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Abstract

Unconsolidated, undrained triaxial deformation tests were performed on sandy facies Opalinus Clay at 50 MPa confining pres-
sure to characterize the effect of water and microfabric orientation on the deformation behavior, mechanical properties, and
P-wave velocity evolution. Dry and wet (~ 8 and > 95% initial water saturation, respectively) samples with 12.6 +0.4 vol%
porosity were deformed parallel and perpendicular to the bedding direction at a constant strain rate of 5x 107° s~!. Dry sam-
ples revealed semi-brittle behavior and exhibited strain localization at failure, while deformation was more ductile at saturated
conditions, promoting stable, slow faulting. Peak strength, Young’s modulus, and number of cumulative acoustic emissions
decreased significantly for wet samples compared to dry samples; the opposite was observed for Poisson’s ratio. P-wave veloc-
ity anisotropy was significantly altered by differential stress, primarily due to the interplay between pore and fracture closure
and stress-induced microcrack formation. For samples that were deformed perpendicular to bedding, we observed a reduction
and reversal of P-wave velocity anisotropy with increasing differential stress, whereas anisotropy of parallel samples increased.
The results suggest that water saturation reduces the pressure at the brittle-ductile transition and that the elastic properties and
anisotropy of sandy facies Opalinus Clay can be significantly altered in an anisotropic stress field, e.g., adjacent to fault zones
or tunnel excavations. Changes in elastic anisotropy are primarily controlled by the orientation between the pre-existing micro-
fabric and the maximum principal stress direction, stress magnitude, and the degree of water saturation.

Highlights

e The presence of water reduces compressive strength, stiffness and P-wave velocity anisotropy of sandy facies Opalinus
Clay, accompanied by increasing strain delocalization, promoting stable, slow faulting during triaxial deformation

e Triaxial deformation alters the elastic wave velocity anisotropy and symmetry of sandy facies Opalinus Clay, depending
on water content and on the orientation of bedding relative to loading direction

e Changes in elastic anisotropy are mainly controlled by the closure of pores and microcracks and the formation of stress-
induced fractures
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Abbreviations

A, Anisotropy coefficient

cy Stress at the onset of net dilation

c Stress at the onset of microcracking

D,,  Total axial shortening of the specimen

E Young’s modulus

L Sample length

D Confining pressure

Pr Pore pressure

a Effective stress coefficient

p Angle between wave propagation and sample axis
normal

€4y Axial strain

€rad Radial strain

Et Total axial strain

Evol Volumetric strain

0 Angle between wave propagation and bedding
normal

v Poisson’s ratio

0; Maximum principal stress

o4y  Differential stress

0,..c Peak (differential) strength
O,ean Effective mean stress
Omean  TOtal mean stress

o, Effective normal stress

o, Normal stress

1 Introduction

Clay-dominated sedimentary rocks, such as the Juras-
sic Opalinus Clay (OPA) formation, are considered to be
effective natural barriers for fluid migration due to their
low hydraulic conductivity and high self-sealing capacity
(Philipp et al. 2017; Zhang and Talandier 2022). There-
fore, these rock types play a fundamental role in many geo-
engineering applications, as they represent suitable cap-
rock seals of reservoir formations, e.g., for carbon dioxide
sequestration (Bossart et al. 2017; Zappone et al. 2021),
hydrocarbon extraction, or potential host rocks for the deep
geological storage of nuclear waste (NAGRA 2002).
However, the excavation of underground galleries or
the exploitation of deep reservoirs leads to effective stress
changes that can cause rock damage or failure and thus an
alteration of the mechanical and hydraulic properties of the
sealing units, affecting their barrier integrity (e.g., Ingram
and Urai 1999; Bossart et al. 2002; Lisjak et al. 2015). The
extent of sealing loss depends on the type of deformation/
failure mode induced by stress changes, i.e., essentially the
contribution of brittle, dilatant mechanisms (e.g., cataclasis)
leading to localized deformation and an increase in porosity
as a consequence of rock decompaction. In general, three
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types of deformation mechanisms are distinguished in rock
deformation: brittle, semi-brittle and plastic, whereby the
transition between failure modes for individual rocks is
significantly controlled by the acting confining pressure,
temperature, strain rate and water content (e.g., Evans et al.
1990). Understanding the processes that act during diffuse
(ductile) or localized (brittle) rock failure and how they
modify essential rock properties such as strength and elas-
ticity is a prerequisite for predicting long-term evolution of
geo-engineering systems at (sub-) critical stress conditions.

The in-situ behavior of OPA has been studied for more
than 20 years at the Mont Terri Underground Research
Laboratory (MT URL, Switzerland; Bossart et al. 2017),
as the formation is the envisaged host rock for the disposal
of nuclear waste in Switzerland (NAGRA 2002, 2022) and
is being considered as part of the site selection process in
Germany (Hoth et al. 2007; BGE 2022). Several sub-facies
types were identified at the MT URL, which can simpli-
fied be subdivided into a carbonate-rich sandy, sandy and
shaly lithofacies type (Thury and Bossart 1999; Pearson
et al. 2003; Hostettler et al. 2017; Lauper et al. 2018, 2021;
Kneuker and Furche 2021), whereas laboratory characteri-
zation of hydromechanical and microstructural properties
of OPA predominantly focused on the homogeneous, clay-
rich shaly facies (e.g., Amann et al. 2011; Wild et al. 2015;
Favero et al. 2018; Giger et al. 2018; Wild and Amann 2018;
Minardi et al. 2020; Winhausen et al. 2022, 2023). The
deformation behavior of clay-rich rocks is determined by
their mineralogical composition (e.g., Bourg 2015), diagen-
esis and burial history/consolidation state (Gutierrez et al.
1996; Nygéard et al. 2004; Crisci et al. 2019). In the case of
OPA, laboratory studies reveal that the quartz-rich sandy
facies displays a higher mechanical strength and stiffness in
comparison to the clay mineral-dominated shaly facies (e.g.,
Niiesch 1991; Schuster et al. 2021), whereby decreasing clay
mineral content favors brittle, dilatant deformation. As for
many other clay-rich sedimentary rocks (e.g., Vernik and
Liu 1997; Dewhurst and Siggins 2006; Sarout and Guéguen
2008; Delle Piane et al. 2011; Bonnelye et al. 2017; Zhang
et al. 2019), the microstructural fabric of OPA is character-
ized by a preferred textural orientation and alignment of clay
minerals as well as low-aspect ratio microcracks and pores
(e.g., Wenk et al. 2008; Houben et al. 2013, 2014), which
results in a pronounced anisotropy of mechanical strength,
hydraulic properties as well as static and dynamic elastic
stiffness (e.g., Popp and Salzer 2007; Sarout et al. 2014a,
b; Siegesmund et al. 2014; Wild and Amann 2018; Yurikov
et al. 2019; Schuster et al 2021; Wenning et al. 2021), thus
significantly affecting the deformation behavior.

Previous experimental studies have shown that the
deformation behavior of OPA and other shales and soils is
strongly influenced by water content and applied confin-
ing pressure, with brittle failure being favored at both, low
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confinement and/or water saturation, while decreasing water
saturation further increases strength and stiffness (Niiesch
1991; Cui and Delage 1996; Chiarelli et al. 2000; Vales et al.
2004; Zhang et al. 2012; Giger and Marschall 2014; Wild
et al. 2015; Zhang et al. 2019; Douma et al. 2019; Schuster
etal. 2021, 2023; Winhausen et al. 2022). At microscale, the
deformation behavior of OPA in the laboratory is character-
ized by a coexistence of brittle (microfracturing, particle
sliding) and crystal plastic (bending, kinking) mechanisms,
where the contribution of each mechanism was found to be
highly dependent on confining pressure, bedding orientation
and mineral composition (Niiesch 1991; Schuster et al. 2021,
2022; Winhausen et al. 2022, 2023). In agreement with the
bulk mechanical response derived from stress—strain curves,
the relative contribution of dilatant micro-cracking and rigid
grain rotation decreases with increasing confining pressure
(Schuster et al. 2021, 2023; Winhausen et al. 2022, 2023),
whereas bending of phyllosilicates as well as frictional
sliding become more important mechanisms, resulting in
increased ductility.

In general, the presence of water has a weakening effect
on the brittle strength of rocks, while its influence on the
deformation behavior is primarily driven by a combina-
tion of hydromechanical and physico-chemical effects that
depend on the rock type and its characteristics such as min-
eralogy as well as poroelastic and hydraulic properties (e.g.,
Van Eeckhout 1976; Baud et al. 2000; Paterson and Wong
2005; Jaeger et al. 2007; Scholz 2019).

Hydromechanical effects of water are related to an
increase of pore fluid pressure (p,), which lowers the bulk
strength of a rock due to a reduction of effective normal
stress (o,”) according to the effective stress law ¢, =0,—
apy, where a is the effective stress coefficient (e.g., Terzaghi
1936; Brace and Martin 1968; Paterson and Wong 2005;
Jaeger et al. 2007). During deformation under effectively
undrained conditions (e.g., due to an increase in mean
stress), compaction due to pore volume reduction can fur-
ther increase pore pressure, whereas brittle faulting, e.g.,
microcrack nucleation and propagation, can lead to dilation
and therefore a reduction in pore pressure (e.g., John et al.
1963; Brace and Martin 1968; Bernabé and Brace 1990;
Ibanez and Kronenberg 1993; Wild and Amann 2018). The
degree of dilation in a water-saturated rock depends on its
hydraulic diffusivity and the timescale of the applied defor-
mation. If dilation due to microcracking occurs at a faster
rate than pore fluids can diffuse into the newly created void
space (deformation above a critical strain rate; Brace and
Martin 1968), pore pressure will drop locally, stabilizing
further crack growth and failure due to increasing effective
normal stress, which results in higher strength, also known
as dilatancy hardening (e.g., Rice 1975; Duda and Renner
2012; Faulkner et al. 2018; Brantut 2021). Conversely, if
the applied strain rate allows equilibration of pore pressure,

deformation is locally drained, reducing the strengthening
effect by dilatant hardening.

Physico-chemical water weakening effects are related
to crack lubrication and a reduction of friction coefficient
(e.g., Van Eeckhout 1976; Lockner 1998) as well as time-
dependent subcritical crack growth phenomena (e.g., Atkin-
son 1984; Heap et al. 2009; Brantut et al. 2013), controlled
by the decrease of free surface energy (e.g., Rehbinder and
Lichtman 1957) and water-assisted stress corrosion (e.g.,
Scholz 1972; Anderson and Grew 1977; Kranz et al. 1982),
which is especially important for silicate-rich rocks. The
strengthening of clay-dominated rocks and soils resulting
from to the removal of interlayer and surface-adsorbed
water is frequently attributed to an increase in frictional,
osmotic and capillary suction forces, resulting in an addi-
tional compression between mineral grains, which in turn
enhances their shear resistance (Hawkins and McConnell
1992; Schmitt et al. 1994; Saffer and Marone 2003; Moore
and Lockner 2004; Vales et al. 2004; Ikari et al. 2007, 2009;
Ramos da Silva et al. 2008; Ghorbani et al. 2009; Mor-
row et al. 2017). On the other hand, desaturation of shales
causes shrinkage and the formation of desiccation microc-
racks (Pham et al. 2007; Soe et al. 2009; Houben et al. 2013;
Minardi et al. 2016).

In this study, we present a set of triaxial deformation
experiments performed on dry or water-saturated samples
of the sandy facies of OPA, combined with monitoring of
ultrasonic P-wave velocities along several ray paths as well
as of acoustic emission (AE) events with subsequent electron
microscopy of deformed samples. To this end, cylindrical
samples of the sandy facies were prepared parallel and per-
pendicular to bedding, and deformed at an elevated confin-
ing pressure of 50 MPa. At this pressure, the sandy facies of
OPA deforms in the semi-brittle regime (combination of brit-
tle and plastic mechanisms), whereas deformation becomes
increasingly ductile (non-localized) at high water saturation
(Schuster et al. 2021). P-wave velocities are sensitive to the
dynamic rock stiffness and can therefore resolve structural
elastic anisotropy, e.g., induced by a preferred fabric orienta-
tion of mineral phases, pre-existing fault zones or sedimentary
bedding planes, stress-induced formation/opening or closure
of oriented crack networks in a heterogeneous stress field on a
regional scale, or by application of a differential stress in the
laboratory (e.g., Crampin et al. 1984; Sayers and Kachanov
1995; Boness and Zoback 2006; Dewhurst and Siggins 2006;
Fortin et al. 2006; Delle Piane et al. 2011). Brittle inelastic
deformation, e.g., microcracking can radiate high-frequency
elastic waves (AE events) that can be used to describe spatio-
temporal evolution of damage and rupture of fractures during
the deformation of rock or rock-like materials like concrete
(e.g., Scholz 1968; Grosse et al. 1997; Lockner 1993). Accord-
ingly, there exists a plethora of studies using AE monitoring to
describe failure mechanisms of intact rocks from nucleation of
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individual cracks to coalescence and fracture formation as well
as of simulated faults by analyzing hypocenter location, source
mechanisms (i.e., tensile, shear, compaction), frequency and
magnitude distributions as well as amplitudes of recorded AE
events and their statistics (e.g., Zang et al. 1998; Fortin et al.
2006; Thompson et al. 2009; Amann et al. 2011; Carpinteri
et al. 2013, 2016; Goebel et al. 2012; Kwiatek et al. 2014).
The anisotropy of mechanical, seismic and hydraulic param-
eters must be considered for an improved prediction of the
hydro-mechanical response of the rock mass and induced dam-
age during and after gallery construction (e.g., Bossart et al.
2002; Winhausen et al. 2023), but also for in-situ geophysical
underground exploration techniques such as seismic tomog-
raphy, which can be used for the detection of heterogeneities
(e.g., rock composition) or pre-existing tectonic structures
(Nicollin et al. 2008; Schuster et al. 2017; Esefelder et al.
2021; Zappone et al. 2021; Wawerzinek et al. 2022; Williams
et al. 2022). To date only few studies have characterized the
physical processes and micromechanics that govern the ani-
sotropic deformation of OPA using ultrasonic monitoring or
BIB (broad ion beam) polishing for high resolution scanning
electron microscopy (SEM) imaging of deformation structures
(Popp and Salzer 2007; Sarout et al. 2014a, b; Siegesmund
et al. 2014; Lozovyi and Bauer 2019; Schuster et al. 2021,
2023; Winhausen et al. 2022, 2023). Measuring the evolu-
tion of P-wave velocities at different angles with respect to
the bedding allows to study changes in the dynamic elastic
anisotropy of OPA during deformation and how it is affected
by the presence of water. This, combined with AE monitoring,
may help to better characterize the deformation mechanisms
and microstructural changes during the deformation of OPA
and how they are influenced by the stress orientation relative
to pre-existing structural fabrics and the presence of water.
In the end, this understanding may aid in the development of
constitutive models that may be used to predict the anisotropic
rheological behavior and long-term integrity of the material.

2 Experimental Materials and Methods

2.1 Material Characterization and Sample
Preparation

The sandy facies of OPA is one of the three sub-facies types
that were identified at the MT URL (Thury and Bossart
1999; Pearson et al. 2003). In comparison to the more prom-
inent shaly facies of OPA, the fabric of the sandy facies
(Fig. S1) is heterogeneous and characterized by alternat-
ing dark-grey, clay mineral-dominated layers and light gray
lenses and layers of silt to sand-sized quartz and feldspar
grains (Lauper et al. 2018, 2021; Kneuker and Furche
2021). The sandy facies generally contains more quartz and
feldspar and less clay than the shaly facies (Pearson et al.
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2003; Schuster et al. 2023). Sand layers are characterized
by a grain-supported framework of quartz, carbonates and
feldspars with a barely compacted clay matrix, which is fill-
ing the interparticle space (Fig. S2a). Clay layers are domi-
nated by the clay-rich matrix with mineral grains showing a
smaller grain size compared to sand layers (Fig. S2b).

The sample material investigated in this study was pro-
vided by Swisstopo (Federal Office for Topography, Wabern,
Switzerland) and originates from two drill cores (BFI-1 and
BFI-2) from the MT URL. Drilling of 101 mm diameter
cores was performed perpendicular (BFI-2) and parallel
(BFI-1) to the local bedding orientation within the sandy
facies at dry conditions using compressed air flushing.
Tested samples belong to core sections drilled 8-8.35 m
(BFI-1) and 4-4.4 m (BFI-2) into the gallery wall. They
were stored in plastic liners after extraction and vacuum-
sealed in aluminum foil.

For triaxial testing, two cylindrical samples with a diam-
eter of 50 mm were drilled parallel (p-sample) and per-
pendicular (s-sample) to the bedding orientation (Fig. S1),
respectively, at dry conditions and then precision ground
to a final length of 100 mm. After preparation, one set of
“dry” p- and s-samples was carefully dried at 50 °C at a
relative humidity (RH) of about 22 + 5% until constant
weight was reached, revealing a residual water content of
~0.4 wt% compared to several sub-samples that were dried
at 110 °C for>48 h. A second set of “wet” p- and s-samples
was stored in a desiccator at room temperature exposed to a
relative humidity of 95 +5% that was achieved by employ-
ing a vapor equilibrium technique using a supersaturated
K,SO,-solution (e.g., Laloui et al. 2013). Bulk density of the
tested samples was determined from the ratio of weight to
volume, revealing a density of 2.36 +0.01 g/cm® on average
for dried and 2.51 +0.03 g/cm? for saturated samples. The
average sample porosity is 12.6+0.4 vol%, determined from
a He-pycnometer-derived (Micromeritics, AccuPyc 1340)
average grain density of 2.70+0.02 g/cm? for sandy facies
samples from the same drill core (BFI-1) (Schuster et al.
2021). Accordingly, the “wet” samples showed a degree of
saturation > 95% after the saturation procedure, whereas the
residual saturation of “dry” samples was estimated to be
~8%.

All samples were equipped with four pairs of biaxially
stacked rosette strain gauges (120 Q Tokyo Sokki TML-
FCB), each measuring vertical and radial strain, which were
glued on the sample surface (Fig. S3) before inserting the
samples into a neoprene jacket of 2 mm thickness to pre-
vent intrusion of the confining medium (oil). The jacket
was perforated with holes of 1 cm diameter allowing to
glue 14 piezoelectric P-wave transducers (1 MHz resonant
frequency) encapsulated into brass housings on the sample
surface. This set of transducers enables recording of acous-
tic emissions (AE) and ultrasonic P-wave velocities during
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Fig. 1 Schematic showing the
definition of coordinate system
(a, d), strain (b, e) as well as
the convention of ray path angle
(¢, f) for the case of transverse
isotropy used in this study.

0 defines the angle between

the ray path and the horizon-

tal (HSA) or vertical (VSA)
symmetry axis for samples
prepared parallel (p-sample) or
perpendicular (s-sample) to bed-
ding orientation. For p-samples,
ray path angle rotates either
axial (side view) or radial (top
view) to the cylinder axis. Solid
lines represent bedding planes,
dashed lines in ¢ and f represent

ray path between P-wave trans-
mitter and receiver

d

Ray Path *« .

triaxial deformation (Fig. S3a). The positioning accuracy of
the ultrasonic transducers (UT) on the sample surface was
estimated to be about 1 mm. An additional pair of P-wave
transducers was installed in the top and bottom steel plugs
of the piston assembly, allowing to record P-wave velocity
parallel to the sample axis. The applied sensor setup ensured
the recording of elastic P-wave velocities along different
ray paths oriented at an angle 0 between the normal to the
bedding plane (horizontal or vertical symmetry axis; c.f.,
Figs. 1a, d) and the ray path between UT sender and UT
receiver.

Side view

P-sample
b (o (o
O3 €22 O3 €22
— «— —> -

S-sample

2.2 Experimental Setup and Methods

Deformation experiments were performed at room tempera-
ture in a servo-hydraulic loading frame (Material Testing
Systems, MTS; Stanchits et al. 2011) equipped with a tri-
axial cell using oil as confining medium. Hydrostatic pres-
sure was increased to p.=50 MPa at a rate of 2 MPa/min and
subsequently maintained constant for 18 h. Triaxial deforma-
tion tests at constant confining pressure were performed at
unconsolidated undrained conditions using solid spacers at
both sample ends. Therefore, the influence of pore pressure
changes and effective stress on strength of saturated samples
is not specified (c.f., Schuster et al. 2022). Axial loading was
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applied at a constant displacement rate of 0.03 mm/min up to
a total axial shortening (D,,,) of the specimens between 4.7
and 6.3 mm, measured externally by a linear-variable dis-
placement transducer (LVDT) and corrected for system com-
pliance. Total axial strain (¢,,,=D,,/L X 100%) was deter-
mined from the initial sample length (L) and corrected axial
displacement of the specimen (D,,,). True strain rate during
triaxial deformation was estimated to be ~ 4.8 x 1070 57"
Differential stress (o4=0,~p.) was measured with an accu-
racy of about+0.05 MPa by an internal load cell. Sample
strain, recorded by four strain gauge pairs (Fig. S3a), follows
the notation shown in Figs. 1b, e. Volumetric matrix strain
was calculated by €,,=¢,,+ 2 X¢,,, from averaged axial and
radial strain gauge readings. Deformation and mechanical
data were recorded with a sampling rate of 2 Hz.

We calculated elastic parameters such as the Young’s
modulus (E) and Poisson’s ratio (v) from linear regressions
on total axial strain (¢, )—differential stress (o) and total
axial strain (e, )—radial strain (e,,,) curves (radial strain
gauge readings), respectively. Due to the distinct non-linear
strain hardening behavior (see chapter 3.1), linear regres-
sions were applied in the interval between 0 and 0.5% total
axial strain, regarded here as an “apparent” elastic modulus.
We obtained the apparent Young’s modulus E; from sam-
ples that were deformed perpendicular to bedding and E,
from parallel oriented samples. Using the presented sensor
setup (Fig. S3), we were able to determine three apparent
Poisson’s ratios, v;,=— &,,/ €;; from s-samples as well as
Vy3=— €33/ € and v,;=— €;,/ &,, from p-samples (Fig. 1).
Note that compressive stress and strain are denoted by a
positive sign.

During loading, P-wave velocity measurements were
performed from active ultrasonic transmission measure-
ments every 15 s, using seven sensor pairs attached on the
sample surface and one at the top and bottom of the sam-
ple. Each ultrasonic transducer pulsed with a 100 V ampli-
tude for 3 pus with a time span of 5 ms between each sensor.
Full waveform AE signals as well as ultrasonic velocity
signals were amplified by 40 dB with a 100 kHz high-pass
filter (Physical Acoustic Corporation) and recorded at a
sampling rate of 10 MHz with an amplitude resolution
of 16 bit using a 16-channel transient recording system
(DAXBox, Prokel). P-wave arrival times along selected ray
paths (crossing the sample’s symmetry axis) were picked
using the Akaike information criterion (AIC) and P-wave
velocities were calculated from the distance between each
sensor pair corrected for sample deformation determined
from strain measurements. Note that changes in diameter
were assumed to be homogeneous in the sample, neglect-
ing inhomogeneous sample barreling during differential
loading. For p-samples, five velocity traces were meas-
ured. Three traces (Fig. 1c) were measured either hori-
zontally around the sample (in a plane perpendicular to

@ Springer

the loading direction) at angles of §=90°,,,, 45° and 0°
(Fig. lc top view) or at angles of #=90°,,.,, 50.2° and
0° (Fig. 1c side view) relative to the normal of the bed-
ding and sample axis (propagation of wave is parallel to
bedding and sample axis). Another trace (0 =45°4 7 in
Fig. 1c side view) was measured at §=45° at an angle of
p=38.7° relative to the normal of the sample axis (sensor
pair I5/R13 and C11/W7 c.f., Fig. S3a). For s-samples we
estimated P-wave velocities at four different angles with
respect to bedding at angles of §=90°, 51.3°, 39.8° and
0° (Fig. 1f). Redundant wave traces from similar angles
were averaged. The absolute error of the P-wave veloc-
ity was estimated to be <5%, resulting mainly from the
uncertainty in the determination of the propagation dis-
tance between the ultrasonic sensors (%1 mm) and in travel
time picking (x0.1 ps). Noise from all determined veloci-
ties was reduced by applying a 10th-order median filter. In
this study, we explicitly report on group (ray) velocities,
which are equal to phase velocities in transverse isotropic
media when the wave propagation direction coincides with
the symmetry axis, thus at #=0° and 90° (e.g., Dellinger
and Vernik 1994; Johnston and Christensen 1995; Hornby
1998). Due to the size of the P-wave transducers (1 cm
diameter) relative to the wave propagation distance, the
remaining, off-axis velocity measurements are expected to
be group velocities (Dellinger and Vernik 1994; Dewhurst
and Siggins 2006). The difference between phase and
group velocity is expected to be less than the estimated
5% uncertainty for P-wave velocity measurements, so the
measured group velocities and ray angles can be assumed
to be reasonable approximation for phase velocity and
angle, respectively (c.f., Sarout et al. 2014a, b).

erp.’

2.3 Microstructural Imaging

Structural analysis of deformed samples was performed
using a micro X-ray computer tomography system (GE
Phoenix X-ray Nanotom 180 NF) operated at 140 kV and
100 pA with a 5-megapixel digital detector and a voxel size
resolution of 30 um. Furthermore, microstructural imag-
ing was done using a scanning electron microscope (FEI
Quanta 3D Dual Beam). To this end, rectangular sub-sam-
ples (11x8x3 mm?®) were cut from the undeformed mate-
rial and tested specimens followed by pre-polishing with
SiC grinding paper down to P4000 grit for subsequent BIB
polishing (JEOL IB-19520CCP). A layer of approximately
100 pm thickness was removed on an area of ~2.5 mm? after
a polishing time of 2 h at 8 kV, 200 pA and 6 h at 6 kV,
150 pA. BIB cross sections of tested specimens were pre-
pared parallel to loading direction. Microstructural obser-
vation on carbon-coated BIB cross sections was performed
at 20 kV acceleration voltage and 5 mm working distance.
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Semiquantitative geochemical analysis was conducted with
an attached EDAX energy-dispersive X-ray analyzer (EDX).

3 Results
3.1 Mechanical Deformation Behavior

Stress—strain curves of the tested samples reveal semi-brittle
flow and ductile deformation characteristics at the applied
conditions with distinct non-linear strain hardening behav-
ior before failure. Deformation and mechanical behavior are
strongly affected by loading orientation with respect to bed-
ding as well as by the saturation state (see also Table 1. of
the supporting material).

The p-sample deformed at dry conditions (Fig. 2a)
reaches a peak stress of o,,,, ~#152 MPa at a total axial strain
of =3.2%. At peak stress, failure occurred with a stress drop
of ~-25 MPa, beyond which an almost constant residual
stress is maintained. In comparison, the stress—strain curve
of the dried s-sample (Fig. 2c¢) is characterized by ductile
behavior with a peak differential stress of about 148 MPa at
a total axial strain of about 3.5%, followed by minor post-
peak weakening (< -6 MPa). Elastic anisotropy between
p- and s-sample orientation was found to be higher (E, /
E;=13.9 GPa/ 8.9 GPa =~ 1.56) compared to strength ani-
SOtropy (6,,4c 2/ Opax 1= 152 MPa / 148 MPa = 1.03).

Wet samples (Figs. 2b, d) deform more ductile compared
to dry samples. The p-sample shows only slight weakening
(— 5 MPa), while the s-sample shows no weakening at all.
In addition, peak strength and Young’s modulus are strongly
reduced due to the increased water content by about 34%
(6 ax =99 MPa) and 33% (E,=9.3 GPa) in p-orientation
and 46% (o,,,, ;=80 MPa) and 31% (E;=6.1 GPa) in s-ori-
entation, respectively. Elastic anisotropy remains relatively
constant (E, / E; = 1.51), whereas strength anisotropy
increased (6, 5/ 6,0 ; & 1.24) compared to dry conditions.

Averaged local axial strain is greatest in s-samples and
increases at almost the same rate as total axial strain before
peak stress is reached, suggesting homogeneous deforma-
tion (Fig. 2c, d). In contrast, averaged local axial strain of
p-samples increases at a significantly reduced rate after
reaching peak strength (Fig. 2a, b). In addition, axial strain
€,, s higher measured perpendicular (orange line Fig. 2a, b)
to the bedding plane than parallel to it (blue line Fig. 2a, b),
whereby local strains increasingly diverge with increasing
total axial deformation. These trends were also observed
for averaged radial deformation, showing larger expansion
across than within the bedding layer as well as a distinct
change of radial strain gradient after peak strength (Fig. 2a,
b). Both observations indicate opening of bedding planes in
p-samples and strain localization, which is more pronounced
for the dried sample than for the wet sample.

Similar to axial strain, s-samples show larger averaged
radial strain also after reaching peak stress (Fig. 2c, d).
Determination of the apparent Poisson’s ratio from total
axial and averaged local radial strain during quasi elastic
deformation yields similar values for dried p- (0.09-0.13)
and s-samples (0.11). The apparent Poisson’s ratio increases
significantly for wet samples (Fig. 2b, d), with the s-orienta-
tion showing an increase by a factor of >2 (0.28).

Elastic wave velocity evolution, cumulative AE as well
as averaged volumetric strain and differential stress are
shown in Fig. 3 as a function of total axial strain. Local
averaged volumetric strain of the dry p-sample (grey line
in Fig. 3a) shows the transition from compaction to dilation
(after maximum compaction) at total axial strain of ~1.7%.
Maximum dilation occurs before stress drop. Absolute volu-
metric compaction of the dried s-sample is larger (~1.1%)
than for the p-sample (~0.75%, grey lines in Figs. 3a, c). The
transition from compaction to dilation occurs at a total axial
strain of %2.4%, whereas the s-sample dilates mostly during
post-peak strain weakening. For the wet p-sample, dilation
is strongly suppressed and the transition from compaction
to dilation shifts to larger total axial strain (3%) close to the
peak strength (grey line in Fig. 3b). The saturated s-sample
displays significantly reduced compaction compared to
the dry sample (~— 70%), but strongly increased dilation
(Fig. 3d). Similar to the dried s-sample, the transition to
dilation is reached before peak strength.

3.2 Ultrasonic Velocities and Acoustic Emission
Activity

Similar to mechanical data, recorded P-wave velocities as
well as AE are strongly influenced by sample orientation
and water saturation. At hydrostatic conditions, all samples
show that the sandy facies can be described as a transversely
isotropic material (hexagonal symmetry; c.f., Fig. 1a, d), as
commonly assumed for OPA and other clay-rich sedimen-
tary rocks and shales (e.g., Thomsen 1986; Johnston and
Christensen 1995; Vernik and Liu 1997; Wang 2002; Sarout
et al. 2007; Sarout and Guéguen 2008; Sayers 2013; Sarout
et al. 2014a, b; Bonnelye et al. 2017; Lozovyi and Bauer
2019; Yurikov et al. 2019).

The initial P-wave velocities (Vpo) of the dried samples
at a confining pressure of 50 MPa range between ~3.0 and
3.8 km/s (Fig. 3), whereby P-wave velocity is highest parallel
to bedding (8=90°) and lowest perpendicular to it (=0°).
Comparing p- and s-samples, p-wave velocities measured
at the same angle @ show only moderate conformity, which
may be explained by the compositional heterogeneity of the
sandy facies of OPA.

The elastic wave velocities of the dried p-sample (Fig. 3a)
may be divided into two groups: velocities that were meas-
ured in a horizontal plane at different azimuths (6=0°, 45°
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Fig.2 Stress-total strain
curves of the sandy facies of
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direction) around the stress axis (6=50.2° and 90°,.,),
showing a different evolution during deformation. For the
horizontal group, P-wave velocities increase only slightly
(=~ <0.04 km/s) with increasing deformation up to a total
strain of ~1% where a velocity maximum is reached. Beyond
~1% strain, P-wave velocities decrease significantly (— 0.25
to — 0.46 km/s) until the end of deformation. For the sec-
ond velocity group (6=>50.2° and 90° ., ), P-wave velocities
also increase initially and reach a maximum followed by
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velocity maximum is reached increases with increasing 6
(&0 = 1% for 6=50.2°, ¢,,,~ 1.5% for 6=0° and ¢,,, = 2.2%
for 6=90° ;.1 ). The onset of AEs coincides with onset of
dilation, indicated by a non-linear increase of volumetric
strain and P-wave velocities, as microcracks form. After the
onset of volumetric dilation, AE rate increases non-linearly
and reaches a maximum rate during the stress drop, observed
ate,,, ~ 3.5%.
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Fig.3 Differential stress, averaged local volumetric strain (e,,),
cumulative acoustic emission (AE) and P-wave velocities as a func-
tion of total axial strain for dry and saturated samples in p- (a, b)
and s-orientation (¢, d), deformed at 50 MPa confining pressure. The
color scale of P-wave velocities indicates the inclination of the ray
path propagation relative to bedding from low (green) to large (red)

P-wave velocity evolution during deformation is consid-
erably different for the dry s-sample (Fig. 3c). The initial
increase of P-wave velocities with axial strain becomes
more pronounced with decreasing 6 angles and is larger
in comparison to similar ray paths in the dried p-sample.

angles. For p-samples, elastic wave velocities at an angle of 6=0°,
45° and 90°,,,, were measured perpendicular to the cylinder axis and
6=0°, 50.2° and 90° ,, in a vertical plane along the stress axis (see
schematic below). Note the reduced volumetric strain data for the sat-
urated s-sample (d) due to strain gauge failure

Hence, P-wave velocities increase with the propagation
direction relative to bedding from 6 =90° (~ +0.06 km/s)
to §=0° (= +0.41 km/s). The onset of dilatancy is
indicated by increasing AE activity and a decreasing
volumetric compaction rate. P-wave velocity measured
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perpendicular to bedding (8 =90°) reaches a maximum
at ~ 1% total axial deformation followed by a continuous
decrease until the end of deformation. The remaining ray
paths also show a P-wave velocity maximum followed by
decreasing velocities. The total axial strain at the velocity
maximum increases with decreasing 6 (with largest strain
at velocity maximum for #=0°). The absolute P-wave
velocity reduction is highest for 8=90° (~%— 0.6 km/s),
leading to a reversal of the initial P-wave anisotropy. Bed-
ding parallel P-wave velocity as shown in Fig. 3¢ was aver-
aged from 5 different sensor pairs (G1/V3, O2/B4, IS/W7,
A8/P6, H9/U10 and C11/R13, c.f., Fig. S3a), all showing
an almost identical velocity evolution during deformation
with a maximum standard deviation of 50 m/s. Cumulative
number of AE increases almost linearly with deformation
at a relative constant rate up to a total axial strain of ~3.3%
and increases significantly after the peak stress.

For wet samples (Fig. 3b, d), initial P-wave veloci-
ties (Vpo) increase for both orientations, ranging between
~3.45-3.95 km/s. However, the increase is higher at low 6
angles, which results in a reduction of the initial velocity ani-
sotropy of saturated samples (V), 5_gy#/V), g—g-=1.07-1.10) in
comparison to dried samples (V,, y_gy+/V), g_g- = 1.20-1.25).
During loading, wet samples also show an initial increase
of P-wave velocities along the different ray paths. Again, the
largest absolute velocity increase is found for 6=90°,, in
p-samples and for 8=0° in s-samples. However, the absolute
increase is much lower (~1.5-4.8%) compared to dry sam-
ples (1.1-13.1%). In addition, the total number of recorded
micro acoustic events reduces drastically at high saturation.

For the saturated p-sample (Fig. 3b), P-wave velocity
evolution during deformation can also be divided into two
groups, with relatively similar trends compared to the dry
sample. However, the absolute velocity reduction along
0=90°,,. 1s greater (~-0.38 km/s) for the wet sample,
whereas the reduction along the other ray paths is lower
compared to the dry sample, which agrees with observed
higher volumetric compaction. Due to the larger increase
of P-wave velocity measured at #=0° in comparison to the
other direction, we observe a reduction and even a reversal
of the initial anisotropy of the velocities measured in azi-
muthal direction (§=0°, 45° and 90° ., ), which was not
observed in the dry sample.

Although dilation and thus the opening of microcracks
perpendicular to bedding (¢,,,,;) is more pronounced than
parallel to bedding (g, ,3) for both p-samples (c.f., Fig. 2a,
b), the relative velocity reduction along =0° is comparable
to 0=90°,,,, (Fig. 3a, b). The latter observation suggests
that vertical microcracking is not exclusively parallel to the
bedding. Consequently, the elastic symmetry of p-samples is
altered during differential loading, so that the initial assump-
tion of a transversely isotropic medium is no longer valid for
this sample orientation.

perp
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The P-wave evolutions for saturated s-sample (Fig. 3d)
and dry sample are comparable, also showing a velocity
anisotropy reversal. As observed in the saturated p-sample,
P-wave maxima for the different ray paths are also reached at
lower total axial strains (< + 1.5%) than for the dry sample.

3.3 Deformation Structures

Deformed dry samples in p- and s-orientation (Figs. 4a,
c) show a major shear fracture along which the samples
disintegrated after removal from the jacket. A CT-scan of
the p-sample (Fig. 4a) shows a major shear plane crossing
the whole sample complemented by several sub-parallel
shear fractures distributed within the sample. Shear zones
are discrete with an average width of ~1 mm and oriented
oblique to the bedding planes at an inclination of ~30° to
the cylinder axis. The s-sample (Fig. 4c) also displays one
major shear zone (width ~1 mm), inclined at about 40° to
the loading direction, crossing the entire sample. In addi-
tion, some smaller shear fractures developed sub-parallel to
the major shear zone. In contrast to the p-sample, multiple
horizontal fractures developed parallel to the bedding plane
orientation, which are presumably artifacts created during
unloading. Furthermore, the sample exhibits slight bulging,
suggesting that the strain is more distributed compared to
the p-orientation.

No discrete, continuous shear fracture plane developed
in the saturated samples of both orientations. Instead, both
samples display slight (p-sample) to pronounced (s-sample)
barreling. The wet p-sample (Fig. 4b) shows the develop-
ment of conjugate shear fractures close to the sample sur-
face. In addition, several discontinuous shear fractures
inclined ~40° to the sample axis are present in the sample
interior. The saturated s-sample (Fig. 4d) shows the high-
est degree of barreling with well-developed conjugate shear
fractures.

BIB-cross sections of deformed samples were prepared
outside (Fig. 5) as well as inside (Fig. 6) of the macroscopi-
cally visible shear zones in different compositional layers
(grain or matrix supported). Deformation microstructures
reveal heterogeneous strain accumulation by a combina-
tion of brittle cataclasis and frictional granular flow (grain
rotation, microcracking, frictional sliding) as well as intrac-
rystalline plasticity of phyllosilicates (bending and kink-
ing). The contribution of each deformation mechanism
is determined by composition, water content, and sample
orientation.

P-samples show a high density of inter- and transgranu-
lar microcracks, oriented parallel to bedding plane orienta-
tion and several micrometers wide (Fig. 5a, c—arrow 1),
suggesting facilitated crack propagation due to the paral-
lel orientation of bedding and loading axis. Stress con-
centration at grain contacts of single non-phyllosilicate
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Fig.4 Post-deformation images
and CT-scans of dry and satu-
rated samples tested parallel (a, a
b) and perpendicular (c, d) to
bedding orientation. Note that
CT scans show central sections
of the entire sample due to the
limited imaging area of the
used puCT system (approximate
imaging area is indicated by the
red dotted lines). Initial sample
length and diameter of the
tested samples are 100 mm and
50 mm, respectively

minerals is demonstrated by intragranular impingement
cracks. Microcracking of phyllosilicates in the compacted
matrix is intergranular (Fig. Sa—arrow 2). Fracture den-
sity decreases significantly in highly cemented sand lay-
ers (Fig. 5c). The clay mineral matrix between grain-sup-
ported mineral clasts shows an almost intact pore structure
(Fig. 5c—arrow 2), indicating limited compaction in con-
trast to matrix-supported domains (Fig. 5e). Here, compac-
tion is accommodated by pore collapse and alignment of
clay minerals parallel to bedding and around larger mineral
clasts (Fig. S5e—arrow 1). Axial deformation is illustrated by
stretched framboidal pyrite as well as bent and kinked micas
(Fig. Sa—arrow 3 and Fig. 5e—arrow 2).

In s-samples we observe matrix compaction (Figs. 5b,
f) by interparticle sliding, bending and kinking and pore
collapse (Fig. Sb—arrow 3). Clay minerals are aligned with
their longest axis perpendicular to the loading direction and
parallel to bedding. Quartz, feldspar and calcite show few
intragranular microcracks, which opened sub-perpendicular
to the o;-direction at grains that are in contact with each
other (Fig. 5b, d). However, microcrack connectivity is lim-
ited in this direction as cracks in isolated grains appear to be
blunted by the surrounding clay matrix (Fig. Sb—arrow 1).
Stretched micas become locally fractured and boudinaged
(Fig. Sb—arrow 2, Fig. 5f—arrow 1), indicating horizontal

Saturated

extension. Similar to p-samples, compaction of clay matrix
is limited in grain-supported layers (Fig. Sd—arrow 2).

The deformation microstructures are qualitatively similar
for dry and saturated samples, suggesting similar deforma-
tion mechanisms. However, microcrack density is lower in
saturated compared to dried samples indicated optically
and in agreement with the reduced number of total acoustic
emission and smaller P-wave velocity reduction (especially
for the saturated s-sample). We observe several undulating,
pum-thick shear bands that develop sub-parallel to bedding as
alignment of clay minerals and neighboring particles primar-
ily in matrix-supported layers (Figs. Se, f). The layers are
bent, rotated and delaminated according to the local shear
direction (Fig. Se—arrow 1, Fig. Sf—arrow 2). In p-direc-
tion, shear bands often develop around grain boundaries of
stronger mineral clasts, whereas localized clay particle align-
ment in conjugate shear bands results in the development
of elongated lensoid microlithons in s-direction, indicatiing
bulk flattening (c.f., schematic sketch in Fig. 5f).

Our observations suggest that compaction of pore space
as well as interparticle sliding and bending of clay minerals
are the dominant deformation mechanisms in the clay-rich
layers, whereas microcracking predominates in sand-rich
layers.
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Fig.5 Backscattered electron
microscope images of deforma-
tion structures outside of devel-
oped shear zones in dry (a—d)
and wet (e, f) samples. Loading
direction with respect to bed-
ding orientation is indicated in
the black boxes at the bottom
left of each image. The sche-
matic sketch at the bottom left
of image f indicates the local
shear direction of undulating
shear bands that form microli-
thons in clay layers of the wet
s-sample. Details labeled by
numbers are described in the
text (c.f., Chapter 3.3)

Shear zones (Fig. 6) are characterized by microstruc-
tures indicative of enhanced shear localization. Locali-
zation and shearing are accommodated by bending and
rotation of mineral grains modifying the initial fabric ori-
entation. In addition, enhanced microcracking and grain
size reduction by comminution of non-phyllosilicate min-
erals resulted in an increased porosity. Shear zone bounda-
ries (dotted lines in Fig. 6), especially in s-samples, show a
transitional increase in shear strain intensity towards the
center. This is highlighted by the asymmetric opening of
cracked rigid minerals (Fig. 6b—arrow 2, 6¢c—arrow 2,
6f—arrow 3) as well as stretching, bending and delamina-
tion of phyllosilicates (arrow 1 in Fig. 6b, d, e, f). Defor-
mation and formation of ductile shear zones produced a
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sigmoidal foliation by progressive rotation of minerals
subparallel to the shear plane. Fabric rotation towards
the shear zone is up to 135° in p-samples. For s-samples
fabric rotation is only 40° with wider shear zones than
p-samples. Furthermore, shear zones are wider in the pres-
ence of water. Strain inside the shear zones is heterogene-
ously distributed and accommodated by a combination of
cataclastic flow, including comminution and rotation of
quartz, feldspar and calcite (Fig. 6a—arrow 1, 6b—arrow
3, 6c—arrow 1), as well as frictional granular sliding,
bending and kinking of phyllosilicates (Fig. 6d—arrow
2, 6e—arrow 2). The internal fabric of the shear zones is
characterized by an S-C foliation (e.g., Berthé et al. 1979;
Rutter et al. 1986; Volpe et al. 2022; see dash-dotted lines
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Fig.6 Backscattered electron
microscope images of devel-
oped shear zones in dry (a, b)
and wet (c—f) samples. Load-
ing direction with respect to
bedding orientation is indicated
in the black boxes at the bottom
left of each image. Shear zone
boundaries are indicated by
dashed lines. Dash-dotted lines
represent internal shear bands,
which form an S-C-like fabric
(shown in the bottom left of e
and f) within the shear zone.
Further details, also labeled by
numbers, are described in the
text (c.f., Chapter 3.3)

in Fig. 6 with local shear direction indicated by arrows and
schematic insets shown in Figs. 6e, f) along which trails of
comminuted rigid grains (arrow 1 in Fig. 6¢) and phyllosil-
icates (parallel to their longest axis) are aligned (Fig. 6b—
arrow 1, 6b—arrow 3, 6e—arrow 2, 6f—arrow 2). The
contribution of cataclastic flow decreases in matrix-sup-
ported layers, especially in water saturated samples, in
which rigid grains seldomly display microcracks (c.f.,
Fig. 6¢—d), whereas foliation intensity increases. Although
inspection of shear zone structures in dried samples was
limited due to sample separation, disintegration along the

shear zone suggests a higher degree of strain localization
associated with more intense cataclastic grain comminu-
tion compared to saturated samples. In saturated samples,
we find an increase of frictional sliding of phyllosilicates
at the expense of microcracking of non-clay minerals and
fracture propagation.

4 Discussion

The deformation behavior and mechanical properties
(peak strength, Young’s modulus and Poisson’s ratio)
of the sandy facies of Opalinus Clay are significantly
affected by the orientation of bedding planes relative to
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the maximum stress axis as well as the presence of water.
In general, p-samples display a higher apparent Young’s
modulus in comparison to s-samples, independent of water
content. Saturated samples display higher strength and
elastic anisotropy, highlighted by significantly increased
Poisson’s ratio, as well as increased ductility, while the
claystone samples become mechanically weaker and elas-
tically more compliant. We observe a significant increase
of initial P-wave velocities of saturated samples measured
under hydrostatic conditions prior to axial deformation in
both sample orientations, which is most pronounced for
6=0°. This results in reduced anisotropy compared to dry
samples. Water saturation and sample orientation have a
significant effect on P-wave velocities. This suggests that
the elastic anisotropy of the sandy facies of OPA highly
depends on the orientation of the microfabric (preferred
orientation of minerals, pores, and microcracks) relative
to the loading direction and magnitude.

In the following, we combine mechanical and acoustic
data with observed deformation structures to discuss the
influence of bedding orientation and water content on the
observed deformation behavior and elastic anisotropy evo-
lution of the sandy facies of OPA at the applied conditions.
Finally, we compare our results to previous experiments
and discuss factors that may control the stress-induced
elastic anisotropy of shales.

4.1 Deformation Behavior and the Effect of Sample
Orientation and Water

At the applied pressure conditions, sandy facies OPA
exhibits a combination of distributed and localized brittle
deformation such as microcracking, pore collapse, fric-
tional particle sliding and bending and kinking of phyl-
losilicates, leading to a complex transitional behavior
involving inelastic compaction and dilation. We observe
that the orientation of the pre-existing microfabric and the
presence of water play a significant role on fault propaga-
tion, failure stability and mechanical properties. Only the
dry p-sample showed a marked stress drop, whereas the
dry s-sample failed by stable, slow faulting. Water reduces
strength and further enhances slow faulting, resulting in
stable, increasingly delocalized failure. To character-
ize the underlying deformation processes, we combine
mechanical and acoustic data and show the evolution of
total mean stress o,,,,,=(c;+2 X p_.)/3 (neglecting pore
pressure of wet samples) with volumetric strain (Fig. 7 a,
b). In addition, we compile P-wave velocities measured
perpendicular (V, _ ,.) and parallel to (V, _ ¢-) to bed-
ding plane orientation and determine the relative velocity
change (SVP/VPO) (Fig. 7 ¢, d) and P-wave anisotropy coef-
ficient (A,) in Fig. 7 e, f:
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similar to Thomsen’s anisotropy parameter ¢ (Thomsen
1986; Dewhurst et al. 2011). We regard this expression as a
quantification of anisotropy without any reference to Thom-
sen’s parameters, since the latter presuppose transverse isot-
ropy (c.f., Dewhurst et al. 2011). We also determine A, in
the polar and azimuthal direction for deformed p-samples,
using Vy _ gpoparar a0 Vi — gpepery, (C.f., Fig. 3) as the bedding
parallel velocity, respectively (Delle Piane et al. 2011).

The mechanical behavior of all samples differs (Fig. 7a,
b), but in general their pre-failure behavior may be divided
into three different stages: first, a short quasi elastic phase,
followed by inelastic compaction up to a stress ¢; at which
dilatant microcracking is initiated, leading to cataclastic
flow; second, a transient episode of simultaneous compac-
tion and dilation and third, dilation at a critical stress c,
(Wong et al. 1992, 1997; Dresen and Evans 1993; Wong
and Baud 2012).

The phase of inelastic volumetric compaction is charac-
terized by an increase in P-wave velocities measured paral-
lel to the o;-direction in both p- (Vy _ gpepqe) and s-sample
(Vy = ¢o) orientation (Fig. 7c, d), while velocities measured
perpendicular to ¢, remain almost constant. This presumably
results from the closure of pore space, pre-existing fractures,
and compaction-induced increase of total grain contact area
and contact stiffening. Consequently, inelastic volumetric
compaction leads to a decrease in anisotropy (A,) of s-sam-
ples, but for p-samples to an anisotropy increase in polar
direction, while the azimuthal anisotropy remains almost
constant (Fig. 7e, f). The relative velocity increase and the
contribution of compaction before reaching c; is largest for
dry samples and in s-orientation, which is due to the prefer-
ential orientation of compliant pores and microcracks per-
pendicular to the loading direction, resulting in greater strain
accumulation and therefore in a lower Young’s modulus
compared to p-samples (Fig. 2). The lower velocity increase
of saturated samples during volumetric compaction is due
to the presence of water, which fills pores and pre-existing
microcracks. This causes reduced compaction of saturated,
bedding-parallel, low-aspect ratio pores and cracks in nor-
mal direction (e.g., Schoenberg and Helbig 1997; Sayers
2013) and enhances wave propagation speed, which results
in higher initial P-wave velocity compared to dry samples
(Fig. 3). Drying-induced dehydration leads to preferential
opening and formation of compliant, desiccation-induced,
bedding-parallel fractures (e.g., Peron et al. 2009; Wild
et al. 2015), which results in decreasing initial P-wave
velocity and increasing anisotropy (Fig. 7e, f). This rela-
tionship between P-wave velocity and water saturation has
also been observed experimentally for several other shales
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(e.g., Vernik and Liu 1997; Wang 2002; Vales et al 2004;
Sarout and Guéguen 2008; Sarout et al. 2014a, b; Douma
et al. 2019; Yurikov et al. 2019). However, the decrease of
dynamic stiffness of pores and cracks due to dehydration is
in contrast to the observed higher mechanical stiffness of dry
samples. This may be explained by an increase in interpar-
ticle shear resistance of clay aggregates due to dehydration-
induced capillary suction (Ferrari et al. 2014; Wild et al.
2015; Zhang 2017), leading to a shear stiffening of pores
and microcracks (Sayers 2013). A similar mechanism was
found experimentally by Yurikov et al. (2019) and Douma
et al. (2019), who measured an increase in the dynamic hori-
zontal shear modulus of the shaly facies of OPA and Whitby
Mudstone with decreasing water saturation.

——+ 0=0° Saturated

6=90° Saturated

—e—

—=— Anisotropy Coefficient Saturated

At the onset of cracking c;, P-wave velocities measured
perpendicular to the o ;-direction in p- (Vj_ ge, Vi — 9poperp.)
and s-sample (V, _ ¢9-) orientation start decreasing
(Fig. 7c, d). Microcracks form mostly parallel to the major
stress axis and open perpendicular to it (e.g., Sayers and
Kachanov 1995; Sayers 1999; Fortin et al. 2006; Stanchits
et al. 2006). This behavior is accompanied by the onset of
AE activity (Fig. 3). Beyond c;, increasing propagation
and opening of microcracks competes with simultaneous
progressive compaction. Both processes are accompanied
by an increase in P-wave velocity parallel to the loading
axis, whereas P-wave velocities measured perpendicular
to the loading axis decrease (Fig. 7c, d), further enhancing
stress-induced anisotropy for p- and s-sample orientations
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(Fig. 7e, f). This process is more pronounced at dry condi-
tions, resulting from the higher initial anisotropy and the
lower normal stiffness of pores and pre-existing cracks,
showing a larger anisotropy reduction (s-orientation) or
polar increase (p-orientation) in comparison to saturated
samples (c.f., Sarout and Guéguen 2008; Douma et al.
2019). Azimuthal anisotropy of the saturated p-sample
starts to decrease beyond c;, but remains constant during
the complete experiment for the dried sample. Approach-
ing c, the o;-parallel P-wave velocity increase slows
down, whereas for traces perpendicular to the sample
axis, p-wave velocities reach a maximum at c¢,. Total mean
stresses at the onset of microcracking and dilation for dry
samples are similar irrespective of sample orientation,
while c; and ¢, of water saturated samples are significantly
reduced (Fig. 7a, b).

We observe that the dry p-sample exhibits significantly
greater volumetric dilation between ¢, and peak stress com-
pared to the s-samples. Shear enhanced dilation in p- sample
orientation may also be related to the intense fabric rotation
(up to 135°) observed in the vicinity of the developed shear
zones (Fig. 6a, c, e; c.f., Winhausen et al. 2022). A gradual
fabric rotation between c,; and peak stress is also indicated
by the progressive reduction of V_ e . (Fig. 7¢), sug-
gesting asymmetric opening and rotation of microcracks
(Fig. 6a, c). Shear fracture coalescence results in extreme
strain localization (Fig. 2a) leading to failure within approxi-
mately 100 s.

The s-sample exhibits minor volumetric dilation between
¢, and peak stress, followed by continued bulk deformation
after failure, as indicated by local strain gauges (Fig. 2c).
Dilatancy occurs mainly during slow, stable faulting
between peak stress and residual stress over a period of
about 3000 s. Microstructural examination of this sample
also shows a transition zone close to the developed shear
zone, characterized by local fabric rotation (~40°) with
strain predominantly accommodated by granular flow and
frictional particle sliding of phyllosilicates. This transitional
zone is significantly wider compared to the p-sample, indi-
cating shear zone thickening due to outward migration of
strain gradients or shear zone margins. Both observations
are associated with strain hardening and more stable failure
behavior (e.g., Fossen and Cavalcante 2017).

Sandy facies Opalinus Clay became weaker in the pres-
ence of water. This may be caused by a combination of
effects: first, as experiments were undrained, application
of confining pressure likely produced excess pore pressure
in saturated samples, reducing the initial effective mean
stress before axial deformation. Pore pressure continues
to increase during triaxial deformation due to volumetric
compaction, further decreasing the effective mean stress
(e.g., John et al. 1963; Ibanez and Kronenberg 1993; Islam
and Skalle 2013; Wild and Amann 2018; Winhausen et al.
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2023). Pore pressure increase likely caused inelastic defor-
mation of wet samples at lower differential stresses (Fig. 2)
as well as reduced stresses at c;, ¢, and peak stress. Second,
if the deformation rate is not sufficiently slow to allow pore
pressure to equilibrate, a non-uniformly distributed effec-
tive stress may also reduce sample strength (e.g., Duda and
Renner 2012; Amann and Vogelhuber 2015; Giger et al.
2018; Schuster et al. 2021, 2022). Third, capillary suction
increases with decreasing water content, which leads to
shrinkage and higher interparticle shear resistance, resulting
in an increase of strength and stiffness (e.g., Wild et al. 2015;
Zhang 2017; Yurikov et al. 2019). Fourth, water enhances
the contribution of subcritical crack growth (Atkinson
1984) by adsorption effects at grain boundaries, reducing
free surface energy of quartz and calcite (e.g., Rehbinder
and Lichtman 1957; Parks 1984; Rgyne et al. 2011) and
water-assisted stress corrosion (e.g., Scholz 1972; Anderson
and Grew 1977; Atkinson and Meredith 1981; Kranz et al.
1982). The latter reduces the stress required for crack initia-
tion and may lead to yield stress and strength reduction of
rocks (e.g., Rutter 1972; Rutter and Mainprice 1978; Baud
et al. 2000; Heap et al. 2009; Nara et al. 2011; Brantut et al.
2013; Nicolas et al. 2016; Sari et al. 2022; Zega and Zhu
2023). Finally, the increased thickness of interlayer adsorbed
and interparticle bound water of clay minerals in saturated
samples reduces solid—solid grain contacts and facilitates
interparticle motion and frictional sliding of clay minerals
(e.g., Ikari et al. 2007, 2009; Zhang 2017).

Interestingly, we observe different volumetric deformation
behavior of the saturated samples in both orientations beyond
¢;. In p-orientation compaction dominates over dilation until
peak strength is reached. In contrast, compaction decreases in
s-orientation, resulting in pronounced dilation prior to peak
stress. Under effectively undrained conditions (constant pore
fluid mass), pore pressure changes are strongly controlled
by the pore volume, with volumetric compaction leading to
pore pressure generation and dilation (e.g. by microcracking)
leading to pore pressure dissipation (e.g., Brace and Martin
1968; Islam and Skalle 2013; Wild and Amann 2018). The
generation of pore pressure during axial deformation at con-
stant confinement is expressed by the Skempton AB coefficient
(Skempton 1954), giving the ratio between the change in pore
pressure and differential stress. Consequently, the magnitude
of the AB coefficient depends on the material’s stiffness and is
maximum at ¢;, where dilatant microcracking initiates, while
the generated pore pressure reaches a maximum at the onset
of dilation c, (e.g., Giger et al. 2018; Minardi et al. 2020).
Therefore, it can be assumed that at undrained conditions, pore
pressure generation due to clay matrix compaction is signifi-
cantly higher for the more compliant s-sample (AB>> 1/3)
in comparison to the p-sample (AB < 1/3), which is consistent
with previous experimental studies, investigating the aniso-
tropic hydro-mechanical behavior of OPA and other shales
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(e.g., Islam and Skalle 2013; Giger et al. 2018; Wild and
Amann 2018; Minardi et al. 2020; Winhausen et al. 2023).
Accordingly, effective mean stress (6,,,,, =(6;+2Xp)/3—
py) decreases at the beginning of differential loading in the
s-sample to a minimum o,,,,,” at ¢; (maximum AB). Instead,
shear-enhanced compaction dominates in the p-sample as the
O,ean INCTEASES CONtinuously with differential stress up to peak
strength (Cuss et al. 2003; Giger et al. 2018; Minardi et al.
2020; Winhausen et al. 2023).

Ductile behavior of wet samples is likely accommodated
by interparticle motion and frictional sliding of clay miner-
als. This is supported by the reduced number of recorded AE
and high density of anastomosing shear bands (Fig. Se, f), as
observed for Callovo-Oxfordian Clay (Chiarelli et al. 2000;
Zhang et al. 2012), Tournemire Shale (Vales et al. 2004)
and Whitby Mudstone (Douma et al. 2019). However, strain
hardening (predominantly in the s-sample), slow, stable
faulting and delocalized deformation of wet samples in both
orientations is presumably further enhanced by dilatancy
hardening (Rice 1975; Duda and Renner 2012; Faulkner
et al. 2018; Brantut 2021). Due to the low permeability and
low hydraulic diffusivity of OPA (Philipp et al. 2017), it can
be assumed that pore pressure at crack tips dropped signifi-
cantly during propagation, increasing the effective pressure
and thus stabilizing and/or inhibiting critical crack growth
and interaction (e.g., Cook 1999; Duda and Renner 2012;
Zega and Zhu 2023). A contribution of enhanced subcritical
crack growth may be indicated by the pronounced velocity
reduction of P-waves measured perpendicular to the stress
axis (Fig. 7c, d).

Similar as previously observed in soils and shales (e.g.,
Hatibu and Hettiaratchi 1993; Chiarelli et al. 2000; Vales
et al. 2004; Douma et al. 2019), our results demonstrate that
observed weakening effects due to water saturation shift the
brittle-ductile transition (Byerlee 1968) of Opalinus Clay to
lower pressure.

4.2 Factors Controlling Stress-Induced Elastic
Anisotropy Evolution of Shales

As discussed above, P-wave velocity and elastic anisot-
ropy of sandy facies’” OPA are sensitive to the degree of
water saturation and to differential stress, its magnitude
and direction relative to the bedding plane orientation
(Fig. 7e, f). To better illustrate and interpret the velocity
evolution of each sample during differential loading, we
plotted P-wave velocity and propagation direction rela-
tive to bedding and stress orientation in 3D-space (Fig. 8).
Assuming an ellipsoidal anisotropy of the three velocity
traces covered by our sensor setup, we fitted the measured
velocities in azimuthal and polar directions to an ellipse,
which allows to estimate velocities for additional propa-
gation angles that were not measured experimentally. In

agreement with previous experimental studies performed
on OPA of the shaly and sandy facies, as well as other dif-
ferent shale types (e.g., Dewhurst and Siggins 2006; Popp
and Salzer 2007; Sarout et al. 2007; Sarout and Guéguen
2008; Delle Piane et al. 2011; Dewhurst et al. 2011; Kuila
etal. 2011; Siegesmund et al. 2014; Bonnelye et al. 2017;
Li et al. 2018; Douma et al. 2019), we observe increas-
ing elastic wave anisotropy (Fig. 8a, b) in polar direction
along the stress axis when bedding-parallel deformation
is applied (perpendicular to the symmetry axis). Deforma-
tion parallel to the symmetry axis (normal to bedding) is
leading to a reduction of elastic wave anisotropy in polar
direction (Fig. 8 c, d). The increase of polar anisotropy
in p-samples (Fig. 8a, b) is due to dilatancy parallel to
bedding by opening of vertical microcracks perpendicular
to the o;-direction. Crack opening significantly reduces
P-wave propagation in radial direction but stress-parallel
velocity (0=90°,,,, ) largely remains unaffected. In con-
trast to the interpretation of preferred microcrack opening
along bedding, derived from radial strain measurements
(Fig. 2a, b), the rather homogeneous decrease of radially
measured P-wave velocities suggests microcrack opening
also at other azimuthal directions (Fig. 3a, b). Therefore,
differential loading of the sandy facies parallel to bedding
alters the elastic symmetry from initial transverse isotropy
presumably to an orthorhombic symmetry, as shown by the
divergence of bedding parallel P-wave velocities measured
at0=90°,,,, and 6=90°, (c.f., Delle Piane et al. 2011;
Mayr et al. 2016; Bonnelye et al. 2017; Olsen-Kettle et al.
2022). This process is even more pronounced under satu-
rated conditions, when the deformation is more ductile and
delocalized (Fig. 7e).

Apart from the effects of stress (hydrostatic and differ-
ential) and water saturation on P-wave propagation and
anisotropy in shales (c.f., Sayers 1999; Vales et al. 2004;
Delle Piane et al. 2011; Bonnelye et al. 2017; Douma et al.
2019), mineral composition, organic content, porosity (and
pore shape), burial history, maturity and diagenesis have
also been found to significantly influence mechanical behav-
ior and properties, as well as dynamic stiffness and elastic
anisotropy (e.g., Vernik and Nur 1992; Vernik and Liu 1997,
Vanorio et al. 2008; Sone and Zoback 2013a, b; Delle Piane
et al. 2015; Rybacki et al. 2015; Herrmann et al. 2018).

In the following, we compile the results of experimen-
tal studies that measured P-wave velocities of shales dur-
ing triaxial deformation parallel and perpendicular to the
bedding orientation, in an attempt to highlight and discuss
the aforementioned factors on the stress-dependent anisot-
ropy of shales with respect to loading direction relative to
microfabric orientation. Unfortunately, there are only a few
experimental studies that measured the elastic wave veloci-
ties of shales deformed under triaxial conditions. Further-
more, as it is the case in this study, most experiments were
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Fig.8 Evolution of group P-wave velocities of the sandy facies of
OPA propagating at different ray paths with respect to bedding ori-
entation during differential loading at 50 MPa confining pressure.

conducted without controlling and monitoring pore pressure
during loading. In these tests, effective stress state and the
degree of saturation of the samples remain unknown, which
complicates a direct comparison of elastic wave anisotropy
between the different shales. These experiments include
the results of OPA of the shaly and sandy facies (Popp and
Salzer 2007; Siegesmund et al. 2014), Tournemire Shale
(Bonnelye et al. 2017), Callovo-Oxfordian Clay (Sarout
and Guéguen 2008), Whitby Mudstone (Douma et al. 2019)
and Sichuan Basin Longmaxi Shale (Li et al. 2018). In all
studies, dry, rewetted or partially saturated samples were
deformed without quantification of pore pressure. On the
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other hand, the experimental studies of Dewhurst and Sig-
gins 2006 (Muderong Shale), Delle Piane et al. 2011 (North-
west Shelf Shale), Dewhurst et al. 2011 (Norwegian Sea
Shale), Kuila et al. 2011 (Officer Basin Shale) and Douma
et al. 2019 (100% saturated Whitby Mudstone) report elastic
wave velocities of fully saturated samples that quantify pore
pressure evolution during deformation.

The investigated shales mostly comprise the same mineral
constituents (determined by XRD analysis) composed of a
mixture of quartz (Q), feldspars (F), pyrite (P), carbonates
(Cb), clay and phyllosilicate minerals (Clay) and organic
matter (TOC). Each component was converted from weight
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Fig.9 Ternary diagram repre- 0
senting the mineral composition

of ten different shales (see also

Table 2 of the supporting mate- 20
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(Wt%) to volume percent (vol%) using the individual bulk
density of each mineral phase according to Rybacki et al.
(2015) and then renormalized accounting for porosity (see
also Table 2 of the supporting material). Subsequently, the
different compounds were grouped into three categories
based on their contrasting mechanical properties. Accord-
ingly, QFP refers to the strong phases comprising the volu-
metric sum of quartz, feldspars and pyrite, Cb are regarded
as intermediate strong and include the fraction of the vari-
ous carbonate phases (e.g., calcite, dolomite, siderite), and
Clay + TOC + Porosity refers to the weakest phases and com-
prise all clay minerals (including mica), total organic carbon
and porosity (c.f., Sone and Zoback 2013a, b; Rybacki et al.
2015; Herrmann et al. 2018).

Figure 9 shows the mineral composition of the
selected shales, all of which have relatively low carbon-
ate content (Cb <30 vol%) and are rich in weak phases
(Clay + TOC + Porosity > 40 vol%), except for the Longmaxi
shale from the Sichuan Basin, which is richest in strong min-
eral phases (QFP~60vol%). To compare the elastic anisot-
ropy evolution of the individual shales during differential
loading, we compiled P-wave velocities measured perpen-
dicular and parallel to the bedding plane orientation and
determined the P-wave anisotropy coefficient A, as defined
in Chapter 4.1. Since the compiled shales were deformed
at different confining pressures, in Fig. 10a, b we plot A,
as a function total mean stress, neglecting pore pressure of
wet, partially saturated or dried samples. In Fig. 10¢c, d A,
is given as a function of effective mean stress, assuming a
Biot—Willis coefficient of 1, based on the data of Dewhurst
and Siggins 2006 (Muderong Shale), Delle Piane et al. 2011
(Northwest Shelf Shale), Dewhurst et al. 2011 (Norwegian
Sea Shale), Kuila et al. 2011 (Officer Basin Shale) and
Douma et al. 2019 (100% saturated Whitby Mudstone).

In general, the evolution of P-wave anisotropy of the
different shales during differential loading with respect
to the orientation of the bedding planes is in good agree-
ment with the results of the sandy facies of OPA obtained
in this study. Thus, A, in polar direction increases during
differential loading of p-samples, whereas A, measured in
azimuthal direction remains constant or decreases slightly
(Fig. 10a, ¢). On the other hand, A, of s-samples decreases
with increasing mean (effective) stress during axial defor-
mation (Fig. 10b, d). The change in anisotropy coefficient
due to the application of differential stress, as discussed in
Chapter 4.1, can probably be explained by the opening of
fractures predominantly aligned with the bedding planes in
the case of p-samples and the compaction and closure of
bedding-parallel fractures and pores combined with the for-
mation of vertical stress-induced microcracks in s-samples.
However, we observe that the initial anisotropy coefficient as
well as its rate of change with increasing mean stress varies
significantly between the different shale types.

For all examined shales, initial anisotropy generally
decreases with increasing hydrostatic pressure due to poros-
ity reduction and fracture closure as well as with increasing
degree of water saturation. The absolute reduction in ani-
sotropy during differential loading appears to decrease with
increasing initial confining pressure and water saturation
(especially in s-samples). As reported in previous studies
(e.g., Vernik and Nur 1992; Vernik and Liu 1997; Sone and
Zoback 2013a, b), we observe a strong correlation between
the degree of anisotropy and mineral composition. The ani-
sotropy coefficient of the different shales increases with
increasing Clay + TOC + Porosity. This can be explained
by the intrinsic anisotropy of clay minerals and their ten-
dency, as well as of organic carbon, to align parallel to bed-
ding, which results in decreasing stiffness and increasing
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Fig. 10 Evolution of P-wave
anisotropy coefficient of differ-
ent shales as a function of total
(a, b) and effective (¢, d) mean
stress. Samples were deformed
parallel and perpendicular to
bedding plane i.e., microfabric
orientation at undrained condi-
tions either dry, wet (partially
saturated without pore pressure
quantification) or fully saturated
(sat.) with quantification of pore
pressure and effective stress
(marked with * in the legend).
All samples were deformed up
to failure either in single step
experiments or after performing
hydrostatic pressure cycles and
multistage triaxial tests at differ-
ent confining pressures (marked
with ‘ in the legend)
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Opalinus Clay Shaly Facies wet Popp and Salzer 2007
Whitby Mudstone 28% sat. Douma et al. 2019

Whitby Mudstone 58% sat. Douma et al. 2019

Whitby Mudstone 70% sat. Douma et al. 2019

Whitby Mudstone 100% sat. Douma et al. 2019*
Tournemire Shale wet Bonnelye et al. 2017
Callovo-Oxfordian Shale dry Sarout and Guéguen 2008’

Callovo-Oxfordian Shale wet Sarout and Guéguen 2008'

Muderong Shale sat. Dewhurst and Siggins 2006*'
Norwegian Sea Shale sat. Dewhurst et al. 2011*
Northwest Shelf Shale sat. Delle Piane et al. 2011*
Opalinus Clay Sandy Facies dry this study

Opalinus Clay Sandy Facies wet this study

Opalinus Clay Sandy Facies wet Siegesmund et al. 2014
Officer Basin Shale sat. Kuila et al. 2011*'

Sichuan Basin Longmaxi Shale wet Li et al. 2018

anisotropy. Accordingly, QFP-rich shales such as Longmaxi
and sandy facies OPA display lower initial anisotropy coef-
ficients in comparison to shaly facies OPA or Whitby Mud-
stone that display a higher content of Clay + TOC + Porosity.
This difference is likely due to the high quartz content of
Longmaxi shale and sandy facies OPA (>40wt%), which
inhibits an alignment of phyllosilicates during diagenesis
and reduces structural anisotropy (e.g., Wenk et al. 2008;
Klinkenberg et al. 2009; Kaufhold et al. 2013; Sayers
2013; Siegesmund et al. 2014). Interestingly, anisotropy
of organic-rich shales is further enhanced with increasing
maturity, which suggests that not only the total volumetric
proportion of clay or kerogen but also its thermal maturity,
spatial microstructural fabric and diagenetic history deter-
mines elastic anisotropy (Vernik and Liu 1997; Vanorio
et al. 2008; Sone and Zoback 2013a; Delle Piane et al. 2015).
In addition, among the Clay 4+ TOC + Porosity-rich shales,
we observe large differences in the initial anisotropy. For
example, the initial anisotropy coefficient of Norwegian
Sea Shale is significantly lower than that of Tournemire
or Muderong Shale at comparable mean stresses, although
all three rocks have similar contents of weak mineral
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components (Fig. 9). The difference in anisotropy may be
explained by the different contents of illite, smectite, chlorite
and kaolinite of each shale, suggesting that apart from the
total volumetric fraction of clay minerals, the dominant clay
mineral type additionally influences anisotropy. For exam-
ple, due to its lower intrinsic anisotropy (e.g., Sayers and den
Boer 2016), kaolinite-rich shales (Northwest Shelf Shale,
Norwegian Sea Shale) display lower elastic anisotropy than
illite—smectite-rich shales (Muderong Shale, Tournemire
Shale, Callovo-Oxfordian Clay, Whitby Mudstone). Addi-
tionally, the smaller grain size (clay and non-clay minerals)
of the latter shales enhances elastic anisotropy as well as a
stronger preferred orientation of elongated minerals (e.g.,
Hornby et al. 1998; Dewhurst and Siggins 2006; Delle Piane
et al. 2011; Kuila et al. 2011).

Anisotropy reversal, as observed in s-samples in this
study, was also reported by Siegesmund et al. 2014 (sandy
facies of OPA), Bonnelye et al. 2017 (Tournemire Shale),
and Li et al. 2018 (Longmaxi Shale) for samples that were
deformed perpendicular to bedding orientation. Whether
or not elastic anisotropy reversal occurs during differential
loading perpendicular to the bedding planes seems to depend
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on the initial confining pressure, mineral composition and
porosity. With increasing hydrostatic pressure, initial ani-
sotropy decreases due to porosity reduction. This effect is
enhanced when a differential stress is applied perpendicular
to bedding, as compliant porosity such as bedding-parallel
cracks pores easily accommodate deformation by closure,
resulting in an increase of bedding-perpendicular P-wave
velocity (V- po). The lower the initial anisotropy, the more
likely an anisotropy reversal will occur during deformation.
Formations with high initial anisotropy due to a high con-
tent of intrinsic anisotropic composites, i.e., clay minerals
such as illite, may not exhibit an elastic anisotropy reversal.
On the other hand, approaching sample failure, elastic ani-
sotropy reduction in s-samples is further enhanced by the
formation of microcracks that are generated sub-parallel to
the stress axis, leading to a reduction of bedding-parallel
P-wave velocity (Vy _ ¢¢-). The reduction in P-wave veloc-
ity due to microcrack generation clearly depends on sev-
eral factors, such as crack density and aperture, as well as
the preferred crack-opening orientation with respect to the
P-wave propagation direction (e.g., Lockner et al. 1977; Say-
ers and Kachanov 1995; Fortin et al. 2006; Barnhoorn et al.
2018). Consequently, stress-induced microcracks in QFP-
rich shales can be more easily detected at a given seismic
resolution due to the larger crack apertures and may also
have a different compliance than cracks in clay-rich shales
(e.g., Dewhurst and Siggins 2006; Dewhurst et al. 2011;
Kuila et al. 2011).

Comparing the absolute changes in bedding-parallel
and -perpendicular P-wave velocity of the different shales
deformed perpendicular to bedding, it becomes clear that
elastic anisotropy changes in QFP-rich shales (e.g., sandy
facies of OPA) is induced by a higher relative contribution
of microcracking (Vj _ ¢- reduction), whereas compaction
of compliant bedding-parallel crack-like pores is the more
dominant mechanism in clay-rich shales as the shaly facies
of OPA (c.f., this study; Popp and Salzer 2007; Siegesmund
et al. 2014). Similarly, the increase in elastic anisotropy
in polar direction of p-samples during axial deformation
(Fig. 10a) is larger in QFP-rich shales (Longmaxi Shale,
sandy facies of OPA) than in clay-rich shales (e.g., Tourne-
mire Shale), presumably due to larger fracture apertures.
Finally, the pattern of microfractures in p-samples and con-
sequently elastic anisotropy evolution during the application
of differential stress are affected by mineralogy, diagenesis,
intensity of the pre-existing microstructural fabric (lamina-
tion and preferential alignment of minerals) and confine-
ment. Due to a lower fracture toughness of the samples ori-
ented parallel to bedding, an increase of elastic anisotropy
of p-samples in polar direction is expected if the majority of
pre-existing and newly generated microcracks open within
the bedding planes of the shale in tensile mode as differential
stress increases (e.g., Sayers and Kachanov 1995; Dewhurst

et al. 2011). Accordingly, changes in elastic anisotropy
seem to increase when the shale samples fail brittle, i.e., at
low confining pressure and when dried before deformation,
whereas absolute anisotropy changes reduce with increasing
confinement or saturation, favoring shear failure as well as
delocalized, ductile deformation (c.f., sandy facies OPA and
Tournemire Shale in Fig. 10).

Our observations emphasize that elastic anisotropy of
shales depends on its compaction history, clay mineral
composition, failure mode as well as on the magnitude and
orientation of the stress regime relative to the microfabric/
bedding orientation and should be considered when esti-
mating velocity anisotropy for seismic interpretations. Fur-
thermore, it becomes evident that the elastic symmetry of
initially transversely isotropic shales may be significantly
altered in an anisotropic stress field, which is primarily con-
trolled by the interplay between stress-induced closure and
opening of microcracks and pores.

5 Conclusion

In this study, we report on undrained triaxial deforma-
tion tests combined with monitoring of ultrasonic P-wave
velocities and AE performed on p- and s-samples of the
sandy facies of OPA. The experiments were designed to
investigate the effect of water on the mechanical prop-
erties, dynamic elastic anisotropy and failure behavior
at a confining pressure of 50 MPa. Dry samples display
semi-brittle deformation behavior, whereas wet samples
exhibit increasingly delocalized (ductile) deformation and
stable faulting. The mechanical properties and deforma-
tion behavior of wet samples are significantly influenced
by anisotropic hydro-mechanical coupling. Compressive
strength, P-wave velocity, Young’s modulus and Poisson’s
ratio depend on bedding plane orientation as well as water
saturation. Peak strengths and Poisson’s ratios of dry p-
and s-samples are almost identical, whereas P-wave veloc-
ity and Young’s modulus are highest parallel to the bed-
ding plane and lowest perpendicular to it. Initial P-wave
velocity anisotropy, stress at the onset of microcracking,
peak strength and Young’s modulus are drastically reduced
for wet samples, whereas Poisson’s ratio increases. Apart
from poroelastic effects, delocalization, stable faulting and
weakening are likely to be induced by the presence of
water and facilitated by frictional sliding of phyllosilicates
and a combination of subcritical crack growth and dilatant
hardening.

By determination of P-wave velocities along different
propagation paths through the sample, we were able to
characterize changes in the P-wave velocity anisotropy
of the sandy facies during deformation. For wet and dry
s-samples, we observed a reduction and reversal of the
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initial anisotropy during loading. This is attributed to the
simultaneous compaction of bedding-parallel pores and
generation of microcracks, leading to a P-velocity increase
perpendicular to bedding and a velocity reduction parallel
to bedding. In contrast, transverse isotropy of p-samples
is eliminated during loading, while elastic anisotropy in
polar direction is increased due to favored opening of bed-
ding planes. Initial P-wave anisotropy is reduced for wet
samples in both orientations. P-wave velocities are more
sensitive to strain accumulation by dilatant microcracking
and compaction of porosity than to mineral reorientation
induced by shear zone formation. Our results demonstrate
that the elastic symmetry of sandy facies OPA can be sig-
nificantly altered in an anisotropic stress field, highlight-
ing the influence of the orientation of the pre-existing
microfabric relative to the maximum principal stress. This
implies that the elastic properties and anisotropy of rocks
in the vicinity of zones of high stress gradients (e.g., fault
zones or underground excavations) may vary considerably
compared to the undisturbed host rock and change as a
function of distance to them.
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