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Summary. Shale is known to exhibit significant creep across spatiotemporal scales.
In this work, we performed indentation and triaxial creep tests on organic-rich Wood-
ford shale and showed that the measured creep responses at the nanometer and
millimeter scales are statistically correlated in the sense that the indentation creep
tests can be used to predict the triaxial creep response. The link between the two
extreme scales is facilitated by an elasto-viscoplastic constitutive model based on
critical state theory. Even though this constitutive model contains several material
parameters, only the elastic modulus and viscosity played a major role in statisti-
cally correlating the creep responses at the two scales. Given that shale is commonly
represented as a transversely isotropic material, we conducted indentation and tri-
axial creep tests in both bed-normal (BN) and bed-parallel (BP) directions on the
rock samples. For the shale that was tested, the creep responses at the nanometer
and millimeter scales were statistically correlated in the BN direction where the
rock is weaker. However, the creep deformations at the two scales in the BP direc-
tion, where the rock is stronger, were significantly smaller than in the BN direction,
and so, they were not as strongly correlated. Nevertheless, the results of this study
suggest that shale exhibits strongly anisotropic creep properties.
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1 Introduction

Shale is the most common sedimentary rock found on or near the surface of
Earth [10, 61]. Its high organic content and low permeability are ideal for hy-
drocarbon exploration and storage [18, 74, 82|, carbon sequestration [53, 54],
and for use as a seal in nuclear waste repository [76]. Shale is also one of the
most complex materials to model due to its heterogeneous microstructure. In
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particular, shale exhibits pronounced viscous creep behavior that manifests
in the laboratory and in the field [2, 19, 34, 39]. This time-dependent behav-
ior may be related to the growth of subcritical cracks [16, 17, 21, 30, 41],
intragranular and/or intergranular slipping [8, 25], rearrangement of clay par-
ticles under external loads [31, 79], compaction of the pore spaces [72], and/or
poromechanical effects [13, 15, 23, 32, 33, 52]. The long-term creep deforma-
tion in a shale deposit is crucial for land subsidence prediction [19, 49] and
borehole stability assessment [34, 38, 44, 58]. However, prediction of the creep
deformation remains a challenging problem for modelers because shale ex-
hibits multiscale heterogeneity and anisotropy due to its complex mineral
composition and history of formation [1, 11, 22, 35-37, 57, 59, 6668, 83, 86].

The creep behavior of shale is traditionally investigated in the laboratory
with triaxial creep tests, where it has been reported in the literature that creep
deformations can be triggered even at low stress levels [6, 45, 56, 62, 63, 72, 73].
It has also been observed that the steady-state creep strain rate increases al-
most linearly with differential stress, and is not significantly affected by the
confining pressure [40, 45, 73]. Most experiments have shown that shale sam-
ples develop much larger axial creep strains when loaded in the bed-normal
(BN) direction than when loaded in the bed-parallel (BP) direction. In either
case, the measured lateral creep strains are usually much smaller than the
measured axial creep strains [63, 72, 73]. Several empirical creep laws have
been developed from triaxial creep tests on shale, including the power creep
law [20, 26, 48, 80] and the logarithmic creep law [19, 50, 55, 64]. They are
generally accurate for time periods ranging from hours to days, but the appli-
cability of triaxial creep tests in practice is limited by the size of the samples
and duration of the tests. Intact shale samples with sizes on the order of
inches are required for the tests, which are generally not available because of
the limitations in the field sampling procedure [48, 69]. Furthermore, triaxial
creep tests are very time-consuming to conduct, usually lasting days if not
weeks to complete [24, 51, 63, 72].

Recently, indentation tests have been used to investigate the creep behav-
ior of shale [5, 9, 27, 29, 42, 43, 46, 69, 77]. An advantage of these tests is
that they only last a few minutes, enabling the generation of multiple inden-
tation response curves spatially in a grid pattern [47, 55]. The anisotropy of
a sample can also be investigated by indenting in different directions relative
to the bedding plane [7]. However, because of the material’s complex mineral
composition and the very small size of the sample being tested, the results
could exhibit significant spatial variability especially when different minerals
of the rock are indented. To obtain a more meaningful interpretation of re-
sults, indentation curves for the soft phase (clay and organic matters) can be
separated from the curves for the hard phase (quartz, feldspar and pyrite), as
done by a few authors [7, 55], but even then, indentation curves on the same
phase can exhibit significant variability. In addition, most authors only use
the indentation curves to infer the elastic modulus and hardness of the rock
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[78], even though the response of the rock during indentation is not purely
elastic.

To sum up, creep data from indentation tests can be generated more easily,
but they are subject to significant variability due to the material’s complex
composition and heterogeneous microstructure. On the other hand, triaxial
creep tests require larger samples and take longer to conduct, and therefore,
fewer response data can be obtained even with large samples. Yin et al. [81]
attempted to bridge the creep behaviors across the two scales with a recently
developed Cam-Clay IX model [11] by treating shale as a mixture of a soft
phase and a hard phase. They calibrated the material parameters of the soft
phase with nanoindentation data, back-calculated the properties of the hard
phase with microindentation data, and upscaled the creep response of the
shale to the triaxial scale. However, their work was incomplete because of the
lack of experimental data to fully validate their model at the triaxial scale.

In this paper, we adopt a statistical approach to upscaling the creep be-
havior of an organic-rich Woodford shale [3, 4] aimed at correlating the in-
dentation test data with triaxial creep data. We validate the approach by
conducting indentation and triaxial creep tests on the same shale samples
in both BN and BP directions. We utilize the Cam-Clay IX model to facil-
itate the interpretation of results at the two scales of the tests. In addition,
we quantify the mineral composition of the shale with X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD) to characterize the micro-
structural composition of the shale samples. Results of the analysis suggest
a strongly anisotropic behavior of the shale in both the (rate-independent)
elastoplastic and (rate-dependent) creep responses. We show that the indenta-
tion and triaxial creep data are strongly correlated in the weaker BN direction,
but the correlation is not as strong in the stronger BP direction because the
measured creep deformations in that direction are very small in comparison
to the measured creep deformations in the BN direction.

2 Theory

This section gives an overview of how nanoindentation creep tests can be used
to predict the results of triaxial creep tests. The bridge between the two tests is
facilitated by Cam-Clay IX, a transversely isotropic, viscoplastic constitutive
model based on critical state theory developed by the Stanford group [11].
Because the two tests are orders of magnitude apart on the metric scale,
statistical analysis is necessary to link the two scales. We first give an overview
of the scale-bridging technique, after which, we describe the important features
of the viscoplastic model. Fluid flow is not considered in the present work, see
[12, 86-88].
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2.1 Overview of the methodology

In indentation tests the load on the indenter is applied at a certain rate, is held
fixed for around 60 seconds at the peak value, and then is gradually removed.
During the stage of experiment when the load is held fixed, the indenter
accumulates a certain amount of penetration into the shale that is used to
estimate the creep properties of the rock. Viscoplastic constitutive models
formulated based on the concept of overstress rely mainly on the elastic moduli
and viscosities for predicting the creep response, and this is also true with the
constitutive model used in this study. A major challenge with interpreting
the results of indentation experiments on shale is that the measured creep
behavior can vary significantly from point to point within a small sample due
to the inherent heterogeneity of the rock. However, for the shale tested in this
work, we observed that during the steady creep stage of the experiment the
indentation-time curves are nearly parallel to each other in the BN and BP
directions. This allows the calibration of the elastic moduli and viscosities of
the rock in these two directions.

Indentation creep tests produce a large number of indentation-time curves
each one of which can be used to back-figure the corresponding local elastic
modulus and viscosity at the indented point. These two materials parameters
are back-figured by conducting a finite element (FE) simulation of the inden-
tation creep test using the Cam-Clay IX viscoplastic constitutive model. In
principle, one can always simulate each indentation, but this would be very
expensive and time-consuming to conduct given the large number of indented
points. Instead, we only simulate a few indentations and use linear interpo-
lation to determine the material parameters for the test results that lie in
between the tests that have been simulated. We then generate a bar chart or
histogram representing the number of occurrences of a range of values of the
elastic moduli and viscosities, and the median values are used to simulate the
triaxial creep tests. Because indentation data for the shale are available for
loading in both BN and BP directions, we can constrain the required material
parameters for simulating the triaxial creep tests.

2.2 Viscoplastic model

The viscoplastic framework adopted in this study is based on the so-called
overstress model. In this model, the stress point can live in stress space outside
the yield surface, but gets attracted to the yield surface. Denoting the yield
function as f, the stress point in the inelastic regime lives in the space where
f > 0 but gets attracted to the locus of points where f = 0. The kinematics
of the theory calls for the stress point o to move back to the yield surface,
where f = 0, at a rate that is proportional to its distance from the yield
surface and inversely proportional to the viscosity of the material. In creep,
however, the stress point o is fixed and it is the yield surface f = 0 that is
allowed to expand to catch this stress point.
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The total strain rate tensor € is assumed to be decomposed additively into
an elastic part €° and a viscoplastic part €7, i.e.,

€= 4 &v. (1)

The viscoplastic strain rate tensor has a form analogous to the flow rule used
in rate-independent elastoplasticity [14]. There are two commonly used forms
for €"7, namely, the form proposed by Perzyna [60],

op _ ) Of
Gp—7377 (2)

and the form proposed by Duvaut and Lions [28],
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where c° is the elasticity tensor for the material, o° is ‘closest point’ associ-
ated with the rate-independent state, and the symbols (-) are the Macauley
brackets. Each form contains a parameter that may be correlated with the
creep properties of the material. In the Perzyna model, the parameter is the
viscosity coefficient 7, whereas in the Duvaut-Lions model, it is the relaxation
time 7.

The rate-constitutive equation for the Perzyna model takes the form

cc Of
c=ct:e—(f)—:=—. 4
ns 5 (4)
The first term on the right-hand side of this equation is the elastic stress
predictor, whereas the second term is the rate-dependent stress relaxation,
which depends mainly on the elastic stiffness and viscosity. Similarly, for the

Duvaut-Lions model the rate-constitutive equation takes the form

d:ce:é—l(a—ao), (5)
T

where we see that the model parameter for the stress relaxation term is the
relaxation time 7. This material parameter depends on the viscosity and stiff-
ness of the material. For example, in 1D theory the relaxation time 7 = n/FE,
where E is the Young’s modulus of elasticity [70]. Whatever the model, we
see that the two dominant material parameters during creep deformation are
the elastic moduli and viscosities of the material.

The Cam-Clay IX model adopts the overstress viscoplastic theory employ-
ing both the Perzyna and Duvaut-Lions formulations [11]. Experience with
these two formulations suggest that there is not much difference in the pre-
dicted creep deformations between the two models [11], and that it is just
a matter of preference whether one chooses one formulation or the other.
In this work, we choose the Perzyna formulation. The Cam-Clay IX model
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groups the shale components into a stiff part (quartz, feldspar, pyrite, and
carbonates) and a soft part (clay and kerogen), where each part is modeled as
an elasto-viscoplastic material with a rotated ellipsoidal yield surface appro-
priate for a transversely isotropic material [65, 85, 89]. However, because we
alm to average the material properties for upscaling to the triaxial scale, we
simply assume in this work that each indented point can be represented by a
single set of material constants (i.e., Young’s modulus and viscosity) that can
be back-figured from the indentation-time curve developed for the indented
point. Figure 1 shows a plot of the yield surface on the p-¢ plane (first and
second invariants of the stress tensor, respectively) with the stress point o
living in the region where f > 0 and o° is its ‘closest point.” We note that in
the elastic range the rock is also modeled as a transversely isotropic material
with five elastic constants that include the elastic Young’s moduli in the BN
and BP directions [65].

up f > 0

q/’
>
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Fig. 1: Overstress viscoplastic framework employing a rotated ellipsoidal yield sur-
face of modified Cam-Clay model. During creep, the stress point o is fixed while the
yield surface f = 0 expands toward the stress point.

3 Experiments

This section describes the following laboratory tests performed on the Wood-
ford shale sample: (a) material characterization, (b) nanoindentation tests,
and (c) triaxial creep tests.

3.1 Material characterization

The mineralogica and chemical information of the shale sample was obtained
from X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
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tests. For XPS tests conducted under a high vacuum condition, different atoms
in the sample were identified based on the binding energy of the photoelectrons
to their original orbitals, while for XRD tests unique crystalline cell structures
were used to characterize different minerals.

The XPS test was conducted at the Stanford Nano Shared Facilities
(SNSF) with the PHI VersaProbe III microprobe. The shale sample was
crushed into powder, stuck to the substrate with a double-sided carbon tap,
transferred to the intro chamber and vacuumed by a turbo pump until the
pressure dropped below 10~* Pa. The sample was then moved into the main
chamber where the system was further vacuumed to a pressure of 1076 Pa.
An X-ray source with the output of 50 W and voltage of 15 kV was used to
survey the sample over a binding energy range from 0 to 1200 eV with a step
size of 0.8 eV. The spectrum of the shale powder is shown in Figure 2.
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Fig. 2: XPS spectrum of shale sample.

The vertical axis of the spectrum presents the signal intensity and is in unit
of counts per second (CSP), but since only the relative intensity of different
signals matters, it is common practice to use arbitrary unit (a.u.) to denote
the signal intensity. From the primary photoelectron signals, which are shown
as the sharp tall peaks in the spectrum, we can identify the O, Mg, Al, Si and
Fe elements in the sample. The area of the peaks were then used to calculate
the atomic ratio, and the result is listed in Table 1.

We see that the dominant elements in our sample are O, C and Si, and the
ratio between O and Si is very close to 1:2. Element K and Al are present in the
clay (e.g. illite), while element C is present in the oil and kerogen. No Ca was
identified from the sample, indicating that calcite is not a main component of
the sample. The weight ratio between quartz and clay was approximately 2:1.

The XRD test was performed using the Rigaku MiniFlex 600 diffractome-
ter. A small amount of shale powder was dumped on the mirror surface of
the zero background holder and distributed evenly via circular motions. The
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Element|Orbital|Peak Center|Peak Area|RSF|Atomic Ratio

(eV) (%)
(0] 1s 530 12868.6 | 2.93 41.07
C 1s 282.5 3224.5 1 30.15
Si 2p 100.7 1723.9 |0.817 19.73
Al 2p 72.6 411 0.537 7.16
K 2p 294.1 683 3.97 1.61
Fe 2p 708.8 487 16.42 0.28

Table 1: Elements identified from the XPS spectrum. RSF = Relative Sensitivity
Factor.

holder was then inserted into the auto sampler inside the chamber and the
beam knife was set down to prevent the X-ray from scattering. The measure-
ment was taken at a voltage of 40 kV and a current of 15 mA. The scanning
range 26 was set from 10 to 90° with a step size of 0.02° and a scanning speed
of 5°/min. The resulting XRD pattern is shown in Figure 3.
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Fig. 3: Match of XRD patterns for quartz, illite, and the shale sample.

Mineral identification was performed by individually matching each peak
in the XRD pattern with those of different minerals. The common miner-
als contained in shale, with an available powder diffraction file (PDF) in
the PDF-4 database, are quartz (SiOs), calcite (CaCO3), pyrite (FeSs), il-
lite (KAly(Si, Al)4010(OH)2) and kaolinite (AlzSioOs5(OH)4). Among these
minerals, only quartz and illite were confirmed to be present, as shown in Fig-
ure 3. By using the reference intensity ratio (RIR) method and selecting the
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highest peak centered at 26.6° for quartz, and the symmetric peak centered at
62.0° for illite, the weight ratio of the two minerals was estimated as 1.86:1.
This ratio agrees well with the number calculated from the XPS test.

3.2 Nanoindentation tests

Nanoindentation tests on a small piece of shale sample were conducted on
a Hysitron TI-950 Triboindenter with a maximum load of 13 mN at the
Los Alamos National Laboratory. The sample was first polished before be-
ing mounted on the instrument, with the surface roughness measured using
scanning probe microscopy (SPM) to range from 5 to 15 nm. All indents were
performed using a diamond Berkovich indenter probe with a half angle of
65.27°. The load on the indenter was increased from zero to approximately
491 uN over a period of 30 s, and was held constant at the peak value for
60 s. Such a short hold period can provide more consistent results and more
data points for statistical analysis. During the whole process, the vertical dis-
placement of the indenter was continuously recorded. In total, 63 indentation
creep curves along the BN direction and 86 curves along the BP direction
were recorded. Results from the tests are shown in Figures 4 and 5.

500

1001/ /7

0 20 40 60 80 100
Time (s)

Fig. 4: Vertical displacement versus time along the BN direction.

A first observation is that the indentation depth-time curves were scat-
tered over a wide range, indicating that the elasto-viscoplastic responses of
the material varied significantly from point to point within the sample. This
affirms that the nanoindentation tests can quantify the mineral-level hetero-
geneity of the shale sample. Under the same load, the maximum indentation
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Fig. 5: Vertical displacement versus time along the BP direction.

depth varied from about 70 nm to 450 nm along the BN direction, and from
100 nm to 310 nm along the BP direction. This variation is due to the hetero-
geneity of the shale at the nanometer scale: hard crystalline minerals such as
quartz, feldspar, and pyrite behaved much harder when they were indented
as compared to the responses of clay or organic matter when subjected to the
same load. In fact, four indentation curves at the bottom of Figure 4 appeared
to fall on locally hard minerals and were identified as outliers in that they were
separated from the rest of the indentation curves by a significant spacing.

Focusing on the evolution of indentation depth with time during the creep
stage, we see two different phases for each curve: an initial creep phase where
the creep rate decreases with time, and a steady creep phase where the creep
rate is constant and the penetration of the indenter increases linearly with
time. We also observe that minerals with different elasto-plastic properties
manifest these properties during the initial creep phase, but when they en-
ter the steady creep stage, all curves become nearly straight. This feature is
observed in both BN and BP directions, suggesting similar creep properties
everywhere within the small shale sample albeit they were different in the BN
and BP directions.

The anisotropy of the shale sample is also evident in Figures 4 and 5. In
the BN direction the maximum indentations at the end of the loading stage
are generally larger than those in the BP direction, implying that the shale is
more compliant in the BN direction. However, the variance of the moduli in
the BN direction is higher. As mentioned earlier, the curves near the bottom
of Figure 4 are considered as outliers and may have represented data points on
locally hard minerals. Furthermore, data from Figures 4 and 5 reveal that the
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viscosities in the BP direction are generally higher than in the BN direction,
which resulted in creep occurring more slowly in the BP direction. All these
results point to the shale sample being highly heterogeneous and strongly
anisotropic.

3.3 Triaxial creep tests

Two cylindrical specimens were cored from the raw shale sample using a 1-
inch coring bit at the Stanford Earth Materials Laboratory. One sample with a
height of 28.5 mm was cored normal to the bedding plane, while the other with
a height of 35.1 mm was cored parallel to the bedding plane. Both samples
had a diameter of 23.7 mm.

The samples were tested with a loading system consisting of an MTS
hydraulic loading frame and a high-pressure water cell at the John A. Blume
Earthquake Engineering Center at Stanford University. The axial load was
applied by the loading frame through a vertical shaft on top of the sample,
and the axial displacement was measured with a linear variable differential
transformer (LVDT) attached to the shaft. Since the applied load was much
smaller than the capacity of the loading frame, an additional load cell was
installed on the load frame to measure the axial load. The confining pressure
inside the water cell was controlled and measured by a pressure transducer
with a capacity of 14 MPa, which was connected to the water cell with steel
pipes. To prevent water penetration, thin steel caps were glued to both ends
of the sample with vacuum grease, and the sample was sealed inside a rubber
membrane and constrained by two O-rings. After the tests, the membrane was
removed and the samples were confirmed to be completely dry.

The water cell was filled at the beginning of the loading stage, and a small
vertical load of around 0.1 kN was applied by the loading frame to ensure that
the vertical shaft was in firm contact with the sample. Initially, the system was
set to be displacement-controlled and no vertical displacement was allowed as
the water pressure was gradually increased from zero to 10 MPa. The system
was then switched to be force-controlled, and the axial load was raised to 13.8
kN over 90 s under a constant confining pressure to induce a differential stress
of 19 MPa on the sample. This stress level, according to Sone and Zoback
[72], was large enough for creep to be observed without causing damage to
the samples. During the creep stage, the axial load was held constant and the
deformation of the sample was recorded for another 12,000 s.

The stress-strain curves during the loading stage are plotted in Figure 6.
No plastic yielding was observed from either curve, suggesting that the defor-
mation was dominated by elastic compression. Comparing the two curves, we
observe the anisotropy of shale at the triaxial test scale and see that the shale
is stiffer in the BP direction. Based on the linear portion of the curves, the
elastic moduli were estimated to be 4.6 GPa for loading along the BP direc-
tion and 3.5 GPa for loading along the BN direction. These values of elastic



12 Authors Suppressed Due to Excessive Length

,_.

[e)]

g,
\”‘0

Differential Stress (MPa)
R = I
o N E
o,
wﬂ\wa\

B o (o]
%
NW

i e BN

0 1 2 3 4
Axial Strain (x107%)

Fig. 6: Stress-strain responses of two samples during the triaxial compression loading
stage.
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Fig. 7: Creep strains during the constant-load stage.

moduli were much smaller than the Young’s moduli for Barnett, Haynesville
or Eagle Ford shales as reported by Sone and Zoback [71].

Figure 7 shows the development of creep strains during the constant-load
stage for the two samples. It should be mentioned that in a creep test the
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axial load could only be controlled via a feedback loop on the displacement.
Consequently, the axial load oscillated around the target value. The resulting
raw creep responses also fluctuated significantly, and when connected with
gray lines, the variations appeared as a gray area. For better visualization,
the raw creep curves were smoothed using cubic splines into the blue and
purple curves, from which the trends can be seen more clearly. The creep de-
formations are evident in the BN direction. The concave creep curve contin-
ues beyond 12,000 s, although the creep rate decreases with time. The total
amount of creep strain reaches 6.5 x 10™% at the end of the constant-load
stage, which is about 10% of the total elastic strain that accumulated during
the loading stage. However, the creep deformations in the BP direction are
hardly noticeable, with the creep curve appearing nearly as a horizontal line.
All these results confirm that the shale exhibited anisotropic creep behavior
as well, with the creep deformation being greater in the BN direction than in
the BP direction.

4 Analysis of test results

This section analyzes the results of nanoindentation and triaxial creep tests
with the aim of unifying the two tests within the context of the Cam-Clay
IX viscoplastic model. Because there is no closed-form solution available for
indentation with a Berkovich indenter on a viscoplastic halfspace, the inden-
tation process was simulated mechanistically with a FE model that employs
the material model described in Section 2.2.

4.1 Simulation of indentation creep tests

The FE mesh consists of 8-node hexahedral elements and is shown in Figure
8. The diamond indenter is many times stiffer than the shale being indented,
so we assumed it to be a rigid body with only one node defining its position
in 3D space. The indentation process was simulated as a load-driven problem
with the indenter load increasing with time up to a maximum value of 491 uN
over a period of 30 seconds, after which it was held constant for 60 seconds
to allow the shale to creep.

Except for the elastic moduli and viscosities, all material parameters were
adopted from [11, 81] and are summarized in Table 2. These parameters define
the yield surface and have been used to characterize yielding of Barnett and
Woodford shales. As for the elastic moduli and viscosities, we assumed in this
work that these two parameters were related in the sense that the higher the
modulus, the higher the viscosity. More explicit relationships may be inferred
from the nanoindentation curves of Figures 4 and 5. First, along each of the
BN and BP directions we assumed a value of modulus and simulated the entire
depth-time responses during the entire load-creep process. The viscosities were
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Fig. 8: FE mesh for indentation on a viscoplastic halfspace with a Berkovich-type
nanoindenter (navy blue). The shale domain is a cylindrical solid with a diameter
of 4 um and a height of 2 um; maximum indentation depth is 450 nm. Indent on
the real shale reproduced from Bennett et al. [7].

Table 2: Plasticity parameters and initial yield stress for indentation simulations: ¢,
c2, c3 = anisotropy parameters; M = slope of critical state line; A¥ = compressibility
index; P. = preconsolidation stress (tension is positive). See Semnani et al. [65].

Parameter Value Unit
C1 0.6 -
C2 —0.1 -
C3 0.4 -
M 1.07 -
AP —0.0003 -
P. —18 MPa

calibrated based on the slopes of the nanoindentation curves during the steady
creep stage.

Five simulated response curves spanning the entire range of indentation-
time responses are shown in Figure 9 for indentation in the BN direction, and
in Figure 10 for indentation in the BP direction. For indentation in the BN
direction, we did not consider the four indentation curves at the bottom of
Figure 9 as they were considered as outliers in the earlier analysis. The moduli
and viscosities inferred from the simulated results are plotted in Figure 11
and confirm the assumption that there is a relation between the two material
parameters. The relationships obtained from linear regression take the form

logn, =9.80 +0.21E | logn = 10.81 4 0.10E), (6)

where 1 and E have the units as shown in Figure 11.

In principle, there should be as many simulation curves as there are exper-
imental indentation-time curves to infer the correspoding modulus and vis-
cosity at each indented point. However, for expediency, we simply performed
a linear interpolation of the moduli values for the experimental indentation-
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Fig. 9: Simulated indentation creep curves along the BN direction. Numbers next
to the thick red lines are inferred elastic moduli in GPa.

350

300

N
wu
o

N
o
o

Indentation Depth (nm)

0 20 40 60 80 100
Time (s)

Fig. 10: Simulated indentation creep curves along the BP direction. Numbers next
to the thick red lines are inferred elastic moduli in GPa.

time curves not intersected by the simulation response curves. The probability
distributions of the moduli values for the shale sample were then inferred in
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Fig. 11: Relation between calibrated viscosities and inferred moduli along the BN
(left) and BP (right) directions.

Figure 12, which again affirms the inherent anisotropy of the shale as the

measured responses are consistently stiffer in the BP direction than in the
BN direction.
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Fig. 12: Probability density functions for moduli in the BN (left) and BP (right)
directions inferred from nanoindentation creep tests. Dotted white lines represent
moduli values measured from triaxial creep tests.

Figure 12 also shows the normal probability distributions (represented by
the red curves) that best fit the elastic moduli distributions. For the BN
direction, the mean value of F, is 4.5 GPa, with a median of 3.9 GPa and
standard deviation of 2.6 GPa. For the BP direction, the mean value of E;
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is 12.1 GPa, with a median of 10.8 GPa and standard deviation of 6.8 GPa.
In both directions the distributions are asymmetric and exhibit long tails
resulting from the presence of locally stiff materials in the sample. Although
Figures 4 and 5 suggest that the variation of the indentation depth is greater
along the BN direction, after removing the outliers we find that the variance
in moduli along the BN direction is actually smaller, which means that the
shale sample is actually more heterogeneous with respect to inferred elastic
moduli along the BP direction.

4.2 Simulation of triaxial creep tests

We have also simulated the triaxial creep tests on the same Woodford shale
sample using the Cam-Clay IX viscoplastic model, but this time we used the
creep parameters inferred from the nanoindentation creep tests presented in
the previous section. The objective of the simulation was basically to answer
the following question: Can the material parameters obtained from nanoin-
dentation creep tests be used to predict the results of triaxial creep tests?

To answer this question, we constructed a cylindrical FE mesh with a
diameter of 23.7 mm and a height of 28.5 mm shown in Figure 13, essentially
replicating the dimensions of the triaxial shale sample cored normal to the
bedding plane. The two samples (cored normal and parallel to bedding) were
supported on smooth platens on both the top and bottom ends, so, without
any imperfection they were expected to undergo homogeneous deformation.
In that case, a stress-point simulation of the tests would theoretically be
sufficient. Nevertheless, we still constructed the finite element mesh shown
in Figure 13 to investigate the effects of spatial heterogeneity in the elastic
modulus E| . The simulation was stress-control, where the confining pressure
was first increased from zero to 10 MPa over a period of 50 seconds, followed
by an increase of differential stress from zero to 18.3 MPa over another 90
seconds. Thereafter, the sample was allowed to creep for 3 hours with all
the loads held constant. For each of the BN and BP directions, the mean
elastic modulus from the distributions shown in Figure 12 was used, and the
corresponding viscosity was computed from Equation (6). All the remaining
parameters were the same as those listed in Table 2. The simulated creep
curves are plotted along with the experimental data in Figure 14.

Remarkably, Figure 14 shows that the anisotropic creep response of the
shale sample in the BN direction was captured by our model quite accurately.
The homogeneous and heterogeneous (in £ ) simulations generated nearly the
same creep strain responses. We recall that the scales of the nanoindentation
and triaxial creep tests are orders of magnitude apart on the metric scale, and
that the nanoindentation creep tests lasted 60 seconds whereas the triaxial
creep tests lasted more than 3 hours, yet the model predicted the triaxial creep
response throughout the duration of the tests quite well. To get a better idea of
the sensitivity of the model prediction to values of E| , Figure 14 also plots the
triaxial creep responses using the moduli values equal to the mean value +0.5
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Fig. 14: Predicted triaxial creep curves plotted with the experimental data. Dashed
curves are simulations at 0.5 times standard deviation from the means of the elastic
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times the standard deviation. Although the band of the predicted responses
is quite wide early on, the long-term creep strain (at 12,000 s) appears to be
relatively insensitive to the values of the modulus. The viscosity calibrated
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from the triaxial creep test was determined to be 4 x 1019 MPa? - s, which is
slightly smaller than the indentation-viscosity of 5.5 x 1019 MPa?® - s inferred
from the mean modulus, but is still within +0.5xstandard deviation.

On the other hand, for the BP direction the magnitude of the triaxial creep
strain using data inferred from nanoindentation creep tests is much smaller
than the experimentally observed creep strain. Such discrepancy could be due
to the fact that the triaxial loading frame is displacement-controlled, i.e., the
applied load may have continued to increase beyond the target value as the
displacement was being adjusted to maintain a constant load. Nevertheless,
both the experimentally observed and numerically predicted creep strains in
BP direction are very small in comparison to the corresponding values in the
BN direction, suggesting that most creep in this shale sample takes place in
the BN direction.

Finally, we examine how the elastic moduli measured directly from triaxial
tests are related to the moduli distributions developed from indentation tests.
By plotting the experimentally measured elastic moduli from triaxial tests as
vertical dotted lines in Figure 12, we find that these moduli values lie closer to
the range of values of elastic moduli inferred from nanoindentation tests with
the highest probability of occurrence (i.e., the tallest bar in the histogram).
This leads us to conclude that the elastic moduli inferred from indentation
tests, in both BN and BP directions, are closely related to the elastic moduli
determined from triaxial tests.

5 Closure

Through the Cam-Clay IX viscoplastic model, we have shown that the creep
responses of a shale at the nanometer scale may be correlated with the creep
responses of a larger sample of the same shale at the millimeter scale. Exper-
imental data from nanoindentation and triaxial creep tests on an organic-rich
Woodford shale were used to bridge the two scales in space and time. We have
shown that the two most important material parameters governing the creep
behavior are the elastic moduli and viscosities of the rock. The shale sample
was highly anisotropic—more precisely, transversely isotropic—so, to charac-
terize the creep responses, the two pairs of material constants were determined
for the same sample in both BN and BP directions.

We recognize that the strength of the correlation between the two scales of
interest depends on the degree of heterogeneity of the rock sample. In fact, this
has been demonstrated for the shale sample tested in this work: the sample
was more homogeneous with respect to the elastic moduli in the BN direction
than in the BP direction, and therefore, the moduli values exhibited a stronger
correlation in the BN direction. Nevertheless, in spite of the large jumps in
the spatiotemporal scales, from nanometers to millimeters and from seconds
to hours, it is encouraging to see that the creep responses of a relatively
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heterogeneous sample of shale correlated well in the weaker BN direction
where the material exhibited greater creep deformation.
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