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Abstract Understanding the reservoir conditions and
material properties that govern the geomechanical behavior
of shale formations under in situ conditions is of vital
importance for many geomechanical applications. The
development of new numerical codes and advanced multi-
physical (thermo-hydro-chemo-mechanical) constitutive
models has led to an increasing demand for fundamental
material property data. Previous studies have shown that
deformational rock properties are not single-value, well-
defined, linear parameters. This paper reports on an
experimental program that explores geomechanical prop-
erties of Marcellus Shale through a series of isotropic
compression (i.e. ¢, =0, = 03) and triaxial (i.e.
g, > 0, = 03) experiments. Deformational and failure
response of these rocks, as well as anisotropy evolution,
were studied under different stress and temperature con-
ditions using single- and multi-stage triaxial tests.
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Laboratory results revealed significant nonlinear and
pressure-dependent mechanical response as a consequence
of the rock fabric and the occurrence of microcracks in
these shales. Moreover, multi-stage triaxial tests proved to
be useful tools for obtaining failure envelopes using a
single specimen. Furthermore, the anisotropic nature of
Marcellus Shale was successfully characterized using a
three-parameter coupled model.

Keywords Shale gas - Geomechanics - Laboratory
characterization - Elasticity - Strength - Temperature -

Anisotropy

List of symbols

o) Major principal stress (axial stress)

03 Minor principal stress (confining pressure)

p Mean effective stress (i.e. p = (o7 + 203)/3)

q Differential stress (i.e. ¢ = g, — 03)

&, Axial strain

& Radial strain

&y Volumetric strain (i.e. &, = ¢, + 2¢,)

& Distortional strain (i.e. & = 2/3(e, — &)

04 Dilation threshold

o Peak (failure) strength

Ou Ultimate strength

B Orientation of the failure plane with respect the
maximum principal stress

IC Isotropic Compression stage (i.e. 6y = 0, = C3)

MSE Elastic Multi Stage triaxial test

MSF  Failure Multi Stage triaxial test

SS Single Stage triaxial test

SST  Single Stage triaxial test at high Temperature
ThC  Thermal Consolidation stage

X Triaxial stage (i.e. o1 > g, = G3)

VTI  Vertical Transverse Isotropy
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1 Introduction

Geomechanical behavior of shales has drawn significant
attention in recent years due to their role in a number of
petroleum and civil engineering related issues (Ferrari and
Laloui 2013). They include borehole stability modeling,
lithology identification, exploitation of shale-oil and shale-
gas reservoirs, and geological storage of CO,, to name a
few (Islam and Skalle 2013). This growing interest is lar-
gely driven by their notable contribution to the world’s gas
reserves (EIA 2013). Shale rocks, sometimes referred to as
mudstones, are composed of extremely fine particles
(typically less than 4 pum), resulting in rocks with perme-
abilities in the nano-Darcy range (Britt and Schoeffler
2009; Vermylen 2011; Ghassemi and Suarez-Rivera 2012).
Though many shales look similar to the naked eye, their
mineralogy and total organic content (TOC) exhibit a wide
range in composition (Passey et al. 2010; Sone and Zoback
2013a).

1.1 Background

Achieving economic production in shale formations
requires hydraulic fracturing stimulation of the reservoir to
create an extensive and dense fracture network for the
hydrocarbons to flow to the wellbore (Maxwell 2011).
Major problems here are related to the variability and
unpredictability of the outcome of these operations, along
with sustaining the permeability in the long-term (Ghas-
semi and Suarez-Rivera 2012). It is therefore is of vital
importance to understand the in situ conditions and mate-
rial properties that govern fracture initiation, -propagation
and -closure under reservoir conditions of pressure, pore
fluid saturation, and temperature.

Industry standards commonly focus on the evaluation of
a single set of parameters, such as the brittleness of the
shale formation (Rickman et al. 2008), during the identi-
fication of prospective intervals for stimulation (Safari
et al. 2014). While these approaches might successfully
predict hydraulic fracturing potential, they are insufficient
to describe the complex geomechanical behavior of shale
formations (Sone 2012). Note that only about 15 % of the
gas content of the shale stratum can be extracted with
current industry practices (Bazant et al. 2014), and almost
half of the wells still underperform (Maxwell 2011).

To date, hydraulic fracturing mechanisms are poorly
understood, and numerical models cannot yet precisely
predict fracture growth. In fact, as pointed by Davies et al.
(2012), our knowledge about the propagation of fractures
under in situ conditions comes mainly from industry
experience (e.g. King et al. 2008; Fisher and Warpinski
2012) and field examples of natural hydraulic fractures

@ Springer

(e.g. Lacazette and Engelder 1992; Savalli and Engelder
2005; Engelder et al. 2009).

It is commonly accepted that hydraulic fractures initiate
when fluid pressure surpasses the minimum principal stress
and the tensile strength of the shale. Then, fractures
propagate in the direction perpendicular to the minimum
principal stress. Alongside this tensile fracturing, shear of
pre-existing fractures may occur in the vicinity of the
stimulated volume in response to changes in stress mag-
nitude and -orientation, that are associated with the injec-
tion of large volumes of water (Maxwell 2011). Moreover,
shear deformation has also been observed in crack propa-
gation and coalescence in shale (Morgan and Einstein
2014). Therefore, advanced analytical and computational
models should integrate multiple modes of failure to rep-
resent the actual geomechanical behavior of shale reser-
voirs. Not surprisingly, simulation of shale behavior
undergoing thermo-hydro-chemo-mechanical (THCM)
processes is quite an active area in modern geomechanics
(for a review see e.g. Buscarnera et al. 2014). This growing
interest in the development of new models has led to an
increasing demand for governing laws, and other funda-
mental material property data (Bazant et al. 2014; Safari
et al. 2014).

Furthermore, understanding deformational properties
becomes a fundamental task to better optimize operational
procedures in shale gas reservoirs (Jacobi et al. 2008; Britt
and Schoeffler 2009; Sone 2012; Ghassemi and Suarez-
Rivera 2012). Shales are the most ubiquitous sedimentary
rock, and they have been characterized in the past. Nev-
ertheless, the development of unconventional (low-per-
meability) shale gas reservoirs has required adapting the
traditional laboratory characterization techniques to the
complex properties of these rocks. Workflows for system-
atic shale characterization in the laboratory (Dewhurst and
Siggins 2006; Britt and Schoeffler 2009; Dewhurst et al.
2011; Josh et al. 2012) usually include a series non-de-
structive and destructive petrophysical and geomechanical
testing methods. Potential challenges in geomechanical
characterization are related to:

o Strength and deformational behavior. Important
geomechanical parameters for these rocks include
Young’s modulus, Poisson’s ratio, friction coefficient,
cohesion, and unconfined compressive strength. The
estimation of such parameters is typically addressed
through a series of triaxial compression tests. These
tests can be conducted either in dry, drained or
undrained conditions, and may consist on multiple
confining stages. Multi-stage triaxial compression
experiments are often used as validated alternatives
for the construction of failure envelopes with only one
rock specimen, but also as good methods to eliminate
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specimen variability (e.g. Yang 2012). Of special
interest are also the relationships between geomechan-
ical parameters with the rock fabric, petrophysical and
dynamic properties (e.g. Sone and Zoback 2013a).

e Anisotropy. This is usually determined through a series
of triaxial compression tests on rock specimens cored in
different directions. Also, an efficient way to study both
intrinsic and stress-induced anisotropy is through the
single core plug approach utilizing the sonic pulse
method (Dewhurst and Siggins 2006; Sarout and
Guéguen 2008a; Dewhurst et al. 2011; Kuila et al.
2011). This experimental methodology allows one to
fully characterize elastic anisotropy through elastic
wave velocity measurements on a single specimen
subjected to triaxial loading conditions.

e  Thermo-hydro-chemo-mechanical coupling. Geome-
chanical characterization of shales is somewhat incom-
plete if reservoir conditions are not considered. Also,
operational procedures in these reservoirs induce
THCM environmental changes that may play an
important role in shale mechanical response (Horsrud
2001; Eseme et al. 2007; Ghassemi and Suarez-Rivera
2012; Islam and Skalle 2013; Mohamadi et al. 2013;
Hu and Hueckel 2013; Bauer et al. 2014).

e Viscoelasticity-plasticity (creep). The investigation of
the time-dependent behavior of shale is also essential
due to this behavior’s role, among other effects, in the
long-term transport properties (forecast hydrocarbon
production models) and in situ stress evolution, with
important implications for hydraulic fracturing (e.g.
Ghassemi and Suarez-Rivera 2012; Sone and Zoback
2013b).

Notwithstanding the fact that the shale energy revolution
has prompted increased research on shale rock characteri-
zation, there is still a lack of laboratory data for the largest
shale reservoir in the United States, the Marcellus Shale.
Engelder (2009) estimated that these black, organic-rich
shales hold about 489 trillion cubic feet of gas (Kargbo
et al. 2010). Therefore, many researchers are currently
focusing on this play, and accordingly, the demand of
fundamental rock property data is constantly increasing.

1.2 Objective and Main Goals

This study reports on an experimental program to explore
geomechanical properties of Marcellus Shale. The main
goal was to generate a geomechanical data set that can be
used for numerical simulation. A total of nine isotropic
compression (i.e. ¢; = 0, = 03) and monotonic triaxial
(i.e. o1 > 0, = 03) tests were performed in order to eval-
uate the deformability, and failure response of Marcellus
Shale specimens as a function of confining pressure and

temperature. Moreover, two multi-stage triaxial tests were
conducted to further investigate the recoverable (elastic)
and permanent (plastic) deformation of these nonlinear
materials, and the suitability of such tests to obtain a full
suite of geomechanical parameters from a single specimen.
Additional characterization includes mineralogy, porosity,
and fabric through thin section -and computer tomography
analysis. Viscoelastic-plastic behavior is not addressed in
the present paper, but additional laboratory data on the
time-dependent response as a function of confining pres-
sure and temperature can be found in Villamor Lora
(2015).

The methodology presented in this study allowed us to
conduct a specimen variability analysis, and resulted in
relatively consistent laboratory results. This approach
facilitated the development of a number of empirical
relationships for the tested shale. Failure was further ana-
lyzed through the widely used Coulomb criteria (Jaeger
et al. 2007) and Hoek—Brown model (Hoek and Brown
1980). Anisotropic behavior was also studied combining
laboratory results from isotropic compression and triaxial
tests. Exhaustive mechanical anisotropy characterization
usually requires sophisticated equipment, or multiple
specimens cored in different directions (with the conse-
quent data scatter due to specimen variability). To over-
come this limitation, this study made use of the so-called
Vertical Transversely Isotropic coupling model (Puzrin
2012) that reduces the original independent parameters of
the elastic tensor from five to three.

2 Materials

Shale specimens used in this study came from a whole core
taken in a shallow well (~100 m deep) located at State
Game Lands 252, Lycoming and Union counties, Allen-
wood, Pennsylvania (Fig. 1). The rock plugs were retrieved
in 2009 by the Department of Geosciences at Pennsylvania
State University, and stored at room temperature and
ambient humidity conditions. All cores were oriented
perpendicular to the bedding (vertical samples), hindering
the characterization of anisotropy (see Sect. 3.3.1). Resid-
ual fluid content in these shales was found to be below 2 %,
and it is considered low enough so that poroelastic effects
can assumed to be negligible. Neither rehydration nor
oven-drying were attempted in order to preserve mechan-
ical properties. Although resaturation of shales is possible
under controlled humidity conditions (Schmitt et al. 1994),
such processes may change the internal structure and
properties of the shale even when the manufactured pore
fluid is assumed to match the original pore water chemical
composition (Fjer et al. 2008). On the other hand, oven-
drying may have lead to the loss of the clay-bound water
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Fig. 1 Location map of drilled core that shows Marcellus formation
(light green) and play (dark green) extents. Adapted from Thickness
map of the Marcellus Formation, in EIA, retrieved March 7, 2016, from
https://www.eia.gov/maps/pdf/marcellus-upd.pdf (color figure online)

possibly leading in mechanical

properties.

to drastic changes

2.1 Specimen Characterization

Mineralogy and petrological properties were studied via
X-ray diffraction (XRD), whereas Total Organic Carbon
(TOC) was measured by sample combustion. TOC is a
fundamental parameter in assessing shale reservoirs
potential, since it relates the total porosity to the gas con-
tent in the rock (Passey et al. 2010). Porosity was deter-
mined from the comparison of the bulk density of the rock
with the average grain density (Mavko et al. 2009) mea-
sured in the XRD and TOC tests. The average material
composition is summarized in Table 1.

For this study, shale specimens were selected from a depth
between 95 and 115 m. Bulk density is fairly consistent within
the interval with an average value of 2.58 & 0.05 g/cm’.
These Marcellus Shale specimens have moderate organic
content, with a TOC percentage of roughly 2.7 %. Porosity
was determined tobe close to 5 %, whichis in good agreement
with the trends found by Sone and Zoback (2013a), given the
clay/kerogen content of the tested specimens. Previous studies
have suggested that porosity in organic rich shales resides
within the kerogen and/or clay minerals platelets (Passey et al.
2010; Sone and Zoback 2013a).

The XRD test revealed that clay and quartz minerals are
the major constituents of the tested specimens (Table 1).
Clay minerals in these shales were mostly from the mica
group. Based on these laboratory results, this shale is
composed of about 57.7 % clays (Mu/Ill + Ka + Chl),
35.9 % tectosilicates (Qrtz + Alb + Pyr), and 3.7 % car-
bonates (Dol + Ca).

It is well known that the mechanical behavior of shales
is largely controlled by their microstructure (Josh et al.
2012). Due to their large heterogeneity at different scales,
microstructure characterization of shales requires different
multi-scale visualization techniques (Fig. 2). Rock fabric
was studied via both scanning electron microscope (sec-
ondary and backscattered analysis) and optical micro-
scopes with polarized light. In addition, post-mortem
analysis of the cores was carried out using X-ray tomog-
raphy for inspection of resulting fracture patterns.

Optical microscope images (Fig. 2e, f) exhibit macro-
scopic primary foliation (bedding) at different scales in the
vertical (vh) plane. On the other hand, SEM images
(Fig. 2g, h) reveal a microstructure consisting of a clayey
matrix with silt grains and other various-shaped inclusions.
Note that the preferential (sub-parallel to bedding) orien-
tation in these shales is preserved across scales. Figure 2g
shows a series of microcracks oriented subparallel to
bedding. These horizontal fractures tend to increase the
compliance in the direction perpendicular to the bedding,
being also responsible for the initial nonlinear mechanical
behavior. Moreover, porosity is not visible at this scale.
Previous studies have shown that maximum pore throat in
shales is in the micro and nanometer scale (Passey et al.
2010; Josh et al. 2012).

3 Experimental Techniques and Testing Plan
3.1 High Pressure Triaxial Apparatus

A series of triaxial compression experiments was con-
ducted using a fully servo-controlled triaxial apparatus
(AutoLab 1500). The experimental program used cylin-
drical specimens of rock plugs of 50.8 mm (2.0-in.)
diameter with horizontal bedding planes (i.e. cylinder axis
perpendicular to material deposition planes). Length/di-
ameter aspect ratio was kept as close to 2 as possible.

Table 1 Material composition

Bulk density (g/cm3 ) Mineralogy (wt.%) TOC (wt.%) Porosity (%)
Mu/1L Ka Qrtz Alb Pyr Dol Ca
2.58 38.3 157 36 291 42 26 27 1.1 27 5.0

Mu/Ill muscovite and illite, Chl chlorite, Ka kaolinite, Qrtz quartz, Alb albite, Pyr pyrite, Dol dolomite, Ca

calcite
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Deformation was measured by axial and radial self-tem-
perature-compensated strain gauges installed on a copper
sleeve. This copper sleeve also acts as a barrier between the
specimen and the confining fluid. As shown in Fig. 3b, a
maximum of four strain gauges were used simultaneously,
usually two pairs consisting of one axial plus one radial

Vh Plape

vh plane

/

Fig. 2 Multi-scale visualization of Marcellus Shale. a, b CT-scan
images of an intact core. At this scale, planes of weakness parallel to
the bedding are visible. c—f Optical microscopic images taken from
horizontal (¢, d) and vertical (e, f) thin sections. On the one hand, the
microstructure of the horizontal plane is characterized by the presence
of aggregates with different shapes and orientations. On the other
hand, primary foliation (bedding) is the main feature in the vertical

Fig. 3 a Layout of the triaxial
apparatus used in the
experiments. b Two pairs (axial
+ radial) of strain gauges

gauge. These pairs of gauges were placed 90° with respect
to each other, allowing one to check for potential aniso-
tropic nature in the horizontal plane. In addition, a linear
variable differential transformer (LVDT) measured the
piston displacement, which was used to estimate axial
strain when no strain gauge data were available.

plane. g, h Backscattered electron microscope images. Contrast in
grey level in backscattered analysis reflects different material density.
These images reveal a series of micro-cracks sub-parallel to the
bedding, and the presence of voids with preferential (bed-parallel)
orientations. Also, the clayey matrix with silt grains and other
various-shaped inclusions is visible at this scale (bottom yellow arrow
in h)

installed on the copper sleeve

1IN

A

Y
Pair of D—
Axial + Radial
strain gauges
= \
> -
-+
~
strain
Sample gauges
wrapped pairs
with copper

\

sleeve
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Heating of the specimens up to 120 °C is also possible
using an external furnace embedded in the equipment. The
temperature was measured using a thermal couple inside
the cell in contact with the confining fluid.

Although the triaxial system includes pore pressure
control, our tests were run under dry conditions for two
main reasons. Firstly, available shale specimens were
already room-dried, and the re-saturation process could
damage the rock. Secondly, due to the low permeability of
shales, a single drained test could take several weeks, even
months (Dewhurst and Siggins 2006; Islam and Skalle
2013).

3.2 Testing Plan

Assessment of geomechanical parameters of gas shales is
of fundamental importance in order to evaluate whether
they will be suitable for hydraulic fracturing and keep the
resulting fracture network open (Britt and Schoeffler 2009;
Josh et al. 2012). In this paper the geomechanical behavior
of Marcellus Shale was studied through a series of nine
single stage (SS) and two multi stage (MS) triaxial com-
pression tests.

3.2.1 Single Stage Triaxial Tests

The objective of this first set of tests was to study the
geomechanical behavior of Marcellus Shale rocks under
constant axial strain rate loading. A series of seven SS
triaxial tests at different confining pressures (0, 5, 15, 20,
27.5, 35 and 70 MPa) were performed in which rock
specimens were taken to failure under triaxial loading at a

Pressure [o . ql MPa) =z

constant axial strain rate of 10™°/s to measure deforma-
tional and strength properties.

Figure 4 shows the typical stress path followed in the
experiments. At the beginning of each test (isotropic
compression stage, IC), the confining pressure, g3, was
increased up to the target level by multistep loading
increments of 5 MPa at a constant rate of 0.33 MPa/s.
After each loading increment, o3 was held for an hour to
ensure uniform stress equilibrium (Fig. 4a). Results from
the IC stage were also used to quantify geomechanical
specimen variability and anisotropy (see Sects. 3.3.2 and
5.2). Once the specimen reached the equilibrium at the
target confining pressure (i.e. axial and radial strains
become constant), it was taken to failure (triaxial com-
pression stage, TX) at a constant axial strain rate to mea-
sure intact strength properties. Estimation of elastic
parameters is detailed in Sect. 3.3.2.

Furthermore, two additional single stage tests were
conducted at different temperature levels (60 and 120 °C).
These tests (SST) were performed as regular SS tests at
35 MPa of confining pressure, but involved one more
phase between the isotropic and triaxial stages: the thermal
consolidation stage (ThC). During this new phase, the
temperature was increased to the desired value, and axial
strains were allowed to stabilize before application of any
differential stress g (Fig. 4b).

3.2.2 Multi Stage Triaxial Tests
Sample scarcity and variability is one of the main problems

in reservoir geomechanics laboratory testing (Fjer et al.
2008; Yang 2012; Islam and Skalle 2013). Obtaining the

180 — ———————4— 150
- 40 40

150 —'D‘— - SN emos
T g NS
120 1 1100
e ThC X "5
90 175 &
Bt
e e 2
60 # 150 £
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; 60t 5 MPa
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0 2 4 6 8
Time (hr)

(o

—

Time (hr)
q— - T

Fig. 4 Example of stress path followed during single stage triaxial
tests at 35 MPa of confining pressure at a room and b high
temperatures (i.e. SS35 and SST60). IC isotropic compression stage,
ThC thermal consolidation stage, 7X triaxial stage. During the IC
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stage o3 is increased by multistep loading increments of 5 MPa as
shown in the detail in a. These loading increments are applied at a
constant rate of 0.33 MPa/s
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Fig. 5 a Elastic Multi-Stage triaxial (MSE) test consisting of nine
stages at different confining pressure levels. b Within each stage, the
differential stress was applied in 14 cycles increasing ¢ from one
cycle to the next one (e.g. stage 3: after the specimen reached the

full suite of geomechanical parameters from a single core is
of crucial importance. Two tests were performed in this
experiment:

(a)  Elastic Multi-Stage triaxial (MSE): Shale gas rocks are
known to be non-linear materials, and the characteri-
zation of their static properties requires performing
unloading-reloading cycles at different stress levels
(Fjer et al. 2008). This test consisted of nine stages at
different confinement levels ranging from 0 to 70 MPa
(Fig. 5a). Confining pressure was increased from one
stage to the next following multistep loading. Within
each stage, and after the specimen was allowed to reach
equilibrium at the target confining pressure, differential
stress, g, was applied in one to four cycles increasing the
maximum load from one cycle to the next using a
loading rate of 0.33 MPa/s (stress-controlled) as shown
in Fig. 5b. The differential stress, g, was always kept
below 50 % UCS and three times below a3, so the
specimen stays within the elastic range.

(b)  Failure Multi-Stage triaxial (MSF): The goal of this
test was to investigate the feasibility of predicting
single-stage triaxial strength of Marcellus Shale
using multi-stage triaxial data. The test was started
as a single stage triaxial test (isotropic compression
+ triaxial loading at constant strain rate) at
03 = 5 MPa. When failure was detected by a
significant change in the slope of the stress—strain
plot, ¢ was removed and o3 increased to the next
level. Finally, at the last stage the specimen was
taken to failure. Figure 6 illustrates the typical stress

(b) 60 60
Stage Stage
s 1 = 2
S: 40 53 40
> (03 =0MPa) | 3 (03 =5 MPa)
S 20 T 20
0 0 A
0 200 400 600 800 0 200 400 600 800
Time (sec) Time (sec)
60 60
Stage Stages
= 40 3 T gl 4109
E (03 = 10 MPa) E (05 =20t
T 20 T 20
0 0
0 200 400 600 800 0 200 400 600 800
Time (sec) Time (sec)

stress equilibrium at 10 MPa of confining pressure, ¢ was applied in
two cycles, i.e. 0 = 15 - 0 — 30 — 0 MPa, the o5 then increased
to the next level for a new stage)

failure
~
~
Stage o
3 77 Fai

2 Failure
S
E Stage ~7 1 envelope
wn 2 :
= 48/ 1
= o 1
= | Stage ' 1 1
%] (N} 1
5 1 - 1 1
S (N} 1
= /A( 1 1
a 1 1 1

1" [N} 1

1 [N} 1

1 [N 1

1 IR 1
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Confining Pressure

Fig. 6 Failure multi-stage triaxial (MSF) test consisted of three
stages at different confinement levels; each stage was conducted as a
standard (strain-controlled) triaxial test

path of a failure multistage triaxial test. Loading
steps were performed under strain-controlled condi-
tions (axial strain rate of 1075/5), in contrast to the
MSE in which stress-control of g was used.

3.3 Reversible Behavior Parameters
3.3.1 Vertical Transverse Isotropy

Shales are usually considered to be multi-scale materials
composed of an anisotropic clay matrix surrounding mul-
tiple inclusions such as stiffer minerals, kerogen and
microfractures (Sarout and Guéguen 2008a). The origin of
anisotropy in shales has been extensively discussed in the
literature (Dewhurst and Siggins 2006; Dewhurst et al.
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2011; Salager et al. 2012). On the microscale, fabric ani-
sotropy is usually defined by the preferential orientation of
the clay matrix and the alignment of elongated inclusions
(Sone and Zoback 2013a). At larger scales, bedding,
cleavage or foliation may also affect the anisotropic
behavior of these rocks. Moreover, induced anisotropy may
occur after the application of anisotropic stresses, produc-
ing the development of preferential void orientations,
fractures, shear planes, and faults or joints (Kuila et al.
2011; Salager et al. 2012).

Similar to many other sedimentary rocks, shales can be
modeled as Vertical Transversely Isotropic (VTI) medium
at the macroscopic scale. This means that the mechanical
properties are equal in all directions within a horizontal
plane, but different in the other directions.

Although all of the tested specimens were cored per-
pendicular to the bedding, and full characterization of
anisotropy is not possible, in this study we still treat the
shale as a VTI medium with the z-axis being the axis of
symmetry (Fig. 7a). In this context, the linear elastic VTI
model can be expressed in terms of five independent
parameters, with the compliance matrix as follows:

ro1 Vhh Vvh T
Ev B E,
Vh 1 Vyh
) | & B &
Eyy Vvh Vvh 1
&zz o E, E, v
ey [ 1
Eyz th
Exz !
th
2(1 + Uhh)
L E,
O—.KX
Oyy
X UZZ
Oy
Oy:
Oy;

(1)

where E, and E, represent the Young’s moduli for
unconfined compression in the horizontal and vertical
directions respectively; vy, and vy, are the Poisson’s ratios
for strains in the horizontal direction caused by a orthog-
onal horizontal and vertical compressions, respectively
(Fig. 7¢c, b); and G,; stands for the shear modulus in a
vertical plane (Fig. 7d).

In the context of triaxial space (for a specimen with
vertical symmetry axis) x, y and z are principal axes, and
only axial and radial stresses and strains are measured (i.e.
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Fig. 7 Modes of shearing for vertical transversely isotropic medium.
a VTI medium with the z axis being the axis of symmetry. Poisson’s

ratios for strain in the horizontal direction caused by b a vertical and
¢ a orthogonal horizontal compression. d Shearing in a vertical plane

Oa = Oz, Op = Oxx = Oyy, &4 = &, and & = g, = gyy)-
Therefore, Eq. 1 for our triaxial tests is reduced to:

{5sa} B [ 1/E, —204n/Ey H&aa} 2)
oe [ | —2owm/Ey  —(1 —vmn)/En | | d0;

As a result, one can only determine E, and vy, from
triaxial tests on VTI specimens with a vertical symmetry
axis (since they do appear uncoupled in Eq. 2). G,y is
completely missing in Eq. 2, and E;, and vy, only appear in
the composite stiffness “—(I — vy,)/Ey” that relates radial
strains to radial compression (Lings et al. 2000; Wood
2004). If one intends to fully determine the five indepen-
dent parameters of a VTI medium from stress—strain
measurements, it becomes indispensable to test specimens
cored in different directions with respect bedding planes,
usually vertical (0°), horizontal (90°) and oblique (45°)
specimens.

Notwithstanding the above, other constitutive models
have been proposed in order to study the mechanical ani-
sotropic behavior of VTI materials with a vertical sym-
metry axis in the context of a triaxial test (Graham and
Houlsby 1983; Puzrin 2012). For instance, Eq. 2 can be
rewritten using the definitions of the triaxial strain incre-
ment and stress quantities as shown by Puzrin (2012):

{&V}_ { 1/K —1/J]{5p} 3)
des [ | =1/J 1/3G|) oq

where, K stands for the bulk modulus during isotropic
compression (ég = 0); G is the shear modulus for pure
shear (op = 0); and J is the coupling modulus. These three
new parameters can be defined in terms of the original five
VTI independent parameters (see “Appendix”). Further-
more, note that the non-zero off-diagonal terms show the
capability of the model to reproduce both coupling between
volumetric and distortional effects, and the stress path
dependency of stiffness (Puzrin 2012). In this paper the use
of the term stiffness refers to the material’s resistance
against being deformed by changes in the stress state.
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Fig. 8 Interpretation of the elastic modulus from the stress—strain
relationship at a generic (g, ¢;) level. In this paper the tangent
modulus is computed by linear regression of the data in the vicinity of
the point (g;, ¢;)

3.3.2 Estimation of Static Parameters

Defining how the interpretation of elastic moduli from the
stress—strain response is accomplished becomes essential if
one intends to compare moduli from different sources
(Fig. 8). Commonly accepted alternatives include secant
modulus, tangent modulus, or average modulus of a linear
portion of the stress—strain response (Fjer et al. 2008). In
this study, we used tangent modulus, which is preferred
over the secant, due to its ability to describe the material
response from the current stress state (Wood 2004). Among
the group of elastic parameters defined above, we will
address the determination of E,, vy, K, J, and G.

From the isotropic compression stage (i.e. g = 0), we
can determine both bulk (K) and coupling moduli (J) using
Eq. 3, as shown in Fig. 9a, b. Note the highly non-linear
behavior, and the importance of proper interpretation of the
modulus. For both K and J, the slope is estimated from the
last loading stage during isotropic compression. The bulk
modulus is a good index of the stiffness of the specimen

(b)

A
&

Last loading /

~

stage

Mean stress, p
Mean stress, p

prior to any differential or thermal load. Therefore K can be
used to conduct a specimen variability analysis since all
our specimens were subjected to the same multistep-wise
loading path (up to the target o3) during the IC stage.

The shear modulus (G) defined in Eq. 3 can be only
estimated after determining J (Fig. 9c). On the other hand,
E, and v,y are determined from the triaxial stage using
Eq. 2. The G, E, and v,;, moduli are estimated using the
tangent modulus from the linear initial portion of the
stress—strain response (i.e. after closure of stress-relief
microcracks).

When the rock is strongly non-linear (as it is), the
mechanical behavior can hardly be represented by single-
value parameters. It is often recommended to present the
entire stress—strain response for complete information, and
consistent interpretation of the elastic moduli may require
one to perform multiple unloading-reloading cycles at
different stress levels within the elastic range of the
material (Fjer et al. 2008). This is not possible for the
Single Stage triaxial tests (monotonic loading), but is
possible for the elastic multi stage test. Figure 10 shows an
example of a loading—unloading-reloading cycle. For this,
the applied stress is decreased after the first-loading, and
then increased again.

Lastly, it should be acknowledged that some irreversible
deformation also occurs at small differential stress levels
(as seen in Fig. 10) and we do therefore refer to the above-
mentioned quantities as static moduli, avoiding the term
elastic moduli (Fjer et al. 2008).

3.4 Irreversible Behavior Parameters

Broadly speaking, the failure process of a rock specimen
subjected to uniaxial compression can be divided into
several stages (Xue et al. 2014). Figure 11 shows a typical
mechanical response during the triaxial stage. Typically,
both axial and radial strains increase with differential stress
until failure. Volumetric strain is initially dominated by

(©
/
/13
o /
2
@
&
w
=)
=
@ . o ege
g Linear initial
= ortion
A / p

Volumetric strain, £

Fig. 9 Determination of VTI coupling model parameters. a Bulk
modulus and b coupling modulus are estimated using the tangent
modulus from the stress—strain response during the isotropic

Distortional strain, £,

£+ p/J (me)
compression stage. ¢ Shear modulus is estimated using the tangent

modulus from initial portion the stress—strain response (i.e. after
closure of stress-relief microcracks) during triaxial stage
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Fig. 10 Moduli determination from the elastic multi-stage triaxial
test. a Within each stage of the MSE test, the differential stress is
applied in one to four cycles. b Then, tangent moduli are determined
from the loading, unloading and reloading portions of the stress—strain
curve of each cycle. Unloading-reloading behavior show higher
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Fig. 11 Irreversible behavior parameters estimation from uniaxial
compression test

compaction behavior until the dilation threshold o, is
reached. Then, the volumetric strain is dilatancy-domi-
nated. Depending on the material, the peak strength (oy)
may not coincide with the ultimate strength (g,) which
represents the stress level at macroscopic failure.

3.4.1 Failure Criteria

Two well-known and widely used criteria in rock
mechanics are the Coulomb criterion (Jaeger et al. 2007)
and the Empirical Hoek—-Brown model (Hoek and Brown
1980). In the t—p’ space, the failure criterion can be
expressed in terms of a Coulomb failure envelope by
defining the coefficient of internal friction, y; and the
inherent shear strength (or cohesion), Sy. Since the cohe-
sion is not a physically measurable parameter, this criterion
is also written in the 6,—05 space in terms of the unconfined
compressive strength (UCS or Cy) and the angle 5, which
gives the orientation of the failure plane with respect the
maximum principal stress (i.e. the angle between the plane
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stiffness. Also, note that some plastic deformation occurs within the
cycle. ¢ Determination of the first loading Young’s modulus from
three different cycles. Stiffness decreases with increasing differential
stress and strain levels (E; > E, > E3)

normal and ;) and is assumed to be independent of the
confining pressure.

On the other hand, the non-linear Hoek and Brown
criterion is able to capture the change in the slope of the
failure envelope at different confining pressures. This cri-
terion uses three model parameters: the unconfined com-
pressive strength of the intact (i.e. unfractured) rock, C,
and the two dimensionless parameters m and s. One
drawback of this model is the lack of correlations in the
literature relating m to commonly measured geophysical
parameters (Zoback 2007).

4 Results
4.1 Single Stage Triaxial Tests

A summary of the test specimens for room and high tem-
perature tests, along with the elastic and strength parame-
ters results are presented in Table 2. Due to strain gauge
loss during single stage tests at 0 and 15 MPa of confining
pressure (SS00 and SS15), no radial strain data are avail-
able for these tests (axial strain was estimated from the
external LVDT readings) preventing the determination of
some of the elastic and strength parameters. On the other
hand, the SS70 specimen was not taken to failure due to
equipment limitations and, therefore, only elastic behavior
was characterized at this confining pressure.

Figure 12a shows the behavior during isotropic com-
pression of Marcellus Shale. The initial behavior is char-
acterized by high non-linearity, reflecting the closure of
pore spaces and microcracks. Due to their low permeabil-
ity, fractures are likely to occur in these rocks during
coring and retrieval phases, leading to macroscopic and/or
microscopic fractures that may significantly impact
mechanical rock behavior (Fjer et al. 2008). As confining
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Table 2 Single stage triaxial test results

Test ID  Core Test conditions Static moduli Strength

Ratio L:D p (g/cc) Depth (m) o3 (MPa) T (°C) E, (GPa) v, K (GPa) G (GPa) J (GPa) o4 (MPa) o; (MPa)
SS00 1.7 2.60 109 0 30 13 - - - - - 100.9
SS05 1.8 2.57 113 5 30 15 013 5 23 -9 111.9 117
SS15 1.8 243 112 15 30 17 - - - - - 147.9
S$S20 1.8 2.56 109 20 30 18 0.13 20 9 —52 163.4 167.2
SS275 1.8 2.60 101 27.5 30 17 012 17 9 —54 179.5 186.1
SS35 1.9 2.61 100 35 30 19 0.15 19 10 =71 192.8 204.8
SS70 1.7 2.60 109 70 30 19 0.20 21 9 -90 - -
SST60 1.7 2.61 99 35 60 19 0.15 19 9 -70 175 188.3
SST120 1.6 2.61 99 35 120 20 0.17 19 10 —69 174.2 179.8

Note that bulk modulus was estimated from the isotropic compression stage (i.e. prior to any differential/thermal load). Static moduli are

estimated from the initial slope

Fig. 1.2 Single Stage triaxial (a)80 (b) 150 -
experimental results of
Marcellus Shale. a Isotropic 160 -
compression and b triaxial 140l
stages. Note that the XX in the
test name (SSXX) corresponds 120
to the target confining pressure E 100 -
(e.g. SS27.5 was conducted at = s0l
g3 = 27.5 MPa). Also note that <
in tests SST60 and SST120 the 60 -
isotropic compression stage was 40 L
conducted under room Axial strain
Axial strain 20+ g | Radial stain
temperature, and that o3 for 3 Radial stain 4 —-—- Volumetric Strain
these two test was 35 MPa. 0= 0 L . z :
Strain units in millistrain (me) 0 1 2 3 -5 0 5 10 15 20
strain, & (me) £ (me)
|— SS00 SS05 SS15 =——SS20 = S827.5 SS35 =——SS70 =——— SST60 —— SST120|

pressure rises, an increase in stiffness is observed as
expected from the further closure of microcracks. Also note
the significant difference between axial and radial strains
upon isotropic loading, revealing the anisotropic nature of
the specimens.

Differential stress—strain plots for SS tests at room
temperature can be found in Fig. 12b. For clarity, the post-
ultimate portions of the data (i.e. after g, is reached) are not
reported here. Both axial (e,) and radial (e,) strains increase
monotonically with confining pressure. Also, note the ini-
tial non-linear behavior, and the small curvature of &, under
no confinement (SS00).

Failure in these shales was found to be brittle. Except for
SS27.5, sudden failure occurred accompanied by a signif-
icant drop in differential pressure. Post-mortem analyses of
the cores were conducted through X-ray computed
tomography (CT-scans). Figure 13 shows CT-scans images
for three single stage tests at 0, 20 and 35 MPa of confining

pressure. The orientation of the failure plane (/) relative to
the major principal stress (coincident with cylindrical axis)
was measured from these images, and found to be
approximately 63°. Fracture patterns reveal that under
unconfined conditions failure occurs by a combination of
tensile and shear mechanisms, whereas shear is the prin-
cipal failure mechanism under confinement. This suggests
that confining pressure prevents the opening of vertical
tensile fractures. Important to note, is the presence of
planes of weakness parallel to bedding.

4.1.1 High Temperature Tests

Results of high temperature single stage triaxial tests are
shown in Table 2 and Figs. 12a and 14. Prior to triaxial
loading, and once the confining pressure was increased to
35 MPa following a multistep loading path (Fig. 12a),
temperature was ramped to 60 and 120 °C during the
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Fig. 13 Post-mortem X-ray
CT-scanning images of
Marcellus Shale after single
stage triaxial compression
experiments (room
temperature). Failure under
unconfined conditions occurs by
a combination of tensile and
shear mechanisms, whereas
shear is the principal failure
mechanism under confinement.
Note the presence of planes of
weakness parallel to bedding. 8
values are measured in the
middle section of the core in
order to avoid end-effects

~ Shear fracture

Planes of

/ weakness

Fig. 14 High temperature tests. (a) (b)
a Thermal consolidation stage. - Py 180
b Triaxial stage. Linear thermal 02 T axial =26 w_ﬁ(K 1) i ™ 30°C
. . O radial = 1.3 - 107 (K™ 0
expansion coefficients (o) for Ny 60°C
axial and radial directions were _ | H 120 °C
estimated from ThC. Strain “E’ 0 e d I!' //
units in millistrain (me) 7 0.1 /,";1’
4
-0.2 //
-0.3 i
40 I!
[ H — Axial strain
o 100 ; // -------- Radial stain
L 50 201 E —-—- Volumetric Strain
0 0 L L L L ]
0 2 4 6 8 -5 0 5 10 15 20
Time (hr) € (me)

thermal consolidation stage (Fig. 14a). Initially, both
specimens expand axially but, even before temperature
stabilizes, expansion turns into compression. On the con-
trary, radial strains only show compression.

Figure 14b further explores the effect of temperature on
the mechanical response to differential stress. Both tests,
SST60 and SST120, are compared with SS35 (room-tem-
perature). All strength parameters (o4, 0f, and a,,) are found
to decrease with increasing temperature. Fracture patterns
are very similar to those identified in SS tests, and failure
angles were found to be roughly 57° and 66°. We believe
that any change in mechanical behavior during SST60 and
SST120 tests (compared to SS35) can be directly attributed
to temperature effects since both specimens showed
exactly the same stiffness as SS35 during isotropic com-
pression (Fig. 12a), and therefore specimen variability can
be ruled out.

4.2 Multi-Stage Triaxial Tests
Specimen variability may indeed prevent the assessment of

the impact of reservoir conditions (e.g. pressure,
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temperature, saturation, etc.) on the geomechanical
behavior. Multi stage tests may help us to eliminate that
variability. In this experiment the elastic behavior and
strength properties of Marcellus Shale as a function of
confining stress were studied through Elastic Multi-Stage
(MSE) and Failure Multi-Stage (MSF) triaxial tests,
respectively. A summary of test specimens and results is
included in Table 3.

4.2.1 Elastic Multi-Stage Triaxial

Figure 15 presents the stress—strain plots for all nine stages
(i.e. 03 =0, 5, 10, 20, 30, 40, 50, 60, and 70 MPa) of the
MSE test. A preliminary analysis reveals a significant non-
linear behavior that is less pronounced as confining pres-
sure increases. Moreover, permanent plastic deformation
seems to be reduced for subsequent stages. This may be
due to increasing confining pressure, successive cycling, or
a combination of both. Higher confinement also decreases
the non-linear behavior at higher differential stress levels
(this can be easily seen in the reduction of the area
enclosed between loading and unloading curves).
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Table 3 Multi-stage triaxial test results. Static moduli are determined from the first™" and second® cycles of each pressure stage (

L,UR
v su-

perscripts denote moduli determined from loading, unloading and reloading portions of the stress—strain curve, respectively)

Test ID Core Test conditions Static moduli Strength
Ratio L:D p (glce) Depth (m) o3 (MPa) T (°C) E, (GPa) Vyh aq (MPa) or (MPa)
MSE 1.8 2.59 110 0 30 77V - - -
5 11%-15Y 0.07%-0.08" - -
10 16%20"-18%  0.10"-0.12Y-0.12% - -
20 20%24Y-22R  0.14%-0.15V-0.14% - -
30 20%25Y-23%  0.15"-0.16Y-0.15% - -
40 21%25Y23%  0.16"-0.16Y-0.168% - -
50 2% 25V 248 0.16'-0.16Y-0.168 - -
60 23259258 0.16"-0.16V-0.16% - -
70 2326258 0.16"-0.16V-0.16% - -
MSF 1.8 2.59 99 5 30 16" 0.12" - 112.5
20 20" 0.14- - 161.6
27.5 20" 0.14" 180.8 185.8

4.2.2 Failure Multi-Stage Triaxial

Results from failure multi-stage (MSF) triaxial compres-
sion test can be found in Table 3 and Fig. 16. Given the
brittle nature of these shales, running this test was extre-
mely difficult. Hence, data from only three stages (65 = 5,
20 and 27.5 MPa) were recovered. Failure identification
was based on visual inspection of the g—¢, curves (Fig. 16).
The post-mortem CT-scan image of MSF test (Fig. 17)
shows a more fractured specimen compared to the SS test,
exhibiting both shear (f = 62°) and horizontal fractures
coinciding with planes of weakness.

The dilation threshold could not be obtained from the
two first stages (o3 = 5 and 20 MPa) since differential load
was removed prematurely. Nevertheless, we are confident
that the specimen was very close to failure as this occurs
immediately after g4 at low confinement levels, and we
believe that the differential load was removed just in the
vicinity of this value.

S Analysis and Discussion

5.1 Pressure Dependency and Non-linearity
of Stiffness

Interpretation of shale stiffness (see definition in
Sect. 3.3.1) from the stress—strain response of triaxial
tests is not a trivial task. Firstly, the use of the term
stiffness may be misleading because of its general asso-
ciation with elasticity, and with the even more general
linear elasticity (Wood 2004), which is clearly not what

we observed. Zoback and Byerlee (1975) pointed out that
not only mineral elastic deformation occurs during static
experiments, but also energy-dissipative inelastic defor-
mation is induced as a result of frictional sliding and
microcrack growth (Sone 2012). This additional plastic
deformation clearly changes the structure of the rock,
reducing the Young’s modulus and reflecting material
degradation. Moreover, the presence of microcracks, and
other defects, may account for this non-linear behavior as
well.

5.1.1 Pressure Dependency of Stiffness

Previous laboratory experiments and theoretical models
have suggested that rock stiffness is a function of the
stress state. For instance, Sarout and Guéguen (2008a) and
Kuila et al. (2011) found that all ultrasonic velocities in
shale increase with increasing isotropic stress. It is com-
monly accepted that the occurrence of cracks in rocks
reduces the effective stiffness, since stress cannot be
transferred across the crack itself (Fjer et al. 2008). As
pressure increases, more and more cracks close resulting
in a stiffer specimen.

Figures 18 and 19 show the effect of confining pressure
on static moduli of Marcellus Shale (for both the coupling
and VTI models, see Sect. 3.3.1).

From the isotropic stage, both bulk and coupling moduli
were determined. The bulk modulus (Fig. 18a) is a good
index of the stiffness of the specimen prior to any differ-
ential or thermal load, and shows consistent behavior
among the tested specimens indicating low specimen
variability. Initial non-linearity occurs at low confining
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Fig. 15 Elastic multi-stage 089 M
triaxial test results. Stress—strain 60 3= 0 pa 60 o3= 4.8 Mpa 60 03= 9.8 Mpa
plots for all nine stages = < =
(o3 = 070 MPa). Both B« 40 & 40 closure of B« 40
permanent plastic deformation E % microcracks E
and non-linearity are reduced as T 20 =20 / T 20
confining pressure increases. /
Strain units in millistrain (me) 0 0 0
10 1 2 3 -1 0 1 2 3 10 1 2 3
£ (me) £ (me)
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£ a0
S
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Fig. 16 Failure multi-stage triaxial test results. Differential stress vs. B =62°

axial and radial strain curves for three different confinement levels
(03 =5, 20 and 27.5 MPa). The sample was taken to failure at last
stage. Strain units in millistrain (me)

pressures (~ 15 MPa), i.e. at significantly higher-pressure

levels than in situ stress (~3 MPa) at present depth (it may
have been higher in the past history). However, linear
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Fig. 17 Post-mortem X-ray CT-scanning images of Marcellus Shale
after failure multi-stage triaxial test

increase of K is observed at higher confinement levels
(20-70 MPa). Moreover, the coupling modulus (Fig. 18b)
also increases with confining pressure, but following a
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Fig. 18 Effect of confining pressure on static moduli of Marcellus
Shale (coupling model parameters): a bulk, b coupling, and ¢ shear
moduli. Initial moduli are estimated by linear regression from Single

Stage (SS) triaxial tests. Shear modulus at 3 = 5 MPa is not shown
(see Sect. 5.2 for explanation). Also, note that K and J for the SST test
are determined under room temperature conditions

Fig. 19 Effect of confining (a) 25 . . . 5 (b) 0.25
pressure on static moduli of E=22+ 0-0255 ., g oo
Marcellus Shale (VTI model). a
a Young’s modulus and 20 . 021 .
b Poisson’s ratio vs. confining e ®
. . PS E=17+0.0300
pressure. Initial moduli are — o 3 g o O o
: ; : < 157 @ 0.15 o
estimated by linear regression a e N g °
from Single Stage (SS) and O NG °
?ast.lc Multi-Stage (MSE) ﬁ> 10! o 01l o
riaxial tests
L e SS MSE o
5t 0.05 ¢
A
0 0 : : :
0 20 40 60 80 0 20 40 60 80
o, (MPa) o, (MPa)

different trend (it reaches a plateau around o3 ~ 40 MPa).
On the other hand, the shear modulus (Fig. 18c) does not
show any pressure dependence.

Similarly, monotonic increase is observed for Young’s
modulus E, with increasing confining pressure (Fig. 19a),
with important nonlinear behavior about 15 MPa of con-
fining pressure, especially for MSE test results. This is in
good agreement with the trend observed for the bulk
modulus (Fig. 18a). Note that at high confinement levels,
the initial moduli determined from both SS and MSE tests
show a similar dependency on ¢3. Poisson’s ratio vy, on
the other hand, does not show significant dependence on
confining pressure (Fig. 19b), exhibiting a mean value of
Vwn ~ 0.15. Low v,; values observed at initial stages of
MSE test are likely due to the initial closure of horizontal
cracks. At these stages, radial strain is almost negligible
compared to axial strain.

The observed trend is consistent with previous studies:
higher isotropic stress results in a monotonically stiffer
rock. The differential stress, however, may have different
effect, depending on the magnitude of the load and the
direction relative to the bedding. Figure 20 explores the
joint effect of both confining and differential pressure on
the first-loading Young’s modulus of Marcellus Shale, E .
As expected, differential loading in the direction per-
pendicular to the bedding initially contributes to the clo-
sure of the horizontal cracks (increasing stiffness in that
particular direction). This is especially evident at early
stages (o3 = 0-10 MPa) as shown in Figs. 15 and 20.
However, as the differential load increases, a reduction in
the tangent Young’s modulus is observed. Dependency of
E, on o3 at high confinement levels has an excellent
agreement with empirical relationships developed in
Fig. 19a.
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Fig. 20 Variation of tangent Young’s modulus of Marcellus Shale
during the Elastic Multi Stage test. Each series represents the static
Young’s modulus estimated during first-loading at different differen-
tial stress levels. While stiffness increases with confining pressure, o3,
it also decreases within each stage upon differential loading. The
empirical relationship E(g3, ¢g) was determined by least-squares
regression from the last four stages

They initial non nonlinear behavior of K and E, shown
in Figs. 18a, 19a and 20 is likely due to the closure of
cracks (Fig. 2b, g, h), Two different trends at
03 ~ 0-15 MPa and o3 ~ 25-70 MPa were found for
K and E, suggesting that the closure of microcracks
becomes less important at high confinement levels (i.e. the
increase of stiffness with confining pressure is more pro-
nounced at lower a5 stages). This could be explained by the
number of microcracks that remain open at different con-
finement levels. For instance, under low confining pressure
most of the cracks are still open, while only a few micro-
cracks remain open at high confinement levels, and hence
the lower potential increase in stiffness. An alternative
interpretation may be related to the potential presence of
two microcracks systems with different stiffness: (1) the
stress-relief and coring induced cracks (possibly visible at
Fig. 2b, g scales), and (2) inherent microcracks (Fig. 2h)
and pore volume systems residing within the clay and
organics in the shale rock (Sone and Zoback 2013b). In
such a case, the initial behavior at 63 ~ 0-15 MPa found
in Figs. 18a, 19a and 20 might not accurately describe the
real in situ behavior.

5.1.2 Loading, Unloading and Reloading moduli

As stated in Sect. 3.3.2, the determination of the static
moduli for non-linear materials can be done using multiple
unloading-reloading cycles at different stress levels. In the
MSE tests, first-loading and unloading parameters were
estimated by linear regression from the first cycle of each
stage (i.e. ¢ € 5—-15 MPa, the non-linear initial portions of
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the curves of Fig. 15 were neglected), while reloading
parameters correspond to initial moduli of the second
cycle.

Even though when they are determined over the same
differential pressure magnitude (i.e. Ag = 10 MPa),
Young’s moduli values upon unloading (E,) are about
12 % higher than upon loading (E;) as shown in Table 3.
This difference decreases exponentially from 33 % (at
g3 =5 MPa) to 8 % (at o3 = 30 MPa) and then stays
constant, suggesting that most of plastic deformation (and/
or non-linear crack closure) occurs within the four first
stages of the MSE test (i.e. a3 = 0-20 MPa).

It is known that loading introduces both elastic and
plastic strains, which are not recovered upon unloading
where mostly elastic deformation occurs. Hence, loading—
reloading moduli are higher than loading ones, quite sim-
ilar to dynamic estimates, and better reflect the actual
elastic behavior of the rock (Zoback 2007; Sone and
Zoback 2013a).

5.1.3 Non-Linear Behavior

Therefore, stiffness cannot be uniquely defined for non-
linear materials, not even at a given stress level. Non-linear
behavior is commonly described by stiffness vs. strain plots
(Fig. 21), which are recommended to fully characterize the
mechanical behavior. These plots are generated through the
evaluation of the tangent modulus (Fig. 8) along the entire
stress—strain (g vs. &,)- and radial-axial strain (e, vs. &,)-
curves, for E, and vy, respectively.

Figure 21a shows a fairly linear decay of static Young’s
modulus with axial strain, for most part of the loading. This
constant decay does not exhibit any dependence on con-
finement. Also, note the initial non-linear behavior (mate-
rial stiffening) in SS00, SSO5 and SS20 tests due the stress-
relief cracks closure.

This decrease in the Young’s modulus with increasing
differential stress (Figs. 20, 21) is often attributed to
induced plastic strains during loading, being therefore the
plasticity the dominant source of nonlinearity. However,
while one could attribute the apparent stiffness softening to
the plastic strains at early stages of the MSE test (say
o3 = 0-20 MPa), this would not be completely true at later
stages where plastic deformation is not significant (see
Fig. 15). Nevertheless, a consistent decrease of Ep with
differential load is observed for all stages. We should
therefore acknowledge that some of the elastic properties
of the shale vary with stress and strain levels (Sarout and
Guéguen 2008b; Kuila et al. 2011; Dewhurst et al. 2011).

Meanwhile, Poisson’s ratio (Fig. 21b) exhibits non-lin-
ear increase with axial strain up to vy, = 0.5, a point where
the dilation threshold is reached. Then, v, continues to
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Fig. 21 Variation of tangent stiffness of Marcellus Shale in mono-
tonic shearing during single stage tests. a Static Young’s modulus and
b Poisson’s ratio. Arrows point at initial non-linear behavior (sample
stiffening). These plots are generated through the evaluation of the

increase at a constant rate until the failure onset, where a
drastic growth occurs. This is observed for all tests but
SS20, where vy, decreases after g4 is reached. No depen-
dency with confining pressure is observed.

Increase in Poisson’s ratio reflects a growing signifi-
cance of radial strains relative to axial strains (v, = —é&/
&,). This could be due to a decreasing growth rate of ¢, with
confining pressure (e.g. decreasing closure of horizontal
microcracks, see comment in Sect. 5.1.1); increasing
growth rate of ¢, (e.g. opening of new vertical cracks); or a
combination of both.

5.2 Anisotropy

In this paper the mechanical behavior of Marcellus Shale
rocks was studied under the assumption of VTI media.
Nevertheless, there is the possibility that these specimens
are also anisotropic in the horizontal plane as the entire
Marcellus section was subjected to layer-parallel shorten-
ing during the Alleghanian orogeny. Previous studies have
demonstrated mineral (Oertel et al. 1989) and magnetic
anisotropy (Hirt et al. 1995). But since P-wave velocity
anisotropy is usually less than 4 % in the horizontal plane
of these shales (Evans et al. 1989), and our specimens did
not show any preferential microstructure in the horizontal
plane (Fig. 2c, d), VTI geometry was assumed in this
analysis.

Full characterization of geomechanical behavior of VTI
materials through static measurements is only possible
when rock specimens cored in different directions (or true
triaxial apparatus) are available. In order to get around the
obstacle, we have made use of the VTI coupling model in
the triaxial space (Eq. 3). This model incorporates the

tangent modulus (Fig. 8) along the entire stress—strain (g vs. &,)- and
radial-axial strain (¢, vs. &,)-curves, for E, and v,;, respectively. Strain
units in millistrain (me)

coupling modulus J, to acknowledge the contributions of
mean and distortional stress increments to distortional and
volumetric strains respectively. During isotropic compres-
sion (6g = 0), J gives us an idea of how much axial and
radial strains increments differ. Recall, that for isotropic
materials axial and radial strain increments are equal upon
isotropic loading. Therefore, the more isotropic the mate-
rial is, the higher the absolute value of J should be. Fig-
ure 18b shows the evolution of J parameter with increasing
confining pressure for SS tests. However, this also accounts
for the rock stiffening process. In order to address the
evolution of the anisotropy, we suggest considering the
index ey/e; (Fig. 22). This might be a useful proxy for
characterization of anisotropy when the estimation of other
indices, such as Thomsen parameters (Thomsen 1986), is
not possible.

As confinement increases, microfractures sub-parallel to
bedding are closed first, reducing the compliance in the
direction perpendicular to bedding. This gradual stiffening
process in the axial direction clearly reduces the degree of
anisotropy in VTI media. This is in good agreement with
previous experimental studies of shale anisotropy using the
single core plug method (Sarout and Guéguen 2008a; Kuila
et al. 2011).

Besides providing some insights about the anisotropy
evolution, the J parameter can be used along with K and G,
defined in Eq. 3, in order to estimate the value of the five
independent parameters which describe VTI media (i.e. Ey,
E,, Gy, van and v,y). For instance, if we force certain
interdependencies among these five parameters [i.e.
Voh = Var/0 EWE, = o 2G, = aE, (1 + )] (Graham
and Houlsby 1983), Egs. 7-9 in “Appendix” can be used
to fully characterize VTI media elastic behavior. Table 4
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Fig. 22 Evolution of anisotropy degree with confining pressure. Note
how the anisotropy degree is reduced as horizontal microcracks are
closed due to increasing confinement

Table 4 VTI model parameters estimated from the coupling model
(K-J-G)

E, (GPa) o

Test ID E, (GPa) G (GP2) v Von
SS05 10 - 1500 — —1229 -

$S20 19 46 25 12 026 0.17
$s27 18 40 22 11 023 0.16
$S35 20 36 18 13 026 0.19
SS70 19 31 1.6 13 030 0.4

presents the values for the five VTI parameters estimated
using the coupling model. Except for the SSO5 test, the
coupling model provides good estimates of the five VTI
parameters. At low confining pressure levels (i.e.
03 = 5 MPa), most of horizontal microfractures remain
opened, and they can be easily close upon further axial

(a)

140 -
120 -

100 - -
T=295+ 0.58-0'N

7 (MPa)

0 50 100 150

N (MPa)

200

loading during triaxial stage. This results in quite different
degrees of anisotropy during isotropic and triaxial stages at
low confinement levels, preventing the use of the coupling
model.

The anisotropy ratio, ocz, decreases from 2.5 to 1.6 as
confining pressure increases from 20 to 70 MPa. This is in
good agreement with previous laboratory studies on gas
shales (e.g. Sone and Zoback 2013a; Ghassemi and Suarez-
Rivera 2012). Whereas the error in the estimation of E, is
about 3 %, v, estimates differ 27 % in average compared
to original values shown in Table 2.

5.3 Interpretation of Failure Parameters

There are many different ways in which failure data from
triaxial tests can be analyzed. For instance, Fig. 23a pre-
sents the failure data in the 1—p’ space using Mohr’s circles
at failure for SS tests. This allows us to directly interpret
both cohesion and the internal friction angle (y;) of the rock
from the Coulomb envelope. The Coulomb failure criterion
is not only one of the simplest, but also the most widely
used criterion for geomaterials.

Another common way of presenting strength data is
through the o,—05 space (Fig. 23b). The unconfined com-
pressive strength (Co) for these rocks is about 100 MPa, and
the coefficient of internal friction is close to 0.6. Moreover,
the orientation of the failure surface using the Coulomb
envelope, f = 60.2°, is within the observed range from the
CT-scans (Figs. 13, 17). Cy is in good agreement with the
trend found by Sone and Zoback (2013a) given the clay/
kerogen content and Young’s modulus of our specimens.

Furthermore, we also investigated the influence of o3 on
peak strength of Marcellus Shale using the non-linear Hoek
and Brown criterion. Comparison between both Coulomb

(b)

200
£

150
g

—
° 100¢
H-B: 0, = 03+ 4/5.53 - 1000; + 1002
50 - ‘ ‘ ‘ 1
0 10 20 30 40

o, (MPa)

Fig. 23 Interpretation of failure parameters of Marcellus Shale (SS tests). a Mohr’s circles and Coulomb failure envelope. b Comparison

between the Coulomb and the empirical Hoek—Brown criteria
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Table 5 Coulomb and Hoek—
Brown criteria parameters for

Linearized Mohr—Coulomb criterion

Empirical Hoek—-Brown criterion

Marcellus Shale estimated by CoMPa) f(°) So(MPa) RMS (MPa)  C, (MPa) m 58 RMS (MPa)
linear regression
103 60.2 29.5 0.58 2.51 100 5.53 1.0 1.51
? Assumed
While intact strength of the rock increases quite linearly
200 g with confinement, the non-linear trend of o4 amplifies
e the stress difference between the onset of rock volume
- 8 dilation and the failure point (i.e. oy — g4). This sug-
9‘3 150 ® gests that, under relatively low confinement conditions,
= failure occurs as soon as new fractures are opened
- 8 (resulting from application of differential load), whereas
© 1009 increasing confining pressure prevent the rapid coalesce
® Failure of newly-created microfractures and, therefore, delay
50 O Dilation threshold failure.

0 10 20 30 40
o, (MPa)

Fig. 24 Effect of confining pressure on Dilation threshold and
Failure strength. Vertical solid lines illustrate how the difference
(or — 04) grows with increasing confinement

and Hoek—Brown criteria can be found in Fig. 23b. Model
parameters criteria were estimated by least-square regres-
sion, and they are presented in Table 5. Within the inves-
tigated confining pressure range, both criteria are in very
good agreement, with the H-B model yielding a slightly
lower RMSEitr.

Figure 24 presents the effect of confining pressure on
both dilation threshold (g4) and failure strength (oy).

5.3.1 Multi-Stage Tests

Failure Multi-Stage test results show that elastic moduli
(Table 3) are in close agreement with those estimated from
SS and MSE tests. Strength parameters followed similar
trends to those obtained from SS tests (Fig. 25b), and peak
strength values fall within expected range (Fig. 25a). We
believe that the close agreement in both static and strength
parameters is due to the relative low number of stages (3),
and to the fact that the dilation threshold was not reached
during the two first states. However, the more fractured
core resulting from this test (Fig. 17) might suggest that
additional damage occurred during the cyclic loading at
high stress levels. Figure 25b shows that both axial and
radial peaks have a good linear relation with the confining
pressure.

Fig. 25 Comparison of strength (a) () 20
parameters measured during e _
single stage (SS) and failure 200 ¢ 9, =2103 + 3'03‘73 <~ 1 A ZR%_S% ;429'23‘.73 /-/ b4
multi-stage (MSF) triaxial R™=0.9954 / T '/./ — "
experiments. a Failure strength /V . ‘//
and b strain at failure vs. = 150 | L ° _ 10 & ., -~ £=692+02l0.
confining pressure. Strain units =5 L / g ¢ * R*=00829
in millistrain (me) E 4'/ Nan?
. A ——>0,=96+3260, e
b 1009 R?=0.9999 ] 0
6 € =-1-0.100,
- — - " R?=09643"
T o
£ =-253-0.100 -— o
50 " R?=09195
: : -10
0 10 20 30 40 0 10 20 30 40
o, (MPa) o, (MPa)

\ ¢ MSF e ss\
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5.4 Thermal Effects

The Marcellus Shale specimens tested in this study have
shown a relatively small response to temperature. From the
thermal consolidation (Th.C) stage, the linear thermal
expansion coefficients () were estimated for both tests
(Fig. 11a) revealing some anisotropic thermal expansion
behavior. It is known that mica minerals and quartz (major
constituents of our specimens) have a large effect on the
anisotropic expansion of rocks (Huotari and Kukkonen
2004).

Experimental results show minimal change in shale
static parameters and, limited strength reduction of 8 and
12 % at 60 and 120 °C respectively. Much higher strength-
(approx. ~40 %) and static moduli reductions have been
reported for Colorado shale tested at similar temperature
conditions (Mohamadi et al. 2013). Moreover, Bauer et al.
(2014) also observed much higher (up to more than 1 %)
thermally-induced compression in Pierre shale. We believe
that the low geomechanical response to temperature might
be due to the negligible saturation of our specimens and the
low kerogen content (Eseme et al. 2007).

6 Conclusions

Marcellus Shale specimens used in this study were char-
acterized by high clay content, and moderate total organic
content. Mechanical properties and porosity estimates were
in good agreement with trends found for other gas shales.
The fabric in these rocks exhibits primary foliation (bed-
ding), and the microstructure reveals a clayey matrix with
silt size grains and other various-shaped inclusions. The
preferential orientation is preserved across scales, pre-
senting a number of microcracks oriented sub-parallel to
the bedding. It was suggested that the presence of such
microcracks may affect the mechanical behavior of these
shales, especially at low confinement levels.
Interpretation of stiffness in these shales is not
straightforward given their significant non-linear behavior
and the occurrence of small irrecoverable deformation at
small stress levels. Upon isotropic loading, increase in
stiffness was observed as a result of the compression pro-
cess (pore volume reduction) and the closure of microc-
racks. Initial behavior was characterized by high non-
linearity. Static moduli upon unloading were found to be
systematically higher than upon loading (412 % on aver-
age). During the triaxial stage, application of differential
stress perpendicular to the bedding resulted in a linear
decay of E, with axial strain for most part of the loading.
This decay did not exhibit any dependence on confinement.
Nevertheless, it was observed that the elastic properties of
these rocks vary with stress and strain levels. On the other
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hand, confining pressure seems to have a limited effect on
Poisson’s ratio, although this exhibited non-linear increase
with monotonic axial loading. Multi stage tests were found
to be useful tools for the evaluation of the mechanical
behavior in non-linear materials.

The laboratory results highlighted the anisotropic nature
of these shales. It has been proven that increasing confining
pressure clearly reduces the degree of anisotropy. Although
the specific coupling model only holds in a triaxial space
with vertical symmetry axis, useful insights about speci-
men variability and anisotropy can be inferred from it.

As for the intact strength of these rocks, we have
observed brittle failure under monotonic loading condi-
tions. Fracture patterns revealed that failure occurs by a
combination of tensile and shear mechanisms under
unconfined conditions, whereas shear is the principal fail-
ure mechanism under confinement. Unconfined compres-
sion strength of the tested specimens was found to be about
100 MPa, and it falls in the low range for gas shale rocks.
In contrast, the coefficient of internal friction (u; = 0.6)
was estimated to fall within the medium-upper range for
shale gas rocks. Whereas the peak strength increases lin-
early with confining pressure, the dilation threshold shows
a non-linear trend with confinement in these rocks. Both
Coulomb and Hoek—Brown models fit the data very well
with a very small RMSErr within the tested pressure range.

Lastly, the effect of temperature on the mechanical
behavior of the solid skeleton of the shale was evaluated.
Experimental results revealed a small response to thermal
loading, with limited strength reduction (~ 10 %) and no
variation of initial static moduli. We believe that this is due
to the relatively low organic content and the dry conditions
of our specimens.
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Appendix: Vertical Transversely Isotropic
Three-Parameter Coupling Model

The linear elastic VT model for a sample with the z-axis
being the axis of symmetry can be expressed in terms of
five independent parameters, with the compliance matrix as
follows:
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In the context of triaxial space, Eq. 4 is reduced to:

{ 0¢, } _ [ 1/E, —20,/E, } {&Ta } (s)
58r B *zvvh/Ev 7(1 — Uhh)/Eh (SO'r

Note that this compliance matrix is not symmetric since
the strain increment and the stress quantities shown in
Eq. 5 are not properly work conjugate. Recall that in the
context of triaxial space the correctly chosen work-conju-
gate quantities are p—de, and g—d¢, for the volumetric and
the distortional deformations, respectively (dW = oy,
de;; = pdey, + goes). Also, one can only determine E, and
Vyn, but not Ey, or vy, since they only appear in the com-
posite stiffness “—(1 — vy )/E,”.

Equation 5 can be rewritten using the definitions of the
triaxial strain increment and stress quantities as shown by

Puzrin (2012):
dey | | 1/K  —=1/J|[ dp (6)
oe [ | —-1/J 1/3G || oq
where, K stands for the bulk modulus during isotropic
compression (ég = 0); G is the shear modulus for pure
shear (6p = 0); and J is the coupling modulus. These three
new parameters can be defined in terms of the original five
VTI independent parameters (Puzrin 2012) as shown in

lzzl—vhh 1_4Vvh (7)
K Ey E,

1 2/l —vm T—wn (8)
J 3 Ey E,

1 21— Vhh 1+ 2Vvh

—== 2 9
G 3( E T E ) ©)

The compliance matrix in Eq. 6 is symmetric (material
is elastic and satisfies the law of energy conservation), and
the non-zero off-diagonal terms show the ability of the
model to reproduce both coupling between volumetric and
distortional effects, and the stress path dependency of
stiffness (Puzrin 2012). However, this model is only correct
in the context of the triaxial test, and only if the symmetry
axis stays vertical. If one wants to model the transverse
isotropy in a boundary value problem, the five independent
parameters of the VTI model have to be used instead.
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