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Summary. Nanoindentation tests, spanning various length scales ranging from 200
nanometers to 20 micrometers deep, were performed on a sample of organic-rich
Woodford shale in both the bedding plane normal and bedding plane parallel direc-
tions. Focused ion beam milling (FIB), scanning electron microscopy (SEM), and en-
ergy dispersive X-ray spectroscopy (EDX) were used to characterize the shale at the
scale of the nanoindentation testing as being comprised predominantly of clay and
other silicate minerals suspended in a mixed organic/clay matrix. The nanoindenta-
tion tests reveal the mechanical properties of the relatively homogeneous constituent
phases as well as those of the highly heterogeneous composite material. Loads on the
order of a few milliNewtons produced shallower indents and demonstrated significant
elastic response of the constituent materials. Higher loads, reaching as much as a few
Newtons, on the other hand, produced deeper indents revealing the elastic-plastic
deformation response of the composite matrix. In both cases, significant creep was
observed. We use nonlinear finite element modeling utilizing an isotropic critical
state theory with creep to capture the indentation responses at the two deformation
scales of interest. The simulations reveal the capabilities as well as limitations of an
isotropic model in capturing the response of an inherently anisotropic material, thus
motivating the development of an anisotropic constitutive model for shale.

Keywords: anisotropy - finite element analysis - heterogeneity - nanoinden-
tation - shale - creep

1 Introduction

Shale is a fine grained sedimentary rock composed primarily of clay, organics,
and hard minerals such as quartz, feldspar, and pyrite. It is the most com-
mon of sedimentary rocks, having been estimated to form from 44% to 56%
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of all sedimentary rocks on earth [7, 27], and is of particular interest with
respect to hydrocarbon production as both a source and seal rock [36, 40, 44].
Shale is found to be diverse in composition, leading to its equally diverse
thermo-hydro-chemo-mechanical properties. Specifically, the type of clay and
other inclusions vary among different shales, as does the presence of other con-
stituents, such as organics, carbonates, smectite, pyrite, and other minerals
[7, 24, 27].

The deformation and fracture properties of shale depend on the mechan-
ical properties of its basic constituents. This suggests that a great deal of
understanding of the overall macroscopic mechanical properties of shale (as
well as other types of rocks) can be gained by studying the small-scale defor-
mation properties of these constituents and how they upscale to the overall
behavior of the composite material [4, 5, 14, 43]. Furthermore, the ability to
accurately model and predict a shale’s stress-strain response is complicated
not only by the diversity of its composition, but also by its highly anisotropic
and heterogeneous nature. Most researchers agree that anisotropy of shale
fabric is associated, in the most general respect, with the parallel alignment
of clay particles preferentially oriented in the direction of the bedding plane,
which is attributed to deposition, compaction, and/or diagenetic processes
[2, 6, 11, 15, 17-19, 25, 27, 28, 30, 31, 37, 39]. Nano-scale to micro-scale
heterogeneity is evident because shale is typically comprised of a mixture of
micrometer to sub-micrometer sized particles of clay and other minerals, of-
ten including organic material (especially when associated with hydrocarbon
production) [10, 13, 38, 41]. Mineral inclusions on the scale of micrometers,
further, have been shown to produce inhomogeneous deformation within a sur-
rounding clay matrix because of differential stiffness and the resulting effect
on the stress field [8, 11].

This paper presents the results of nanoindentation and electron microscopy
experiments on a sample of organic rich Woodford shale, carried out for the
purpose of qualitatively assessing the heterogeneity, anisotropy, and associ-
ated mechanical properties at the nano-to-micro scales. We adopt a determin-
istic approach to evaluating the mechanical properties of the near micrometer
size particles of constituent materials, as well as the highly heterogeneous
composite material. Nanoindentation testing, with indents as shallow as 200
nanometers deep, was utilized to measure in situ the deformation behavior
of the relatively homogeneous regions comprised of a single material phase,
while larger indentations, extending to depths as large as 20 micrometers,
provide measurements of their composite deformation behavior. Some rocks
are known to creep, particularly shales [21, 34, 35], and so all tests consisted
of a peak-load hold period to measure creep. Anisotropy of material proper-
ties was evaluated by performing nanoindentation experiments in both the
bedding plane normal (BPN) and bedding plane parallel (BPP) directions.

High-resolution imaging has now emerged as a viable means of describing
the pore scale characteristics of heterogeneous materials at micro- to nano-
scale [9, 12]. In this work, scanning electron microscopy (SEM), focused ion
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Nanoindentation and mechanistic modeling of shale 3

beam milling (FIB), and energy dispersive X-ray spectroscopy (EDX) were
used in conjunction to characterize the heterogeneity and identify the con-
stituent materials (phases) present in the indented regions. The FIB-SEM
and EDX nanocharacterization provides a description of the shale sample as
being comprised of near micrometer size particles of clay and other silicate
minerals embedded in a mixed organic/clay matrix.

Nonlinear finite element modeling (FE) was used to simulate heteroge-
neous scaled nanoindentation experiments in both the BPN and BPP direc-
tions. An isotropic critical state material model with creep was employed for
the simulations, which consisted (like the experiments) of large plastic strains.
Drucker-Prager/Cap plasticity and consolidation creep material parameters
were calibrated to the experiments as a means of evaluating plastic material
properties from the nanoindentation measurements. The simulation results
reveal the capabilities as well as limitations of an isotropic model in capturing
the response of the inherently anisotropic shale at finite plastic strains, thus
motivating the development of a finite strain anisotropic material model for
shale.

2 Scale and heterogeneity

During the nanocharacterization process, a conceptual model (thought model)
of the nano/micro-scale heterogeneity and fabric structure was developed
based on the observations. Figure 1 shows schematically the concepts and
definitions of scale so adopted with respect to heterogeneity. Three general
types of constituent materials (as well as pore space) are recognized: clay
particles, other mineral particles, and organic material. The only mineral par-
ticles other than clay observed appeared to be quartz and pyrite; notably,
no carbonate minerals were observed. This category, therefore, is abbreviated
as QFP for quartz, feldspar, and pyrite, which are the most common silicate
minerals found in shale [16, 32] and are frequently grouped together in geome-
chanics applications [22, 35] because they have similar material properties.
Although the choice of these three broad categories of constituent materials
may seem nebulous from a geochemistry point of view, they are fitting for the
mechanistic modeling point of view adopted here because they correspond to
three categories encompassing the full range of constituent material stiffness:
compliant (organic), medium stiffness (clay), and stiff (QFP).

The FIB-SEM imaging revealed that the shale was comprised predomi-
nantly of near micrometer size particles of these three material types; however,
it was deemed necessary to define a fourth material category: a composite of
two materials, the organic/clay matrix (O/C matrix). The description of the
organic/clay matrix emerged from the observation that the mineral particles
and pockets of organic material did not form a supporting skeleton with inter-
granular contacts, such as has been observed by some researchers [35, 38], but
rather were embedded in a supporting matrix composed of varying sizes of clay
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plate shaped particles mixed with organic material, which has also been ob-
served in organic rich shales by other researchers [33, 41]. These plate-shaped
particles of clay (mixed with organics) were observed to range down to sizes
near the resolution of the SEM, i.e., with thicknesses near one nanometer. Fig-
ures 2 and 3 show the observed mineralogy and the supporting organic/clay
matrix with various size plate-shaped clay particles evident.

Mesoscale Microscale Nanoscale
(Lab-specimen scale) (Heterogeneous) (Homogeneous)

~1x102 m <1x10%m <1x10%m
QFP
Clay

Organic

O/C Matrix

Increasing magnification >

Fig. 1: Concepts and definitions of scale with respect to heterogeneity.

3 Experimental methods

3.1 Sample preparation

A sample of an organic rich Woodford shale was obtained from a hydrocar-
bon reservoir exploratory wellbore. The location and depth of the sampling
was not disclosed for proprietary reasons. The samples were prepared by me-
chanical polishing at the Sensitive High Resolution Ion Micro Probe Reverse
Geometry (SHRIMP) lab at Stanford University. Polishing consisted of first
setting the sample in epoxy and then hand grinding two parallel faces with
400, 600, then 1500 grit emery cloth. A Struers Labopol-5 polishing machine
was then used with 6 micrometer (um) diamond suspension polishing fluid,
followed by 1 pm diamond suspension polishing fluid, and finally 40 nanome-
ter (nm) colloidal silica suspension.
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Nanoindentation and mechanistic modeling of shale 5
3.2 FIB-SEM and EDX methods

Focused ion beam (FIB) milling and scanning electron microscopy (SEM)
were used in conjunction (FIB-SEM) for nanocharacterization of pre- and
post-indented shale specimens. The FIB-SEM nanocharacterization was per-
formed with an FEI Helios NanoLab 600i DualBeam FIB/SEM at the Stan-
ford Nanocharacterization Laboratory. Figure 2 shows a backscatter electron
(BSE) image of a BPP shale sample. Pyrite minerals are easily distinguished
by their relative brightness due to the iron they contain. Silicate minerals
(particularly quartz) and clay can be more difficult to distinguish in the BSE
image due to similar contrast, so they must be distinguished by shape and
with aid of EDX spectroscopy. The organic matter appears very dark because
of the relatively low atomic weight of the carbon it contains. Figure 3 shows
an image of a FIB milled trench cut into the shale surface. The thin coating of
gold and thicker coating of carbon visible at the top of the figure are deposited
to provide surface conductivity and protection from the FIB, respectively.

organic material | /,

silicate mineral

)

'/p)e"i'ito framboid

bedding direction

—3 pm——]

Fig. 2: SEM image of polished shale sample surface.

Energy dispersive X-ray spectroscopy (EDX) was used to identify the con-
stituent materials present in the shale specimen. The work was performed
at the Stanford Nanocharacterization Laboratory with an FEI Strata 235DB
dual-beam FIB/SEM, which has element mapping and EDX microchemical
analysis capability. Figure 4 shows an example EDX spectrograph of a clay
particle. The spectrograph was used as an aid to identify specific shale con-
stituents, which must otherwise be identified by their shape and contrast as
detected by backscatter electron (BSE) emission.
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Fig. 3: SEM image of FIB milled trench into surface exposing a face for
serial sectioning.
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Fig. 4: Spectrograph from EDX analysis of clay particle.

3.3 Nanoindentation methods

Nanoindentation was performed with a diamond Berkovich indenter tip on
an Agilent Technologies Nanoindenter XP with high load capabilities. The in-
dentation apparatus has a displacement resolution of 0.01 nm and a load reso-
lution of 100 nN during standard loading. Nanoindentation experiments have
been performed to various indentation depths, engaging the various length
scales of the sample heterogeneity: 200 nm, 1 pm, 3 pm, 5 pm, and ~20 pm
deep. Indentations have been made into two different specimens cut from the
same sample: bedding plane parallel (BPP) and bedding plane normal (BPN)
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oriented shale specimens. A total of 349 individual indentations were made.
All were performed load (P) controlled, and displacement of the tip into the
surface h was measured. The deepest indents (~20 pm) were performed by
loading at a constant loading rate for 120 s to a specified maximum load
(Pmax), holding at the peak load for 180 s, and then unloading. The rest of
the indents were made by loading to a specified indentation depth (hioad),
with indenter loading done so as to maintain a constant indentation strain
rate P/P. A target effective strain rate of P/P = 0.05s~! was chosen. In
all cases, the peak indentation load was held for some time to measure the
creep behavior of the indented material. The peak hold time forecp Was 60
seconds for most tests, but some tests were held at peak load for as much as
20 minutes as extended creep tests.

The nanoindentation experiments were performed in large grid patterns
with known indent spacing so that individual indents could later be identified
by SEM. Imaging the residual impressions with the SEM made possible identi-
fication of indents that fell on locally rough areas; data corresponding to such
indents was discarded. Furthermore, with SEM, indents that were found to
fall within a relatively homogeneous region comprised of a single constituent
material were identified, as will be discussed in the presentation of the results
in Section 4.2.

The material properties extracted from the nanoindentation measurements
include the reduced modulus F,., hardness H, and the normalized plastic work
ratio W;. The reduced modulus F, is calculated from the initial slope of the
P — h unloading curve according to

1 [« dP
Er—% E%’ (1)

where the projected contact area A, is calculated from the calibrated tip shape
function, and « is a constant related to the geometry of the indenter, taken
as a = 1.034. With knowledge of the reduced modulus and Poisson’s ratio v,
Young’s modulus of the indented material can be found from

I e e

= i 2
E, E+Ei’ @)

where F; and v; are Young’s modulus and Poisson’s ratio, respectively, of
the diamond indenter. To avoid the necessity of assuming v, we report the
effective modulus FEy, defined as

E
B, = ——
1—12

3)

The hardness H is calculated as the ratio of the peak load to the projected
contact area at peak load,

(4)
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The normalized plastic work ratio W} is calculated from the areas under the
loading and unloading portions of the P — h curve, which correspond to the
total work W, and elastic work W,, respectively. The total work is assumed
to be additively composed of elastic and plastic parts, i.e., Wy = W, + W,
allowing for the expression of the normalized plastic work to be defined as
* L WP _ We
W, = W, 1 W (5)

4 Experimental results

4.1 FIB-SEM and EDX results

FIB-SEM and EDX nanocharacterization has led to the development of the
underlying thought model of heterogeneity and scales discussed in Section 2.
The sample was observed to have a relatively high organic content compared
to images reviewed in the literature. Our FIB-SEM characterization of the
shale sample provides a description of the shale at this scale as being com-
prised of mear micrometer sized particles of clay and other silicate minerals
embedded in a mized organic/clay matriz. Nearly everywhere that organic ma-
terial is observed, clay platelets are found to be interspersed within, as seen
in Figures 2 and 3.

The SEM imaging was also instrumental in evaluating the local surface
roughness and constituent materials present at the location of the indenta-
tions, as is discussed next in the Section 4.2. Figure 5 shows a backscatter
electron (BSE) image of the residual impression left by a 3 pm deep BPP
indentation into a highly heterogeneous region.

4.2 Nanoindentation results

Each indentation locus from the full set of BPN and BPP nanoindentation
results were examined individually by SEM in order to 1) disregard indents
that fell on a locally rough surface, and 2) identify indents which fell on
relatively homogeneous regions comprised of a single constituent material. It
is well known that surface roughness can lead to inaccuracy in indentation
measurements [26], and, therefore, it is important to ensure that indentation
measurements are performed on an adequately smooth surface. This can prove
to be a challenge in the case of shale because of its highly heterogeneous
nature at the scale of the nanoindentation testing. It was thus decided that
each indentation locus would be examined individually by SEM so that the
local surface roughness could be evaluated and those that fell on locally rough
surfaces discarded. Examination of the surface engaged by each indentation
measurement, furthermore, allowed the material comprising the surface at the
location of the indent to be evaluated. Because the heterogeneity at the scale
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Fig. 5: Backscatter electron (BSE) image of post indented region of 3pm
deep BPP test showing residual impression within highly heterogeneous
material.

of the indents consisted of approximately micrometer size particles of clay and
silicate mineral grains suspended in a mixed organic/clay matrix, some of the
200 nm deep indentations were found to engage, at least predominantly, a
single material phase. The 1 pm deep indentations were found to be generally
too large to fall within a single homogeneous phase; however, some of them
were found to fall between particles, i.e. in regions comprised of only the
organic/clay matrix, and some were found to fall in relatively large pockets
of organic material. Indentations 3 pm deep and larger were found to fall in
heterogeneous regions, with the exception of two of the 3 pm deep indentations
which engaged (relatively) large pockets of organic material.

The 200 nm deep indents are thus divided into three groups: those that
fell on particles of clay, those that fell on other silicate mineral particles (ab-
breviated QFP), and those that fell on regions of organic matter. It should
be noted that while some of the 200 nm deep indentations were found to fall
on predominantly a single phase, surrounding constituent materials and the
supporting matrix likely influence to some extent the indentation measure-
ments. Figure 6 presents nanoindentation load-displacement curves obtained
from 200 nm deep indents, with the results grouped as described above. Ta-
ble 1 shows the subsequently extracted mechanical properties. The 1 pm deep
indentations provide measurements of the mechanical properties of the O/C
matrix, reported in Table 2.

The indentations to depths of 3 pm were found to fall on heterogeneous
regions, with the notable exception of two of the 3 ym deep indentations which
fell on relatively large pockets of organic matter, one from each of the BPN
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and BPP data sets. The 5 nm deep indentations all engaged heterogeneous
regions, as did the high-load (~20 pm) indentations. Figure 7 shows how the
20 5 pum deep indentations varied relatively little, being representative of the de-
formation behavior of the composite (heterogeneous) material. The extracted
mechanical properties for the heterogeneous material at these scales are pre-
sented in Table 3, and extracted mechanical properties of the organic material

are presented in Table 4.

Table 1: Measured mechanical properties of each of the constituent materi-
als as measured by 200 nm deep indentation tests in both BPN and BPP

orientations.
BPN BPP
Mean SD COV (%) Mean SD COV (%)
E; (GPa) 32.750 7.287 22.25 38.114 7.029 18.43
QFP H (GPa) 4.515 0.713 15.79 4.815 1.502 31.19
Wy (%) 50.59 1.84  3.64 55.92 4.73  8.46
E; (GPa) 20.373 2.927 14.37 25.865 5.692 22.01
Clay H (GPa) 1.801 0.242 13.42 1.592 0.332 20.83
Wi(%)  61.02 224  3.67 68.93 545 7.1
E; (GPa) 8.780 3.094 35.24 6.503 - -
Organic H (GPa) 0.449 0.155 34.60 0.278 - -
W (%) 6232 2452 39.35 7461 - -

Table 2: Measured mechanical properties of organic/clay matrix as measured
by 1 nm deep indentation tests in both BPN and BPP orientations.

BPN BPP
Mean SD COV (%) Mean SD COV (%)
E, (GPa) 12.392 1.498 12.09 18.545 1.975  10.65
0/C Matrix H (GPa) 0.604 0.075 12.38 0.592 0.088 14.81
W;(%) 67.98 2.78 4.09 74.69 3.24 4.34
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Fig. 6: BPN (left) and BPP (right) load-versus-displacement curves for 200
nm deep indentations grouped by the constituent material on which they fell.
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Table 3: Measured mechanical properties of heterogeneous shale measured at
various length scales in both BPN and BPP orientations.

BPN BPP
Depth
Mean SD COV (%) Mean SD COV (%)

E; (GPa) 12.981 0.554  4.27 17.187 1.174  6.83
3um H (GPa) 0.480 0.041 8.48 0.556 0.073 13.20

Wi(%) 7175 164 229 75.53 19.54 25.87

E; (GPa) 11.792 0.622  5.28 15.174 0.763  5.02
5pm H (GPa) 0.406 0.020 4.99 0.452 0.038  8.52

W;(%) 72.95 1.04 1.43 76.51 1.51 1.97

E; (GPa) 12.519 1.085  8.67 13.109 1.780 13.58
~20 pm H (GPa) 0.352 0.020 5.80 0.408 0.029  7.06

W;(%) 79.09 1.28 1.62 76.96 1.21 1.57

Table 4: Measured mechanical properties of organic material measured at
various length scales and in both BPN and BPP orientations.

BPN BPP
Depth
Mean SD COV (%) Mean SD COV (%)
E; (GPa) 10.668 1.124  10.53 9.511 1.573 16.53
1pm H (GPa) 0.295 0.041 14.14 0.299 0.097 32.44
W;(%) 78.07 2.81 3.60 72.52 2.28 3.14
E, (GPa) 6.173 - ] 10.042 - ]
3pm H (GPa) 0.282 - - 0317 - -
Wi (%) 6042 - - 7035 - -

» D FE model

5.1 Model development

Figure 8 shows the meshed nanoindentation model with a Berkovich indenter
tip, consisting of a total of 10,161 elements. The nonlinear FE modeling was
done in Abaqus/standard with implicit integration. The shale was modeled
20 with linear hexahedral elements using reduced integration, and the Berkovich
tip was modeled as a rigid body (its motion governed by a reference node at
its tip) with a mixture of linear quadrilateral and linear triangular elements.
The contact between shale and the indenter was modeled as surface-to-surface
frictionless contact with a finite-sliding Lagrange multiplier formulation. The
25 boundary conditions (BC’s) of the shale were prescribed as fully fixed (essen-
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Fig. 7: BPN (Left) and BPP (Right) 5 pm deep indentations into
heterogeneous regions showing repeatability of measurements, indicating
that they are representative of the composite material response.

Fig. 8: Meshed model of shale nanoindentation with a Berkovich indenter tip.

tial BC’s) at the base, laterally fixed at the sides, and fully free (natural BC’s)
at the top surface where the indenter made contact.

Both the BPN and BPP 3 pm deep heterogeneous indentations were sim-
ulated. Imitating the nanoindentation experiments, the simulations were per-
formed to a specified indentation depth h by controlling the applied load P
so as to maintain a constant indentation rate (Section 3.3). That is, during
simulated loading, the load was made to evolve over time according to

P(t) = Pye. (6)

The loading parameters Py and k were determined from the experiments to
be 0.022 mN and 0.0156 s~1, respectively. Once the target depth was reached,
the load was held constant for 60 seconds, and then the indenter was unloaded
(linearly in time) to P = 0 over 20 seconds.

Because the nanoindentation experiments show significant creep in ad-
dition to plastic deformation, a viscoplastic creep material model has been
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pursued. To this end, isotropic linear elasticity and a Modified Drucker-
Prager/Cap plasticity with consolidation hardening and creep was chosen.
Modified Drucker-Prager/Cap plasticity is based on the well known Drucker-
Prager plasticity yield criterion for granular materials with the addition of a
cap bounding the yield surface in the direction of the mean normal stress p
(along the hydrostatic axis). A detailed description of the material model can
be found in [1], and is not repeated here; however, a general description and
definition of the material parameters is provided in what follows.

Denoting tensors in boldface, we note the use of 1 for the second order
identity tensor and o for the Cauchy stress tensor. The inner (scalar) product
of two tensors is signified by the double dot, e.g. A : B = tr[ATB], where
we have denoted the matrix transpose with the superscript 7" and the matrix
trace operator tr[e]. The deviatoric stress S is given by S := o — 1/3tr [o]1.

The yield surface is defined in p — ¢ space, where the mean normal stress
p and Mises equivalent stress g are defined as

p::étr[a], q:= S:S. (7)
The cohesion d and the friction angle 8 define the cohesive bounding surface
(in the direction of ¢). The creep formulation is restricted to an associated
flow rule (no dependence on the third stress invariant). The initial intersection
of the cap with the hydrostatic axis py(1) is specified along with a second
hydrostatic yield stress point py) and a corresponding amount of plastic
volumetric strain P!, which together define linear cap hardening.

The total strain e is assumed to be additively composed of elastic and
inelastic (plastic) parts, with the inelastic strain, furthermore, composed of
the time-independent part e”! and the time-dependent (creep) part €°", such
that

e =g+ el 4. (8)

The creep is defined with respect to the mean normal stress p (consolidation
creep), where the effective creep pressure p¢" describes a pressure within the
yield surface but greater than a threshold creeping pressure (related to the
yield surface cap position). The creep strain increment Ae®" is proportional
to the equivalent creep strain £, which is determined from a uniaxial con-
solidation law. A time (¢) dependent uniaxial creep law was chosen, given
by

écr — A%l(ﬁc'r‘)ntm,7 (9)

(&
where A, n, and m are material parameters.
5.2 Simulation results

Simulations and material model calibrations were performed separately for
the bedding plane normal (BPN) and bedding plane perpendicular (BPP)
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Table 5: Calibrated material parameters for BPN simulation.

Drucker-Prager Plastic Cap Hardening Creep Consolidation
E v d B maez €Y A n m
(GPa) (MPa) (MPa) (Pa™s™)
770 0.3 114 36° 395 0 1E-18  2.10 -0.5
1625 0.2

simulations. Initial trial material parameters were estimated from the nanoin-
dentation results (Section 4.2) along with consideration of other published
laboratory testing results [3, 23, 29, 35]; however, the final material model
parameters were determined by calibrating the simulations to the nanoinden-
tation experiments.

Average P — h measurement curves were estimated for both the BPN and
BPP 3 um data sets, and are presented alongside the simulation results in Fig-
ure 9. The average measurement curves were established as having the mean
peak load P,y and amount of creep during the peak load hold period Ahcreep.
The average loading and unloading curves were determined separately by least
squares polynomial regression.

Figure 9 presents the results of the calibration alongside the laboratory
measurements. The calibrated material parameters are presented in Tables 5
and 6 for the BPN and BPP simulations, respectively.

180 [rv e
BPP~
100+ BPN ]
= ;
E
o
50 -+ -
0- 1

=l R——t
0 1000 2000 3000 4000
h (nm)

Fig. 9: BPN and BPP simulation results compared with average of
corresponding laboratory measurements. Measurements are shown with solid
lines and simulations with dashed lines.
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Table 6: Calibrated material parameters for BPP simulation.

Drucker-Prager Plastic Cap Hardening Creep Consolidation
E v d B maez €Y A n m
(GPa) (MPa) (MPa) (Pa™s™)
10.2 0.3 123 40° 430 0 1E-18  2.10 -0.5
1640 0.2

6 Conclusions

Nanoindentation tests as shallow as 200 nm have provided in situ mechanical
property measurements of the constituent materials comprising a highly het-
erogeneous sample of Woodford shale, whereas indentations ranging to depths
of up to ~20 pm have provided measurements of their composite mechanical
properties. Nanoindentation testing was performed in both the bedding plane
normal (BPN) and bedding plane perpendicular (BPP) directions to evalu-
ate material anisotropy. FIB-SEM imaging provided verification that indents
at all length scales fell on sufficiently smooth regions and, along with EDX
spectroscopy, provided for identification of the material phases on which the
smallest indents fell.

The FIB-SEM imaging further enabled the development of a conceptual
model describing the scale with respect to material heterogeneity for the
organic-rich shale specimen: the specimen was found to be best described as
being comprised of near micrometer sized particles of clay and other silicate
minerals embedded in a mixed organic/clay matrix. Together with the nanoin-
dentation testing, the FIB-SEM imaging identified a separation of scale at
approximately 1 pm occurring between relatively homogeneous regions com-
prised of a single material phase and highly heterogeneous regions representing
the composite material. The 200 nm deep indentations were observed to be
predominantly representative of the constituent phases on which they fell,
whereas indentations ranging from depths of 3 pm to ~20 pm were shown
to be representative of the composite (heterogeneous) material response. In-
dentations to depths of 1 pm measured the mechanical properties of the or-
ganic/clay matrix.

A FE model of the nanoindentation experiments was developed and imple-
mented with Drucker-Prager/Cap plasticity and consolidation creep. Plastic
material parameters were calibrated to the 3 pm deep indentation measure-
ments which represent the stress-strain behavior of the heterogeneous shale.
The calibrated simulations provide a means of extracting plastic material
parameters from the nanoindentation experiments. The different material
properties calibrated for BPN and BPP indentations provide a measure of
the material anisotropy, and also motivate the development of a finite strain
anisotropic material model for shale.
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