Rock Mechanics and Rock Engineering (2021) 54:4009-4039
https://doi.org/10.1007/500603-021-02474-3

ORIGINAL PAPER q

Check for
updates

Experimental Deformation of Opalinus Clay at Elevated Temperature
and Pressure Conditions: Mechanical Properties and the Influence
of Rock Fabric

Valerian Schuster'2® . Erik Rybacki'© - Audrey Bonnelye'® - Johannes Herrmann'® - Anja M. Schleicher'?
Georg Dresen'

Received: 23 October 2020 / Accepted: 11 April 2021 / Published online: 11 May 2021
© The Author(s) 2021

Abstract

The mechanical behavior of the sandy facies of Opalinus Clay (OPA) was investigated in 42 triaxial tests performed on dry
samples at unconsolidated, undrained conditions at confining pressures (p.) of 50-100 MPa, temperatures (7) between 25
and 200 °C and strain rates (¢) of 1x107=5x 107 s~!. Using a Paterson-type deformation apparatus, samples oriented at 0°,
45° and 90° to bedding were deformed up to about 15% axial strain. Additionally, the influence of water content, drainage
condition and pre-consolidation was investigated at fixed p.—T conditions, using dry and re-saturated samples. Deformed
samples display brittle to semi-brittle deformation behavior, characterized by cataclastic flow in quartz-rich sandy layers
and granular flow in phyllosilicate-rich layers. Samples loaded parallel to bedding are less compliant compared to the other
loading directions. With the exception of samples deformed 45° and 90° to bedding at p.= 100 MPa, strain is localized in
discrete shear zones. Compressive strength (o,,,,,) increases with increasing p,., resulting in an internal friction coefficient of
~ 0.31 for samples deformed at 45° and 90° to bedding, and = 0.44 for samples deformed parallel to bedding. In contrast,
pre-consolidation, drainage condition, 7" and £ do not significantly affect deformation behavior of dried samples. However,
Omax and Young’s modulus (E) decrease substantially with increasing water saturation. Compared to the clay-rich shaly
facies of OPA, sandy facies specimens display higher strength o,,,, and Young’s modulus E at similar deformation condi-
tions. Strength and Young’s modulus of samples deformed 90° and 45° to bedding are close to the iso-stress Reuss bound,
suggesting a strong influence of weak clay-rich layers on the deformation behavior.

Keywords Clay rock - Sandy facies of Opalinus Clay - Triaxial deformation experiments - Microstructural deformation
mechanisms - Pressure-, temperature- and strain rate-dependent mechanical behaviour - Anisotropy
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o, Normal stress

6ycs Uniaxial compressive strength

¢ Friction angle

I Required time to reach failure during drained
shearing

1 Introduction

Argillaceous rocks, claystones or shales mainly consist of
clay minerals typically with > 50 volume percent (vol%) of
particles sized < 62.5 pm (e.g., Folk 1980). They account for
roughly two-thirds of the sedimentary rock record (Milliken
2014), and are encountered in different natural settings such
as sedimentary basins (Hornby et al. 1994) and accretionary
wedges (Yamaguchi et al. 2011; Chester et al. 2013; Morley
et al. 2017). Clay-rich sedimentary rocks play also a fun-
damental role in many engineering applications, including
the extraction of hydrocarbons as well as the exploitation
of geothermal energy from unconventional deep shale res-
ervoirs (e.g., Blackwell et al. 2013; McGlade et al. 2013).
Due to a low hydraulic conductivity, high self-sealing poten-
tial as well as sorption capacity, clay-rich shales constitute
potential host rocks for the storage of nuclear waste (Madsen
1998; Delage et al. 2010; Sellin and Leubin 2013), and rep-
resent a suitable cap-rock sealing for the geological storage
of carbon dioxide (Busch et al. 2008; Boosari et al. 2015;
Bourgh 2015).

Predicting the mechanical behavior and hydrological
properties of clay rocks across several spatial and temporal
scales requires knowledge of the processes leading to dam-
age and failure at the respective thermodynamic boundary
conditions. However, physical and mechanical properties of
shales depend on many factors caused by their complex sedi-
mentary and tectonic history. These factors include diage-
netic processes influenced by chemical reactions, mechani-
cal loading and temperature variations (Gutierrez et al. 1996;
Bjgrlykke and Hgek 1997; Nygérd et al. 2004; Wenk et al.
2008; Ilgen et al. 2017; Morley et al. 2017). Additionally,
shales display an increased crystallographic and shape-pre-
ferred orientation of phyllosilicates, resulting in a distinct
anisotropy of physical and mechanical properties related to
the depositional and diagenetic conditions, mineral com-
position and thermal maturity (e.g., Chiarelli et al. 2000;
Wenk et al. 2008; Sone and Zoback 2013; Siegesmund et al.
2014; Liu et al. 2018). Previous experimental studies show
that the strength and elastic properties of clay-rich rocks
depend on applied confining pressure (e.g., Ibanez and Kro-
nenberg 1993; Niandou et al. 1997; Petley 1999; Naumann
et al. 2007; Herrmann et al. 2018), temperature (e.g., Zhang
et al. 2007; Masri et al. 2014; Rybacki et al. 2015; Liu et al.
2019), strain rate (e.g., Swan et al. 1989; Chong and Boresi
1990; Kwon and Kronenberg 1994; Al-Bazali et al. 2008;
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Bonnelye et al. 2017a, b; Hou et al. 2019), and water content
(e.g., Vales et al. 2004; Zhang et al. 2012; Wild et al. 2015;
Zhang and Laurich 2019).

For the storage of nuclear waste, several European coun-
tries operate underground research laboratories (URL) to
investigate the coupling of the different factors that control
the response of the host rock during the construction and
installation of a clay repository site (Delage et al. 2010;
Tsang et al. 2012). The Opalinus Clay (OPA) formation is
the envisaged host rock for geological disposal of radioactive
waste in Switzerland (NAGRA 2002) and is also considered
for a high-level nuclear waste repository in Germany (Job-
mann et al. 2017). Under in situ conditions, OPA has been
extensively studied at the Mont Terri Underground Research
Laboratory (Switzerland), where three different main litho-
facies types were identified within the formation: A shaly
facies, a carbonate-rich sandy facies and a sandy facies
(Thury and Bossart 1999; Pearson et al. 2003; Bossart and
Milnes 2017; Lauper et al. 2018). For the safety assessment
of OPA as a potential repository formation, prior labora-
tory deformation experiments have mainly focused on the
characterization of the anisotropic and hydro-mechanically
coupled behavior related to the excavation processes as well
as on the determination of effective strength and stiffness
parameters of the homogeneous, clay-rich shaly facies (e.g.,
Corkum and Martin 2007; Naumann et al. 2007; Popp and
Salzer 2007; Amann et al. 2011, 2012; Wild et al. 2015;
Zhang et al. 2017; Favero et al. 2018; Giger et al. 2018; Orel-
lana et al. 2018, 2019; Wild and Amann 2018; Minardi et al.
2020). However, due to its higher elastic moduli, the sandy
facies has recently gained importance in research (Kaufhold
et al. 2013, 2016; Siegesmund et al. 2014; Minardi et al.
2016; Jaeggi et al. 2017; Zhang and Laurich 2019). The
sandy facies of OPA displays a pronounced, fabric related
heterogeneity that is characterized by an alternated bedding
of quartz- and clay-rich layers (Peters et al. 2011; Kaufhold
et al. 2013; Houben et al. 2014).

Detailed knowledge of rock mechanical behavior and
elastic properties is necessary for modeling construction-
related damage of a future repository site (e.g., Salager et al.
2013; Parisio et al. 2015). The development of constitutive
models predicting long-term integrity and evolution of the
host rock rests on micro-mechanical analysis to unravel
the physical processes governing deformation (Bock et al.
2006). So far, little is known about deformation processes
and micromechanics causing anisotropic rheological behav-
ior of experimentally deformed OPA. Niiesch (1991) studied
the mechanical behavior of shaly facies OPA at a range of
confining pressures, temperatures and strain rates as well
as the influence of water content on deformation perpen-
dicular and parallel to bedding. Under the applied condi-
tions, Niiesch concluded that deformation of OPA is largely
governed by cataclastic flow. Previous studies were limited
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to macro- and mesoscale structures, due to difficult sample
preparation of OPA (e.g., Klinkenberg et al. 2009; Amann
et al. 2012; Kaufhold et al. 2013, 2016). More recent studies
applied ion beam preparation tools like BIB/FIB (broad and
focused ion beam) for the use of scanning electron micros-
copy (SEM) imaging, to resolve mineral and pore fabrics of
shales and clays at the micro-scale (Keller et al. 2011, 2013a,
b; Loucks et al. 2012; Houben et al. 2014; Laurich et al.
2014, 2017, 2018; Desbois et al. 2017, 2018; Philipp et al.
2017; Schuck et al. 2020). Desbois et al. (2018) described
the microstructures of deformed shaly OPA samples from
triaxial experiments conducted by Amann et al. (2012),
revealing localized deformation with dilatant microcrack-
ing and cataclastic fabrics, dominated by granular flow
and bending of phyllosilicates outside of the shear zone.
So far, physical and mechanical properties of sandy facies
OPA have not yet been characterized at similar resolution
as shaly OPA.

In an effort to investigate the anisotropic mechanical
behavior of sandy facies OPA, we performed a series of tri-
axial tests at varying confining pressures, temperatures and
strain rates. Cylindrical samples were deformed either dry or
re-saturated, and loaded in three different orientations of the
sample with respect to bedding. Electron microscopy was
performed on broad ion beam polished surfaces of deformed
sample material to investigate the deformation microstruc-
tures formed in each sample orientation. A damage model
is proposed that combines the observations from macro- to
micro-scale with the failure behavior at test conditions. This
study aims to contribute to the general understanding of ani-
sotropic clay deformation related to compositional heteroge-
neity at different boundary conditions.

1.1 Geological Setting and Material Description

The investigated sample material belongs to the Opalinus
Clay formation, an over-consolidated clay-rich shale that
was collected from the Mont Terri URL. OPA has been
deposited in a shallow marine environment during the late
Toarcian to Aalenian about 180 Ma ago (Reisdorf et al.
2014). Maximum burial depth of OPA at the Mont Terri
URL was estimated to be about 1350 m in late-Tertiary with
a maximum temperature of 85 °C reached during the early
Cretaceous (Mazurek et al. 2006). The present overburden
ranges between 230 and 330 m (Thury and Bossart 1999).
The sedimentary, compaction and burial history of OPA led
to a sub-parallel arrangement of clay platelets with respect
to macroscopic bedding (Wenk et al. 2008). Due to this and
the heterogeneity of macro- and microfabric in OPA, hydro-
logical, microstructural, mechanical and transport-related
properties exhibit transverse isotropy (e.g., NAGRA 2002;
VanLoon et al. 2004; Grisle and Plischke 2010, 2011; Kel-
ler et al. 2011, 2013b; Siegesmund et al. 2014; Keller and

Holzer 2018). Porosity estimates depend on resolution of
the respective method, ranging between 4.9 and 19.1vol%
with best porosity estimates of 18 vol% and 11.1 vol% for the
shaly and sandy facies, respectively. The average pore size
is estimated between 2 and 20 nm equivalent pore diameter
for both facies types (Thury and Bossart 1999; Minon et al.
2010; Peters et al. 2011; Keller et al. 2013a; Houben et al.
2014; Jaeggi et al. 2014; Philipp et al. 2017; Seiphoori et al.
2017). Permeability of the sandy and the shaly facies of OPA
ranges between 2 x 107! and 1x 107! m*> (NAGRA 2002;
Bossart and Thury 2008; Philipp et al. 2017; Yu et al. 2017).

Samples used in this study were prepared from the sandy
facies of OPA. At the URL, the sandy facies may be further
separated into four sub types (cf., Miiller and Jaeggi 2012),
but can be generally described as a dark-gray silty to sandy
claystone (Peters et al. 2011; Hostettler et al. 2017). The
mineral composition of the sandy facies is dominated by clay
minerals [6-70 weight percent (wt%)], quartz (16-52wt%),
carbonates (7-66wt%; mainly calcite, dolomite/ankerite
and siderite) and feldspars (5-15wt%). Clay minerals are
mainly illite, kaolinite and chlorite (29-70wt%), as well as
illite—smectite mixed layers (5-20wt%) (Thury and Bossart
1999; Pearson et al. 2003; Peters et al. 2011; Becker 2012;
Zhang and Laurich 2019). Organic matter, rutile and apatite
occur in minor amounts. The rock displays a wavy lamina-
tion of light gray layers and lenses of fine-grained quartz
sand alternating with black clay-rich layers (Peters et al.
2011; Miiller and Jaeggi 2012; Reisdorf et al. 2014). Some
carbonate-rich lenses and bioclasts are embedded in a weak,
macroscopically visible laminated matrix forming mm- to
dm-scale heterogeneous layers (Kaufhold et al. 2013, 2016;
Houben et al. 2014; Jaeggi et al. 2014). Compared to the
shaly facies, the sandy facies of OPA is typically rather
heterogeneous and displays larger mineral clasts (silt to
fine-sand fraction) as well as a higher content of quartz and
carbonates with generally lower amounts of clay minerals
(Thury and Bossart 1999; Pearson et al. 2003; Klinkenberg
et al. 2009; Minon et al. 2010; Grisle and Plischke 2011;
Kaufhold et al. 2013; Minardi et al. 2016; Bossart and
Milnes 2017).

2 Methods
2.1 Sample Preparation and Characterization

The sample material was provided by Swisstopo (Federal
Office for Topography, Wabern, Switzerland) and originates
from borehole BFI-1 located in Gallery 04 (Mont Terri
URL). Drilling of 101 mm diameter cores was carried out
parallel to the local bedding orientation under dry condi-
tions using compressed air as a cooling fluid. To prevent
desaturation after extraction, cores were subsequently stored
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in plastic liners wrapped in aluminum foil, and vacuum
sealed. Samples obtained in this study were taken from a
25 cm long core section drilled about 8 m into the gallery
wall. We prepared cylindrical specimens of 10 mm diameter
and 20 mm length with parallel end faces for triaxial tests.
Several samples were first dried at 110 °C until a constant
weight was reached, resulting in an average water content of
4.2 +£0.6wt% for fresh core material. Samples were drilled
at an angle of 0°, 45° and 90° to cylinder axis and bedding
direction, further referred to as p-, z- and s-samples, respec-
tively (Fig. 9a, e, 1). To prevent cracking, the majority of
tested samples were carefully dried at 50 °C at a relative
humidity (RH) of about 22 + 5% until constant weight was
reached. Further drying of sub-samples at 110 °C for>48 h
revealed a residual water content of about 0.4wt% on average
for ‘dry’ samples.

To investigate the influence of water content on the
mechanical behavior, one set of p-, z- and s-samples was
stored in a desiccator at room temperature exposed to a rela-
tive humidity of 95 +£5% for up to 5 weeks. To achieve the
desired humidity, we employed a vapor equilibrium tech-
nique using a supersaturated K,SO,-solution (e.g., Laloui
et al. 2013). Bulk density of cylindrical samples was deter-
mined from the ratio of weight and volume. For dry sam-
ples, values range between 2.34 and 2.44 g/cm? (average:
2.37+0.02 g/cm?) and for saturated samples, densities were
2.44-2.47 g/cm? (average: 2.45 +0.04 g/cm?). We used a
He-pycnometer (Micromeritics, AccuPyc 1340) to calcu-
late the connected porosity of dried specimens via bulk and
skeletal volume, resulting in porosities between 7.7 and
13.5vol% (average: 12.3 + 1.2vol%). Obtained values for
porosity, grain and bulk density are consistent with previous
data for the sandy facies of OPA (Peters et al. 2011; Yu et al.
2017; Zhang and Laurich 2019). The degree of saturation
was estimated from the ratio of volumetric water content
and total porosity (cf., Amann et al. 2011), yielding values
of 94.6-97.9% (average: 96.1 + 1.3%) after the saturation
procedure.

Four sub-samples from the drilled core section contain-
ing all samples were used to determine the bulk mineral
composition by X-ray diffraction analysis (XRD) (Table 1).
Analysis was performed using a PANalytical Empyrean
X-ray diffractometer, operating at 40 kV and 40 mA with

Cu-Ka radiation and a step size of 0.013°26 from 4.6 to 85°.
The mineralogy was first determined with the software EVA
(version 11.0.0.3) by Bruker. Rietveld refinement for quanti-
tative analysis was performed using the program BGMN and
the graphical user interface Profex (version 3.10.2, Dobelin
and Kleberg 2015). The error is expected to be in the range
of 3wt%.

Bulk mineralogy (Table 1) reveals quartz (samples
101-205) or clay-rich domains (sample 2011), consistent
with the mineral composition described in literature and
reflecting the spatial heterogeneity of sandy facies. We fur-
ther quantified the mineralogy of individual black clay-rich
and light gray sand-rich layers using sub-samples retrieved
from the raw material, directly extracted from the core with-
out further treatment as well as from deformed specimens
tested at different temperatures (cf., chapter 3.1.3). The
results reveal some compositional variability between both
layer types, whereas sand layers display a higher quartz
(47 +3wt%) and carbonate (16 +6wt%) content in average
and clay-rich layers, a comparable increased mean clay con-
tent of 45+ 10wt% (Table 2).

Deformed samples were embedded in epoxy resin and cut
perpendicular to the macroscopically visible shear plane and
parallel to the o,-direction using a low-speed microdiamond
saw (Fig. 1). Subsequently, surfaces of half cut samples were
hand-polished. Reflected light optical scans of the deformed
samples were made using a Leica DM RX microscope. For
each sample we measured the angle between failure plane
and loading direction (#). Based on macroscopic inspection,
rectangular shaped sub-samples (11 x 8 x3 mm?) were cut
for further broad ion beam polishing. Resulting sections
were pre-polished under dry conditions with SiC grinding
paper down to P4000 grade. BIB-polished surfaces were
prepared using a JEOL IB-19520CCP polisher at low pres-
sure (4 x 10~ Pa) conditions. Polishing time was 2 h at 8§ kV
200 pA and 6 h at 6 kV, 150 pA, which removed a layer of
approximately 100 um thickness. The sizes of resulting BIB
cross sections were about 2.5 mm?, prepared parallel to load-
ing direction (Fig. 1). Furthermore, several BIB cross sec-
tions of undeformed material were prepared using the same
procedure. Microstructural observations on carbon-coated
BIB cross sections were performed with a FEI Quanta 3D
Dual Beam scanning electron microscope (SEM) at 20 kV

Clay (wt%) Quartz (wt%) Carbon-  Feldspar Pyrite (wt%)

ates (Wt%) (wt%)

Table 1 . Petrophysical' Sample D p (gfem®) ¢ (vol%)
properties and bulk mineralogy
of the investigated sample
material obtained from sub- 101 2.39 12.9
samples of the drilled core 204 239 118
section
205 2.37 12.7
2011 2.37 12.4

17 54 20 10 <1
16 55 20 9 <1
28 50 13 9 <1
53 37 5 6 <1

p Density, ¢ porosity
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acceleration voltage and 5 mm working distance. Semi-
quantitative geochemical analysis was conducted with an
attached EDAX energy-dispersive X-ray analyzer (EDX).
Depending on layer composition, the size of clastic min-
erals increases from <30 pm in clay dominated layers up
to 80 um in sand-rich layers and lenses (Fig. 2a, b). Sandy
domains regularly display high amounts of blocky calcite or

kaolinite cement, filling the space between detrital quartz
(Fig. 2b). However, diagenetic cementation of the clay-rich
matrix is weak (cf., Corkum et al. 2007; Seiphoori et al.
2017).

At SEM resolution, visible pores are mainly located in the
clay matrix (Fig. 2a—c). Size and orientation of single pores
depends on matrix compaction and orientation of single clay

Table 2 Mineral composition

. Sample ID  Layertype T (°C) Clay (wt%) Quartz (wt%) Carbon- Feldspar Pyrite (wt%)
of sand- and clay-rich layers, ates (Wt%) (Wt%)
extracted from samples tested at
different temperature conditions Raw Sand layer 25 2 48 19 8 <1
(cf., chapter 3.1..3) as well as OTIB Sand layer 50 37 50 3 6 <1
from raw material

0T23 Sand layer 100 28 44 22 7 <1
OT13B Sand layer 200 29 47 16 8 <1
Raw Clay layer 25 42 40 10 8 <1
OTI1B Clay layer 50 41 38 9 13 <1
OT23 Clay layer 100 59 27 9 5 <1
OT13B Clay layer 200 36 41 16 7 <1
T temperature
O
‘ . Reflected light
- e cross section
BIB polished

os B -

t

cross section

Fig. 1 Overview of the preparation procedure (from left to right) for reflected light and BIB-SEM microstructural investigation of deformed
samples. Dotted lines indicate cutting planes. 0 is the angle between failure plane and loading direction. Figure is not to scale

Nais:
Feldspar = . .
3 /\Galcite

\, “ bClay matrix

- __Organic matter
A, ) ¢

25 pm

Fig.2 Backscattered electron images of undeformed Opalinus Clay
of the sandy facies (a—c) with bedding orientation indicated in the
black boxes at the bottom left of each picture. a Clay layer show-
ing characteristic mineral phases surrounded by clay matrix, barely

touching each other. b Sand layer showing quartz grains cemented
by kaolinite and blocky calcite. ¢ Differences in the orientation and
compaction of clay particles in clay matrix (1) and in areas of grain-
supported framework (2)
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particles. In clay-rich layers, individual clay platelets are
densely packed within the matrix and contain interparticle
pores, both of which are aligned sub-parallel to the macro-
scopically visible bedding orientation. In contrast, the matrix
as well as the kaolinite cement barely show compaction
where clasts build a grain-supported framework (Fig. 2b,
c¢). Here, clay particles show a random orientation with
larger interparticle pores compared to the matrix-supported
domains (Fig. 2c).

2.2 Experimental Methods

Triaxial deformation experiments were performed over a
wide range of temperatures (7=25-200 °C) and confin-
ing pressures (p.=50-100 MPa) at constant strain rates (&)
ranging from 1x 107 to 5x107° s, using a Paterson-type
deformation apparatus (Paterson 1970). Specimens were
contained in copper jackets with a thickness of 0.35 mm,
which prevented intrusion of the confining pressure medium
(argon gas). Specimens were heated at a rate of 20 °C/min
using a three-zone oven installed inside the pressure vessel
(Paterson 1970) after the confining pressure was applied.
Axial stress was calculated from the internally recorded
axial force, which was corrected for copper jacket strength,
assuming constant volume deformation. Axial strain was
determined from external linear-variable displacement trans-
ducer (LVDT) readings, corrected for system compliance.
Estimated uncertainties of resulting stress and strain values
are <4% and < 6%, respectively (cf., Rybacki et al. 2015;
Herrmann et al. 2018).

Samples were tested at undrained conditions and were
not pre-consolidated prior to testing. For this, impermeable
aluminum oxide spacers were placed at both ends of the
specimens. Furthermore, to estimate the influence of drain-
age conditions and pre-consolidation on strength of dried
samples (that contain a small amount of ~ 0.4wt% residual
water), we used both permeable and impermeable spac-
ers in the assembly and deformed three dried p-samples at
p.=50 MPa, T=100 °C and € = 5x 10 s~!. For drained
conditions, we used permeable aluminum oxide spacers with
a porosity of approximately 25vol%. Samples were consoli-
dated at p.=50 MPa and T=100 °C for~ 18 h. To check
whether the applied consolidation time was sufficient, we
estimated the theoretical minimum consolidation time (z,)
using the expression 7,=0.196 x L*/c (Bishop and Henkel
1962). L is sample length and c is the coefficient of iso-
tropic consolidation. For s-samples ¢, is about 11 h using
an isotropic consolidation coefficient of ¢ ~ 0.002 mm?*s~!.
The coefficient ¢ was calculated following the procedure
suggested by Head and Epps (2014) using the relation
c¢=(kxK)/y,,, where K is the bulk modulus, k is the hydrau-
lic conductivity and vy,, is the unit weight of water. The
bulk modulus was estimated from the oedometer Young’s
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modulus (E,.,) measured by Ferrari et al. (2016) in high-
pressure oedometric compression tests on Opalinus Clay.
Both quantities are related by K/E ;= +v)/(3X (1 - v))
assuming an isotropic material with linear elastic behavior.
The drained Poisson’s ratio is assumed to be v=0.25 and
the hydraulic conductivity k=1x 10" ms™! (cf., Amann
et al. 2015).

The Young’s modulus E was determined using the secant
method. To this end, the slope of corrected axial strain—dif-
ferential stress curves was determined between origin and
strain at 50% peak stress. Due to the low stiffness of the
Paterson apparatus, the accuracy of E estimated from cal-
ibration runs is <20% (Herrmann et al. 2018). The yield
point was determined from stress—strain plots, where the
differential stress graph deviates from linearity. In addi-
tion, we estimated brittleness B, which is commonly used
in petroleum engineering to classify the mechanical behavior
of reservoir rocks into brittle (1) and ductile (0) deforma-
tion (Holt et al. 2011). B was calculated from the ratio of
elastic strain to strain at peak strength (Rybacki et al. 2016)
and was used to characterize the pre-failure behavior of the
tested samples. It should be mentioned that the brittleness
index is an empirical parameter based on a variety of exist-
ing definitions related to rock composition, deformation
behavior or elastic properties (Rybacki et al. 2016; Zhang
et al. 2016). The estimated error of determined B is about
30% (cf., Rybacki et al. 2016).

3 Results

We performed 42 triaxial deformation experiments at vary-
ing confining pressure, temperature and strain rate. Tests
were done on cylindrical samples of the sandy facies of dry
OPA with three different loading orientations (0°, 45° and
90°) with respect to bedding. In addition, we investigated the
influence of water content, pre-consolidation and drainage
condition on the deformation behavior at selected boundary
conditions on the deformation behavior at selected bound-
ary conditions.

3.1 Mechanical Behavior Under Triaxial Conditions
3.1.1 Effect of Pre-consolidation and Drainage Condition

To examine the influence of drainage conditions on the
deformation behavior, we deformed dried and saturated
p-samples (0° towards bedding) at p.=50 MPa, T=100 °C
and £ = 5x 107 s7! at both drained and undrained condi-
tions. Independent of the applied drainage condition, dry
samples exhibit almost identical deformation behavior
(Fig. 3a, Table 3). In contrast, for saturated samples, strength
Omax and axial strain at peak strength e, are strongly
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reduced at drained compared undrained conditions. Also,
the Young’s modulus of saturated samples is slightly lower
at drained compared to undrained conditions, whereas brit-
tleness was not affected for dry and saturated samples at both
applied conditions (Table 3).

To test the effect of pre-consolidation on deformation,
p-samples were tested at similar deformation conditions
using both permeable and impermeable spacers. No sig-
nificant change of the mechanical behavior was observed if
samples were pre-consolidated at undrained conditions (cp.,
Fig. 3a, b). On the other hand, the pre-consolidated sample
tested at drained conditions displayed an increase of the peak
strength by about 14% and about 20% of the Young’s modu-
lus (Fig. 3b). Again, brittleness was not affected.

a dry
200 'tyained d i
—_ - ry
& 2N undrained
=
@ -~
(7]
e
o
= 100 N\ wet L
b= - - undrained
[ 4 e ——-
g ! \wet T=100°C
a drained €=5x104s"
p. = 50 MPa
|| bedding
0 T T T T
0.00 0.05 0.10 0.15 0.20

Axial Strain [-]

Fig. 3 Influence of drainage condition on dry and saturated samples
(a) as well as the effect of pre-consolidation on dried samples at dif-
ferent drainage conditions (b). Undrained and drained conditions

Our results indicate a minor influence of drainage condi-
tion and pre-consolidation on the deformation behavior of
dried samples. Therefore, most tests were conducted on dry
samples at different pressure, temperature and strain rates at
undrained conditions without pre-consolidation.

3.1.2 Effect of confining Pressure and Bedding Orientation

To investigate the effect of pressure on the mechanical
properties of OPA, we deformed dried samples in all three
orientations at constant strain rate of ¢ = 5x 10~ s~ and
temperature of 7= 100 °C, applying confining pressures of
p.=50, 75 and 100 MPa. Stress—strain curves of tested sam-
ples show that the mechanical behavior of OPA is strongly

b ' — '
drained
4 alldry [
200 pre-consolidated v
©
o
£
?
o /
) undrained
s 100 pre-consolidated -
=
o
2 T=100°C
a £=5x10%s"
p. =50 MPa
|| bedding
0 Easy T T T T
0.00 0.05 0.10 0.15 0.20

Axial Strain [-]

refer to the use of low and high porous spacers. Deformation condi-
tions and sample orientation are indicated

Table 3 Petrophysical parameters and mechanical data of samples deformed at p.=50 MPa, T=100 °C, £ = 5X 107 s~! with different saturation

degree S,, as well as drainage condition and pre-consolidation

Sample ID Sample Sample condition p (g/cm3) @ (vol%) Opmax (MPa) Emax (%) E (GPa) B(-) 0(°)
orientation

OT02 p dry 2.36 12.1 177 3.45 15.2 0.34 33

OT11 p dry 2.35 13.2 183 391 15.1 0.31 29’
drained

OTO04 P S,,=97.9% 2.46 13.8% 130 3.64 10.1 0.35 30°

OT21 p S,,=95.6% 2.44 14.3* 83 2.87 9.2 0.32 33
drained

OTO06 p dry 2.36 12.4 179 3.78 13.8 0.34 28
1,=17:40 h

OT12 p dry, drained 2.35 13.2 204 3.47 16.5 0.36 26’°
1,=18:50 h

p density, ¢ porosity, o,,,, peak strength, ¢,

max Strain at peak strength, £ Young’s modulus, B brittleness, @ angle between failure plane and load-

ing direction,” two failure planes, S,% degree of saturation, 7, consolidation time. p (0°), z (45°) and s (90°) represent the sample orientation
between the loading direction relative to the bedding plane. * determined from sub-samples after drying at 110 °C. Drained refers to the use of

high porous spacers
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affected by confining pressure as well as by sample orienta-
tion with respect to bedding (Figs. 4a—c, 5).

P-samples (Fig. 4a) show macroscopically brittle to
semi-brittle deformation behavior with low yield strain and
extended non-linear strain hardening before peak stress

a
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& 200 L
= 75 MPa
(7]
(%]
g
&
5
= 100 - 50 MPa |
g N
o N .
:-E: Yield point T=100°C
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c 1 1 1
& 200 - -
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£ 1007 /' vield point I
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Fig.4 Stress—strain curves showing the influence of confining pres-
sure p, on deformation behavior of the sandy facies samples (this
study, solid symbols) deformed parallel (a), 45° (b) and perpendic-
ular (c) to bedding direction as well as the relation between confin-
ing pressure p. and peak strength o,,,. (d) Young’s modulus E (e)
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(Evans and Kohlstedt 1995). Beyond failure, p-samples
exhibit relatively distinct strain weakening down to a steady
residual differential stress. In comparison, samples ori-
ented at 45° (Fig. 4b) and perpendicular (Fig. 4c) to bed-
ding showed more ductile behavior yielding at higher strain.
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and brittleness B (f) in comparison to the shaly facies deformed at
T=20 °C and ¢ = 10* s™! (Niiesch 1991). Deformation conditions
and sample orientation are indicated. Yield point in a—c is indicated
for each sample orientation deformed at p. =50 MPa
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Fig.5 Variation of peak strength o,,, (a), Young’s modulus E (b)
and brittleness B (c) as a function of the orientation between bedding
plane and loading direction. Deformation conditions are indicated

These samples show minor post-peak weakening, in particu-
lar at elevated confining pressures (p,>75 MPa).

In general and independent of the bedding orientation, the
samples showed increasing peak strength o,,,,, (Fig. 4d) and
axial strain at peak strength ¢, (Table 4) with increasing
confining pressure. Strain at peak strength of z- and s-sam-
ples was most affected by confining pressure.

No systematic correlation was found between calculated
static Young’s modulus and applied confining pressure
(Fig. 4e) for all sample orientations. In contrast, B of z- and
s-samples decreased with increasing p, (Fig. 4f). The brit-
tleness index of p-samples remained almost constant with
increasing confining pressure. It ranged between 0.29 and
0.34, indicating relatively ductile pre-failure deformation
behavior of p-samples.

In Fig. 5, we compare the values of peak strength,
Young’s modulus and brittleness obtained at different con-
fining pressures as a function of bedding orientation with
respect to the loading direction. For sandy facies OPA, high-
est peak strength is obtained in samples oriented parallel
to bedding. Minimum strength was found for samples ori-
ented 45°, as commonly observed for transversely isotopic
materials (e.g., Ibanez and Kronenberg 1993; Niandou et al.
1997; Naumann et al. 2007; Islam and Skalle 2013; Lis-
jak et al. 2014). However, strength anisotropy is small and
ranges between oy, /Oy .= 1.0 — 1.3. Young’s modulus
decreased continuously with increasing inclination of the
bedding plane to loading orientation (Fig. 5b). The elastic
anisotropy was found to be higher than the strength anisot-
ropy (E/E, ;=1.2-2.1). P-samples display highest Young’s
moduli (12.7-15.2 GPa), while Young’s moduli of z- and
s-samples are comparable and in the range of 7.4—10.7 GPa.
Brittleness, as defined in this study, shows minor anisotropy
at low confinement of 50 MPa (BP/BS=0.7) and almost no
influence of orientation at p. =100 MPa (Fig. 5c).

3.1.3 Effect of Temperature

To determine the effect of temperature (7'=25, 50, 100,
150 and 200 °C) on the mechanical properties of dried OPA
samples, deformation experiments were performed at fixed
confining pressure and constant strain rate conditions of
p.=50MPa and € = 5x 107 57!, respectively. The results
reveal that strength, elasticity and brittleness of the sandy
facies were not significantly affected by varying tempera-
tures up to 200 °C (Table 5, Fig. 6).

Stress—strain curves of all sample orientations were
almost independent of temperatures and showed only minor
differences (Fig. 6a—c), with the exception of one low porous
p-sample deformed at 150 °C (OT04B), which was distinctly
stronger and stiffer than the others (Fig. 6a). Z- and s-sam-
ples showed a slight gradual transition from brittle deforma-
tion at low temperature towards more ductile behavior with
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Table 4 Petrophysical

. Sample ID  Sample p (g/cm3) ¢ (vol%) p.(MPa) o, (MPa) .. (%) E(GPa) B(-) 6(°

parameters and mechanical orienta-

data of samples deformed at & tion

=5x10"*s7", 7=100 °C and

different confining pressures p, 0T02 p 236 12.1 50 177 3.45 15.2 034 33
OTO1A p 2.37 12.9 75 193 5.16 12.7 0.29 35
OTO02A p 2.40 10.1 100 246 5.50 14.3 0.31 30
OTO05 z 2.36 13.3 50 142 4.17 7.6 045 47
OTO03A z 2.38 119 75 184 4.66 10.7 0.37 45
OTO06A z 2.36 12.8 100 185 6.13 8.6 035 -
OTO01 S 2.37 12.3 50 167 4.65 7.4 0.49 33
OTO04A S 2.37 12.6 75 179 4.62 9.3 042 37
OTO5A S 2.38 12.7 100 209 7.43 8.6 033 -

p density, ¢ porosity, o,,,, peak strength, ¢, strain at peak strength, E Young’s modulus, B brittleness, 8
angle between failure plane and loading direction,” two failure planes. p (0°), z (45°) and s (90°) represent
the sample orientation between the loading direction relative to the bedding plane

Table 5 Petrophysical Sample ID Sample  p (gfem®) @ (vol%) T(°C) o, (MPa) &, (%) E(GPa) B(-) 6()

parameters and mechanical orienta-

data of samples deformed at € tion

=5x10"*s7!, p,=50 MPa and

different temperatures 7 OT08B p 2.38 12.1 25 177 3.11 15.3 037 28
OTO02B p 2.37 11.1 50 175 3.63 14.4 034 35
0T02 p 2.36 12.1 100 177 3.45 15.2 034 33
OTO07B p 2.37 10.2 150 183 3.52 14.3 036 32
OTO04B p 2.44 7.7 150 215 1.95 253 044 25
OT09B p 2.37 12.7 200 175 3.65 14.6 033 30
OT11B z 2.37 12.4 25 157 3.58 9.8 045 41
OT01B z 2.36 12.7 50 155 3.91 95 042  30%
0T05 z 2.36 133 100 142 4.17 7.6 045 47
OTO06B z 2.39 112 150 140 3.65 93 042  32%
OT10B z 2.37 11.8 200 152 2.98 10.8 047 33
OT03B s 2.38 125 50 172 3.42 10.2 0.50 30
0TO1 s 2.37 12.3 100 167 4.65 74 049 33
OTO05B s 238 132 150 157 4.40 8.5 042 41
OT12B s 235 135 200 177 3.82 10.9 042 33
OT13B s 2.39 12.3 200 173 4.02 10.2 042 39

p density, ¢ porosity, T temperature, o,,,. peak strength, €,,,, strain at peak strength, £ Young’s modulus, B
brittleness, 6 angle between failure plane and loading direction,” two failure planes, * z-sample with failure
plane perpendicular to bedding. p (0°), z (45°) and s (90°) represent the sample orientation between the
loading direction relative to the bedding plane

minor post-failure weakening at high T (Fig. 6b, c). Peak
strength of z- and s-samples displayed a small decrease with
increasing temperatures up to 150 °C (Fig. 6d). Total strain
at failure (Table 5), Young’s moduli (Fig. 6e) and brittleness
values (Fig. 6f) are independent of 7.

3.1.4 Effect of Strain Rate
The effect of strain rate on the mechanical behavior of dried

OPA was tested at strain rates betweené = 1x 10~ and
5x107° s at p,=50 MPa and T= 100 °C. Stress—strain

@ Springer

curves (Fig. 7a—c) showed only weak trends concerning the
effect of strain rate on the deformation behavior of tested
samples.

Irrespective of sample-to-sample variation, p-samples
display a trend of decreasing peak strength with decreasing
strain rate (Fig. 7d). One sample (OTO07) tested at the lowest
strain rate showed relatively high strength (Table 6). This
sample was characterized by through-going sand-rich layers.
Z-samples showed no clear effect of strain rate on strength.
In contrast, s-samples displayed an almost linear increase of
peak strength with decreasing strain rate. In most cases, the
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Fig. 6 Influence of temperature 7 on stress—strain behavior of paral-

lel (a), 45° (b)

facies. The relation between temperature 7 and peak strength

and perpendicular (c) oriented samples of the sandy

Opmax

(d), Young’s modulus E (e) as well as brittleness B (f) of this study is

compared to the results of the shaly facies, tested at p, =100 MPa and
£=84x107-8.8x107 s~! (Niiesch 1991) represented by open sym-
bols. Deformation conditions and sample orientations are indicated
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Fig.7 Effect of strain rate £ on the mechanical behavior of samples
loaded parallel (a), 45° (b) and perpendicular (c¢) to bedding orienta-
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max

facies (this study) in comparison to the results of the shaly facies
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at p,=50 MPa (d). Correlating strain rate € v:

s. Young’s modulus E

(e) reveal opposite behavior of strength for p- and s-samples, whereas
strength of z-samples shows no correlation with strain rate. A clear

relation between strain rate € and brittleness
Deformation conditions and sample orientation

B was not found (f).
s are indicated
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Table6 Petrophysical Sample ID Sample  p(glem®) @ (vol%) £(s™) 6, (MPa) e, (%) E(GPa) B(=) 6()

parameters and mechanical orienta-

data of samples deformed at tion

p.=50 MPa, T=100 °C and

different strain rates £ OTI3 P 2.35 13.1 1x107 192 3.56 15.5 035 31’
OTO02 p 2.36 12.1 5%10% 177 3.45 15.2 034 3%
OT16 p 2.39 10.3 I1x10* 183 3.44 15.8 0.34 29
OT17 p 2.36 12.7 I1x10™* 165 3.58 13.4 034 32
OT15 p 2.37 12.5 1x107° 165 4.03 12.8 0.32 31
OTO07 p 2.34 13.4 5%107% 198 3.76 13.6 0.39 30
OT14 p 2.36 12.7 5%107% 160 3.99 11.8 0.34 31
OT19 z 2.36 129 1x10 158 3.76 9.1 0.46 37
OTO05 z 2.36 133 5%107% 142 4.17 7.6 045 47
OT18 z 2.36 13.0 I1x10™* 155 4.18 9.7 0.38  31%
OT10 z 2.36 13.2 5%107% 148 2.68 114 0.49 41
0T23 S 2.37 13.0 1x107 154 4.39 8.9 0.39 43
OTO01 S 2.37 12.3 5%10% 167 4.65 7.4 049 33
OT26 S 2.35 133 I1x10* 176 3.95 10.9 041 35
0T22 S 241 11.2 5%107% 194 3.71 13.6 039 33

p density, ¢ porosity, € strain rate, o,,, peak strength, g

strain at peak strength, £ Young’s modulus, B

max

brittleness, 6 angle between failure plane and loading direction,” two failure planes, * z-sample with failure
plane perpendicular to bedding. p (0°), z (45°) and s (90°) represent the sample orientation between the
loading direction relative to the bedding plane

shape of stress—strain curves, in particular post-peak strain
weakening, was not systematically affected by the applied
strain rate. Notably, strain at peak strength and yield point
of p-samples decreased slightly with increasing strain rate.
For z- and s-samples, axial strain at peak and yield stress
decreased with decreasing strain rate.

Young’s moduli of p-samples decreased with decreasing
strain rate, in contrast to s- and z-samples for which Young’s
modulus decreased with increasing strain rate (Fig. 7e).
However, brittleness of all samples was not affected by
applied strain rate (Fig. 7f).

3.1.5 Effect of Water Content

To investigate the influence of water content on the mechani-
cal behavior of OPA, we deformed saturated samples
(S,,=96.1+1.3%) at p.=50 MPa, T=100 °C and strain rates
of ¢ =5x10™* s7 ! and 5x 107 s~! at undrained conditions
(Table 7). Compared to dry samples, saturated samples show
strongly reduced strength, depending on sample orientation
(Fig. 8). At high strain rate (¢ = 5x 10~ s™!), peak strength
of s- and z-samples is reduced by 41% and 48%, respectively,
whereas the peak strength of parallel oriented p-samples is
reduced by 27% (Table 7). Strain at peak strength is quite

Table 7 Petrophysical parameters and mechanical data of samples deformed at p,=50 MPa, T=100 °C and different strain rates ¢ as well as

saturation degree S,

Sample ID Sample S, (%) p (g/cm3) @ (vol%) e(s™h Omaxy (MPa) Emax (%) E (GPa) B(-) 0(°)
orientation
0T02 p dry 2.36 12.1 5x10% 177 3.45 15.2 0.34 33
OTO04 P 97.9 2.46 13.8* 5%107* 130 3.64 10.1 0.35 30
OTO05 z dry 2.36 13.3 5%107 142 4.17 7.6 0.45 47
OTO025 z 95.2 2.46 13.8* 5x107* 74 2.50 8.8 0.34 38
OTO01 S dry 2.37 12.3 5%107 167 4.65 7.4 0.49 33
OTO03 s 97.5 2.47 14.0%* 5x107* 98 5.31 5.8 0.32 37
0T22 S dry 2.41 11.2 5%107 194 3.71 13.6 0.39 33
OT09 S 94.6 2.45 13.1* 5%107° 126 4.09 7.3 0.43 39

p density, ¢ porosity, ¢,,,. peak strength, ¢, strain at peak strength, £ Young’s modulus, B brittleness, 6 angle between failure plane and load-
ing direction,” two failure planes, S,, degree of saturation. p (0°), z (45°) and s (90°) represent the sample orientation between the loading direc-
tion relative to the bedding plane. * determined from sub-samples after drying at 110 °C
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similar for dry and saturated p- and s-samples, whereas satu-
rated z-samples show a reduction of about 40% compared
to dry samples. The difference in strength between samples
prepared with different bedding orientations is larger for
saturated samples compared to dry specimens. S-samples
were additionally deformed at a strain rate of € = 5x 1070 s~!
revealing a peak strength reduction for saturated samples
of 35%. Interestingly, for both dry and saturated samples,
peak strength was higher at ¢ = 5x 107 s~ compared to &
=5x10"*s! (Fig. 8c).

For p- and s-samples, the Young’s modulus decreased
with increasing water saturation but remained constant
within error bars for z-samples. In contrast, brittleness shows
no clear correlation with sample saturation (Table 7).

3.2 Deformation Structures
3.2.1 Macrofabrics of Deformed Samples

Macroscopic observation of the deformed samples revealed
localized, narrow (0.25—1 mm) shear zones and/or distrib-
uted deformation, depending on applied confining pressure
conditions and loading direction with respect to bedding
orientation (Figs. 9 and 10). Neither temperature nor strain
rate affected strain localization, shear zone orientation and
deformation regime. Shape, width and orientation of local-
ized shear zones depend on compositional heterogeneity and
anisotropy of the undeformed sample.

Cross sections prepared normal to the macroscopic shear
plane show that p-samples exhibit formation of one or two
shear fractures oriented 28—35° to the loading direction.
Single shear fractures often occur in samples dominated by
quartz-rich layers. These samples disintegrated along the
shear plane after they were removed from the copper jacket.
In some cases, shear plane orientation changes locally or
is offset, reminiscent of kink-bands (Figs. 9b, 10a white
arrow). Some samples show kink bands leading to formation
of two parallel fractures with increasing strain (Table 3-7,
Figs. 9c, 10b). Within the kink-bands, clay-rich layers rotate
between 50° and 80° relative to the original bedding orien-
tation (Fig. 10a black arrow, Fig. 10b white arrow). Shear
zone boundaries and discrete fractures in p-samples always
develop sub-parallel to bedding direction and crosscut com-
positional layering. Single shear zones tend to widen, offset
and branch in quartz-rich layers and are narrow in clay-rich
zones (white half-arrows in Fig. 10a).

In z-samples, shear zones formed at 30°-50° to the sam-
ple axis, which are predominantly localized in clay-rich
layers (Fig. 9f-h). Shear zones formed mostly sub-parallel
to bedding orientation, rarely perpendicular to bedding
(Tables 5, 6). For example, stress—strain curves of z-sam-
ples tested at 50 °C and 150 °C show pronounced post-
peak strain weakening, associated with the formation of a
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macroscopic shear zone oriented perpendicular to bedding
(Fig. 6). In general, the orientation of shear zones in z-sam-
ples changes depending on compositional layering (white
arrows in Fig. 9f, h). Macroscopically shear zones are thin
(<0.75 mm) and often difficult to identify with highly local-
ized shear displacement (Fig. 10c, white arrow). The width
of shear zones increased at high pressure (p.>75 MPa)
and with increasing initial thickness of clay-rich layers in
the undeformed sample. At 100 MPa confining pressure,
z-samples exhibit almost homogeneous shortening with
some minor shear zones (Fig. 9h, white arrowheads).

Single shear bands that are aligned between 30° and 49°
to the loading axis are developed in s-samples (Fig. 9j-1).
The amount and spatial distribution of clay-rich layers affect
strain localization and shear plane orientation. Samples that
contain high amounts of large quartz-rich seams display
narrow and steeply inclined (6) shear zones (Fig. 9j). In
contrast, shear zones are wider in clay-rich parts (Fig. 10d,
e white arrows). Additionally, specimens that contain indi-
vidual clay-rich layers of several millimeter widths, display
bulging (Fig. 9k, black arrow). Strain is localized in narrow
shear zones showing changing inclination at compositional
boundaries (Fig. 10e, black arrow). At a confining pressure
of p, =100 MPa, deformation is distributed within clay-rich
layers (Fig. 91, white arrow).

Macroscopically, strain is localized in clay-rich layers in
deformed s- and z-samples, whereas continuous quartz-rich
layers remain unaffected (upper sample half in Fig. 9f, g
and j-1).

Macroscopic deformation structures of saturated samples
are similar to those of dry samples tested at similar condi-
tions. However, saturated samples (Fig. 9d) display branch-
ing of shear zone networks and increasing shear zone width
in s- and p-samples.

3.2.2 Microstructures of Deformed Samples

Deformation microstructures of selected samples containing
shear zones were examined by SEM, using BIB-polished
cross sections, prepared perpendicular to ¢;-direction. Two
to three areas were polished per sample to image a macro-
scopic visible shear zone in which strain localized as well
as sections several millimeters apart from the shear zone.
Deformed samples show a combination of brittle (microfrac-
turing, frictional sliding, grain rotation) and crystal plastic
(bending and kinking of phyllosilicates) deformation pro-
cesses at the tested experimental conditions (Fig. 11).

The shear zones observed in p- and s-samples are char-
acterized by shape-preferred orientation of non-clay min-
erals and clay matrix. Clay minerals display a sigmoidal
alignment in the sense of shear at an angle of about 40 and
60° to bedding for s- and p-samples, respectively (Fig. 11a,
c). Shear zones may be recognized by rotation of fractured

grains (Fig. 11c point 1) and bending of micas and clay min-
erals (dotted line Fig. 11a, c), indicating a gradual fabric
transition between shear zone and wall rock (dotted line in
Fig. 11a, c). Strain in the shear zone of p-samples is het-
erogeneously distributed (Fig. 11a). Clastic mineral grains
are often fractured and aligned, showing different degrees
of fragmentation ranging from single fractures and trails of
comminuted quartz (Fig. 11a points 6 and 9) up to almost
fully disintegrated calcite (Fig. 11a point 5) reworked within
the shear zone. Within the damage zone, clastic grains are
highly comminuted, with angular grain fragments and par-
ticle sizes less than 1 um. Trails of crushed grains (e.g., for-
mer framboidal pyrite in Fig. 11a point 1, Fig. 11c point 5)
formed oblique to the shear direction, indicating sigmoidal
P-foliation (Rutter et al. 1986). In shear zones of s-samples,
we also find rotation of fractured grains (Fig. 11c points
2, 5 and 6) and organic matter (Fig. 11c point 3) aligning
parallel to P-foliation as well as the development of an S—C
fabric (Logan et al. 1979), as shown by the dash-dotted line
in Fig. 11c. A network of lens-shaped clusters was found,
which are separated by anastomosing open fractures possi-
bly due to unloading (Fig. 11d point 5). The clusters are of
varying size, show almost no visible porosity, and display
um-thin sheared boundaries with individual nanometer-sized
clay particles aligned parallel to the local shear direction,
indicating clay particle sliding. Especially calcite (Fig. 11a
point 7) and feldspar (Fig. 11a point 8) grains preferentially
fracture along cleavages displaying mosaic fragmentation. In
shear zones of s- and z-samples, grain fragments are offset
indicating slip parallel to the shear direction. In samples
oriented 45° to bedding, clay particles are strongly aligned
parallel to the shear direction (Fig. 11d point 4). Clasts are
rotated parallel to bedding and are surrounded by micro-
shear zones formed by the clay matrix that are also indi-
cated by strong delamination and kinking of micas (Fig. 11d
point 5). As observed macroscopically, strain localized at
the boundary of sand layers and lenses in the clay matrix of
s- and z-samples. Depending on the degree of comminution
and reworking into the clay matrix, fractured quartz grains
display increased interparticle porosity (Fig. 11a points 2
and 3). Domino-like boudins of fractured grains, cracks ori-
ented sub-parallel to ¢,-direction with asymmetric apertures
(Fig. 11d point 1), and intrusion of clay matrix into open
fractures (Fig. 11d point 3, Fig. 11e point 1) indicate a pro-
cess of episodic fracturing and rotation of non-clay minerals
(Fig. 11d point 2, Fig. 11e point 2).

In sand lenses outside the shear zone, clastic minerals
are frequently inter- and intragranular fractured without vis-
ible offsets and matching grain boundaries of single frag-
ments (Fig. 11b points 2, 3 and 4). Impingement cracks are
predominantly generated at the tip of single grains touch-
ing each other, suggesting stress concentration. Fractures
are often open with apertures up to several micrometers
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«Fig.9 Top row: Photographs of undeformed samples of the sandy
facies Opalinus Clay prepared parallel (a), 45° (e) and perpendicu-
lar (i) to bedding. Below: Reflected light micrographs show defor-
mation features of samples compressed parallel (b—-d), 45° (f-h) and
perpendicular (j-1) to bedding. At constant p,=50 MPa, T=100 °C
samples OT17 (1x107™ s™1) and OT22 (5% 107 s71) were deformed
at varied strain rates £. Samples OT09B (200 °C), OT11B (25 °C),
OT10B (200 °C) and OTI13B (200 °C) were deformed at differ-
ent temperatures 7' but constant p,=50 MPa and € = 5X 107 571
OTO04A and OTO5A were deformed at p.=100 MPa, T=100 °C and
é = 5x10™ s7!. OT04 was saturated to S,,=97.9% and deformed
at p.=50 MPa, T=100 °C and ¢ = 5x10™* s~ Angular deviations
along the shear surfaces are indicated by the asymmetrical plunge
of black arrowheads, locating the traces of discrete and distributed
(white) shear zones. The vertical crack in sample OT05A (1) is due to
preparation. The areas marked by white frames are shown in detail in
Fig. 10. See text for details, indicated by black and white arrows

sub-parallel to the maximum stress direction, indicating
Mode I fracturing. Intergranular fractured calcite and quartz
grains are highly abundant in sandy layers of samples ori-
ented parallel to bedding (Fig. 11b point 3) but less promi-
nent in s- and z-samples. The clay matrix, filling the space
between grain-supported mineral clasts, shows almost no
deformation (Fig. 11b point 1).

Isolated grains embedded in the clay matrix show a
shape-preferred orientation along the bedding direction
and seldom display cracks sub-parallel to the o,-direction.
Particles of organic matter as well as framboidal pyrite are
bent and elongated. Depending on their orientation rela-
tive to the loading direction, micas are locally delaminated
along the (001) basal plane, and strongly bent and kinked
(Fig. 11a point 4, Fig. 11c point 4). With increasing bulk
strain, kinked micas become fractured or boudinaged, cre-
ating voids. Pore collapse within the matrix is indicated by
highly compacted clay particles generally aligned parallel
to bedding. However, clay platelets in the vicinity of min-
eral clasts strongly arrange around local grain boundaries by
microfolding, kinking and bending (Fig. 11b dotted line). As
observed in undeformed material, the clay matrix is hetero-
geneously compacted with high strain localization and the
occurrence of nanometer-sized clay particles at bottlenecks
between single non-clay mineral grains (Fig. 11e point 3).

Microstructures of water-saturated samples were simi-
lar to dry samples tested at similar conditions. However,
shear zone boundaries in p- and s-samples as well as folia-
tion within the shear zone are more pronounced at high
saturation.

4 Discussion

The sandy facies of Opalinus Clay displays brittle to semi-
brittle deformation characteristics (Evans and Kohlstedt
1995) at the applied experimental conditions of confining
pressure, temperature, strain rate and water saturation. The

samples were deformed by a combination of distributed
brittle (microfracturing, particle sliding) and crystal plastic
(bending, kinking) mechanisms. Stress—strain curves showed
non-linear strain hardening until peak stress, followed by
post-peak strain weakening turning into stable sliding at con-
stant stress. Strength strongly increased with applied con-
fining pressure. Measured strength and Young’s modulus
revealed minor temperature and strain rate sensitivity that is
expected if crystal plastic deformation and/or stress corro-
sion are not the dominant deformation mechanisms. Sample
strength was strongly affected by water content and the angle
between loading direction and bedding plane orientation at
all tested conditions, which is in good agreement with results
reported for the shaly facies of Opalinus Clay (e.g., Niiesch
1991; Naumann et al. 2007; Popp and Salzer 2007; Jaeggi
et al. 2014). Due to the strong heterogeneity of the sample
material, the pre-existing fabric of individual samples also
affected the deformation behavior. We observed increased
brittle behavior and strength for extreme low porous samples
(e.g., OT04B) and samples that are dominated by quartz-rich
sand layers cross-cutting the entire specimen (e.g., OT07). In
the following, we discuss the influence of loading conditions
with respect to bedding orientation, rock composition and
initial fabric conditions on the mechanical response.

4.1 Anisotropic Deformation Behavior

4.1.1 Deformation Mechanisms and Structural
Development at Microscale

The distribution of clay- and quartz-rich layers in sandy
facies OPA and the orientation of loading direction to bed-
ding control the partitioning between different deformation
processes accommodating sample deformation. These com-
prise cataclastic flow involving microcracking and particle
sliding of clastic grains, granular flow including frictional
sliding of clay and non-clay particles (Paterson and Wong
2005), and crystal plasticity resulting in bent and kinked
phyllosilicates presumably initiated by dislocation glide
(e.g., Kronenberg et al. 1990; Ibanez and Kronenberg 1993).
The micro-mechanisms control macroscopic deformation
behavior and formation of shear zones. Independent of the
deformation conditions and for all sample orientations, we
observed brittle deformation processes like inter- and intra-
granular cracking, grain comminution, particle sliding and
rotation at microscale, accommodating localized or distrib-
uted deformation by enhanced cataclastic or granular flow
respectively (e.g., OT06A).

Young’s moduli measured for samples loaded parallel to
bedding are high compared to other orientations (Fig. 5b).
This is likely due to a load-bearing framework formed by
axially oriented quartz-rich layers (Sone and Zoback 2013).
Various microcracks outside the shear zone (Fig. 11b)
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Fig. 10 Reflected light micrographs showing details of deformation
features in the sandy facies Opalinus Clay (cf. white frames in Fig. 9).
White and black half-arrows indicate the width of the developed

suggest progressive grain damage at the grain—grain contacts
of the clastic minerals, leading to failure of the p-samples
beyond the yield point. Brittleness values B of p-samples
are low. At failure, p-samples display strong strain weaken-
ing (Fig. 4a), associated with cataclastic flow, rotation and
comminution of clastic grain fragments and shear band for-
mation (Fig. 11a).

In contrast, s-samples show lower Young’s moduli com-
pared to p-samples and minor strain hardening. This may be
related to a preferred orientation of phyllosilicates, which are
aligned sub-perpendicular to the loading direction. Strain
accumulates in the more compliant clay matrix, resulting in
lower Young’s moduli than observed for p-samples. Axial
propagation of microcracks is blunted at low stresses by the
dense clay matrix. Finally, at elevated stresses, fracturing
of quartz, calcite and feldspar grains occurs. After failure,
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shear zones as well as the sense of shear. See text for details, indi-
cated by black and white arrows

granular flow with particle sliding of aligned clay aggregates
and clastic particles controls strain weakening.

Comparable mechanisms as observed in s-samples are
expected to act during the deformation of z-samples. For
samples in this orientation we found the lowest peak strength
(Fig. 5a). This may be explained by the high shear stress
resolved on the basal planes (001) of phyllosilicates. These
are mainly oriented at 45° to the loading direction, which
enables deformation processes like delamination, basal slip
and frictional sliding of phyllosilicates at lower stress than
presumably needed for the fracturing of clastic grains (e.g.,
Kronenberg et al. 1990; Mares and Kronenberg 1993). The
shear bands observed in z- and s-samples are in agreement
with the observed microstructures, revealing preferred local-
ization in clay-rich zones.

The deformation mechanisms observed in our samples
are in agreement with the mechanisms observed in other
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Fig. 11 Opalinus Clay of the sandy facies deformed at p.=50 MPa,
&€ =5%x10"s"" and T=100 °C parallel (a-b), perpendicular (¢) and
45° (d—e) to bedding direction. Shear and loading direction are indi-
cated in the black boxes at the bottom left of each picture. Shear zone
boundaries are indicated by dashed lines (a, ¢, d). Dotted lines repre-

Shear zone

~ =

sent shape-preferred orientation of clay particles around clastic grains
outside the shear zone (b) or the gradual fabric transition between
shear zone and wall rock (a, c¢). Further details labeled by numbers
can be found in the text (chapter 3.2.2)
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laboratory studies conducted on Opalinus Clay. For the shaly
facies, Niiesch (1991) concluded that strain localizes mainly
by cataclastic flow accompanied by shearing and kinking
of clay minerals, which is in agreement with the results
obtained by Amann et al. (2012), Kaufthold et al. (2016),
Desbois et al. (2018) and Orellana et al. (2018) for the shaly
and the sandy facies Opalinus Clay. This suggests that Opa-
linus Clay deforms by brittle cataclastic flow under ambient
and elevated pressure conditions (<400 MPa). However, in
deformed shaly facies samples, micro-fracturing was rarely
found to be intragranular and was dominant within shear
zones. Matrix deformation was induced by pore compac-
tion and granular flow. Microstructures inferred from experi-
ments suggesting microcracking, intracrystalline plasticity
of phyllosilicates and particle sliding are similar as observed
in naturally deformed Opalinus Clay (Laurich et al. 2014,
2017, 2018). However, naturally generated gouge also shows
evidence of pressure solution-precipitation and clay forma-
tion processes that are not captured under laboratory condi-
tions, likely because these processes are too slow at experi-
mental conditions (Laurich et al. 2014).

4.1.2 Damage Initiation, Failure and the Influence
of Confining Pressure

The observed increase of strength with increasing confin-
ing pressure (Fig. 4d) is typical for dilatant brittle defor-
mation. However, deformation of the sandy facies OPA is
marked by non-linear strain hardening, which indicates that
the initiation of damage and thus the accommodation of
non-reversible strain is initiated before the peak stress is

a 1 " 1 " 1 " 1 " 1 " 1
500 - / 5
=044 7 p_=0,31 o
400 ~ u, = 0,31© i
5 300 -
=
© 200 i
| /E W || Thisstudy < =Niiesch 1991
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H =This study » 0, Z This study|
| B O || Niiesch 1991 X o, = This study | [
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Fig. 12 Influence of confining pressure p, on axial peak strength and
axial stress at the deviation from linearity (o,) (a) of the sandy facies
of Opalinus Clay (this study) tested at 7=100 °C and € = 5x 10~ s~!
(solid symbols) in comparison to the axial peak strength of the
shaly facies obtained at T7=20 °C and £ = 1.3x 107 — 8.4x 107 57!
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reached (e.g., Popp and Salzer 2007; Amann et al. 2012).
We assume that the yield stress, determined at the onset of
non-linearity of stress—strain curves, is equal to the stress
at which damage initiates (e.g., Dresen and Evans 1993).
Within the range of 50 MPa<p.< 100 MPa the axial yield
stress o, of our experiments performed on dry rocks, reveals
an almost linear increase with increasing confining pressure
p. (Fig. 12a). We applied least square fitting to obtain the
best fit slope constant n that relates o, and confining pressure
p, to calculate the friction coefficients at yield u, for each
orientation with the expression u,=(n—1)/(2 \/Z) (Zoback
2007). Resulting values are between 0.16 and 0.26 (Table 8).
Furthermore, peak strengths of the same samples were fitted
to a linear Mohr—Coulomb failure criterion, expressed as
T=1,4 U0, Of 6, =0y g+ np,, where 7 is the shear stress, 7,
is the cohesion and o, is the normal stress (Fig. 12a). Using
the previously applied equation, we obtain the coefficient of

Table 8 Comparison between friction coefficient at yield stress u,
and coefficient of internal friction u at peak stress with extrapolated
unconfined compressive strength (o). ¢ and 6y, were determined
using a linear Mohr—Coulomb failure criterion

Sample orienta- Hy [-] ul-] oycs [MPa]
tion

P 0.26+0.14 0.44+0.1 102+34

z 0.16+0.11 0.31+0.13 106 +36

s 0.17+£0.04 0.31+0.06 121+16

p (0°), z (45°) and s (90°) represent the sample orientation between
the loading direction relative to the bedding plane

b 350 L 1 L 1 L 1 L 1
E B || This study 3
300 - A/ This study | |
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| <& =Niiesch 1991
© O .
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(Niiesch 1991) represented by open symbols. Shown friction coef-
ficients were estimated from axial peak stress (u) and yield stress
at onset of non-linearity (u,) of the sandy facies. (b) Correleation
between the peak strength o, and brittleness B (b) of both facies

determined at different confining pressures p, (c.f., a)
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internal friction u at bulk failure that differs from My which is
determined from the axial stress at damage initiation. Least
square regression yields y, ~ 0.44£0.10, u, ~ 0.31£0.13,
=~ 0.31+0.06 (Table 8) and friction angles (p=tan™! )
of ¢p:24°, ¢,=17° and ¢;=17° for p-, z- and s-samples,
respectively (Fig. 12a). The resulting angles between shear
zone and samples axis (0=45°-¢/2, Jaeger et al. 2007) are
between 33° and 36°, and in good agreement with measured
angles of 30-47° of sheared samples (Table 4).

Compared to the shaly facies of Opalinus Clay, samples
from the sandy facies in p- and s-orientation are significantly
stronger (Fig. 4d, Fig. 12a), as they contain more quartz and
other clastic minerals (e.g., Pearson et al. 2003). Niiesch
(1991) performed undrained triaxial deformation experi-
ments on the shaly facies of Opalinus clay at 7=20 °C, ¢ =
1.3x107-8.4x 107 s7! and p, < 400 MPa, using air-dried
samples with 1.8wt% water content. He estimated internal
friction coefficients of u, ~ 0.28 (parallel) and u, =~ 0.26 (per-
pendicular) to bedding that are lower than our estimates for
the sandy facies. Our observation that samples taken from
the sandy facies are stronger with higher elastic moduli
(Figs. 4, 12) is consistent with previous studies (cf., Popp
and Salzer 2007; Grisle and Plischke 2010, 2011; Amann
etal. 2011, 2012; Vobel et al. 2014; Siegesmund et al. 2014;
Wild and Amann 2018; Favero et al. 2018; Giger et al. 2018;
Zhang and Laurich 2019; Minardi et al. 2020).

As for other clay-rich rocks, previous and our observa-
tions indicate that strengths and elastic properties of Opa-
linus Clay samples depend significantly on mineralogical
composition, in particular on the respective content of clay
minerals, quartz, feldspar and carbonates (e.g., Lupini et al.
1981; Chiarelli et al. 2000; Ikari et al. 2007, 2009; Craw-
ford et al. 2008; Kaufhold et al. 2013; Kohli and Zoback
2013; Rybacki et al. 2015; Fang et al. 2017; Herrmann et al.
2018). In addition, the fraction of coarse-grained mineral
clasts (Niiesch 1991; Ferrari et al. 2020) and varying burial
depth and geological uplift (Ferrari et al. 2016; Favero et al.
2016; Crisci et al. 2019) were found to be important fac-
tors affecting strength. Compared to other clay-rich shales,
coefficients of internal friction for Opalinus Clay are in
the same range compared to published data on Posidonia
shale (1, = 0.16-0.39) and Upper Bowland Shale (u, =~ 0.39)
deformed at p, < 100 MPa (Rybacki et al. 2015; Herrmann
et al. 2018), Wilcox Shale (,up ~0.48, u,~ 0.3 and u ~ 0.38)
at p, <200 MPa (Ibanez and Kronenberg 1993), Tournemire
Shale (u, ~ 0.23, u, ~ 0.23 and p, ~ 0.27) at p, <80 MPa
(Bonnelye et al. 2017a) and Eagle Ford and Haynesville
Shale (u, ; ~ 0.3-0.5) deformed parallel and perpendicular
to the bedding orientation at p, <70 MPa (Sone and Zoback
2013).

Interestingly, friction values at yield (u,) are lower than
bulk coefficients of internal friction u (TaBle 8). The differ-
ence may be associated with different acting mechanisms

(e.g., microcracking or particle sliding) related to the fab-
ric of the sample (e.g., sample orientation, distribution of
quartz- and clay-rich layers). Comparing our results to the
friction coefficients of several phyllosilicates and simulated
gouges made of quartz—clay mixtures (Saffer and Marone
2003; Tembe et al. 2010; Behnsen et al. 2012), we find My
values close to the friction coefficients of pure clay min-
erals or the clay-rich end-member of gouge mixtures (u ~
0.1-0.3). On the other hand, the determined bulk friction
u corresponds better to friction coefficients of gouge mix-
tures with increased quartz content between 40 and 60wt%
(u =~ 0.3-0.6) (Tembe et al. 2010). Furthermore, friction
values at yield u, of the sandy facies samples are close to
bulk coefficients of internal friction for shaly facies OPA
(u=0.26-0.28) determined by Niiesch (1991). For the defor-
mation behavior of the sandy facies samples, this may sug-
gest different prevailing deformation mechanisms acting at
o, and o,,,. Damage initiation might be more influenced
by clay minerals and granular flow, whereas bulk failure is
more affected by microfracturing of clastic minerals (e.g.,
quartz, calcite).

Extrapolated unconfined compressive strengths (oycg)
of tested p- and s-samples (Table 8) are more than twice
as high as reported previously (e.g., Jaeggi et al. 2014).
This may be explained by the transition from dilatancy to
increased sample compaction at elevated pressures, suggest-
ing a non-linear relationship between shear strength and con-
fining pressures as reported for shaly Opalinus Clay (e.g.,
Naumann et al. 2007; Amann et al. 2012; Wild and Amann
2018), Tournemire Shale (Niandou et al. 1997; Masri et al.
2014), Meuse-Haute/Marne Claystone (Hu et al. 2014) and
Wilcox Shale (Ibanez and Kronenberg 1993).

Based on the definition of the used brittleness index, B
values of the sandy as well as the shaly facies OPA (deter-
mined from the data obtained by Niiesch 1991) vary sub-
stantially with applied p.. Therefore, B reveals a negative
correlation with peak strength (Fig. 12b) illustrating the
increased hardening behavior with increasing confining
pressure (Fig. 4f). However, irrespective of the clay content,
Young’s moduli of Opalinus Clay show no clear correlation
with increasing confining stress (Fig. 4e), peak strength or
brittleness (Table4).

4.2 Effect of Temperature and Strain Rate
on Deformation Behavior

4.2.1 Temperature

Temperature variations up to 7=200 °C show little effect
on the mechanical behavior of dry Opalinus Clay samples
(Fig. 6). The peak strength of p-samples remains unaffected
by temperature changes, whereas z- and s-samples reveal
minor weakening with increasing temperatures up to 150 °C
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(Fig. 6d). The latter is in agreement with the temperature
sensitivity of s-samples obtained from the shaly facies,
as observed by Niiesch (1991) at p, =100 MPa (Fig. 6d).
The weakening may be a consequence of the low residual
water content (about 0.4wt%) remaining in the used dried
samples. Because of the very low permeability of clay-rich
rocks at undrained test conditions, increasing temperatures
may lead to elevated pore pressure and, thus, to a reduction
of the effective mean stress (e.g., Monfared et al. 2011b;
Mohajerani et al. 2012; Menaceur et al. 2016). In addition,
thermally driven pressurization may facilitate interparti-
cle motion of clay particles due to water adsorption (e.g.,
Ibanez and Kronenberg 1993), resulting in a reduction of
the inherent cohesion and friction resistance of the material
(e.g., Sammis et al. 2011; Zhang 2017). The latter effect is
expected to be minor for p-samples with strong layers con-
taining clastic minerals, which may explain the negligible
influence of temperature on strength.

Interestingly, strength increases slightly for z- and s-sam-
ples at 7=200 °C. This may be caused by mobilization and
removal of interlayer clay bound water, which can lead to
mechanical strengthening by the reduction of interlayer
spacing between individual clay particles and the collapse
of nanopores. Therefore, frictional resistance between clay
particles, and stiffness and strength may all increase (Moore
and Lockner 2004; Reches and Lockner 2010; Sammis et al.
2011; Kubo and Katayama 2015; Zhang et al. 2017; Ras-
souli and Zoback 2018; Sharma et al. 2019). From X-ray
diffraction-, infrared spectroscopy and thermogravimetric
analyses, strengthening caused by inter- and intracrystalline
clay mineral dehydration may be expected at temperatures
T>150 °C (e.g., Mikhail and Guindy 1971; Bala et al. 2000;
Schleicher et al. 2015; Schnetzer et al. 2016). However,
X-ray diffraction patterns of samples tested at varying tem-
peratures remain similar.

Temperature sensitivity of strength and elastic properties
of samples were further related to an increased contribution
of viscoplastic processes (e.g., dislocation glide in phyllo-
silicates) and/or thermally enhanced subcritical crack growth
(stress corrosion) during deformation (e.g., Kranz et al.
1982; Atkinson 1984; Kronenberg et al. 1990; Ibanez and
Kronenberg 1993; Mares and Kronenberg 1993; Heap et al.
2009; Rybacki et al. 2015; Herrmann et al. 2018). However,
since enhanced dislocation activity of clastic and clay miner-
als was not resolved at TEM scale, we cannot verify this by
our microstructural analysis.

4.2.2 Strain Rate
The influence of strain rate on the peak strength, Young’s
modulus and brittleness of tested samples is weak and

depends on orientation between loading direction and bed-
ding (Fig. 7). Taking sample-to-sample reproducibility into
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account, peak strengths and Young’s modulus of p-samples
decrease slightly with decreasing strain rates (Table 6,
Fig. 7d, e). This is in line with measurements on the shaly
facies samples of Opalinus Clay from Niiesch (1991), also
showing a weak reduction of peak strengths for p-samples
(Fig. 7d). In contrast, for s-samples, strength and Young’s
modulus of sandy facies OPA appear to increase with
decreasing strain rate, whereas strength of the shaly facies
seems to be unaffected.

Macro- and microfabric analysis of deformed sandy facies
samples show that semi-brittle deformation involves a com-
bination of brittle (e.g., microfracturing, particle sliding)
and crystal plastic (e.g., dislocation glide of phyllosilicates)
deformation mechanisms. At low strain rates, strength of
samples is expected to decrease due to the activation of rate-
dependent plastic deformation mechanisms (e.g., Ibanez and
Kronenberg 1993). This may indicate that potentially rate-
dependent micro-mechanisms (e.g., dislocation glide and
reorientation of minerals) are more important at low rates,
but cracking and cataclastic flow is important at high rates
(Chong et al. 1980; Chong and Boresi 1990; Bonnelye et al.
2017b). The decrease of strengths and Young’s moduli with
decreasing strain rate was also found for several other clay-
rich rocks. Assuming dislocation glide within clay minerals,
the relation between strain rate and strength was expressed
by € @ exp(a X o,,,,) (Chong et al. 1980; Chong and Boresi
1990; Ibanez and Kronenberg 1993; Kwon and Kronenberg
1994; Rybacki et al. 2015; Herrmann et al. 2018; Hou et al.
2019). For the empirical constant a, we obtain a,= 0.53 for
the sandy facies and a,=0.6 for the shaly facies measured by
Niiesch (1991). These values are comparable to the results
obtained by Ibanez and Kronenberg (1993) for Wilcox Shale
(a,=0.3, @,=0.5 and a;=0.36), Rybacki et al. (2015) for
Posidonia (Dotternhausen and Wickensen location) Shale
(a,=0.48 and 0.27) as well as for Posidonia (Harderode
location) and Bowland Shale (a;=0.16 and 0.57) (Her-
rmann et al. 2018). At high strain rates, energy dissipation
by plastic processes is limited, but an increasing number of
micro-cracks are expected to be activated (Chong and Boresi
1990; Hou et al. 2019). Cracking and dilatancy are expected
to contribute to work hardening until sample failure occurs.
In addition, the increase of strength at high strain rates might
be explained by a strain rate-dependent fracture toughness
as suggested for the deformation of shales (Bonnelye et al.
2017a, b; Mahanta et al. 2017).

Interestingly, z- and s-samples responded differently to
the variation of applied strain rate compared to p-samples
(Fig. 7). Possibly, this may be related to compositional
heterogeneity and sample-to-sample variation. For z- and
s-samples we observed that localization and sample frac-
ture patterns depend on the thickness of clay-rich layers.
With increasing initial thickness, stress—strain curves and
macrofabric of deformed samples reveal less localized
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behavior and increased strain partitioning in clay-rich lay-
ers. Furthermore, time-dependent reorientation of clay par-
ticles and shear-induced compaction of clay-rich layers may
also be responsible for the apparent rate-dependent strength
observed for s-samples. However, strain rate dependency of
the investigated samples is low and presumably overprinted
by sample inhomogeneity.

4.3 The Effect of Water

Water saturation of samples shows a strong effect on the
deformation behavior of sandy Opalinus Clay specimens.
Peak strengths of saturated samples are reduced for all tested
sample orientations (Figs. 8, 13). We found an inverse linear
relationship between water content (wt%) and peak strength.
The resulting weakening gradients due to increasing water
content were — 9 MPa/wt%, — 15 MPa/wt% and — 14 MPa/
wt% H,0 for p-, z- and s-samples, respectively. For com-
parison, the reduction is about — 19 MPa/wt% for s-sam-
ples of the shaly facies tested at 7=20 °C and p,=75 MPa
(Niiesch 1991), which is in good agreement with our results
(Fig. 13a). With increasing saturation, Young’s modulus of
p-samples decreased by about — 1 GPa/wt% H,O and by
-0.3 GPa/wt% H,0 for s-samples, whereas there was no sig-
nificant effect of water saturation on the Young’s modulus
of z-samples (Fig. 13b). A comparable weakening effect of
increasing water saturation on peak strength was also found
for Callovo-Oxfordian Clay — 6 MPa/wt% (Chiarelli et al.
2000), Tournemire Shale — 10 MPa/wt% (Valés et al. 2004),
Wilcox Shale — 45 MPa/wt% (Ibanez and Kronenberg 1993)
and Alum Shale — 16 MPa/wt% (Rybacki et al. 2015).

The decrease in strength and stiffness properties with
increasing water content is commonly attributed to the
increased thickness of adsorbed interlayer and interparticle
bonded water of clay minerals (e.g., Niiesch 1991; Ibanez
and Kronenberg 1993). As a result, the frictional movement
of individual clay particles is facilitated due to decreasing
solid—solid contacts (e.g., Sammis et al. 2011; Zhang 2017;
Zhang and Laurich 2019). Furthermore, excess pore pres-
sures may develop in saturated samples due to undrained
boundary conditions at elevated pressures and temperatures
as well as during differential loading, reducing the effective
mean stress and frictional strength (Ibanez and Kronenberg
1993; Islam and Skalle 2013). In contrast, decreasing satu-
ration can lead to an increase of capillary and osmotic suc-
tion inside the pores of clay aggregates, which increases
the shear resistance between individual grains resulting in
increased strength and elastic properties (e.g., Zhang et al.
2012; Wild et al. 2015; Minardi et al. 2016; Zhang 2017).

We observed stronger weakening for z- and s-samples
due to increased water saturation compared to p-samples
(Figs. 8, 13a). This may be explained by orientation-depend-
ent excess pore pressure, possibly related to anisotropic

a 200 . L . .
[
*
150 a o -
— [ |
e
<
£ 100 - ¢
£
b A
50 1 'm || This study o
A / TI‘TIS study H A ¢ 50MPa
¢ =This study
<& = Niiesch 1991 & 75MPa
0 T T T T g
0 2 4 6
Water Content [wt%)]
b 20 " 1 1 1 "
p. =50 MPa || This study
T=100°C Z This study| [
€=5x104s" = This study
154 = B
g
o 104 =
o A
¢
L 2
5 . -
0 . T : r .
0 2 4 6
Water Content [wt%]
c 1 1 1 n 1
p. = 50 MPa [| This study
T=100°C Z This study
0.8 £=5x10%s" =This study | [
0.6 - -
@ 1t
0.4 -
| A ‘I
0.2 -
0 T T y T g
0 2 4 6

Water Content [wt%)]

Fig. 13 Influence of water content on the peak strength o,,,. of the sandy
facies (this study), tested at p.=50 MPa, T=100 °C and £ = 5% 10%s7!
in comparison to the results of the shaly facies, tested at p,=75 MPa,
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bols (a). Correleation between water content as well as Young’s modulus
E (b) and brittleness B (c¢) of the sandy facies. Deformation conditions are
indicated
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permeability, and by the transversely isotropic elastic behav-
ior of Opalinus Clay. The generation of excess pore pres-
sure depends on the permeability of the deformed rock (Al-
Bazali et al. 2008). Since the permeability of OPA is lower
perpendicular to bedding than parallel to it (e.g., NAGRA
2002; Keller et al. 2013a; Keller and Holzer 2018), pore
pressure in parallel oriented samples may equilibrate faster
during deformation than for the other two sample orien-
tations. Furthermore, p- samples are stiffer and therefore
generate less pore pressure from compaction compared to
the more compliant z- and s-samples (e.g., [slam and Skalle
2013; Wild et al. 2015; Wild and Amann 2018). In addi-
tion, microstructures of deformed samples reveal substantial
microcracking in p-samples as opposed to z- and s-samples.
It is conceivable that dilatant microcracking increases the
pore volume and reduces the pore pressure during deforma-
tion (e.g., Brace and Martin 1968; Islam and Skalle 2013;
Wild and Amann 2018). The generation and dissipation of
pore pressure in undrained experiments is therefore strongly
controlled by dilatancy (Swan et al. 1989; Hou et al. 2014).
In consequence, the generated pore pressure in parallel sam-
ples would be lower and, therefore, the effective mean stress
higher, which would result in higher strength.

Testing p-samples with porous spacers revealed that at
drained conditions strength of the saturated sample was
reduced by about 36% compared to undrained conditions,
while dry samples were unaffected (Fig. 3a, Table 3).
Expecting reduced mean effective stress at undrained con-
ditions, the low strength of the saturated sample tested at
drained conditions is counterintuitive. Pore pressure gen-
eration in low permeable samples highly depends on the
applied strain rate and drainage condition, maybe explain-
ing the strong effect for saturated samples (e.g., Swan
et al. 1989; Al-Bazali et al. 2008; Monfared et al. 2011a;
Belmokhtar et al. 2018; Minardi et al. 2020). To check if
samples are drained at the applied strain rate, we estimated
the time required during a drained shear experiment to dis-
sipate 95% of the generated excess pore pressure until failure
(7)) using 7,;=1.667 X L*/c (Head and Epps 2014). Using I
a sample length of L=20 mm and estimated axial strain to
failure between 2 and 5%, the predicted strain rate is between
6x 108 and 1.2x 1077 s~!, which is more than one magni-
tude lower than the lowest strain rate applied in this study.
Hence, in our experiments, most likely heterogeneous excess
pore pressure was generated during deformation, which may
explain the low strength obtained for the saturated sample
tested with a porous spacer.

4.4 Influence of Rock Fabric and Composition
In addition to experimental boundary conditions, hetero-

geneity of the macro- and microfabric of the specimens
strongly affect the deformation behavior of Opalinus Clay
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of the sandy facies. Strength increases with increasing
amount of interconnected quartz-rich layers and/or seems
to increase with decreasing porosity (e.g., OT04B, OT16,
0T22), whereas samples with more clay-rich layers display
lower strength. Several studies show that sandy facies Opa-
linus Clay samples with higher quartz and carbonate (car-
bonate cement) content display higher stiffness and strength
properties (e.g., Grisle and Plischke 2010; Kauthold et al.
2013), and are less sensitive to volumetric expansion due
to increasing water content (Minardi et al. 2016). For shaly
facies OPA, Crisci et al. (2019) found a positive correla-
tion between clay mineral content and porosity, which both
contribute to increasing compressibility. Becker (2012)
observed a positive correlation between porosity and clay
mineral content as well as a negative correlation between
porosity and calcite content (Peters et al. 2011; Houben
et al. 2014; Philipp et al. 2017). Furthermore, a combina-
tion of microcracking and plasticity was observed in labora-
tory deformation experiments on Callovo-Oxfordian Clay.
It was shown that the material deformed more brittle with
increasing calcite content and more ductile with increas-
ing clay and/or water content (Chiarelli et al. 2000; Desbois
et al. 2017). In an effort to describe the relationship between
the influence of composition and rock fabric, Abou-Chakra
Guéry et al. (2008) linked observed microstructural defor-
mation mechanisms of individual compositional constituents
to reproduce laboratory experiments of Callovo-Oxfordian
Clay by applying a micromechanical elastoplastic damage
model with a simplified three-phase medium composed of
calcite and quartz distributed in a clay matrix.

In a simplified way, the combined influence of composi-
tion and bedding orientation on the mechanical behavior may
be described by effective medium theories (e.g., Mavko et al.
2009). As commonly assumed for shales (e.g., Sone and
Zoback 2013; Rybacki et al. 2015; Herrmann et al. 2018),
we separate the composition of OPA into weak (clay miner-
als, total organic carbon and porosity) and strong (quartz,
feldspar, carbonates, feldspar and pyrite) components and
respective compositional end-members. For elastic proper-
ties, we used the strong (E,,, =91 GPa) and weak (Eye,x
=3 GPa) end-member Young’s moduli determined by Her-
rmann et al. (2018). For the lower limit of the compressive
strength, we used the strength of Boom Clay that is extrap-
olated to p,=50 MPa, resulting in 6,,,, yeax = 35.5 MPa
(Bouazza et al. 1996) and the peak strength of Novaculite
Omax-strong = 099 MPa (Rybacki et al. 2015) for the respec-
tive strong end-member. Using the calculated strength
and elastic end-member values, we plotted the Voigt (iso-
strain), Reuss (iso-stress) and Voigt—Reuss—Hill (mean
value of Voigt and Reuss bound) average against the volu-
metric content of weak components (Fig. 14a, b). For the
sandy facies of OPA, we used the average composition of
our mineralogical analysis (Table 1) and the average peak
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Fig. 14 Peak strength o,,,, (a) and Young’s modulus E (b) of the

sandy facies, obtained at p.=50 MPa, strain rates of ¢ = 1x 1073 -
5% 107 57! and temperatures of T=25 — 200 °C, as well as of the
shaly facies measured by Niiesch (1991), tested at p,=50 MPa,
T=20 °C and ¢ = 8.4%x10> — 8.8x 107 s~!, as a function of the
volumetric fraction of weak components (clay minerals, total organic
carbon and porosity). Experimental data are compared to mechanical

strength and Young’s modulus determined at different strain
rates and temperatures, which only show a minor effect on
deformation behavior. For comparison, we included data
of the shaly facies determined by Niiesch (1991) at simi-
lar confining pressure and strain rate conditions but at tem-
peratures of 7=20 °C. Furthermore, experimental data of
Upper Bowland (BOW), Alum (ALM) and Posidona (POS)
Shale, measured by Rybacki et al. (2015) and Herrmann
etal. (2018) at p,=50 MPa, ¢ = 5x 10°s™" and T=100 °C
were included for comparison. To further extend the range of
material composition, mechanical data from the American,
organic-rich gas shales Barnett (BAR), Haynesville (HAY)
and Eagle Ford (EGF) obtained by Sone and Zoback (2013)
were included. Strength and Young’s modulus of these rocks
were measured at p, &~ 10-60 MPa, € = 107 s7! at room tem-
perature after conducting several creep steps at different con-
fining and differential pressures. We used the coefficients of
internal friction determined by Sone and Zoback (2013) (u,, ,
~ 0.3-0.8) to extrapolate strength values to pressure condi-
tions of p.=50 MPa. Due to the low strength anisotropy
of the tested shales, p- and s-samples were treated equally
by Sone and Zoback (2013), resulting in one extrapolated
strength value for both orientations. Used values of Young’s
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results of black shales (BOW, POS, ALM) measured by Rybacki et al.
(2015) and Herrmann et al. (2018) deformed at p,=50 MPa, ¢ =
5% 10 s™! and T=100 °C. Furthermore, mechanical data of Ameri-
can gas shales from Sone and Zoback (2013) are shown (BAR, HAY,
EGF). Note here that the compressive strength for the latter shales
was extrapolated to p.=50 MPa and the influence of confining pres-
sure on Young’s Modulus was neglected

moduli represent an average over the range of the applied
experimental conditions.

Young’s moduli and peak strengths of OPA from both
facies plot between the Voigt—Reuss—Hill and Reuss bounds
(Fig. 14). Elastic properties of z- and s-samples plot closer
to the lower Reuss bound, suggesting stresses are similar
between individual composite phases. This is in agreement
with the common assumption that elastic deformation of
z- and s-samples is governed by strain accumulation in com-
pliant layers of weak phases. In contrast, p-samples show
iso-strain of weak and rigid layers. The elastic anisotropy
of OPA is low compared to the calculated bounds. The
mechanical properties of the sandy facies samples show a
small influence of compositional variations relative to the
bounds. This is consistent with the previous results show-
ing increasing strength and Young’s moduli with increas-
ing content of strong phases once exceeding a threshold
of about 70vol% (Crawford et al. 2008; Kohli and Zoback
2013; Bourgh 2015; Hermann et al. 2018). The increase may
be explained by a compositional rock fabric transition in
which deformation of interconnected weak phases changes
to a structure in which deformation is supported by a load-
bearing framework of strong phase minerals such as quartz
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or feldspar. However, determined composition of the tested
sandy facies samples is still above the proposed threshold of
30vol% of weak phases.

Compared to samples from the shaly facies, the observed
anisotropies of strength and elastic moduli are lower for
samples of the sandy facies tested in our study. This might
be associated with the higher quartz content of the sandy
facies inhibiting the alignment of phyllosilicates during
diagenesis (e.g., Wenk et al. 2008; Klinkenberg et al. 2009;
Kaufhold et al. 2013; Siegesmund et al. 2014). Interestingly,
compressive strength of p- and s-samples of OPA and deeply
buried (> 1.5 km) shales plot close to the Voigt—Reuss—Hill
bound (Fig. 14a). On the other hand, these shales display a
higher elastic anisotropy in comparison to Opalinus Clay
with Young’s moduli of p-samples closer to the upper Voigt
(iso-strain) bound (Fig. 14b). For p- and s-samples, this sug-
gests that apart from the amount of weak components, the
rock fabric as well as the degree of diagenesis, cementation
and consolidation have a stronger influence on the elastic
anisotropy, failure mode and deformation behavior of shales
in comparison to compressive strength anisotropy (e.g., Gut-
ierrez et al. 1996; Bjorlykke and Hgek 1997; Corkum and
Martin 2007; Nygard et al. 2004; Loucks et al. 2012; Sone
and Zoback 2013; Desbois et al. 2018; Crisci et al. 2019).

5 Conclusions

Triaxial deformation experiments were performed on the
sandy facies of Opalinus Clay to investigate its anisotropic
mechanical behavior as a function of the applied confining
pressure, temperature, strain rate and water content as well
as the response to varying drainage condition and pre-con-
solidation. Within the range of tested conditions, the sandy
facies displays brittle to semi-brittle deformation behavior.
The compressive strength as well as the Young’s modulus
and brittleness depend on the loading direction with respect
to the bedding orientation. The highest strength values and
Young’s moduli are measured for parallel oriented samples.

The applied confining pressure as well as the degree of
water saturation was found to have the most important effect
on the deformation behavior. Both, the peak strength and
Young’s modulus decrease with increasing degree of satura-
tion, whereas only the peak strength increases with increas-
ing confining pressure. On the other hand, effects of pre-
consolidation, drainage condition, temperature and strain
rate are minor for samples with a reduced water content of
about 0.4wt%. Apart from the influence of the applied defor-
mation conditions on the mechanical behavior, the strong
heterogeneity of the sandy facies characterized by alternat-
ing bedding of clay-rich and quartz-rich sandy layers also
influences deformation. Samples with an increased amount
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of sand layers display higher peak strength and Young’s
modulus.

The deformation behavior of samples that are deformed
parallel to the bedding plane is characterized by a distinct
pre-failure strain hardening with an increased contribu-
tion of micro cracking. Samples deformed at an angle of
45° and 90° to the bedding plane display minor hardening.
Microstructures of deformed samples reveal evidence that
the sandy facies fails by dominantly brittle mechanisms
involving cataclastic and granular flow (microfractruring,
frictional particle sliding) at the tested conditions. However,
with increasing shear strain, grain size reduction and matrix
intrusion in fractured grains are leading to shear compac-
tion and resealing of the damaged zone. Friction coefficients
determined at yield stress are lower compared to internal
coefficients of friction obtained at peak strength.

In comparison to the shaly facies, the sandy facies of Opa-
linus Clay displays higher strength and Young’s modulus but
lower anisotropy likely caused by the increased amount of
strong phase minerals (e.g., quartz, carbonates). This obser-
vation is also in agreement with applied effective medium
theories. For 45° and 90° oriented samples, determined peak
strength and Young’s modulus of both facies plot close to the
iso-strain Reuss bound. Despite the lower amount of weak
mineral phases, this suggests that the deformation behavior
of the sandy facies is mainly influenced by the compliant
phyllosilicate-rich matrix in both sample orientations.
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