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Abstract

A novel statistical nanoindentation technique is presented that obtains massive data on the basis of shale sample’s large
volume (LV) to assess water-induced softening in terms of Young’s moduli of both individual minerals at the micro/nano-
scale and the bulk rock at the macroscale, with the latter extracted by a newly proposed surround effect model. Distinguished
from traditional statistical nanoindentation that only examines the material at shallow depths of up to a few micrometers,
this LV-based method obtains successive measurements to much larger depths of up to~300 um via sacrificial removal of
the previously indented surface layer, enabling assessment of changes in mechanical properties over a large volume. Natural
shale sample was first hydrothermally treated to cause softening, followed by statistical indentation with continuous stiffness
measurement (CSM) on successive layers of increasing depth upon removal by polishing of the prior tested layers. For each
tested surface, cumulative distribution function (CDF)-based deconvolution was performed to analyze multiple subsets of
the massive data (i.e., ~ 1000 curves), each of which was extracted from the CSM curves via segmentation at a fixed depth.
Such results on different segmentation depths were then fitted by the surround effect model to extract the Young’s modulus
of individual minerals and bulk rock. The clay matrix is highly sensitive to rock—water interactions and its Young’s modu-
lus decreases significantly from 29.2 to 16.5 GPa upon 30 days’ treatment. The average rate of softening advancement was
estimated to be ~ 10.5 pm/day, suggesting that softening advancement is intrinsically controlled by permeability, despite
various physical and chemical softening mechanisms.
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1 Introduction

With the ever-increasing demand for cleaner fuels and
development of technologies for shale gas recovery (e.g.,
hydraulic fracturing, horizontal drilling), the supply and
consumption of shale gas play a vital role in economy,
Yunhu Lu and Yucheng Li equally contributed to this article. environmental protection, and energy security (Giger et al.
1984). In the petroleum industry, hydraulic fracturing, a
widely used key technology for improved extraction of oil
and gas from shales and other tight formations (King 2012;
Lu et al. 2019), is usually assisted or enhanced by other
stimulation techniques to keep pre-existing fractures open
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stability, minimizing well deterioration, and even preventing
damage to the reservoirs. As such, extensive fluid—chemi-
cal-rock interactions may take place during various stages
of operation, including initial drilling, subsequent hydraulic
fracturing, stimulation treatments, and actual hydrocarbon
extraction processes.

Shale is a multiphase, porous, sedimentary rock or com-
posite material mainly consisting of naturally occurring
inorganic solid minerals (e.g., quartz, calcite, pyrite, and
clay minerals) and organic matter (e.g., kerogens). It is well
recognized that some of the solid minerals can be involved in
primarily chemical reactions and secondarily physical inter-
actions with the hydraulic fracturing fluids and the additives
therein, such as dissolution and degradation of carbonate-
based cementation (Sun et al. 2016), oxidation of pyrite
and the resulting formation of acid (Rimstidt and Vaughan
2003; Chandra and Gerson 2010), and hydration and swell-
ing of clay minerals (Chenevert 1970; Anderson et al. 2010),
among others. These reactions and interactions are in fact
regarded as the basic factors influencing the mechanical
properties of both the bulk rock and its individual constitu-
ent minerals, some of which may become significant and
even dominant in deep underground with elevated tempera-
tures and pressures. As such, implementation of hydraulic
fracturing for shale gas recovery still faces some challenges.
One of the most critical issues is that the permeability of the
fracture networks may decrease significantly shortly after
extraction commences (e.g., 6—12 months), as indicated by
a dramatic decrease in the daily production rate (Baihly et al.
2010). To date, an array of mechanisms that may lead to
the decrease in fracture permeability, including unloading-
induced swelling of the bulk rock (Pimentel 2003), fines
migration (Pope et al. 2009), proppant diagenesis (LaFollette
and Carman 2010), proppant crushing (Terracina et al.
2010), and proppant embedment (Huitt and Mcglothlin Jr.
1958), among others, has been identified and studied to vari-
ous extents. For instance, a widely recognized hypothesis for
the rapid reduction in shale gas production rate is that the
fine-grained, negatively charged clay minerals in shales can
interact with fracturing fluids, particularly water carrying
the dissolved cations, via processes such as hydration, dif-
fusion, absorption, adsorption, and permeation, leading to
the swelling and softening of the clay matrix as well as the
bulk rock (Du et al. 2018), which in turn causes significant
proppant embedment and hence reduction in fracture per-
meability (Baihly et al. 2010), especially in clay-rich shales
(Alramahi and Sundberg 2012). As a result, the hydraulically
induced fracture networks are negatively impacted by shale
softening. Therefore, to minimize this impact and maximize
the long-term production of hydrocarbons from shale res-
ervoirs, understanding the complex physical and chemical
interactions between the solid minerals and fracturing fluids,

@ Springer

as well as pertinent consequences (i.e., softening), is of key
importance to the oil and gas industry.

Traditional macroscopic measurements (e.g., uniaxial
compression, triaxial testing) have been adopted to study the
softening behavior of intact shale cores (Minh et al. 2004;
Lin and Lai 2013), and results indicate that their mechanical
properties are obviously altered by rock—fluid interactions.
However, macroscopic element testing can only yield the
mechanical properties, averaged on all solid phases, of the
bulk rock mass, but is not capable of unveiling the mecha-
nisms behind the complex rock—fluid interactions, nor the
thickness of the softened layer. For instance, hydration and
softening of the rock usually commence from the exterior
surfaces, yet the effect of a thin softened layer on the exterior
of a standard-sized triaxial specimen on its strength may
not be readily discerned from those of other factors such
as sample variability, pre-existing microcracks or joints, or
other experimental errors. Over the past 2 decades, with the
emergence of nanoindentation, an instrumented, nondestruc-
tive indentation technique, the mechanical properties of a
variety of materials at the micro- to nano-meter scales can
be probed (Oliver and Pharr 1992, 2004). Recently, nanoin-
dentation has been extended from monolithic materials to
multiphase composites, particularly those with solid inclu-
sions, to characterize the in situ mechanical properties of
individual phases within the composites (Ulm and Abou-
sleiman 2006; Bobko and Ulm 2008; Bennett et al. 2015;
Yang et al. 2018). In fact, using a grid indentation technique
(Constantinides et al. 2006), the insights into the mechanical
properties of individual phases of composite materials (e.g.,
shale, concrete) with solid inclusions can be uncovered on
even miniature specimens of small sizes or volumes. How-
ever, this technique still has some limitations (e.g., insuf-
ficient experimental data for statistical analysis, only one
specific indentation depth for the entire measurements), and
hence the examined sample volume is still relatively small.
Therefore, it is of significant practical importance to develop
a new nanoindentation technique that can be implemented
as an efficient tool for the study of mechanical properties of
both the individual phases and bulk rock of shales, especially
for characterization of the microscopic softening behavior
of shales resulting from fluid—chemical-rock interactions.

In reality, fluid—rock interactions initially commence in the
fractures, with the fluid front gradually advancing from the
surfaces into the interior through the inherent nano/micro-
pore systems of the shale. As such, the mechanical properties
of the softened shale may vary with depth or the distance from
the rock—fluid interface (i.e., the fracture planes), since the
rock may experience different degrees of softening reactions
at different depths (Wong 1998; Vales et al. 2004; Khodja
etal. 2010; Guo et al. 2012; Zhou et al. 2016; Lu et al. 2019).
Hence, it is of great significance to study the shale softening
behavior on the basis of a large volume or depth, enabling the
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assessment of gradient changes in the mechanical properties
over depth (i.e., the profile of the mechanical properties over
depth). Moreover, if a series of measurements can be con-
ducted on identical samples subject to different durations of
softening reactions, then it becomes feasible to estimate the
rate of softening advancement (i.e., how fast the softening
process advances inside the shale). In this paper, the Young’s
moduli of intact shale and pertinent softening-induced altera-
tions are evaluated by a novel, large volume (LV)-based statis-
tical nanoindentation technique. This technique is capable of
providing a viable, powerful, and repeatable tool to accurately
characterize the shale softening behavior as a bulk composite
as well as the softening-induced changes in the mechanical
properties of individual phases at the micro- to nano-meter
scales along the entire softened zone. It can also be imple-
mented as part of a design and optimization protocol for
screening various stimulants and additives used in hydraulic
fracturing and oil/gas production operations.

2 Materials and Methods
2.1 Samples and Sample Preparation

The studied shale samples were recovered in a horizontal
well of 2300-2500 m in depth from the Longmaxi Formation,

Sichuan Basin, China. Cylindrical intact rock cores were used
initially for macroscopic triaxial testing, and the fractured
triaxial specimens were then used in this study. These frag-
ments were further divided into two groups: while relatively
smaller chips were used for mineralogical analysis, the larger
blocks with known orientation of the bedding planes were
carefully selected for mechanical testing (Fig. 1a).

To prepare samples for nanoindentation testing, a care-
fully selected shale fragment was cut by a carbide-tipped saw
blade into a cuboid with dimensions of ~15X 15X 13 mm,
followed by embedding into a fast-setting acrylic (Buehler
Inc., Illinois, USA) to facilitate subsequent surface polishing
and to ensure that water flows or permeates into the speci-
men only from the polished surface along the vertical direc-
tion, but not from the four sides or bottom surface (Fig. 1b,
¢). A circular trench encompassing the cuboid was created
by pre-embedding a strand of sacrificial modeling clay that
was subsequently removed upon complete curing of the
acrylic, leaving an empty groove surrounding the specimen.
During the embedment process, special caution was taken
to ensure enough space between the specimen and modeling
clay strand used to form the trench when pouring the liquid
acrylic (Fig. 1c). In addition, an open-ended plastic tube
attached to the indenter tip house was also used to loosely
enclose the tested sample disk. During actual measurements,
the trench was filled with deionized (DI) water and then

Fig. 1 Sample preparation for
nanoindentation and softening
treatment: a fractured triaxial
specimen fragment; b Polished
shale specimen embedded in
acrylic with a trench; ¢ three-
dimensional perspective of

the specimen and embedding
acrylic with a trench filled with
water; d hydrothermal treatment
of shale in water at 95 °C for
30 days

(b)

Trench

Polished shale’
specimen o

(©)

Shale
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acrylic

DI water (d) Container
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the plastic tube was lowered to enclose the sample disk. As
such, a~100% relative humidity was maintained inside the
tube, and drying of the wet shale specimen was prevented or
minimized during the entire measurement.

The specimen surface parallel to the depositional bedding
plane was chosen to accept indentation loading. To minimize
the effect of surface roughness on result accuracy (Miller
et al. 2008), the exposed surface was first polished succes-
sively in a MetaServ 250 polishing machine (Buehler Inc.,
Illinois, USA) using sandpapers of different grain finenesses
from P180 to P4000, and the final polishing used extra fine
alumina suspension consisting of 0.3 pm alumina powder
and a mixture of ethanol and ethylene glycol at a 1:1 volu-
metric ratio. At the end of each polishing step, the sample
surface was rinsed with ethanol, but not water, to avoid the
potential hydration of clay minerals within the shale. As
a result, a highly smooth and flat surface with minimized
hydration or wetting of clay minerals was prepared for sub-
sequent nanoindentation testing. In a parallel study, the same
polishing procedures were used to prepare another shale
sample from the same rock formation, and the root-mean-
square (RMS) roughness R, is 138 nm, as characterized by
atomic force microscopy.

2.2 X-ray Powder Diffraction

X-ray diffraction (XRD) was employed to determine the
mineralogical composition of the shale sample. Small rock
chips were first crushed in a percussion mortar and then
wet ground in a McCrone Micronizing Mill (The McCrone
Group, Westmont, IL) for 15 min to pulverize the sample
into a powdery slurry with particle sizes of <4 pm (Locock
et al. 2012). Propan-2-ol (i.e., C;H;OH) was used as the
grinding liquid to minimize the grinding-induced damage
to crystal structure, particularly clay minerals, in the shale.
The powder slurry was then oven dried at 105-110 °C for
24 h before XRD characterization.

Another purpose of the XRD analysis was to examine
whether the polishing process would cause undesired chemi-
cal reactions or change in the mineralogical composition and
hence the mechanical properties of the shale. In fact, ethyl-
ene glycol [(CH,0H),], an organic compound widely used
to expand the d-spacings of smectite or other swelling clay
minerals (Moore and Reynolds 1997), may induce the swell-
ing of expandable clay minerals (if any is present) that may
further influence the mechanical properties of the bulk rock.
Such interactions would negatively affect the nanoindenta-
tion results. Therefore, part of the aforementioned powder
was further inundated in the ethanol—ethylene glycol (at a
1:1 volumetric ratio) mixture for 24 h, followed by oven
drying prior to XRD characterization.

For quantitative analysis, 10 wt % zincite (ZnO), used as
an internal standard, was thoroughly mixed into the dried
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powder. To achieve better random orientation of platy clay
minerals, the razor-tamped surface (RTS) method (Zhang
et al. 2003) was adopted to prepare the powder mount on
the sample holder. All diffraction patterns were obtained in
a PANalytical X’Pert PRO X-ray diffractometer (Almelo,
Netherlands) equipped with a Ni filter, using Cu-Ka radia-
tion (1=1.5418 A) generated at 45 kV and 40 mA, a con-
tinuous scan range of 2°-64° 20, and a scan speed of 1°
26/min. Profex, an open-source program with the Rietveld
refinement method (Doebelin and Kleeberg 2015), was used
to perform both qualitative and quantitative analyses of the
acquired XRD patterns.

2.3 Nanoindentation Testing

Nanoindentation typically involves pushing a small and
sharp indenter made of very hard materials (e.g., usually
diamond) into a softer sample during which the load (F) and
depth () are recorded (Fig. 2). The F—h curves are then ana-
lyzed to extract the mechanical properties of the tested mate-
rial by, for example, the Oliver and Pharr method (Oliver and
Pharr 1992). The contact stiffness S is defined as the slope
of the initial unloading curve at the maximum depth A, :

(a)

Indenter

Initial
surface

Deformed surface

(b)
r ] Peak hold
S
g |
g
= |
IS
|
i1

v

Indentation depth £

Fig.2 Schematic of nanoindentation testing: a penetration of indenter
into the sample; b the recorded load—displacement curve showing the
loading/unloading cycle under the CSM mode
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The reduced modulus E, is then determined based on the
contact stiffness via the following equation:

Lo VE
" 2pyA,

where f is a dimensionless correction factor for indenter
geometry and f=1.05 is commonly adopted for a Berkovich
indenter, A, is the projected contact area, which can be cal-
culated from the calibrated tip function, defined as:

5, @

Sh
A =Ch2+ ) Ch,? 3)
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where Cj (=0, 1, 2, 8) are constants calibrated with the
results of standard materials (e.g., fused silica, aluminum)
with known mechanical properties; ki, the contact depth,
can be determined by the Oliver and Pharr method (Oliver
and Pharr 1992, 2004),

—hy=h, —e—% @)

where A is the purely elastic deflection of the sample surface
at the contact perimeter, F,,, is the maximum load, and ¢
is a geometric constant for the indenter (for a Berkovich tip,
£=0.75). To account for the elastic deformation occurring
in both a non-rigid indenter and the sample, the Young’s
modulus of the sample can be extracted by the following

relationship (Johnson 1985; Doerner and Nix 1986):

1 =2
1

=t % ®)]

1

where E and v are the Young’s modulus and Poisson’s ratio
of the sample, and E; and v; are the same parameters of the
indenter, respectively. For a diamond indenter, E; and v;
are 1141 GPa and 0.07, respectively. The Poisson’s ratio is
squared in the above equation and hence its variation has
little effect on the calculated sample modulus £ (Mencik
et al. 1997; Mesarovic and Fleck 1999; Saha and Nix 2002).
A constant Poisson’s ratio of 0.2 was assumed for both the
intact and hydrated shale samples.

All nanoindentation tests were conducted in a Keysight
G200 nanoindenter (Keysight Technologies, Inc., Santa
Rosa, CA) equipped with a Berkovich diamond indenter
with a tip radius of < 20 nm. Indentation loading employed
a continuous stiffness measurement (CSM) method, which
imposed a small displacement-controlled harmonic oscilla-
tion with a frequency of 45 Hz and an amplitude of 2.0 nm
on the primary monotonic loading signal and allowed the

harmonic contact stiffness to be continuously determined.
Hence, based on Eqgs. (1-5), the Young’s modulus of the
tested material was determined as a function of indenta-
tion depth. In addition, all indentation tests were run with
an allowed thermal drift rate of <0.05 nm/s, a constant
indentation strain rate h/h of 0.05 s™! to a maximum load
of 620 mN, which resulted in maximum indentation depths
of 3000-6000 nm depending upon the indented locations
(e.g., relative hard quartz particles vs. relatively soft clay
matrix), and a 60-s holding time at the maximum load prior
to unloading.

A total of 21 matrices of indents, each of which consisted
of a7 x 7 grid with a spacing of 200 pm, were conducted
on different, randomly selected zones of the polished sample
surface, resulting in a total of 1029 indentation measure-
ments on each surface. Such a large number of total indents
and matrices is expected to overcome the potential unknown
surface heterogeneity, as pointed out by others (e.g., Zhu
et al. 2007). More importantly, another major reason for
choosing a 7 x 7 grid is to maintain high efficiency and
data quality, via a rigorous scheme for tip cleanliness and
tip calibration. Upon the completion of each matrix, the tip
was cleaned and recalibrated on the standard fused silica
to verify the tip surface was clean or free of potential dam-
age. If unexpected results on the fused silica were obtained,
then the results from the previous matrix of indents were
discarded, and the tip was recleaned and recalibrated before
continuing to the next matrix. As such, if a relatively large
matrix was scheduled and the tip was contaminated in one
but unknown indent, then all of the results from this large
matrix could not be used and part of the sample was con-
sumed or wasted.

After indentation unloading, all residual indents were
carefully examined and imaged with the built-in optical
microscope with either a 10X or 40X objective. Before
statistical analysis, pre-screening of the F'—h curves com-
bined with the careful examination of the corresponding
residual indent images (e.g., indent geometry, coincidence
of indentation points with pores or voids) was conducted
to remove and discard these obvious outliers, ensuring
that all data included in the statistical analysis had certain
reliability.

2.4 Large Volume (LV)-Based Nanoindentation

In this study, a novel technique, LV-based statistical nanoin-
dentation, was developed for the first time to study the
shale softening behavior, including the rate of softening
advancement, and to further uncover the physico-chemical
mechanisms controlling the softening phenomenon. After
indentation measurements were conducted on the untreated
(or non-hydrated) sample surface to obtain the baseline
reference data, the indented layer with a thickness much
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greater than the depth of the residual indents was removed
via polishing. The polished sample was then inundated for
30 days in DI water at an elevated temperature of 95 °C to
simulate the deep underground hydrothermal environment
encountered in hydraulic fracturing and subsequent oil/gas
extraction processes (Fig. 1d).

Such a treated sample was then further probed by the so-
called LV-based indentation, which consisted of two steps
(Fig. 3): (1) the same grid indentation technique described
above was used to collect meaningful data from the polished
surface (denoted as polished depth d=0) by performing a
massive number (i.e., 7 X 7 X 21=1029) of indents at ran-
domly selected locations; (2) the indented surface layer with
a thickness much greater than the depth of residual indents
was sacrificially removed by further polishing, to eliminate
the elasto-plastic zone induced by prior indentation load-
ing. These steps were sequentially repeated by alternating
indentation and polishing with the sacrificial layer-by-layer
removal of the pre-indented surface layer. As such, inter-
ested data at different, carefully measured polished depths
(i.e.,d=0, 15.0, 142.5, 314.0 pm) beneath the original sur-
face were obtained. The experiment was stopped when the
results from a freshly polished surface at depth were approx-
imately the same as the baseline reference data from the
untreated surface. With this technique, the Young’s moduli
of mechanically distinct phases can be statistically extracted
from the massive datasets obtained from a series of polished
depths (i.e., d=0to 314.0 pm or a large volume). Moreover,
the subtle changes in the mechanical properties of different
phases at different depths can be quantitatively analyzed to
characterize the shale softening behavior.

Indentin\g/ untreated surface

Removing indented layer via polishing

2.5 Statistical Deconvolution

Statistical deconvolution of the massive indentation data was
performed based on their cumulative distribution function
(CDF) (Ulm et al. 2007). Its advantage over the probabil-
ity density function (PDF)-based method is that the former
eliminates the need for selecting an appropriate bin size
required for generating the PDF plots required in subsequent
statistical analysis. For a random variable (x) with a normal
distribution, the cumulative distribution function is given by:

X

1 (-
F(x|u,0) = / e 22 dt (6)
o\ 2rx

—00

where y is the mean value, and o is the standard deviation.
For a multiphase composite, the experimentally obtained
Young’s modulus of each phase is a random variate, assumed
to follow the Gaussian distribution. The cumulative distri-
bution function, gg,,(x), of all experimental data obtained
from the composite can be fitted by the following function:

8data®) = alF(x|;41, o)+ a2F(x|;42, o)+ + anF(x|;4n,an)
@)

Ya=1 ®)
i=1

where n is the number of phases in the composite, which
can be determined by XRD, and ¢, is the volumetric fraction
of each individual phase. Then, the least squares method is

Hydrothermal treatment

L2

=

-

Cap

Shale specimen

Hot plate

Sequentially removing prior indented

layer and indenting new surface
N\ /

Removed

layers Polished

surface

Indenting treated surface 1

Fig.3 Schematic of the large volume-based indentation technique: alternatingly indenting the hydrothermally treated surface and removing prior

indented layer via polishing
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used to find the optimal values of y;, o;, a;, where i=1, 2,
3, ..., n, from

n

1 2
min= 3 [8aual) — g0)] ©)

i=1

To avoid the excessive overlap of the neighboring Gauss-
ian variates, the deconvolution results were further con-
strained by DeJong and Ulm (DeJong and Ulm 2007):

Hit0; S iy 044 (10)

For each mineral phase, initial values, u,, and o,,, required
as input for deconvolution were derived from the published
data (as described later in Table 2). Results derived from
the statistical deconvolution include the volumetric fraction
a;, mean y;, and standard deviation o; of all mechanically
distinct phases.

Since the CSM method provided the continuous measure-
ments of Young’s modulus over the entire indentation depth
(e.g., up to~6000 nm), a novel statistical deconvolution tech-
nique was first used in this study: the continuous E—A curves
were fragmented at different indentation depths with intervals
of 250 and 500 nm for 4 <2500 nm and £=2500-6000 nm,
respectively (Fig. 4). This fragmentation resulted in a total of
17 data subsets, each of which contained ~ 1029 dependent
measurements at a fixed depth. Each of the 17 data subsets
on the Young’s modulus at a fixed indentation depth was then
used to construct the depth-dependent CDF plot that was then
deconvoluted by the aforementioned method. As such, depth-
dependent Young’s moduli of different mineral phases were
obtained, and the dependence of the Young’s modulus upon
indentation depth was further fitted by a newly proposed “sur-
round effect” model, as described below. Moreover, this entire
process was repeated for each of the four freshly polished sur-
faces (i.e., at 4 polished depths, d=0, 15.0, 142.5, 314.0 pm).
In summary, massive data from five freshly polished surfaces
(including one untreated surface and four polished surfaces on
the softened sample), each with ~ 1029 indents to indentation

depth of up to 6000 nm that were fragmented into 17 data
subsets, were analyzed, resulting in 85 CDF-based deconvolu-
tions, each with ~ 1029 data entries.

2.6 Surround Effect Model

The substrate effect has been observed on the nanoindenta-
tion data obtained from thin films (Tsui and Pharr 1999; Saha
and Nix 2002), and much effort was taken to characterize and
analyze the mechanical properties of thin films by eliminating
the substrate effect. For instance, a common rule of thumb
for measuring the film-only properties is that the indentation
depth should be limited to < 10% of the film thickness. Both
finite element analysis (e.g., Fischer-Cripps 2007) and nanoin-
dentation experiments (e.g., Saha and Nix 2002) have been
conducted to study the effects of the substrate on the determi-
nation of mechanical properties of thin films. In fact, at large
indentation depths, the elastic zone beneath the indenter tip
is not constrained only within the film, but rather expands to
the substrate.

Although the analogy between the thin film—substrate sys-
tem and heterogeneous multiphase shale was previously rec-
ognized (e.g., Constantinides et al. 2006), this phenomenon
has not been modeled explicitly, but rather used for the selec-
tion and optimization of an appropriate indentation depth for
testing heterogeneous materials (e.g., shale, concrete). In this
paper, a newly proposed “surround effect” model, similar to
the substrate effect model proposed by Wei et al. (Wei et al.
2009), was used to analyze the depth-dependent variations of
the Young’s modulus of each individual phase, excluding the
interface between two mechanically contrasting phases (as
described in Sect. 3.4 in details):

E, - E,

E=E+———
1+ [n/@p)]

Y

Fig.4 Segmentation of the E~h
curves from one 7 X 7 matrix of
indents at different indentation
depths

—_ —
(=3 [\~
(=] S

o0
(=1

Young's modulus £ (GPa)
s 3

8]
(=]

6000

Indentation depth % (nm)
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where ¢ is the characteristic length scale of the individual
phases; Y and f are two constants that can be determined
through the model fitting; E, and E_ are the predicted
Young’s moduli of the individual phases and the bulk rock,
respectively; E is the varying Young’s modulus at a specific
indentation depth. The deconvoluted data from Sect. 2.6
obtained on each of the five polished surfaces were then fit-
ted by this surround effect model using a statistical analysis
program SAS (SAS Institute, Inc., North Carolina, USA),
leading to the determination of E}, and E, the Young’s mod-
uli of individual phases and the bulk rock, respectively.

3 Results and Discussion
3.1 Mineralogical Composition

Figure 5 compares the diffraction patterns of the wet ground
powder samples with and without prior ethanol-ethylene
glycol treatment. As shown in the figure, the two patterns are
visually identical, and no shift in the diffraction reflections
takes place, indicating that the polishing liquid consisting of
ethanol and ethylene glycol causes no changes in the d(001)
spacings of clay minerals or in the mineralogical composi-
tion. If the shale contained expandable clay minerals such
as smectite or vermiculite, the swelling of these expandable
minerals caused by the solvation of ethylene glycol into the
interlayer space would alter their mechanical properties and
hence the bulk shale. As such, comparison of the diffraction
patterns further validate that the adopted water-free polish-
ing method has no discernible effects on the sample’s min-
eralogical composition.

Table 1 summarizes the mineralogical composition
of the shale obtained from quantitative XRD analyses.
Relatively hard minerals, including quartz and albite (a
plagioclase feldspar), are the major phases that make up
68.8 wt % of the bulk rock. Due to the high fractions of

Y.Luetal.
Table 1 Composition of the studied shale sample
Mineral name  Fraction (wt %) Specific gravity ~Volumet-
ric fraction
(vol. %)
Chlorite 52 2.6 5.3
Tllite 10.0 2.6-3.3 8.9
Muscovite 12.0 2.8-3.0 10.9
Quartz 434 2.6 43.8
Albite 234 2.6 23.6
Calcite 23 2.7 22
Pyrite 2.0 5.0-5.1 1.3
Organic matter 1.7 1.06 4.0

*From Huang et al. (2015)

hard minerals, especially quartz at a fraction of 43.4 wt %,
it can be inferred that the shale is expectedly relatively
brittle with a high elastic modulus and hardness and can
be easily fractured to create extensive fracture networks
(Rickman et al. 2008; King 2010). Clay minerals, includ-
ing chlorite, illite, and muscovite, widely found in shales,
are also present in this sample, and their total fraction is
27.2 wt %. On the other hand, calcite, which are consid-
ered as cementing or bonding materials that fill the natural
pores and cracks in shale formations, are a minor phase
with a fraction of 2.3 wt %. Also, a small amount of pyrite
(2.0 wt %), a common mineral found in shales, is also pre-
sent. Due to the non-crystalline nature of organic matter
(e.g., typically kerogen), the amorphous phase with a per-
centage of 1.7 wt % is assigned to the organic matter. Also
shown in this table are the volumetric fractions of these
minerals, which are estimated based on their mass frac-
tions and specific gravities, with the latter found in the lit-
erature (Speight 2005). The volumetric fractions obtained
by XRD will be subsequently used to determine the num-
ber of mineral phases used in statistical deconvolution.

Fig. 5 XRD paiterns of the A:albite I illite
studied shale sample with and .
. . . Q: quartz  M: muscovite
without treatment in polishing A 5
liqui Z: zincite  C: chlorite
iquid ;
Ca: calcite

Z

7]

= ™M

N T

_

— Untreated sample
Treated sample
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3.2 Nanoindentation Behavior

Figure 6 shows some typical residual indents on the
untreated and hydrothermally treated sample surfaces: while
two are located at the interface between hard solid particles
and clay matrix (Fig. 6a, ¢), the other two are made on quartz
particles (Fig. 6b, d), which can also be verified by the corre-
sponding indentation load—depth curves. For example, since
quartz is a very hard and stiff mineral, the size or depth
of the residual indents made on a quartz particle is much
smaller than that on clay matrix or other softer phases (e.g.,
organic matter). Again, the use of the CSM method ensures
that the Young’s modulus of the shale sample over the entire
indentation depth is acquired continuously.

As mentioned earlier, a total of 21 matrices of indents
were performed on each polished surface, and it would be
infeasible to show all of these curves. As examples, Fig. 7
shows some typical results of the F—h curves from the
untreated and hydrothermally treated surfaces as well as
the corresponding Young’s modulus. Obviously, the F-h
curves are typical of rocks, and those in Fig. 7a obtained
from the untreated surface are in general much stiffer than
those if Fig. 7b from the hydrothermally treated surface.
Moreover, almost all the E~h curves show a depth-depend-
ent Young’s modulus with relatively larger variations at
shallow depths and then gradually converge with increas-
ing depth (Fig. 7c, d). Some curves start with a smaller
Young’s modulus at shallow depths, which then gradu-
ally increases with depth, while others show the opposite

Fig.6 Selected optical images
of polished sample surfaces
showing residual indents at:

a pyrite—quartz interface; b a
quartz particle; ¢ pyrite—quartz
interface; d a quartz particle. a
and b untreated sample surface;
¢ and d treated sample surface

Indent

trend. Although the preset maximum indentation depth
is 6000 nm, most of the E—A curves from the untreated
surface (Fig. 7a) end at #=~4000-5000 nm due to the
limitation of maximum load capacity (i.e., set to 625 mN),
which also affects the maximum achievable indentation
depth (e.g., if the indent is made on a relatively hard par-
ticle such as quartz, then the maximum achievable indenta-
tion depth is smaller). In contrast, for the hydrothermally
treated surface (Fig. 7b), most E—h curves reach the preset
maximum depth of 6000 nm, indicating that the hydro-
thermal treatment even at ambient pressure can soften
the shale, particularly at the shallow surface layer. Such
softening can also be verified by a simple comparison of
the arithmetically averaged E values for all 49 indents at
a relatively large indentation depth (e.g., #=3000 nm):
the untreated surface has an average E of 50.8 GPa, while
the treated surface has an average E of 29.2 GPa, a 42.5%
reduction caused by the hydrothermal treatment. In fact,
as discussed later, the Young’s moduli at lager indentation
depths can be used to approximate the bulk property, and
the reduction in the Young’s modulus of the bulk rock is
a clear indicator of softening. In summary, the two sets of
E—h curves in Fig. 7 demonstrate the representative fea-
tures of the mechanical response over the entire indenta-
tion depth for all other indentation measurements, and it
can be concluded that the shale’s Young’s modulus is obvi-
ously altered by prolonged hydrothermal treatment (i.e.,
30 days inundation in water at 95 °C).
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Fig.7 Typical CSM indentation results from a 7 X 7 matrix of
indents showing the dependence of Young’s modulus on indentation
depth: a F—h curves for the untreated surface; b F—h curves for the

3.3 Statistical Deconvolution

The CDF-based deconvolution requires the number of total
phases in the rock as an input parameter. Based on the XRD
analysis (Table 1), the shale contains eight different miner-
als in total. However, since the platy clay particles are very
small, usually with a typical planar dimension of <2 pm
and a thickness of <0.2 um (i.e., the thickness is 1/10 of
the planar dimension or even smaller), it is impossible to
detect and discern the independent mechanical response of
individual clay particles even at indentation depth as small
as h=250 nm, which may induce an elastic zone of 10 X
h=2.5 pm in size. Such an elastic zone size well exceeds
the clay particle thickness (i.e., 0.2 pm). Moreover, as a
sedimentary rock, secondary interparticle and pore-filling
cementation such as calcite exists throughout the entire rock,
and the cementation minerals may be very tiny owing to the
size constraints of initial pores (i.e., voids prior to the pre-
cipitation of cementation minerals). As such, all clay miner-
als together with the interparticle cementation minerals (e.g.,
calcite) are treated as a homogenized clay matrix. Finally,
pyrite usually exists as spherical framboids consisting of
numerous nano-sized crystals and intra-framboid voids, and
the studied shale only contains 1.3 vol. % pyrite. Statistical
nanoindentation may not be able to detect pyrite separately
due to either its too low volumetric fraction or its too small
particle size. Therefore, pyrite is also included in the clay
matrix.
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hydrothermally treated surface; ¢ E-h curves corresponding to (a); d
E—h curves corresponding to (d)

In summary, the clay matrix consists of two clay min-
erals (i.e., chlorite and illite), a cementation mineral (i.e.,
calcite), and a low-fraction and small-sized mineral (i.e.,
pyrite). From Table 1, the sample contains other four
phases, muscovite, quartz, albite, and organic matter, at
a significant volumetric fraction, which are expected to
be discernable by nanoindentation. Finally, those indents
with a finite, but not infinitesimal depth may coincidently
be located at the interfaces of different minerals, particu-
larly hard minerals such as quartz and the relatively softer
clay matrix. Then, the mechanical response to indenta-
tion loading is determined by the indenter-induced elasto-
plastic zone encompassing both hard and soft minerals.
With increasing indentation depth, such a virtual phase is
easier to detect and becomes more pronounced. In conclu-
sion, a total of six mechanically distinct yet indentation-
discernible mineral phases are used for the CDF-based
deconvolution.

As an example, Fig. 8a shows typical CDF-based decon-
volution results from ~ 1029 indents at depth of 4 =250 nm,
made on the untreated sample. The six mechanically dis-
tinct phases are, respectively, assigned as organic matter
or kerogen as pore-filling material, clay matrix, interface
between hard and soft phases (e.g., clay matrix—quartz
interface), albite, muscovite, and quartz in the order of
increasing Young’s modulus. Figure 8b shows the corre-
sponding, visually more intuitive PDF curves obtained by
taking the first-order derivative of the CDF curves. Based on
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Fig. 8 Example results of deconvolution of Young’s modulus: a over-
all CDF and the deconvoluted CDF for individual phases; b PDF
derived by taking the first-order derivative of CDF

the deconvoluted CDF or PDF curves, the statistical mean
and standard deviation of each phase’s Young’s modulus
are obtained.

For the untreated sample surface, similar deconvolutions
are performed at other selected indentation depths (e.g.,
h=250, 500, 750, ..., 2500, 3000, ..., 6000 nm; Fig. 4).
Such a series of analyses yields a dataset linking the Young’s
modulus of each individual mineral with indentation depth,
which are plotted in Fig. 9a. Clearly, these data points stay
apart at shallow indentation depths, and then gradually con-
verge with increasing depth. Such a relationship between the
Young’s modulus of individual phases and indentation depth
is fitted by the surround effect model, and the results are
shown in Fig. 9b where the indentation depth is plotted at a
logarithmic scale to show clearly the trend at smaller depths
and to ease the data fitting of the surround effect model.

The five fitting curves of the surround effect model for the
five mineral phases (i.e., excluding the interface as a virtual
phase) show some interesting features:

e The Young’s modulus of relatively hard minerals (e.g.,
quartz) gradually decreases with depth, while that of soft
phases (e.g., clay matrix) shows the opposite trend;

e All five fitting curves converge to a nearly constant value
or a narrow band, ~45 GPa, at larger depths (e.g., h> 10
pm), which is regarded as the Young’s modulus of the
bulk rock (i.e., as a composite), because the relatively
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Fig.9 The dependence of Young’s moduli of individual phases on
indentation depth: a deconvoluted results plotted at the linear scale; b
curve fitting with the surround effect model

large elasto-plastic zone beneath the indenter tip may
encompass all major minerals that act together as a com-
posite to resist the indentation loading. Similar observa-
tions and conclusions were made by others (e.g., Bennett
et al. 2015);

e The Young’s moduli of these fitting curves at very small
indentation depth (e.g., #=0.1 pm) are the in situ moduli
of individual mineral phases, which are usually difficult
to obtain due to the surface roughness and surface con-
tamination. However, statistical indentation makes it
possible to determine the in situ mechanical properties
of individual mineral phases virtually at an infinitesimal
depth;

e Particularly noteworthy is the Young’s modulus of a vir-
tual phase, the interface between the soft and hard miner-
als, which has little variation over the entire indentation
depth and is just slightly less than that of the bulk rock.
As such, it might be feasible and practically attractive
to conduct indentation measurements particularly on the
interfaces of hard and soft minerals, and then use the
interface’s Young’s modulus to approximate the bulk
rock’s elasticity.

e The Young’s moduli of individual phases are derived
from the fitted surround effect model at a theoretical
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indentation depth 2 =0, and results are shown in Table 2,
which are in excellent accordance with the Young’s mod-
uli of these minerals found in the literature. For example,
the Young’s modulus of organic matter is consistent with
those found in the literature (e.g., (Eliyahu et al. 2015;
Ahmadov et al. 2009). In fact, such a good agreement
can also validate the accuracy of the results as well as
the pertinent CDF-based deconvolution method.

3.4 Characterization of Softening Behavior

Results presented in the prior section yield the baseline elas-
tic properties of the untreated sample. The changes in the

Table2 Summary of the Young’s moduli of individual minerals
determined by statistical deconvolution

Mineral This study (GPa)  Reported value (GPa)
Quartz 92.2 87.2-105.8 [37]
Muscovite 77.5 79.3+6.9 [38]
Albite 62.0 62.0+6.0 [39]
Clay matrix 29.2 26.0+5.7 [22]
Organic matter 9.3 0.0-25.0 [40]
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Young’s modulus of the hydrothermally treated or softened
sample were investigated by the LV-based statistical indenta-
tion, which are shown in Fig. 10. The deconvoluted Young’s
moduli of different mineral phases at varying indentation
depths A as well as four different polished depths d (i.e., dif-
ferent from h) are compared and are fitted by the surround
effect model in this figure. In general, the polished depths
are much greater than the indentation depths.

A simple comparison between Figs. 9b and 10a indicates
that the Young’s moduli of all minerals at the softened
surface (i.e., at the polished depth d=0) are significantly
smaller than those of correspondingly respective phases in
the untreated sample (i.e., the baseline data). For example,
the Young’s moduli of quartz, muscovite, and albite are all
reduced, despite their chemically relatively stable nature.
In fact, prior work also showed that the Young’s moduli
of all soft and hard minerals in different shale formations
decreased after exposure to the 2 wt % KCI slick water
fracturing fluids (Akrad et al. 2011). This phenomenon is
attributed to the significant softening (i.e., the decrease in
Young’s modulus from 29.2 to 16.5 GPa) of the clay matrix
that acts as a foundation supporting and enclosing those hard
minerals. If the particle sizes of these hard minerals are not
sufficiently large, the indentation-induced elastic zone can
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Fig. 10 Deconvoluted results and fitting curves of the surround effect model at different polished depths: a d=0, the initial water—rock contact

surface; b d=15 pm; ¢ d=142.5 um; d d=314 pm
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expand beyond these particles into the softened clay matrix.
As such, the softening and weakening of the clay matrix
can cause whole hard mineral particles to sink into the clay
matrix under indentation loading (Leisen et al. 2012). In
general, this is also the so-called “surround effect”. Practi-
cally, upon prolonged exposure of the fractured surfaces to
fluids, especially in a hydrothermal environment, proppants
together with the hard minerals may easily embed into the
softened clay matrix.

Particularly noteworthy is the reduction (i.e., from 9.3 to
3.8 GPa) in the Young’s modulus of a soft phase, organic
matter (i.e., typically kerogen), which usually co-exists with
clay minerals in the pores and cracks of shale (Salmon et al.
2000; Kuila et al. 2014) and is commonly considered as
hydrophobic materials that rarely react or interact with water
(Hu et al. 2016). In view of this, reduction in the Young’s
modulus of organic matter can be attributed to the decrease
in the mechanical properties of the clay matrix, or inter-
preted by the “surround effect”.

All fitting curves of the surround effect model for dif-
ferent phases converge at larger indentation depths (e.g.,
h>10 pm) to a value also significantly smaller than that
of the untreated sample. This converged value, regarded as
the property of the bulk rock, further demonstrates the sof-
tening phenomenon caused by the prolonged hydrothermal
treatment. In summary, after hydrothermal treatment, the
Young’s moduli of both individual minerals and the bulk
shale are significantly reduced.

Similarly, Fig. 10b—d summarize the results for the other
three polished depths (i.e., d=15.0, 142.5, and 314.0 pm),
measured from hydrothermally treated or softened sur-
face. In Fig. 10b, the Young’s modulus of the clay matrix
is almost the same as that of the original softened surface
(Fig. 9b), suggesting that the clay matrix at this polished
depth (i.e., d=15.0 pm beneath the original surface) is still
fully hydrated or completely softened, same as the original
surface that is in direct contact with water. In Fig. 10c, the
Young’s modulus of the clay matrix is significantly greater
than that of the previous two polished depths (i.e., d=0 and
15.0 pm), indicating that the clay matrix at this polished
depth (i.e., d=142.5 pm) is likely just partially hydrated
or softened after 30 days’ hydrothermal treatment. In other

words, clay mineral hydration or water—shale interactions
may take place at this depth, but not to the maximum extent,
since the infiltration or permeation of water into tight for-
mations such as shale takes time. Finally, in Fig. 10d, the
Young’s moduli of each mineral are almost the same as the
baseline reference data obtained from the untreated sam-
ple, indicating that the material at this polished depth has
not yet been affected by the softening treatment. The small
differences may be caused by experimental errors, sample
heterogeneity, and the statistical deconvolution technique.
The Young’s moduli of individual phases obtained from
the four polished depths of the hydrothermally treated sam-
ple as well as the untreated surface (i.e., the baseline refer-
ence) are collectively summarized and plotted in Table 3
and Fig. 11, respectively. It can be seen that the Young’s
moduli of all phases decrease significantly, when compared
with the baseline data, due to prolonged hydrothermal treat-
ment at elevated temperatures leading to shale softening.
For example, the Young’s modulus of clay matrix decreases
from 29.2 to 16.5 GPa (i.e., a 43% reduction), while that
of the bulk rock decreases from 47.3 to 30.6 GPa (i.e., a
35% reduction). Another striking feature is that the Young’s
modulus of each mineral gradually increases with increasing
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Fig. 11 Changes in the Young’s modulus of individual phases
with depth caused by the hydrothermal treatment, showing that the
Young’s moduli recover back to the initial baseline values

Table 3 Comparison of the

, . . Polished depth (pm)
Young’s moduli of different

Young’s modulus (GPa)

mineral phases and bulk rock at Quartz ~ Muscovite  Albite ~ Clay matrix ~ Organic matter ~ Bulk rock
different polished depths after
hydrothermal treatment Untreated surface 92.2 77.5 62.0 29.2 9.3 473
(baseline data)
0 70.6 58.8 43.5 16.5 38 30.6
15.0 79.4 61.3 48.0 16.2 3.0 34.7
142.5 82.2 65.2 47.8 20.0 5.4 41.0
314.0 89.3 75.7 60.5 27.7 9.1 46.4
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polished depths, indicating that the degree of softening is
not uniform with depth or the softening advancement takes
time. In general, the deeper the tested surface, the smaller
the reduction in the Young’s modulus, or the weaker the
hydration of clay minerals. For instance, it is reported in the
literature that the degree of softening is significantly influ-
enced by extent of clay minerals swelling (Wong 1998). At
the cumulative polished depth of ~314 pm, the correspond-
ing Young’s modulus of each individual mineral eventu-
ally recovers back to the baseline reference values of the
untreated sample. It is then reasonable to postulate that the
softening reaction has not advanced to this depth. Therefore,
the average rate of softening advancement, defined by the
ratio of total thickness of the softened layers to the total
treatment time, is estimated as~ 10.5 pm/day. Such a value
can only be obtained via small-scale measurements, such as
the LV-based nanoindentation developed in this study, but
not by macroscale measurements such as triaxial element
testing.

3.5 Discussion on Softening Mechanisms

Based on the above results obtained from a relatively large
volume (or at least a large depth) when compared with con-
ventional nanoindentation testing (e.g., only a few microm-
eters in depth), the Young’s moduli of the bulk shale as well
as individual mineral phases significantly decrease after
hydrothermal treatment, but such a reduction gradually
diminishes at large depths inside the rock. Multiple factors
may induce shale softening, including (but not limited to)
clay mineral hydration and swelling, dissolution of certain
solid phases (e.g., carbonates), unloading-induced rebound-
ing/swelling, and oxidation of certain minerals (e.g., pyrite).
Of these different mechanisms, the hydration and swell-
ing of clay minerals have been considered to be the most
important one leading to the weakening and instability of
the shale rock. From the quantitative mineralogy analysis
(Table 1), the studied shale sample contains 10.0 wt % illite
and 5.2 wt % chlorite, which can interact with water due to
their physico-chemically active surfaces and the adsorbed
cations therein. While no expandable layers (e.g., smectite,
vermiculite) are present in this shale, osmotic swelling of
clay minerals, but no interlayer swelling, still takes place,
which usually results from the difference in cation concen-
trations of the pore fluid close to the clay surface and of
the bulk pore fluid (Madsen and Miiller-Vonmoos 1989).
Prior studies have shown that the swelling of clay minerals
induced by either interlayer expansion or osmotic swelling
may force clay particles partially separate from each other
(i.e., slaking) and hence reduce the contact areas among par-
ticles when subjected to external loads, thereby reducing
the mechanical properties of the rock (Amorim et al. 2007;
Yuan et al. 2014).
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The electrical double layer (EDL) repulsion induced by the
fracturing fluid—clay interactions is another factor contributing
to shale softening. The EDL thickness of clays (e.g., Na-smec-
tite in distilled water) can be quite significant compared to the
size of pores and cracks in shale (Mojid and Cho 2006), which
can give rise to unfavorable electrostatic repulsion between
particles as well as increased pressure to the pores and cracks
in shale (Du et al. 2018). Moreover, as a sedimentary rock, the
mechanical properties of shale are also strongly influenced by
surface forces (e.g., van der Waals forces, solid—solid bonds
or cementations) between particle contacts, which can also
be altered or broken by shale—fluid interactions (Boozer et al.
1963; Spencer 1981; Murphy et al. 1986; Tutuncu and Sharma
2002; Tutuncu et al. 2002). In addition, the liquid infiltrated
into shale is able to act as a lubricant and hence reduces the
int7ernal frictional resistance of mineral particles.

A peculiar mineral, pyrite, is usually found in various shale
formations. Upon exposure to air, pyrite can be easily oxidized
(Lowson 1982; Nordstrom 1982), leading to the formation of
sulfuric acid, which can in turn dissolve carbonates, a typical
cementation agent. Such an oxidization reaction is also usually
accompanied by the generation of significant heat, causing
thermal expansion and hence cracking of the rock (Nordstrom
1982; Rimstidt and Vaughan 2003). Although the studied shale
only has a limited fraction of pyrite (e.g., 2.0 wt %), its oxi-
dization can still cause calcite dissolution, and the thermal
expansion may lead certain microcracking of the rock. Both
processes can have a negative impact on the mechanical per-
formance of the rock.

In summary, a variety of physical and chemical mecha-
nisms contribute to the softening of shale rock. Under the com-
bined effects of various factors discussed above, the mechani-
cal properties of the clay matrix as well as the bulk shale are
significantly reduced by prolonged hydrothermal treatment.
All of these mechanisms require the presence of water (and
air to a lesser extent). As such, the rate of softening advance-
ment from the exterior surface to the interior of the rock is
controlled by permeation of water through or inside the rock.
Via the newly developed LV-based statistical nanoindentation,
the softening rate is determined as 10.5 pm/day. Given that
the coefficient of hydraulic conductivity of most shales ranges
from 0.09 to 86.4 pm/day (Neuzil 1994; Pope et al. 2009), it
can be concluded that water permeation or infiltration basically
dominates the rate of softening. This finding is of key interest
to the petroleum industry because of its practical significance
for the design and operation of oil/gas recovery projects.

4 Conclusions

In this paper, a newly developed large volume (LV)-based
statistical nanoindentation technique was successfully
employed to quantitatively characterize the shale softening
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behavior. The mechanisms of softening, including the degree
(i.e., as reflected by the change in Young’s modulus) and
rate of softening, are determined and analyzed by statistical
analysis of massive experimental data as well as a newly
proposed surround effect model. The main conclusions can
be drawn as follows:

e CDF-based statistical deconvolution of the massive
indentation data over large indentation depths (e.g.,
6000 nm) combined with the surround effect model
yields the determination of the mechanical properties of
individual minerals at the nano- to micro-scales and the
bulk rock at the macroscale, i.e., the cross-scale charac-
terization of the mechanical properties of the rock.

e [V-based indentation measurements, achieved by sacrifi-
cial removal of the prior indented layers, can uncover the
extend of shale softening, as reflected by the magnitude
of reduction in the Young’s modulus of the individual
phases and bulk rock, as well as the rate of softening
advancement, which is controlled by the intrinsic perme-
ability of the rock.

e The LV-based indentation technique is of practical
importance, and can be implemented as a viable proto-
col for screening and optimizing various chemical stimu-
lants and additives used in hydraulic fracturing and oil/
gas production operations.

e This technique opens new paradigms to study the
mechanical properties of shales as well as how shales
undergo dynamic changes during hydraulic fracturing
and oil/gas extraction processes, and it can be imple-
mented as a protocol for screening and optimizing chemi-
cal stimulants and additives used in oil/gas production
operations.

e This technique opens new paradigms to study the
mechanical properties of shales as well as how shales
undergo dynamic changes during hydraulic fracturing
and oil/gas extraction processes, and it can be imple-
mented as a protocol for screening and optimizing chemi-
cal stimulants and additives used in oil/gas production
operations.
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