 8.8 mm. The variations of Young’s
modulus obtained with 17.6-mm spacings are close to those of 8.8-mm spacings; thus,
an 8.8-mm sample can replace a 17.6-mm sample. Following that, a 4.4-mm sample can

be used for an 8.8-mm sample, and subsequently, a 2.2-mm can replace a 4.4-mm
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sample. In conclusion, the cutting scale can be set close to 2.2 mm, and samples with

this size or indentation spacing can be used for core scale measurements (Hypothesis
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Figure 3.7—Young’s moduli of shale samples resulting from nanoindentations with

regular spacings (a) and the difference between Young’s modulus at
each step and the four nearest at the subsequent steps (b).

The cutting scale varies in different formations and even for different samples
from the same formation. Shukla et al. (2013) proposed the typical size of cuttings as 3
to 5 mm. Cutting chips larger than 2 mm are ideal. In practice, some drill cuttings with
around 1 mm also provide reliable results (Ortega and Aguilera, 2012). Another key
consideration is that the cutting scale must be larger than the plastic zone size, close to
0.1 mm, where the applied load equals 500 mN. Therefore, the acceptable range for the
cutting scale is a few millimeters. It is preferable to define a scale as small as possible
to apply on cuttings.

Figure 3.8 represents the cuttings before (a) and after (b) sample preparation. A
scale ruler shows the sample size. The data reported in the literature (Ortega and
Aguilera, 2014) is consistent with various sample sizes in this study. The small polished
pieces were well-positioned and attached to the aluminum puck with minimal glue
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instead of resin, as other researchers (Deirieh et al., 2012; Shukla et al., 2013) did to
avoid any form of substrate softer than the materials. Loads were applied perpendicular

to the sample to maintain alignment between the indenter tip and aluminum puck.
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Figure 3.8—Small pieces or cuttings of shale are used to test the accuracy of the
cutting scale (a), and prepared samples are glued to an aluminum puck
for nanoindentation (b).

In this study, the accuracy of the cutting scale was tested to determine Young’s
moduli at the core scale. The independent laboratory measurements were first conducted
on core plugs under different confining stresses (40.6, 50.6, and 30.5 MPa). Then, the
small pieces obtained from compression during triaxial testing were used for
nanoindentation. Indentation spacings of 2.2 mm were applied to small pieces. Figure
3.9 shows the results. The difference between the average Young’s modulus based on
nanoindentation and the independent laboratory measurement was calculated to test the

proposed method. The results remained smaller than 30% for all shale samples.
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Therefore, the agreement between the predicted values of nanoindentation and

independent testing verifies the first hypothesis (Test 1).
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Figure 3.9—Young’s moduli of shale samples obtained from independent triaxial tests
using core plugs and nanoindentation using small pieces or cuttings (a)
and the decrease in error when samples reached a higher level of
smoothness after preparation (b).

Using a microscope, the difference between unpolished and polished surfaces
becomes apparent in Figure 3.10. The finished surface of a core plug reaches a higher
level of smoothness than cuttings. Achieving a high-quality surface that reflects light
(Table 3.1) is challenging when dealing with cuttings. This is because of a high level of
irregularity in the initial state of cuttings. Moreover, polishing small pieces of brittle

materials is more difficult.
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(a) (b)
Figure 3.10—The polished surface of the core plug, which corresponds to stage 7 in
Table 3.1, reaches a higher level of smoothness (a) than cuttings in

Figure 3.10b (b). Cuttings with the smoothest surface are less
influenced by local flaws and are close to the core scale measurements.

The methodology and correlation of using drill cuttings have proven useful for
providing direct sources to quantitatively evaluate rock properties, such as porosity,
permeability, and Young’s moduli (Lopez et al., 2015). This is important because the
availability of well logs and core data remains limited compared with cuttings.
However, it is desirable to collect both drill cuttings and core plug data for comparison
to determine the correction factor associated with these two direct sources of
information (Ortega and Aguilera, 2014). Once the data obtained from drill cuttings are
corrected to cores, the proposed correlations can be applied as reasonable

approximations to estimate Young’s moduli for use in other shale formations.
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3.5. Discussion

The main objective of this study was to propose a method that would be
applicable for shale cuttings to predict Young’s moduli at the core scale. However, there
are limitations to the application of nanoindentation on cuttings and sample preparation.
The standard method for preparing the shale surface is usually best for large samples.
Small pieces like cuttings typically have irregular shapes and break during polishing,
especially when the sample is brittle.

The results presented in Figure 3.8 are based on the application of regular
spacings rather than finding the smoothest area to make the process more systematic.
There was an improvement in the results when the smoothest area was selected for
indentation; thus, the error was smaller. Based on the analysis, improving the quality of
sample preparation reduces errors. The ion-milling technique is better suited to smaller
samples and expected to improve the accuracy of the results.

For various reasons, analyzing cuttings for formation characterization is
appealing. Cuttings help better in characterizing the formation heterogeneity along the
wellbore when only small pieces are available. In contrast to large samples, cuttings are
abundant and can easily be recovered at a minimal cost. They can be used in close real-
time conditions. Thus, the actual interpretation of the properties is significant, especially
if the cuttings collected on the surface can be associated with the formation depth. In

this study, the sample depth was not discussed.
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Predicting Young’s moduli on a core scale from nanoindentation provides
additional information that can be beneficial for developing more realistic reservoir
models. The model involves anisotropic behavior that exhibits different properties as a
function of spatial orientation. However, it is impossible to determine the bedding
direction on cuttings, which becomes more complex when the sample is smaller.
Therefore, the reported Young’s modulus for each sample at the core scale may be
interpreted as an effective isotropic response. The determination of anisotropic
properties based on nanoindentation entails loading in different directions. More
advanced preparation techniques are required to reach a high level of smoothness (stage
4 in Table 3.1) on the shale surface.

The shape of the cutting is irregular, leading to an uneven thickness. The
thickness of the cuttings in this study is a few millimeters, although it is measured in
this study. The cutting is larger than the plastic size.

The proposed method predicts Young’s moduli of shale on a core scale from
drill cuttings using nanoindentation in a systematic pattern. The assumption was that the
average Young’s modulus obtained from nanoindentation characterizes the sample
behavior on a core scale when the average property does not change with decreasing
distance. As a validation, the nanoindentation results were compared with independent

laboratory testing. Thus, no upscaling is required to determine the core scale properties.
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3.6. Conclusions

The main objective of this study was to propose a new method that can be used
to characterize shale formations using drill cuttings. The proposed method is required
because large samples (~1 in.) are often unavailable. Thus, cuttings are the only sources
available and used to determine Young’s modulus on a core scale. The Young’s moduli
of shale cuttings were obtained from nanoindentation. Then, the values were averaged
to predict Young’s modulus on a core scale. The error of predicted results yielded a
good agreement where the value was smaller than 30% for all the samples on a core
scale.

This study also showed that surface smoothness has a major impact on the results
obtained from nanoindentation. Smoothness was achieved by sample preparation prior
to indentation testing. Surface grinding and then polishing stages were performed. The
two processes are desirable to remove local defects on the shale surface and attain
properties more representative of bulk behavior. Surface grinding is more crucial than
the polishing stage, which can be omitted. The average Young’s moduli resulting from
nanoindentation increased more than 50% after grinding but less than 10% after
polishing.

Nanoindentation and its governing equations, including sample preparation,
were discussed. The technique is an appealing approach for small pieces. However, it is
prone to sample preparation because the size of the indenter tip is in the range of
nanometers. This study revealed that the predicted results from cuttings are close to core

scale measurements when the sample is prepared properly. In the petroleum industry,
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cuttings analysis characterizes the formation heterogeneity along the wellbore,

specifically in horizontal drilling, where large samples are not easily recovered.
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CHAPTER 4. CHARACTERIZING ANISOTROPIC FRACTURE
TOUGHNESS OF SHALE USING NANOINDENTATION

The content of this chapter has been published in the SPE Reservoir Evaluation
& Engineering (Esatyana et al., 2021). This chapter proposes a conceptual model to
characterize the fracture toughness of shale using nanoindentation. The predicted
fracture toughness values obtained from the Berkovich tip are compared with the cube-

corner tip to partially validate the proposed model.

4.1. Sample descriptions

The Wolfcamp Formation has been an active unconventional resource located
in the Permian Basin in Texas. Four shale samples in two different directions were
retrieved; two samples (Samples 1 and 2) are parallel to the bedding planes, and two
(Samples 3 and 4) are perpendicular to the bedding planes. In this study, the Berkovich
tip indents each sample. The estimated fracture toughness results are validated using the

cube-corner tip at the same scale based on the conceptual model proposed in this study.

4.2. Complexities of fracture toughness characterization in shale

One of the main parameters in calculating fracture toughness is the fracture
length. Determining the fracture length from nanoindentation on shale is challenging
because the induced patterns differ from those identified in the literature (Figure 2.3).

Fracture length is inversely proportional to fracture toughness. Laugier (1987) proposed
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an analytical approach to show the dependency of fracture toughness on the fracture

length as

1 2

= o (e @

c2

where a is the distance from the indented center to the corner, [ is the distance from the

indented corner to the fracture tip, E; is Young’s modulus of the sample, B, , is the

1

maximum applied load, and ¢ is the measured fracture length. The term of (%)E

demonstrates slight variation between glasses (median or Palmqvist) and ceramics
(Palmgqvist).

Figure 4.1 shows indented shale samples at 300 mN, 500 mN, and 700 mN. The
dark triangle near the center denotes the indented area or impression; the light green,
which covers most of the area, is the polished surface. The light grey irregular shapes
surrounding the indented area are relevant to defects caused by the lack of sample
preparation. The shale heterogeneity is clear from the high-resolution images

(photographs) captured from the shale surface after the indentation process.

60



Figure 4.1—High-resolution images of shale indented by 300, 500, and 700 mN. The
induced fractures are distinct even at the same load, indicating a high
heterogeneity level. The red arrows point out the relatively simple
patterns used for fracture toughness characterization in this study.

4.3. Approach

4.3.1. Conceptual model

The shale matrix is assumed to consist of two intertwined, solid domains. When
the maximum load is applied, one domain remains intact, whereas the other domain is
weaker and fails when loaded, resulting in fractures. The boundary between the grains
generates the weaker domain. Fracture toughness measurement only accounts for the
failure of the weaker domain. Fractures only generate when the tip hits the weaker

domain to characterize the pertinent shale properties using nanoindentation. The high-
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resolution images show that simple fracture patterns are acceptable to determine fracture
toughness with the condition that their lengths are smaller than 20 microns. On the other
hand, fracture toughness is difficult to measure in a complex pattern when its length is
greater than 25 microns. Thus, indentations within complex patterns and without
fractures are excluded from fracture toughness characterization (Hypothesis 2).

The proposed conceptual model is realistic for shale to better capture its
heterogeneity. It is challenging to depict the shape and size of the mineral properties
that correspond to the stronger domain because of their distinctive components. Figure
4.2 represents the schematic of the conceptual model. The Voronoi cells (Voronoi,
1908) with different colors illustrate the stronger domain, and the boundaries represent
the weaker domain. The Voronoi cells can have different properties and remain intact
during nanoindentation. However, the properties of the weaker domain are of interest in

this study.

(a) (b)

Figure 4.2—Schematic of the proposed conceptual model based on the Voronoi cells
in shale. Various colors represent the stronger domain while the
boundaries between them constitute the weaker domain (a). The loads
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applied to the indenter tip induce fractures when the tip hits the weaker
domain (b).

Nanoindentation creates different scenarios when it hits the surface. For
instance, a fracture occurs when the tip contacts the weaker domain, which will be the
only domain analyzed to calculate the fracture toughness. On the other hand, when the
indenter tip lands on the grain, which is part of the stronger domain, it generates no
fracture. Hence, nanoindentation without fractures is omitted. Maxwell (1873) proposed
a similar model for the first time, known as the effective-medium theory for
characterizing properties of porous media, which can be adopted for analyzing fracture

toughness.

4.3.2. Maximum applied load in nanoindentation

Nanoindentation creates a local impression but does not necessarily break the
sample. There is no direct way to assign the acceptable load a priori to determine
fracture toughness because the dimensions of locally induced fractures vary. As a result,
various loads at different locations are applied to determine the acceptable range where
linear elastic fracture mechanics assumptions are realistic.

The spacing between adjacent indents is larger than the plastic zone size to avoid
interference and attain realistic mechanical properties (Esatyana et al., 2020). The
sample is damaged significantly in the plastic zone. If only two indents are conducted
with an identical load, the spacing can be as large as the sample diameter.

Figure 4.3 shows that the indentation location patterns follow the hybrid grid

system with relatively random grain boundaries. This procedure ensures that the effects
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of the sample heterogeneity are included. The hybrid grid system explores an extensive
area with various loads to account for heterogeneity, thus better characterizing the
sample. The load increases from 50 to 1,100 mN with increments of 50 mN. This study
uses square grids, although other patterns are possible. The acceptable range for

generating a relatively simple fracture pattern is identified by trial and error.

d s
« [ R 5
I 50 mN B 100mN [ 150 mN 200 mN 250 mN
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I 550 mN I 600 mN P esomN N 700 mN 750 mN
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[ 1050 mN 1100 mN

Figure 4.3—The hybrid grid system used in this study. The core plug diameter, d, is
25.4 mm. The major grid size, m, and minor, s, are 17.1 and 2.44 mm,
respectively.

4.3.3. Damaged versus fractured regions

The ideal fracture pattern propagates from a three-sided Berkovich tip, which is
present in homogeneous media, such as fused silica. Figure 2.9 illustrates an example

of such a pattern. However, the ideal pattern does not form in shale because of the high
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level of heterogeneity. Other researchers have also reported the absence of the ideal
pattern in shale (Gupta et al., 2020; Shukla et al., 2013). Figure 4.4 represents high-
resolution images that clearly demonstrate the complexity of fracture patterns on the
shale surface, where the maximum applied load is 500 mN. Three types of fracture

patterns are classified: no fracture, simple fracture, and complex fracture.

& 500 mN

Figure 4.4—High-resolution images of shale surface resulting from the Berkovich tip.
The red circles represent two relatively simple fracture patterns, and the
purple circle indicates a complex pattern.

A simple fracture pattern is created when the fracture length is smaller than 20
microns. If it is a complex pattern or damaged area, which is difficult to measure, the
length is greater than or equal to 25 microns. The applied loads are classified as
acceptable when a relatively simple fracture pattern (red circle) is generated or excessive
when the fracture pattern is complex (purple circle). The fracture length in the simple
fracture pattern is preferable in determining fracture toughness. This classification is

because the analytical relation for fracture toughness characterization is valid when the
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fundamental assumptions of linear elastic fracture mechanics (LEFM) are realistic.
LEFM corresponds to the conditions that do not intersect between the induced fractures,
and the plastic zone size is small.

I used a cube-corner tip to partially validate the proposed approach at the same
scale. The two tips have different topologies. The difference is that the contact angle is
smaller in the cube-corner tip, which forms fractures more easily compared to the
Berkovich tip for a given load. A similar procedure was followed to apply the load using
the hybrid grid system and identify the fracture length. The fracture toughness values
calculated by the cube-corner tip were subsequently compared to those of the Berkovich
tip.

The high-resolution images in Figure 4.5 are parallel to the bedding planes and
analyzed to classify the load range. Based on the histogram, it is suggested that the
applied load is acceptable for fracture toughness characterization when the load is
smaller than or equal to 550 mN, with a damaged zone size close to 9 microns. In
contrast, the applied load is deemed excessive when greater than 550 mN (green dashed
line in Figure 4.5a). The acceptable load range may not be identical in different
directions because of anisotropic behavior. Figure 4.6 indicates that relatively simple
fracture patterns form more easily in samples perpendicular to the bedding planes
because they propagate away from the indenter tip without creating any significant

damage when the size is greater than or equal to 25 microns.
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Figure 4.5—Histogram of a shale sample for simple and complex fracture patterns
parallel to the bedding planes with various loads (a). High-resolution
images where the applied load is acceptable for fracture toughness
characterization when smaller than or equal to 550 mN (b) and excessive
when larger than 550 mN (c¢).
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Figure 4.6—Histogram of a shale sample for simple and complex fracture patterns
perpendicular to the bedding planes with various loads (a). High-
resolution images where all the applied loads are acceptable for fracture
toughness characterization (b) because the induced fractures are relatively

simple.
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The induced fractures in Figures 4.5 and 4.6 are distinct. The applied loads cause
more damage in the sample parallel to the bedding planes and lead to acceptable
fractures in the sample perpendicular to the bedding planes. The difference represents a
change in the acceptable load range, which may be relevant to the bedding planes’
direction (Gu, 2018)—specifically, it affects the sample response at a small scale.
Determining the threshold value may appear subjective; high-resolution images provide
a guideline to define an acceptable load range. The damaged area is typically close to

the impression without a discernible fracture when the load is excessive.

4.4. Results

The fracture toughness is determined by calculating the fracture length from
high-resolution images. These results are averaged to make them more representative.
The following examples are provided for clarification to distinguish the fracture
patterns. Figure 4.7 represents high-resolution images with fractures whose patterns are
considered relatively simple in this study. The assigned lengths (a1, a2, /1, [2) make it
possible to determine the corresponding fracture length to dictate the fracture toughness,

listed in Table 4.1.
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Figure 4.7— The indentation impression on a shale surface of a Berkovich tip parallel
to the bedding plane (a) and a cube-corner tip perpendicular to the
bedding plane (b).

Table 4.1— The relevant parameters to calculate fracture toughness (last row) of shale
samples using a Berkovich tip in a parallel sample (Figure 4.7a) and a cube-
corner tip in a perpendicular sample (Figure 4.7b).

Sample direction

Description, unit Parameters
Parallel Perpendicular

1% distance from the center to the corner, microns ai 18.09 5.00
2" distance from the center to the corner, microns az 18.09 5.00
1* distance from the corner to the tip, microns A 14.14 7.50
2" distance from the corner to the tip, microns b 15.81 10.31
Average distance from the center to the corner, microns average 18.09 5.00
Average distance from the corner to the tip, microns Laverage 14.98 8.905
Fracture length, microns c 33.07 13.91
Empirical coefficient, dimensionless o 0.016 0.032
Young’s modulus, GPa Es 77.39 85.3
Hardness, GPa H 2.11 2.35

Maximum applied load, mN Prax 500 75
Fracture toughness, MPa.m'” K. 0.498 0.383
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The conversion of the acquired data of load (mN) and displacement (nm) to
Young’s modulus (Es) and hardness (H) of the sample is a function of the maximum
applied load and the projected area. The nanoindenter instrument usually follows a
standard procedure (Oliver and Pharr, 1992). Only a few indentations lead to a simple
fracture pattern, approximately 3 to 13 out of 49 tests. Figure 4.8 shows the

corresponding ratio of simple and complex fracture patterns using the Berkovich tip.
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Figure 4.8—The variation of the ratios of the indentation tests with simple and
complex fractures to the total number of tests, which is equal to 49, at
each load. Complex induced fractures occur when the applied load is
greater than 550 mN for Sample 1 and 700 mN for Sample 2. However,
some loads do not create any fractures.
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The indentation tests followed the hybrid grid system in Figure 4.3 using the
Berkovich tip. Fracture creation usually depends on the sample’s heterogeneity and
anisotropy. Simple fractures propagate more easily within a layer (perpendicular) than
across several bedding planes (parallel). Based on the proposed conceptual model, the
interpreted fracture toughness of shale samples at various loads using Berkovich and
cube-corner tips are represented in Figure 4.9 and Figure 4.10, respectively.

Figure 4.9 depicts that the average fracture toughness is 0.65 MPa.m'? and 0.72
MPa.m'? for Samples 1 and 2, respectively; and 0.48 MPa.m'? and 0.51 MPa.m'"? for
Samples 3 and 4, respectively. Samples 1 and 2 are parallel to the bedding planes,
whereas Samples 3 and 4 are perpendicular. The Berkovich tip indented samples at
various loads. The lower fracture toughness in perpendicular samples (Figure 4.6b) is
consistent with the high-resolution images where fracture propagates more easily than

in parallel samples (Figure 4.5b).
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Figure 4.9—The fracture toughness values of four shale samples tested by the Berkovich tip.
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Next, the cube-corner tip determines the fracture toughness values of shale
samples. The comparison partially validates the fracture toughness obtained by the
Berkovich tip. The average fracture toughness calculated by the cube-corner tip is 0.53
MPa.m'? for Sample 1, 0.57 MPa.m"? for Sample 2, 0.38 MPa.m'? for Sample 3, and
0.41 MPa.m'? for Sample 4. Similar to the Berkovich tip, the acceptable and excessive
loads are identified by examining the images. Nonetheless, acquiring consistent fracture
toughness values for a solid medium is challenging as the two tips have different

empirical coefficients (Gupta et al., 2020) (Test 2).
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Figure 4.10—The fracture toughness values of four shale samples tested by the cube-corner tip.
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Figure 4.10 depicts the average fracture toughness indented by the cube-corner
tip. The cube-corner tip is similar to the Berkovich tip, with three-sided pyramids that
induce a relatively similar impression. The only difference is that the contact angle is
smaller in the cube-corner tip, which allows it to create fractures more easily than in the
Berkovich tip (Table 2.1). The interpreted fracture toughness values based on the cube-
corner tip are close to those shown in Figure 4.9. The average fracture toughness values
using the two tip geometries are determined to compare the results. The average values
for the parallel samples (1 and 2) are larger than those for the perpendicular samples (3
and 4).

Nanoindentation at different locations yields different results because it captures
heterogeneous properties. Therefore, the average results obtained in Figure 4.9 and
Figure 4.10 help to explain the overall behavior. Large scatter in fracture toughness
values are also reported in the literature (Chandler et al., 2016; Ghidelli et al., 2017;
Tran et al., 2014). In general, researchers consider a method acceptable when it yields a
correct order of magnitude (Chandler et al., 2016; Ghidelli et al., 2017; Tran et al.,
2014). Figure 4.11 illustrates that the average fracture toughness values yield agreeable
results. The difference in the average fracture toughness values is less than 18%; thus,
the comparison provides a partial validation for the proposed conceptual model at the

same scale (Test 2).
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Figure 4.11—The average fracture toughness values of four shale samples using the
Berkovich and cube-corner tips.

4.5. Discussion

The primary objective of this study was to propose a conceptual model to
characterize the fracture toughness of shale using nanoindentation. The model was
based on how the fracture's length is interpreted and more apparent when the indenter
tip lands between grains. This study revealed the absence of the ideal fracture pattern
discussed in some literature (Figure 2.9). However, more probable scenarios existed
with one or two fractures.

The proposed conceptual model clarified why the ideal fracture pattern was not
observed in shale. The solid domain in the model is a combination of stronger and
weaker domains that are intertwined. The impressions do not generate any fractures
when the tip lands on the stronger domain. Instead, the conceptual model interprets the
equivalent fracture length when the tip hits a weaker domain. The clarification was

achieved by showing any possible distribution for the grains with different minerals on
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the shale samples. The conceptual model justified the significant change between the
ideal fracture patterns of homogeneous media in the literature and those observed in this
study.

Creating a relatively simple fracture pattern was easier using the Berkovich tip
than the cube-corner tip. The latter typically leads to a complex fracture pattern or larger
damaged area without easy-to-detect fractures. In general, the Berkovich tip was more
suitable for fracture toughness characterization in shale, whereas the cube-corner tip
enabled partial validation of the proposed conceptual model at the same scale.

Another consideration was the anisotropic behavior of shale, where the bedding
planes play an important role in controlling it. As a result, three scenarios of fracture
propagation on a core scale (Figure 4.12) were defined in the literature that accounts for
the relative orientation of the fracture plane with respect to the bedding planes (Zhang,
2013). Nevertheless, applying the defined scenarios for characterizing anisotropic

fracture toughness was difficult while implementing nanoindentation.
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Figure 4.12—Three classifications of fracture propagation at the core scale (Zhang,
2013) are divider (a), short transverse (b), and arrester (c).
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The bedding planes determined at a core scale do not necessarily constrain
fracture propagation at a small scale. Hence, the fracture toughness values observed at
a core scale may differ from the predicted values at a small scale. There is a need to
develop a method applicable to small samples in practice because large samples are
often unavailable. Moreover, a better sense of the fracture toughness at a small scale
would improve understanding of how induced fractures contribute to the flow at
different scales. It may also be possible to upscale the interpreted fracture toughness to
a large scale (Graham-Brady and Huq, 2013; Paliwal and Ramesh, 2008).

Figure 4.13 clarifies shale's anisotropic behavior and its impact on the bedding
planes at a core scale where fractures propagate as a result of nanoindentation. It
represents two scenarios of the bedding planes, indicated by the blue lines, based on the
proposed conceptual model. The tip may hit the bedding planes in a parallel sample, and
the applied load is insufficient to form a fracture with a size that is closer to the core
size. The induced fractures are more likely to propagate only in a single layer for the
perpendicular sample and not interfere with other layers or planes (Figure 4.13b). This
study shows that the interpreted fracture toughness is more representative of the local

properties of a single layer.
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Figure 4.13—Conceptual illustrations of the anisotropic shale samples: parallel (a) and
perpendicular (b) to the bedding planes. Fractures were induced at a
small scale using nanoindentation. The triangles are the impression or
indented area; the red and green marks represent simple fracture
patterns produced through the grain boundaries and between the layers,
respectively.

A Voronoi diagram generator created the Voronoi splitting in Figure 4.13 to
represent the random distribution of the grains with various mineral components. The

Voronoi diagrams in Figures 4.2 and 4.13 conceptualize a random distribution of the
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grains. The boundaries may be related to distinct mineral types, geometry structures, or
improper sample preparation. Identifying grains with specific mineralogy is beyond the
scope of this study.

The predicted values of the cube-corner tip were used to validate the interpreted
fracture toughness resulting from the Berkovich tip based on the proposed conceptual
model. This is possible because the values predicted from the two tip geometries were
compared on the same scale, smaller than the core scale. In addition, the two tip
geometries required various external loads that lead to different fracture lengths; thus,
the induced fracture patterns also differ. As a result, the comparison between the
interpreted values of the two tips is significant.

Large-scale measurements on the core plugs provide additional evidence to
check the proposed conceptual model. The one-to-one comparison between the
Berkovich and cube-corner tips is explained in the subsequent chapter. However, based
on the information available in the literature, the predicted values appear to be in the
correct order for US shale formations. For instance, researchers who work in
independent laboratory measurements have reported that the Chevron-notch short bar is
in the range of 0.69 to 1.16 MPa.m!? (Tran et al., 2014), the short rod approach is in the
range of 0.12 to 1.39 MPa.m'? (Chandler et al., 2016), and the three-point bending test

is 0.85 MPa.m"? (Jin et al., 2018).
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4.6. Conclusions

This study proposed a conceptual model to characterize the fracture toughness
of shale using nanoindentation. The proposed model assumed that the shale matrix
comprises two intertwined, solid domains. One domain is weaker and fails when loaded,
resulting in fractures or damage, whereas the other remains intact. The model was based
on the effective-medium theory and adopted for the first time for fracture toughness
characterization. The classic model is applicable to symmetrical (ideal) fracture
patterns, which are abundant in homogeneous media, such as fused silica.

This study tested four shale samples from the Wolfcamp Formation. Two
samples were parallel to the bedding planes, and the other two were perpendicular to
the bedding planes. Shale with different loads was systematically tested. The applied
loads that were acceptable for fracture toughness characterization were considered to be
those in which the induced fractures formed a relatively simple pattern. Conversely,
applied loads were deemed excessive if they led to complex fracture patterns or
intersected each other.

The interpreted fracture toughness obtained from the Berkovich tip was partially
validated with the cube-corner tip at the same scale. Samples 1 and 2 were parallel to
the bedding planes, and Samples 3 and 4 were perpendicular. For the Berkovich tip, the
fracture toughness values were 0.65 MPa.m'? and 0.72 MPa.m'"? for Samples 1 and 2,
respectively; Samples 3 and 4 were 0.48 MPa.m'? and 0.51 MPa.m'2, respectively. In

comparison, the average fracture toughness values calculated by the cube-corner tip
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were 0.53 MPa.m'"? and 0.57 MPa.m!? for Samples 1 and 2, respectively, and 0.38
MPa.m'?and 0.41 MPa.m"? for Samples 3 and 4, respectively.

The interpreted results from the cube-corner tip were consistent with those from
the Berkovich tip. Comparing the average fracture toughness values yielded agreeable
results with less than 18% difference. The model revealed the complexities in
characterizing shale using nanoindentation. Moreover, it explained why induced
fracture patterns differ from the ideal pattern defined in most literature by partially
validating the predicted fracture toughness of the samples indented by the cube-corner
tip with those of the Berkovich tip. The proposed conceptual model promises to be
implemented in shale at the same scale. The next chapter will explain how the model
will be fully tested by comparing shale fracture toughness at different scales using

nanoindentation against independent laboratory testing.
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CHAPTER 5. EVALUATION OF ANISOTROPIC SHALE
FRACTURE TOUGHNESS USING NANOINDENTATION AND
CRACKED CHEVRON NOTCHED BRAZILIAN DISC (CCNBD)
TESTS

The content of this chapter is still under review in the Rock Mechanics and Rock
Engineering (Esatyana et al., 2021). This chapter validates the results obtained from
nanoindentation based on the proposed conceptual model against standard laboratory

testing using the CCNBD test.

5.1. Sample descriptions

This study uses four shale samples from the Wolfcamp Formation extracted
from an outcrop. Samples are divided into two groups. Samples A and B are parallel to
the bedding planes, and Samples C and D are perpendicular to the bedding planes. Prior
to indentation, samples are first used for the CCNBD test. Table 5.1 lists the pertinent

sample properties.

Table 5.1—The pertinent properties of the studied shale.

Group 1 2
Sample A B C D
Direction to the
) Parallel Parallel Perpendicular ~ Perpendicular

bedding

Length (in) 0.8 0.8 0.8 0.8
Diameter (in) 1.98 1.98 1.98 1.98

Weight (g) 107.32 107.84 107.81 107.79
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Table 5.2 (continued)

Description
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5.2. Experimental procedure

The predicted anisotropic fracture toughness of shale using the conceptual
model (hybrid grid system) proposed by Esatyana et al. (2021) on core plugs and
cuttings remains unverified against the International Society for Rock Mechanics
(ISRM) methods. This study validates the results with the reported fracture toughness
of the CCNBD test. Detailed experimental procedures of the CCNBD test and

nanoindentation testing are explained subsequently.

5.2.1. CCNBD test

It is challenging to determine the bedding planes with the naked eye. At this
stage, microscope, and compressive wave (acoustic) analysis define the direction of the
bedding planes. Next, Meta Rock Laboratories tests the samples using the CCNBD test.

The results are documented in Table 5.2 (Test 3).
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Table 5.3—Typical CCNBD test results on four shale samples during pre-notch, post-
notch, and post-test (fracture test).

Sample A B C D
Fracture Plane (Figure 5.2)  Arrester Arrester Divider Divider
Initial Notch Length (in) 0.27 0.19 0.24 0.27
Final Notch Length (in) 0.66 0.64 0.65 0.64
Frax (N) 4,118 4,430 4,127 3,749
Kic(MPa.m'?) 0.772 0.797 0.759 0.687

The notch is essential for the fracturing stage. Before breaking the sample, an
initial notch is cut in the center with a rotary diamond saw. Next, each sample is placed
between two flat plates and compressed by a diametral load (Fowell and Xu, 1993). The

subtle lines on the sample’s surface (Figure 5.1) are drill marks formed during sample

preparation.

Sample A

Sample B
lNC]IES‘

1

4
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Sample C Sample D

Post Notch esf Post Notch

Figure 5.1—Cracked Chevron Notched Brazilian Disc (CCNBD) test of the shale
samples. The three stages are pre-notch, post-notch, and post-test.

The direction of the bedding planes controls the anisotropic behavior of the rock
sample. However, the direction is hardly visible if the sample is dense. The fracture
orientation relative to the bedding planes determines the fracture principles. Chandler
et al. (2016) classified three fracture propagation principles on a core scale as Divider,
Arrester, and Transverse, which are discussed subsequently.

A notch is cut as a pre-fracture stage of the CCNBD test. In the perpendicular
sample, the notch direction is perpendicular to the bedding planes, but the fracture
propagates parallel to the bedding planes and is referred to as the Divider orientation.
In the parallel sample, there are two possibilities of fracture propagation principles. The
notch direction and fracture propagate parallel to the bedding planes in the transverse
orientation. In the Arrester orientation, the notch direction and fractures are
perpendicular to the bedding planes, which is relevant to this study.

Each sample direction matches one of the three principal fracture plane
orientations relative to the bedding planes, based on the notch direction and fracture

propagations, as illustrated in Figure 5.10. For instance, parallel and perpendicular
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samples correspond to Divider and Arrester orientation. Besides, the predicted fracture
toughness of the perpendicular sample is lower than the parallel sample, which shows

consistency with the reported fracture plane orientation values in some literature studies

(Inskip et al., 2018; Ren et al., 2020).

Applied Load Applied Load

Notch Notch

1inch
1inch

— Fracture

edding directi

Bedding direction | | Fracture

h
h

d=2inch d=2inch

(a) (b)

Figure 5.2—Notch and fracture propagation orientations when perpendicular (a) and
parallel (b) to the bedding planes (blue lines). The perpendicular and
parallel samples match Divider and Arrester orientations, respectively.

The CCNBD test is a standard laboratory test to determine anisotropic fracture
toughness on the core scale. However, in practice, the CCNBD test may be impossible
because of the lack of large samples. This study validates the predicted fracture
toughness based on the conceptual model proposed by Esatyana et al. (2021) by

comparing the indentation testing against the CCNBD test.

5.2.2. Nanoindentation on core plugs

The indenter tip is sensitive to local defects or microstructures, lowering
mechanical properties such as Young’s modulus and hardness values. Esatyana et al.

(2020) have comprehensively studied the sensitivity of sample preparation in grinding
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and polishing stages to Young’s moduli of shale samples. Table 5.3 depicts the surface

of a semicircular shale sample before and after preparation.

Table 5.4—The semicircular shale surface before and after sample preparation. The
surface of a sample is more reflective of light upon completion.

Condition A B C D
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High-resolution images classify applied loads as acceptable or excessive by
analyzing the generated fracture patterns. The distance between indents must be larger
than the plastic zone to avoid interference between the stimulated regions. Esatyana et
al. (2020) reported that the minimum spacing distance between indents for shale
samples was 100 microns when the load was equal to 500 mN. The hybrid grid system
in Figure 5.3 applies various loads on the surface of a sample to better capture shale
heterogeneity. The applied loads increase from 50 to 1,000 mN with 50 mN incremental
because there is no direct way to assign the maximum load before nanoindentation. The
trial and error of various loads at different locations evaluate the creation of relatively

simple fracture patterns on the surface of shale (Test 3).
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Figure 5.3—Hybrid grid system of a semicircular shale sample. The diameter (d) of
the core sample varies (Table 5.1). The major grid (m X n) pattern is
9 x 9, which is equal in size to 0.566 X 0.708 in. The minor grid
(51 X s3) pattern is 5 X 4, which is equal in size to 0.062 X 0.078 in.

5.2.3. Nanoindentation on cuttings

After indenting the semicircular samples, the next step is to characterize the
fracture toughness of the cuttings. A heavy-duty steel rock crusher (Figure 5.4a) breaks
the semicircular into pieces (Figure 5.4b) and pulverizes them. To operate the
equipment, the operator puts a semicircular sample into a cylinder, steps on the base,

inserts the plunger, and moves the plunger back and forth.
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Figure 5.4— Rock crusher (a) and shale cuttings (b) obtained from the semicircular
samples shown in Table 5.3.

gt
3

The cuttings are glued to an aluminum puck to ensure sufficient resistance to the
indentation load. Similar to the nanoindentation of the semicircular samples, sample
preparation is necessary to reduce errors caused by local defects. Cuttings of irregular
shapes can complicate the preparation by tearing the discs apart. Suitable cuttings must

be well-positioned with minimal glue attached to the puck, as depicted in Table 5.4.
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Table 5.5—Prepared samples glued to an aluminum puck for indentation.

Sample Cutting no. 1 Cutting no. 2 Cutting no. 3
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The size of cuttings ranges from 0.009 to 0.0295 in. to achieve a smooth surface
and ensure the sample reliably captures the shale’s properties. The smallest size is
obtained by dividing the number of acceptable fracture patterns by the total number of
indents. The cuttings of Sample C have the smallest size, with only two out of twelve
indents equal to 0.17 in. Esatyana et al. (2020) showed that smaller samples lead to
significant errors (Test 3).

Nanoindentation on cuttings does not account for the hybrid grid system because
of the limited surface area. Therefore, the acceptable spacing between indents equals
0.086 in. when the maximum applied load is 500 mN (Esatyana et al., 2020). Moreover,
it is more difficult to identify the direction of bedding planes in cuttings than in larger

samples (Test 3).

5.3. Results

5.3.1. Nanoindentation on core plugs

After performing the tests, the predicted fracture toughness values of the
semicircular samples are compared with the CCNBD test results, as shown in Table 5.3.
The four shale samples generated 6,480 high-resolution images; each sample was given
1,620 indents. Figure 5.5 clarifies the relevant parameters, such as a, [, and c, based on

high-resolution images of indented samples.
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Figure 5.5—Impressions of the Berkovich tip on the surface of shale parallel (Samples
A and B) and perpendicular (Samples C and D) to the bedding planes,
where the applied load is 500 mN.

The characterized fracture toughness is anisotropic because the nanoindentation
accounts for the fracture length created in various directions. Only the images with
relatively simple fracture patterns are used to identify fracture length for anisotropic
fracture toughness characterization. Table 5.5 provides detailed parameters obtained
from the high-resolution images in Figure 5.5 to calculate the fracture toughness in

different directions.
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Table 5.6—The relevant parameters for fracture toughness characterization of shale samples
using nanoindentation. The high-resolution images are shown in Figure 5.4.

Sample
Description, unit Parameter
B C D

Distance from the center to the corner, microns a 1581 18.03 14.14 13.21
Distance from the corner to the tip, microns l 11.18 7.07 11.18 9.19
Fracture length, microns c 26.99 25.10 2532 2240
Empirical coefficient, dimensionless o 0.016 0.016 0.016 0.016
Young’s modulus, GPa E 51.70 72.10 64.40 34.80
Hardness, GPa H 1.64 230 2.10 1.68

Maximum applied load, mN Prax 500 500 500 500
Fracture toughness, MPa.m'”? K, 0.677 1.01 0.691 0.682

The histogram shows the acceptable load based on the fracture pattern (Figure
5.6a). Results are discarded when the applied load is smaller than or equal to 100 mN
because the induced fractures are hardly discernible. Figure 5.6 reveals the total number
of different fracture patterns (simple, complex, and no fracture) with the load for Sample
A. The histogram of Samples B, C, and D are presented in Appendix A.

Fracture length is a significant parameter in characterizing fracture toughness
from the experiment. The green box in Figure 5.6a indicates the acceptable loads to
calculate fracture toughness where the number of simple fractures is notable. For
instance, the acceptable load range of sample A is 150 to 750 mN. For Samples B, C,
and D, the load ranges are 150 to 700 mN, 150 to 650 mN, and 150 to 750 mN,

respectively.
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When the load is in the range of 50 to 100 mN, it does not capture the sample
behavior properly. The histogram of Samples A, B, C, and D illustrates this behavior
clearly. The total number of no fractures in those ranges is higher than other loads,
meaning that the load does not impact the sample yet. At 150 mN, the total number of
no fractures decreases as the number of complex fractures increases. Therefore, the

acceptable range begins when the load equals 150 mN.
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Figure 5.6— Histogram of Sample A (parallel to the bedding) in three regions with
various loads (a). High-resolution images where the applied load is
acceptable when (b) smaller than or equal to 750 mN and (c) excessive
when larger than 750 mN.
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Figure 5.7 illustrates the interpreted fracture toughness values of the
semicircular shale samples, where the detailed calculations are provided for four
samples in Table 5.5. Samples A and B are parallel to the bedding planes, whereas
Samples C and D are perpendiculars. Therefore, each sample has a different load range.
The fracture toughness varies between 0.023 to 2.888 MPa.m'? for Sample A; 0.056 to
3.060 MPa.m'? for Sample B; 0.105 to 2.107 MPa.m'? for Sample C; and 0.048 to
2.958 MPa.m'”? for Sample D. By averaging the data denoted by the red circles in each
sample, the average predicted fracture toughness of Samples A, B, C, and D is

0.677,0.725, 0.701, and 0.668 MPa.m'?, respectively. Details are listed in Table 5.6.
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Figure 5.7— Fracture toughness values of four shale samples are listed in Table 5.3.
The data shows 144 out of 1,620 tests that led to simple fracture patterns
for Sample A; 198 out of 1,620 tests for Sample B; 194 out of 1,620 tests
for Sample C; and 184 out of 1,620 tests for Sample D.
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5.3.2. Nanoindentation on cuttings

Sample preparation for cuttings also consisted of grinding and polishing stages,
which was challenging because cuttings broke into pieces easily. On the surface of shale
cuttings, the maximum number of indentations reached up to thirty in total, where at
least five to ten indents generated simple fracture patterns. The hybrid grid system was
not implemented to characterize shale cuttings. Figure 5.8 shows the number of tests

obtained on shale cuttings (Table 5.4).
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Figure 5.8—Histogram of the number of indents where the maximum applied load is
500 mN (a). The fracture toughness of shale cuttings shows that 14 out of
47 tests led to simple fractures for Sample A; 20 out of 77 tests for Sample
B; 12 out of 53 tests for Sample C; and 18 out of 54 tests for Sample D
(b).

5.4. Validation

I hypothesize that the shale matrix is represented by two intertwined solid
domains. One domain remains intact when loaded, whereas the other domain is weaker
and results in fractures. The fracture toughness is estimated if I only account for the
failure of the weaker domain. A fracture only occurs when the tip hits the weaker
domain to characterize the relevant shale properties using nanoindentation. Based on
the high-resolution images, simple fracture patterns determine fracture toughness in
shale when their lengths are smaller than 20 microns. It is difficult to measure fracture

toughness in a complex pattern where the length is greater than 25 microns. Therefore,
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indentations within complex patterns and without fractures are excluded from fracture
toughness characterization (Hypothesis 2).

The proposed conceptual model represents a shale matrix that comprises various
minerals to form the grains. The boundary between the grains formed the weaker
domain. Therefore, the model is realistic for shale to better capture its heterogeneity.
Heterogeneity is caused by mineral composition and pores (Hypothesis 2).

The nanoindentation results from core plugs and cuttings based on the proposed
conceptual model are compared with the CCNBD test results for validation purposes at
different scales. The average values of the parallel samples (A and B) are larger than
those of the perpendicular samples (C and D) using nanoindentation, which is consistent
with the measured fracture toughness from the CCNBD test. Local defects or
microstructures influence the indentation testing results, where their presence reduces
the sample resistance against deformation and the quality of the mechanical properties
of shale samples. Furthermore, several factors account for the sensitivity of
nanoindentation that may contribute to mechanical properties, such as tip rounding, pile
up and sink in, and surface roughness, which would require further study (Fischer-
Cripps, 2011). Figure 5.9 represents the calculated shale fracture toughness of the
cuttings and core plugs from nanoindentation against the independent laboratory

measurement.
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Figure 5.9—The average fracture toughness of the shale samples based on

nanoindentation and the CCNBD test.

Table 5.7—The average anisotropic fracture toughness of the shale samples.

Applied  CCNBD test Nanoindentation
Sample load (N)  (MPam'?) Applied  Core plug Applied Cuttings
load (mN) (MPa.m'?) load (mN) (MPa.m'?)
A 4,118 0.772 150-750 0.677 500 0.701
B 4,127 0.797 150-700 0.725 500 0.758
C 4,430 0.759 150-650 0.701 500 0.717
D 3,749 0.687 150-750 0.668 500 0.668
This study compared the predicted fracture toughness values with the CCNBD

test, a standard laboratory experiment on a large scale, to validate the nanoindentation

results. The error associated with the fracture toughness characterization based on

nanoindentation is quantified as follows:
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Figure 5.10—The error associated with the predicted shale anisotropic fracture
toughness using nanoindentation (core plugs and cuttings) with the
CCNBD results for validation purposes.

The plot in Figure 5.10 reveals the accuracy of the fracture toughness
characterization based on nanoindentation by calculating the error of the predicted value
relative to the CCNBD experiment. The error is in the range of 3% to 13% for core

plugs and 3% to 10% for cuttings. The small error shows that nanoindentation
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characterizes the anisotropic fracture toughness of shale with reasonable accuracy

compared to the standard method (Test 3).

5.5. Discussion

Following the CCNBD test, indentation testing is applied on semicircular core
plugs and cuttings. This study aims to characterize shale fracture toughness using the
recently proposed model (Esatyana et al., 2021) based on nanoindentation and validate
the results with the CCNBD test. The proposed conceptual model accounts for two
intertwined solid domains. Fractures generate when the tip hits on a weaker domain,
while no fracture is formed when the tip lands on a stronger domain. The high-resolution
images of shale core plugs and cuttings obtained from nanoindentation were 6,711 in
total.

Nanoindentation accounts for the directional dependence of fracture toughness
when the load is applied in various directions relative to the bedding plane. The
Berkovich tip forms the impressions (indented area). The red marks represent the simple
fractures generated between the grain boundaries and the bedding layers. The green
marks show defects. In perpendicular samples, fractures propagate within a layer, while
fractures spread through the bedding planes in parallel samples. Figure 5.11 further
clarifies the directional dependency of the fracture toughness on a core plug using

nanoindentation.
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Figure 5.11—Conceptual illustrations of shale samples that are perpendicular (Fig. 3a)
and parallel (Fig. 3b) to the bedding planes (blue lines) and the induced
fractures on the surface of shale using nanoindentation (Esatyana et al.,
2021).

In practice, high-resolution images reveal the complexity of the fracture patterns

formed on the surface of shale. Esatyana et al. (2021) identified three significant
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configurations of fracture patterns: simple fractures, complex fractures, and no fracture,
based on their applied loads.

Figure 5.7 depicts a large scatter of the predicted fracture toughness from
nanoindentation, ranging from 0.1 to 3.1 MPa.m"?, even from the same type of rock and
formation. The scatters have been examined to have strong correlations with the sample
preparation, geometry dependency, size effect, and loading condition (Aliha et al.,
2012). Regardless of the abundance of the data, information on the geometry
dependency and size effect are still limited. Researchers have shown that the scatter
could be attributed to preservation and hydration during sample preparation, as the water
lowers fracture toughness (Wild et al., 2015).

The results of this study yield in good agreement with a standalone laboratory
measurement conducted by the CCNBD test. Moreover, the predicted fracture
toughness values also agree with data available in the literature. For example, Chandler
et al. (2016) reported fracture toughness of Mancos shale using short-rod was in the
range of 0.12 to 0.44 MPa.m'?; Haynesville shale was 0.90 MPa.m'? using straight
notch Brazilian disc (Yuan et al., 2017); Woodford shale was in the range of 0.65 to
1.17 MPa.m"? using Brazilian tensile test (Tran et al., 2014); Marcellus shale was in the
range of 0.642 to 0.967 MPa.m'? using three-point bending (Jin et al., 2018); Antrim
shale was in the range of 0.032 to 0.111 MPa.m!? using nanoindentation. It is
recommended to test more samples not only from the same formation but also for other

formations.
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On a large scale, the induced fracture toughness can be defined as a pure mode
I (tensile-dominated), mode II (shear-dominated), mode III (tearing-dominated), or
mixed-mode (I/I1, I/II1, II/ITI, I/TI/IIT). This study employed the CCNBD test that led to
pure mode I in determining shale fracture toughness. In nanoindentation, mixed-mode

fractures are commonly generated that can be either tensile- or shear-dominated.

5.6. Conclusions

The key objective of this study was to determine the anisotropic fracture
toughness of shale samples on the core scale using cuttings, then validate the results
with the CCNBD test. Four shale samples were divided into two groups (parallel and
perpendicular to the bedding planes). The complexities of fracture patterns on the
surface of shale samples were clarified, in which the applied loads were considered
excessive. The anisotropic fracture toughness was calculated based on linear elastic
fracture mechanics.

Two independent laboratory tests determined the fracture toughness of the
samples. The first test was the CCNBD, which validated the nanoindentation on core
plugs and cuttings. As a result of the CCNBD test, the samples were halved. Next, the
semicircular samples (core plugs) were prepared with a surface polisher and tested with
nanoindentation using the Berkovich tip. The hybrid grid system was implemented in
nanoindentation to better capture shale heterogeneity over an extensive surface area by

applying various loads at different locations. The average fracture toughness was then
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calculated based on the acceptable load ranges generated by relatively simple fracture
patterns.

Afterward, the semicircular samples were crushed to obtain shale cuttings for
the nanoindentation application. Because of the limited surface area with irregular
shapes, it is challenging to accurately determine the bedding direction of the pieces and
prepare the samples prior to indentation testing. Therefore, the only acceptable load for
the shale cuttings was 500 mN, restricted by their size through a trial-and-error method.
The CCNBD test validated the predicted anisotropic fracture toughness of the shale core
plugs and cuttings from nanoindentation.

The average fracture toughness values obtained from nanoindentation were
between 0.668 MPa.m'? and 0.725 MPa.m'"? on core plugs; 0.668 MPa.m'? and 0.758
MPa.m'? on cuttings. The result is promising to concern the CCNBD test. For all
analyzed samples, the error was between 2.76% and 12.3% on core plugs; 2.76% and
9.19% on cuttings. Therefore, determining the anisotropic shale fracture toughness

using cuttings or core plugs yielded agreeable results to characterize large samples.
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CHAPTER 6. ASSUMPTIONS AND LIMITATIONS

This chapter discusses the pertinent assumptions and limitations of the
conducted study. They are divided into the applications of nanoindentation for
characterizing Young’s modulus and fracture toughness. The limitations are also

elaborated for thoroughness.

6.1. Indentation technique to determine Young’s modulus of shale

at the core scale using drill cuttings

The assumption is that Young’s modulus of shale on a core scale is equal to the
average values obtained from nanoindentation at a regular spacing distance if the
average values change less than 20% while decreasing the distance between
indentations, as shown in Figure 3.7. The 20% differences in acceptable error are
obtained because of a significant variety of Young’s moduli in shale captured from
nanoindentation and reported in the literature (Gupta et al., 2020; Shukla et al., 2013).
The spacing distance defines the cuttings scale that is later implemented for small
cuttings, as shown in Figure 3.8. The spacing of indents must be larger than the plastic
zone to avoid interference between the stimulated regions.

The assumption is that nanoindentation captures a bulk property (instead of a
local property) pertinent to a volume smaller than the core volume, which is compatible
with the Sneddon solution. The justification is based on a solid medium that undergoes

deformations in different locations, even at small loads. Johnson (1970) proposed a
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relation to calculate the corresponding plastic zone size, as depicted in Figure 3.2, which

can be approximated as

p _ 1 Eg o ~ 3
ar Lu-m ( tan (5 - 0) +401 21@)] : (6.1)

where ¢, is the plastic zone radius, a, is the contact radius, vs is Poisson’s ratio of the
sample, Es is Young’s modulus, 0y;e14 is the yield strength, and 0 is a geometrical
parameter.

Hill (1963) proposed a conceptual illustration of the representative element
volume (REV), which is equal to the corresponding distance (c,), whose repetition
generates the bulk volume at a large scale, as depicted in Figure 3.3. Therefore, the
assumption implies that there is a scale smaller than the core scale controlling the core-
scale properties. A smaller scale refers to a cutting scale, which is unequal in different
formations.

The first limitation is that the plastic zone size restricts the indentation spacing
as a lower limit and the core size as an upper limit. If only small pieces are available,
Young’s modulus can be predicted from drill cuttings. It may be impossible to
accurately determine the cutting scale for each formation because of the various sizes.
However, estimating Young’s moduli of a sample whose size is close to the cutting size
should predict the values at the core scales.

The second limitation is the challenge of determining the bedding orientation in
the cuttings—determining the bedding plane becomes more complicated when the

sample is smaller. Characterizing anisotropic properties based on nanoindentation
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involves various loads in different directions, which often becomes impossible because
of the small size of the cutting. Thus, Young’s modulus obtained in this study is treated
as an effective isotropic response.

When applied to the field scale, the average Young’s modulus obtained from the
laboratory has certain limitations because of higher pressure and temperature in the field
(Rinehart et al., 1961). The Young’s modulus is often obtained from the Ultrasonic
Pulse Wave Velocities (UPV), which is more reflective of dynamic behavior, and is
influenced by overburden pressure through which the pulse waves must propagate
(King, 1966). Consequently, some modifications are required to apply the laboratory
measurements to the field scale.

There are differences between Young’s moduli of laboratory and field values—
there are competing effects when mapping the laboratory measurements to the field
scale. The confinement in the subsurface increases Young’s modulus, and there are also
larger defects in the subsurface that weaken the sample. The importance of these effects

should be assessed depending on the sample depth.

6.2. Proposed conceptual model

The assumption for the proposed conceptual model is that two intertwined solid
domains can represent the shale matrix. One domain is weaker and fails when loaded,
resulting in fractures, whereas the other domain remains intact. Only the failure of the
weaker domain is accounted for to calculate fracture toughness. A fracture occurs when

the tip hits the weaker domain to characterize the relevant properties of shale using
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nanoindentation. The high-resolution images show the simple fracture patterns when
their lengths are smaller than 20 microns in shale. In comparison, complex patterns or
damaged areas occur when the length exceeds 25 microns, which makes measurement
difficult. Indentations within complex fracture patterns and without fracture are
excluded from fracture toughness characterization.

The proposed conceptual model represents a shale matrix that comprises
different minerals to form the grains. The boundary between the grains generated the
weaker domain. The model is realistic to mimic shale heterogeneity caused by mineral
composition and pores. It is challenging to define the shape and size of the mineral
properties that correspond to the stronger domain.

The first limitation of the proposed conceptual model is that it does not account
for the effects of the fluid-rock interaction to determine fracture toughness. For example,
the injected fluid may alter the properties because of swelling. It may also influence the
sample after recovery because of the escape of the saturation fluid. Despite a small
amount of water that can increase the density of the sample, the velocities of
compressional and shear waves are higher in the water-saturated than in the dry state
(Kuster and Toksoz, 1974). Therefore, these fluid-rock interactions are not considered
in this proposed model with this complexity.

The second limitation is that the acceptable load ranges vary even at the same
formation from the same depth. The proposed model needs to be tested for other shale
formations. This applicability needs further study because of shale heterogeneity and

anisotropic behavior.
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In indentation, the external load alters the stress in the sample, which in turn
fractures the sample. The original stress field of the sample studied was unclear. The
nanoindentation leads to mixed-mode fractures that are either tensile or shear-
dominated. Field observations indicate hydraulic fracturing is also mixed-mode, but
they are tensile-dominated (Lockner et al., 1992; Senseny and Pfeifle, 1984). Thus, the
induced fracture mode in the laboratory has similarities to the field. Relating the fracture
values of the laboratory to the field is not so trivial because of the difference between

the scales.
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CHAPTER 7. CONCLUDING REMARKS AND
FUTURE WORKS RECOMMENDATIONS

7.1. Concluding remarks
7.1.1. Indentation technique to determine Young’s modulus of shale at

the core scale using drill cuttings

Shale is mechanically unstable and easily breaks into pieces. The proposed method
is required because large samples (~1 in.) are often unavailable. The instability suggests
nanoindentation as an alternative to standard core-scale measurements that often require
large samples. Therefore, cuttings were the only source used to determine Young’s
modulus of shale at the core scale. A new method was developed to predict Young’s
modulus of shale at the core scale using drill cuttings.

1. In contrast to the homogeneous media such as aluminum, sample preparation
significantly impacts nanoindentation results for shale. The average moduli captured from
nanoindentation increased up to 83% after grinding but significantly less (~10%) after
polishing. In general, grinding is more crucial than the polishing.

2. The suggested cutting size is 2.2 mm for characterizing Young’s modulus of shale.
The value can be lower than the suggested size as long as it is larger than the plastic size,
which is 0.1 mm. Determining the plastic size is essential to avoid interference between
the stimulated regions.

3. Young’s moduli of shale at the core scale were between 51.48 and 89.52 GPa and

on cuttings were between 35.98 and 62.85 GPa. The difference between the average
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modulus based on nanoindentation and the independent core-scale measurements remained

less than 30% for all the samples when the applied load equaled 500 mN.

7.1.2. Proposed conceptual model

The conceptual model is based on two intertwined solid domains. One domain
remains intact when loaded, while another domain is weaker, resulting in fractures. A
fracture is generated when the tip hits the weaker domain. A conceptual model was
proposed to characterize shale fracture toughness using nanoindentation to determine
fracture toughness.

1. The ideal fracture patterns are absent in shale based on 20,424 high-resolution
images. Simple fracture patterns are present when their lengths are smaller than 20 microns.
In contrast, complex patterns are difficult to measure when their lengths are greater than
25 microns. Indentations within complex patterns and without fractures were excluded
from fracture toughness characterization.

2. The proposed hybrid grid system was proposed, and it was used to identify the
acceptable load ranges through trial and error. The fracture toughness was calculated based
on the acceptable load ranges generated by relatively simple patterns.

3. The conceptual model proposed for fracture toughness characterization was tested
at different scales. A cube-corner tip partially validated the proposed model on a small
scale. Shale fracture toughness based on the cube-corner was 18% smaller than the
Berkovich tip. This was an important milestone because acquiring consistent values using
two tip geometries is challenging. The cube-corner tip has a sharper angle compared to the

Berkovich tip.
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4. The conceptual model was fully validated on a larger scale. In this regard, the
cracked chevron notched Brazilian disc (CCNBD) test was initially performed. The results
were used to validate the anisotropic fracture toughness of core plugs and cuttings using
nanoindentation. The differences with the CCNBD test were between 2.76% and 12.3%
for core plugs; and 2.76% and 9.19% for cuttings in all analyzed samples.

The experimental results of nanoindentation can be applied to the Finite Element
Method (FEM). Young’s moduli obtained from nanoindentation are used to calculate
fracture toughness, an input for hydraulic fracturing design. It will specifically identify the
sweet zone of the formation. A low fracture toughness value typically generates the
fractures easily. By identifying this value, the target of the hydraulic fracturing technique

1s better located.

7.2. Future work recommendations
7.2.1. Indentation technique to determine Young’s modulus of shale at

the core scale using drill cuttings

Nanoindentation is sensitive to sample preparation. Although this study used an
advanced surface polisher, the ion beam milling technique would likely provide a more
polished surface. It remains difficult to prepare small samples because their shape is usually

irregular, and it is even more challenging when the samples are brittle.

7.2.2. Proposed conceptual model

The conceptual model was used for shale samples from the Wolfcamp Formation
and yielded promising results. It worked well to predict the anisotropic fracture toughness

of shale cuttings and core plugs using nanoindentation against the independent laboratory
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measurements. However, the model needs to be tested on other shale formations. In
addition, the applicability to other shale formations needs to be verified because of their
heterogeneity. It is also recommended to test in other types of formations.

It is also impossible to assign the load a priori on shale samples. As a result,
different loads at different locations are applied to determine the acceptable load ranges.
The approach known as the hybrid grid system explores an extensive sample area to better
characterize shale heterogeneity. This study used the maximum number of grids (9 X 9). It
is suggested to have as many grids as possible to cover more area. The only consideration
is that the spacing distance between indents must be larger than the plastic zone size to
avoid interference between the stimulated regions.

This study used two tips for partial validation. The most used one was the
Berkovich tip. It reflects a fully formed plastic zone where fractures may occur. Tip
rounding occurs because it is often used, resulting in an initial elastic contact that does not
capture the sample behavior. During indentation, the contact between the indenter tip and
sample surface is predictably drawn inwards or downwards, causing pile-up or sink-in
conditions. For the cube-corner tip, the topology is sharper than the Berkovich tip, causing
tip rounding to occur more often than with the Berkovich tip. Therefore, replacing them in
a specific timeframe is recommended to avoid tip rounding.

Subsequently, it is recommended to present a correlation to estimate mechanical
properties based on the components of the sample. The correlation is crucial to observing
the mechanical behavior of the sample. The measurements can use x-ray diffraction (XRD)

and helium porosimeter to define its mineralogy, porosity, and organic content. The

117



observations are advantageous whether trends and results of the multivariate analysis result

in a single shale match with other shales or types of formations.
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APPENDICES

1. Histogram of Samples B, C, and D (in lieu of Chapter 5)
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Figure A.1—Histogram of sample B (parallel to the bedding) in three regions with
various loads. High-resolution images where the applied load is b
acceptable when it is smaller than or equal to 700 mN and ¢ excessive
when it is larger than 700 mN to characterize shale fracture toughness.
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Figure A.2—Histogram of sample C (perpendicular to the bedding) in three regions with
various loads. High-resolution images where the applied load is b
acceptable when it is smaller than or equal to 650 mN and ¢ excessive
when it is larger than 650 mN to characterize shale fracture toughness.
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Figure A.3—Histogram of sample D (perpendicular to the bedding) in three regions
with various loads. High-resolution images where the applied load is b
acceptable when it is smaller than or equal to 750 mN and ¢ excessive
when it is larger than 750 mN to characterize shale fracture toughness.
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PETROPHYSICS, VOL. 61, NO. 3 (OCTOBER. 20207 PAGES 404-416; 12 FIGURES. DOL: PTVS1INZ-2020al

Nanoindentation of Shale Cuttings and Its Application to Core Measurements

Erica Esatvana', A. Sakhaee-Powr'=, Fadhil N, Sadooni?, and Hamad Al-Saad Al Kuwari:

Large samples (~1 m) required for standard tests
are often unavailable in shale formations due to vanous
reasons. They are not usually recovered in horizontal
drlling, which is a common practice in hydraulic
fractunng. They also delammate and are difficult to
process in core analysis. Hence, common characterization
techmiques face challenges and lead to uncertainties. A
new method is needed that can be applied to small pieces,
such as dnll cuttings, which are often the only avalable
sources, especially in real-time conditions. The present

ABSTRACT

study proposes a new method applicable to the cuttings to
determine the peomechanical properties of shale formations
at the core scale from nanoindentations. In particular, the
Young's moduli have been determined from cuttings, and
the results are compared with those of the core plugs.
Nanomdentation and the required sample preparation are
reviewed. The results are promising, and the methodology
has applications in charactenzing formation heterogeneity
i the petroletum industry.

INTRODUCTION

Hydraulic frachring has increased energy recovery from
shale formations withm the last decade. Although mcreased
production has played a dominant role, the full potential of
suich resources is yet to be realized. Omne of the key challenges
15 evaluating formations that encounter difficulties due to the
lack of large samples.

Large samples, such as core plugs (~1 m.) or blocks
that are an important part of formation charactenzation, are
not usually available, as recovenng them is difficult and
expensive. Large-scale tests are also time consuming and
expensive. Thus, the data requured for detaled amatysis are
scarce, leading to imcertamties m predicting the performance
of a formation The lack of large samples is relevant,
especially to shale formations, as they delammate and are
hard to process i core amalysis.

Drill cuttings are often the only sources available
and provide useful information for formation evaluation
{Tutumen ef al., 2005), and predicting the relevant properties
from drill cuttings is a known problem (Tutuncu et al.. 2004)
Ome appealng test for analyzing cuttings is nancindentation
because 1t can be done on small samples. Nanomdentation
15 based on contact mechamics, which was foumded by Hertz

(1896). He recogmzed that the mathemabes of contact
between two elastic bodies resembles common problems
m electricity and propesed five key assumptions that were
adopted later but did not denve from the stress field (Huber,
1904).

Indentation has a wide range of applications because
it can be performed easily, and the results provide usefl
mformation about Young's modulus (Sneddon, 1963;
Velez et al. 2001), hardness (Bobji and Biswas, 1998),
crackmg (Lawn et al., 1980), creep (L1 et al, 2008), and
fracture toughness (Laugier, 1927; Volinsky et al., 2003).
The main idea is that the features of the load-displacement
curve are related to the specimen deformation. Fesearchers
have applied nancindentation to heterogeneons media,
charactenizing cement (Constantinides et al, 2003;
Constantimides and Ulm, 2004; Jermmgs ef al., 2003), shale
{(Ulm et al., 2007; Shukla et al.. 2013}, and even bone (Tai
et al., 2006), based on conceptial models that have enabled
them to inferpret nano- fo microscale deformations of
formung phases (Ulm and Abousleiman 2004; Ortega et
al, 2007; Abedi et al, 2016a; Abedi et al_, 2016b). They
have also used nancindentation to mvestigate carbomate
properties (De Paula et al., 2010; Vialle and Lebedev, 20153;
Unibe et al, 2016). Research using nanomdentations has
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Characterizing Anisotropic Fracture
Toughness of Shale Using Nanoindentation

Erca Esatyana, Mehdi Alipour, and A Sakhoes-Pour, University of Houson

Summary

Shale, which has pores as small sz 10 nm, is economically viahle for hydmcarbon recovery when it is fractured . Although the fracture
toughness dictates the reguired energy for the improvement, the exiging tochnigues are not suitable for characterization at scales
amaller than 1 cm. Developing practical methods for charactenization is crucial because fractures can contribute o an accessible pore
volume at different scales. Thiz sdy proposes a conceptual mode] to characterize the anisotropic fracture toughness of shale using
nanoindentaions on a sub-1-cm scale. The concepieal model reveals the complexities of characterizing shales and explains why
induced fractures differ foom those observed in mone-homo geneous media, such as fused slica Samples from the Wofcamp Formaton
were tested using Beroowich and cube-comer tips, and the interpreted fracture toughness v alues are promising. The concoepiual model is
the firg application of the effective-medium theory for fracture Dughness characterization wsing nanoindentation. In addition, it can
quantify fracture toughness varations when using small samples, such as drill cuttings.

Introduction

Shale is a sedimentary mck containing clay minerals and silt<ized particles (Blait and Tracy 1996) with a pome size of smaller than
100nm in its matrix, which resulis in ultalow permeahility. Shale gas was first extracted in 1821 (Hill et al. 2004) and has recenthy
hecome economically viable bocawse of hydraulic fracturing. This has made the US a significant fossil fuel producer.

Since the Stanolind il and Gas Corporation performed the first hydraulic fracturing using water-hased muds in 1947 {King 2012,
many stimulations have shown favorable reanlis and an ncreased recovery rate. Fracture ioughness is a crucial parameter for e suocess-
ful design of the formation stimulation, which, in practice, is usually evaluaied on a large scale (King 2012 ). The maechanical propenties
measuned in the laboratory with triaxial compression are usually static measurements { Fjzr of al. 1992), wheneas dynamic measure ments
are acquired from logging and wave velocities. Consequendy, pentinent information remains scance ona small scale (< 1 cm).

Fracture toughness depends on material propenties, and the estimated value based on nanoindentation accounts for the p geomery,
applied load, and induced fracture length, The fracture toughness is usually expressed in MPa-m®™, It can be as small as 0.01 MPa-m"
faor polymers and foams and as large a5 175 MPa-m* for steel {Ashby 199%), The fracture toughness estimation is discussed in detail
later in this study (Egs. | and ).

The core scale, which is a standard scale in petmleum engineering, is on the onder of a few centimeters {Civan 2016). A cone sample
iz valuahle for quantitative characterizations and is often used to calibrate reservoir parameters. However, retrieving cone samples is
cowtly and time-consuming, and it is challenging to preserve the retrieved piece during transpontation.

Small pizces of rock (drill cuttings) are abundant and often discarded in landfilk. These samples are a potential source of nforma-
tion. Their chammctenzation entails unique measurements and interpretations that can be conducted usng nanoinde ntations.

Mannindentation, which iz considerad nondestructive, has become popular because it is applicable to small samples, Researchers
have used thiz technigue o chamcterize composite materials (Brown et al. 2001E) and thin films {Fischer-Cripps 2011). In addition,
resgarchers have wsad nanoindentation in petrolewm enginesring to determine goomechanical propenties (A bousleiman et al. 2007). For
instance, Gupta et al. {3018) determined the shear modulus and hardness of shale, Liu et al. {2018) obtained the geomechanical proper-
ties of Bakken shale, and Kumar et al. (2012) guantified the effects of organic content and themal maturity on shale response. Althowg b
these nvestigations shed light on the shale response, it is dhallenging to determine fracture toughness using manoindentation. Table 1
lizts the propentics obtained by nanoindentation.

Geomechancal Propertes Reference
Young's modulus, £ Abousleiman et al. (2007); Kumar et al. (201Z); Lu etal. (2018)
Hardness, H Abousleiman et al. (2007); Liu et al. (2018)
Shear modulus, G Liu et al. (2018)
Fracture ioughness, K. Gupta et al. (2018)

Table 1—Summary of the geomechanical propertes obtained by nanoindentaton.

This study proposes a concepteal model bazed on the effective-madium theory to characterize the fractume toughness of the shale. In
addition, it clarifies the complexities of fracture patterns created by different compression {overburden) loads applied to the surface of a
dry sample and indicates when it is more feasible to use existing analytical relations, such as Eq. 2, for fracture toughness based on
linzar elastic fracture mechanics,

Materials

Sample Descriptions. Four shale samples from the Wolfcamp Formation have been studied. The Wolfeamp Formation has been an
active unconventional resounce in the Permian Basin, Texas. Two samples (Samples | and 2) are parallel to, and two (Samples 3 and 4)
are perpendicular in, the bedding plane. Each sample is tesied by the Berkovich and cube-comer tips.

Copeyeight & 201 Sodkety of Petmisun Engineaes
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