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Abstract

The investigation of the mechanical behaviour of swelling claystones and shales is challenging
because of their very low permeability and of their high sensitivity to changes in water content. The
former makes it difficult to carry out triaxial tests with controlled homogeneous water pore pressure
fields, the latter results in some possible effects of swelling when unsaturated extracted specimens
are re-saturated prior to being tested. This work presents some data from drained triaxial tests
performed on specimens of Opalinus Clay, designated as host rock for radioactive waste disposal in
Switzerland, extracted at shallow depth close to the city of Lausen. The data are compared to those
recently published from undrained triaxial tests on specimens from the same place, and also to two
sets of recent data independently obtained on Opalinus Clay specimens sourced from greater depth
at the Mt Terri Underground Research Laboratory. By comparing the data of our drained tests on
Lausen specimens to those from specific undrained tests in which swelling has been prevented,
quite a good comparability in shear strength is observed at confining effective stresses larger than
5 — 6 MPa. This is related to the small magnitude of the swelling occurring above this stress during
the specimen hydration in drained tests. The question of the possible linearity of the shear strength
criterion at low stress is also discussed with respect to both our data and other published ones. It is
suggested that undrained tests be also carried out at low confining stresses to investigate if some
perturbations due to hydration swelling occur in this area, that could result in a non-linear shape of
the criterion. The change in Young modulus and Poisson coefficient with stress are also discussed,
and the data on Opalinus Clay are compared to those of the Callovo-Oxfordian claystone from

France, evidencing interesting similarities in terms of shear strength properties and Young’s moduli.

Keywords: shales, mechanical properties, triaxial testing, radioactive waste
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1. Introduction

The investigation of the mechanical properties of low permeability claystones has been carried
out in the field of conventional oil and gas production, in link with borehole stability issues (e.g.
Steiger and Leung 1991; Schmitt et al. 1994; Aoki et al. 1995; Ewy et al. 2003, Sarout and Detournay
2011, Islam and Skalle 2013) and tunnelling issues (e.g. Einstein 2000; Bonini et al. 2009; Wild and
Amann 2018b). Further attention has been more recently paid to claystones and shales with respect
to the sequestration of CO; (Busch et al. 2008), the production of shale oil and gas (e.g. Ewy et al.
2003; Eseme et al. 2007; Villamor-Lora et al. 2016, Douma et al. 2020) and the deep geological
disposal of radioactive waste on clays and claystones, a field in which many investigations have been
recently carried out on two clay rocks designated as host rocks in Europe, the Opalinus Clay
(Switzerland) and the Callovo-Oxfordian claystone (France). Triaxial testing of clay rocks and shales
is challenging given their low permeability and their sensitivity to change in stress and water content

during core extraction, specimen trimming and re-saturation prior to testing.

In this paper, a series of drained tests were carried out on Opalinus Clay specimens extracted
at shallow depth close to the city of Lausen in Switzerland, and the data are compared to those of
undrained tests carried out by Giger et al. (2018) on specimens from the same location. Further
understanding of the mechanical properties of the Opalinus Clay is also gained by considering the

data of Favero et al. (2018) and Wild and Amman (2018) on deep specimens from the Mt Terri area.

2. Triaxial testing of clay rocks

Clay rocks have sometimes been tested by adopting standard rock mechanics testing methods, with little

consideration given to saturation and drainage issues, sometimes resulting in overestimating their

mechanical parameters due to both incomplete saturation or poor drainage during shearing (e.g. Chiu et

al. 1983, Menaceur et al. 2015). Another challenge is the difficulty of keeping homogeneous pore pressure

fields within the specimens during the tests, in particular during drained triaxial tests. An alternative,
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currently used in soil mechanics, is to run undrained tests with pore pressure measurements. Undrained
tests are faster to run and give access to what are called “undrained parameters” through a coupled
global hydromechanical response of the saturated specimen (solid + water). Some specimen material
parameters can be derived from the monitored pore pressure changes, whereas some others (plastic
volume changes, creep properties) are more difficult to obtain. Conversely, drained tests provide the

mechanical response of the rock skeleton, allowing for a direct determination of these parameters.

In undrained tests, it is mandatory to correct the pore pressure data from the effects of the
water volume contained in the porous disks and in the ducts connected to the specimen, as shown
in some pioneering contributions from soil mechanics (Wissa 1969 and Bishop 1972) and in
claystones (Chiu et al. 1983, Ghabezloo and Sulem 2010 and Sarout and Detournay 2011). These
effects are minimised by putting the pressure gauge in direct contact with the specimen (Ewy 2015,
2018), as recently done by Giger et al. (2018) to investigate the mechanical properties of the
Opalinus Clay with undrained triaxial tests run at a low axial strain rate of 2 x 10”7 s*. Undrained
tests on the Opalinus Clay have also been carried out by Sarout et al. (2014) and Wild and Amman

(2018a).

Drained and undrained shear tests require the saturation of specimens that may have been
affected by some loss of moisture due to the combined effects of coring, storage, specimen
preparation and mounting (Chiu et al. 1983, Monfared et al. 2011, Sarout et el. 2014, Ewy 2015,
Wild et al. 2017). This stage is particularly critical for swelling shales like the Opalinus Clay or the
Callovo-Oxfordian claystone from France, that are both sensitive to changes in water content (e.g.
Chiarelli et al. 2003, Valés et al. 2004, Zhang and Rothfuchs 2004, Pham et al. 2007, Zhang et al.
2012) and prone to swelling when put in contact with water (Mohajerani et al. 2011, Wan et al.
2013, Ferrari et al. 2014, Menaceur et al. 2016, Wild et al. 2017). There are various options to
minimize the effects of swelling. Monfared et al. (2011) proposed to set-up the specimen on dry

porous disks prior to re-saturating it under stress conditions close to in-situ, which resulted in a
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swelling of around 1 —1.5% (see also Menaceur et al. 2015, Wild et al. 2017, Belmokhtar et al. 2018).
Given that swelling has been observed to result in the developments of micro-cracks (Mohajerani
et al. 2011, Bornert et al. 2010, Wang et al. 2013, Wan et al. 2013, Menaceur et al. 2016b, Delage
and Tessier 2020), this saturation procedure may result in some damage, leading to a possible
under-estimation of the mechanical properties. An alternative is the re-saturation at (almost)
constant volume, as carried out by Favero et al. (2018) on a specimen of Opalinus Clay from the
shaly facies of Mt Terri, who observed that applying an isotropic effective confining stress of 3.5
MPa allowed to reduce swelling to 0.4 — 0.5%. Another approach to avoid specimen swelling was
developed by Ewy et al. (2018) and adopted in the undrained tests carried out by Giger et al. (2018)
on Opalinus Clay specimens. In this approach, they previously equilibrated their specimens at high
relative humidity (up to 98%) and high degree of saturation prior to put them in contact with a pore

pressure gauge to run the undrained tests.

Low enough strain rates are necessary to perform drained triaxial test on low permeability
specimens. As shown by Gibson and Henkel (1954), based on the solution of the one dimensional
consolidation of fine-grained soils (Terzaghi & Frohlich, 1936), the degree of pore pressure
dissipation is controlled by the non-dimensional parameter T = C, t/h? (in which C, is the
consolidation coefficient, t the time variable and h the drainage length). Gibson and Henkel (1954)
analytically showed that 99% pore pressure dissipation was achieved when T=1.67. Satisfactory
drainage is hence controlled by both the specimen permeability (contained in C,) and the boundary
conditions (defined by the drainage length h). This approach has been used for clay rocks by Chiu et
al. (1983), who found that a strain rate of 8 x 10”7 s! was appropriate to ensure satisfactory
dissipation of excess pore pressure on a triaxial specimen of Melbourne mudstone (C, =3 x 10
m/s?, specimen 28.5 mm in diameter and 57 mm in height) drained at bottom (h = 57 mm). In their
investigation of the strain rate effects on the mechanical characteristics of Kimmeridge Bay shale

(mean permeability of 8 x 102 m2 under 10 MPa), Swan et al. (1989) performed some poroelastic
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finite elements calculations of the excess pore pressure generated during triaxial testing. They
showed that, with a specimen of 50 mm height and 25 mm diameter with lateral drainage (drainage
length 12.5 mm), an axial strain rate of 8.3 x 10~ s was satisfactory. Wu et al (1997) investigated
the properties of the Pierre Il shale with specimens of the same size, and found that a rate of
3 x 108 s'! was satisfactory to ensure homogeneous pore pressure during undrained tests. Islam and
Skalle (2013) performed a series of triaxial tests with standard triaxial specimens (76 mm height and
38 m diameter) of Pierre | shale with strain rates of 1-2 x 1077 s™! for undrained tests and 2 x 1078
s7! for drained tests. Belmokhtar et al. (2018) ran some tests on standard triaxial specimens of the
Callovo-Oxfordian (COx) claystone (permeability 10-2° m?) with a reduced drainage length of 19 mm,

and showed, based on poroelastic calculations, that a rate of 6.6 x 108 s~ was satisfactory.

Undrained tests can be faster, but their strain rates should be slow enough to allow for pore
pressure homogeneity, particularly with respect to friction effects that may occur on both the top
and the bottom of the specimen in contact with the porous disks. This aspect has been investigated
among others by Blight (1963) and Nakase and Kamei (1986), who showed that too fast strain rates
tended to provide over-estimated values of undrained strength, and that strain rates smaller than
10 5’1 were satisfactory in standard triaxial samples of clays (38 mm diameter and 76 in height). In
their undrained tests on Opalinus Clay samples, Giger et al. (2018) also tested various strain rates,
showing that 2 x 107 s’ were satisfactory for the size of their samples (19 mm diameter and 38 mm

height), whereas some over-estimation was observed at larger rates (2 x 10° s and 2 x 10 s1).

In an attempt to reduce the variability in shear strength properties of the Opalinus Clay
observed in previous investigations, drained tests have been carried out on specimens from various
origins by various authors. More recently, Favero et al. (2018) tested specimens of 100 mm height
and 50 mm diameter at a strain rate of 3 x 10 s! with bottom drainage (h = 25mm); Wild and

Amann (2018a) tested specimens of 133 mm height and 67mm diameter with lateral drainage (h =
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33.5 mm) at a strain rate of 102 s%; Giger et al. (2018) tested specimens of 38 mm in height and 19

mm in diameter, with side drains (h =9.5 mm, C, = 3.4 x 10° m/s?) at a strain rate of 2 x 108 5’1,

In this paper, a series of drained triaxial tests on specimens of the same origin as those tested
by Giger et al. (2018) is carried out to complete the existing data base and to compare the drained
data with the undrained ones of Giger et al. (2018). The specimens were extracted from the Lausen
borehole, at a depth of around 33 m. Compared to the 250 — 300 m deep specimens from the Mt
Terri Underground Research Laboratory (URL) that are more often investigated (e.g. Naumann et al.
2007, Corkum and Martin 2007, Bock 2009, Bossart 2011, Favero et al. 2018, Wild and Amman
2018), the Lausen borehole was drilled at shallower depth to investigate the possible unloading
effects resulting from the long-term uplift of the Opalinus Clay layer. It was shown that unloading
and weathering only affected the layer down to a depth of around 28 m, whereas specimens at
slightly larger depth have not been significantly affected, with the same bulk wet density (2.47

Mg/m3) as specimens from deeper boreholes (Crisci et al. 2019, Giger et al. 2018).

3. Materials and methods

3.1. The Opalinus Clay

The Opalinus Clay is a low permeability (k = 1012 - 101 m/s) sedimentary clay rock deposited
in a marine environment about 180 million years ago (Middle Jurassic, Lower Aalenian). The shaly
facies of Opalinus clay at the Mont Terri Underground research laboratory is mainly composed of
clay minerals (50-80%), quartz (10-20%), carbonates (5-20%), and feldspar (0-5%) (Thury and
Bossart, 1999; Bossart, 2011; Klinkenberg et al., 2009). The clay fraction is made up of illite-smectite
mixed layers (5 — 15%), illite (15 — 25%), chlorite (5 — 15%) and kaolinite (20 — 30%) (Nagra, 2002,
Bossart, 2005, Mazurek et al. 2008, Klinkenberg et al., 2009). Due to compaction and long-term
diagenesis, the Opalinus clay presents apparent bedding planes and exhibits transverse isotropic

properties (Corkum and Martin 2007, Nadri et al. 2012, Sarout et al. 2014, Favero et al. 2018).
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The specimens tested in this work come from cores 5 and 7 that were extracted close to the
city of Lausen (Northern Switzerland) at shallow depths, between 30.4 and 31.4 m for core 5 and
between 36.4 and 37.2 m for core 7. At this depth, the pore pressure is estimated at 0.3 MPa and
the mean stress at 1.3 MPa, resulting in a 1 MPa mean effective stress (Giger, personal
communication). Cores were extracted perpendicular to bedding using a water-based drilling fluid
with a polymer additive. Core sections of 10 cm in diameter and 102 cm (core 5) and 80 cm (core 7)
in length were wrapped and sealed in aluminium foil and resin-impregnated into a plastic barrel

within approximately fifteen minutes after recovery, to preserve their water content.

3.2. Mineralogical, chemical and physical characterisation of the specimens

Figures 1 and 2 present some photos and X-Ray computed tomography (CT) scans that were
performed prior to sending the cores to the lab, 11 days after extraction from the ground to check
for integrity and internal variability of the cores. Imaging was performed with a Somatom Definition
AS 64 and tube voltage was 140 kV. All scans were performed using the automatic dose modulation
software (CARE Dose 4D), with collimation equal to 64>0.6 mm and a voxel size of 0.25 > 0.25 > 0.4
mm on the whole specimens. A virtual cross-section through the centre of the core was generated
from the 3D CT images (Figure 1b and 2b). This cross-section allowed the detection of cracks with a
crack spacing wider than voxel-size. These cracks were carefully avoided during the selection of the

subsample that was subsequently investigated.

In Figure 1, the CT scans of core 5 show 4 discontinuities (Figure 1b) that became quite
apparent after opening (Figure 1e). One can observe 3 additional discontinuities not detected by CT
scanning, resulting in a core truncated into 8 sections. Note that core 5 was opened 4 months after
core reception, with a water content w = 4.51% and a degree of saturation S,= 86%, compared to

w = 4.65% and S = 90.8% for core 7. Water contents were determined by putting some cuttings (1
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or 2 centimetres long, around 5 mm thick) obtained from specimen trimming in the oven at 105°C

during 48 h, as commonly done in claystones (ISRM 1979, Wild and Amman 2018).

The photo of core 7 after reception and opening (Figure 2a) shows two discontinuities parallel

to bedding plane, whereas only the bottom one was detected in the CT scan (b, red arrow).

The grey-value of a given CT image voxel represents the mean material density related to the
volume fractions of different minerals and pores filling the volume of that particular voxel. Denser
material appears brighter, voids are black. The local density is controlled by the respective volume

fractions of clay content, porosity and non-clay minerals.

The chemical and mineralogical composition of some tested specimens (HP3_1, HP3 4,
HP3_6, Timo3 and Timo4, see Table 4) from core 5 and 7, determined by the University of Bern, are
presented in Table 1, together with the determination of the average grain density measured by
using a helium pycnometer. The carbon (organic and inorganic), nitrogen and sulphur components
were determined by means of a CNS analyser, and the mineralogy by means of CNS and X-Ray
diffractometer. One observes some variability in the clay content that ranges between 46% (HP3_1,
core 7) and 59% (Timo 4, core 5), with an average calcite content around 10% and a quartz content
between 22 and 34%. The clay-mineral fraction of the Lausen specimens is then not far from that of
the shaly facies at Mt Terri (55 — 80%), with however a larger proportion of quartz (10 — 15% at Mt

Terri) and a comparable amount of calcite (8 — 20% carbonate at Mt Terri).

The data in Table 1 shows that specimens with more quartz have less clay-minerals, with
slightly higher average grain density (above 2.7 Mg/m?3 with quartz percentages above 30% in core
7), whereas the average grain density of specimens with quartz percentage smaller than 26% (core
5, but also specimen HP3_6 in core 7, that indeed exhibit some variability in this regard) is below
2.67 Mg/m3. Other minerals present in smaller proportion are dolomite/ankerite, siderite, albite, K-

Felspar and pyrite.
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The physical characteristics of the specimens measured just after opening cores 7 and 5 are
presented in Table 2. The initial total suction was determined by using the WP4C chilled mirror
hygrometer (Decagon). Core 7 was opened one week after receiving the cores, in November 2015,
whereas core 5 was opened four months later (March 2016). The smaller water content of core 5
(w =4.51%) compared to that of core 7 (w = 4,65%) results in having slightly larger suction (s = 21.2

and 19.7 MPa, respectively).

The porosity and degree of saturation were calculated from carefully measuring the sample
volume by using hydrostatic weighing of sample cuts in unflavoured oil (commercial French name
Kerdane). The degree of saturation and porosity values are known to be sensitive to the changes in
the average grain density ps, that in turn depends on the mineralogical composition. Various values
of ps have been adopted in the literature for the Opalinus Clay. Gens et al. (2007) used 2.7 Mg/m3
for samples at Mt Terri, whereas Bossart and Thury (2008) mentioned an average value of 2.74
Mg/m3, included between a minimum of 2.7 Mg/m3 and a maximum of 2.77 Mg/m?3. Ferrari et al.
(2016) adopted a value of 2.75 - 2.76 Mg/m3 for samples from Mt Terri and 2.71 - 2.73 Mg/m? for

deep samples (around 900 m) from a borehole in Schlattingen (eastern Switzerland).

The effects of changes in grain density ps on the value of the degree of saturation S, and
porosity ¢ are presented in Table 2. One can observe that the degree of saturation of specimens
from core 7 changes between 80.2% with ps equal to 2.75 Mg/m?3 and full saturation (101.9%) for ps
= 2.66 Mg/m3 (the S; value slightly larger than 100% could also indicate that 2.66 Mg/m?3 could
somehow under-estimate the ps value). Similarly, Sy values of the sample from core 5 range between
72.9 and 90.9%. Also, porosity ranges between 13.7% and 10.8% for core 7 and 14.5% and 11.7%
for core 5. Grain density of five of the used samples in this study was directly measured (He-
pycnometer) at the University of Berne, yielding values of 2.67 — 2.69 Mg/m? for core 5 and 2.67 —
2.72 Mg/m?3 for core 7. Based on these values, taking an average of 2.68 Mg/m?3 for core 5 and 2.70

Mg/m3 for core 7, the most plausible values for porosity are around 12 %. The resulting lower

10
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saturation for core 5 in comparison with core 7 is also in agreement with the slightly higher suction.
The obtained values of S, are also comparable to those obtained on the Callovo-Oxfordian claystone,
they correspond to satisfactory preservation conditions, with minimised evaporation during in-situ

coring, core storage and specimen trimming in the laboratory.

3.3. Specimen preparation and testing

Core sections of about 90 mm height and 100 mm diameter were cut from cores 5 or 7 by
using a diamond wire saw in dry conditions. Then, a diamond barrel was used to trim the specimens
to the desired 38 mm diameter. The height was subsequently reduced to 76 mm by using a diamond
wire saw and a specific cylindrical support aimed at obtaining two parallel ends. All specimens were
trimmed with the axis perpendicular to the bedding (like the so-called S specimens tested in Favero

et al. 2018 and Wild and Amann 2018a).

The drained triaxial tests were conducted in a triaxial cell with enhanced drainage, recently
developed by Belmokhtar et al. (2018) to optimise specimen saturation and drainage. In this system
(see Figure 3), drainage is made possible by using two non-woven geotextiles placed around the top
and the bottom thirds of a standard triaxial specimen (38 mm in diameter and 76 mm in height),
with no connection between them. The geotextiles are respectively connected to the upper and
lower porous stones. The system allows satisfactory resaturation of the specimen thanks to having
no connection between the upper and lower geotextiles, allowing to force water infiltration into the
specimen from the top, bottom and lateral side of the cylindrical specimen, with an optimised
drainage length close to 19 mm, the specimen radius (see Belmokhtar et al. 2018 for more details).
The geotextiles also allow satisfactory drainage of the saturated specimen. Poroelastic calculations
made by Belmokhtar et al. (2018) using the actual flow geometry have shown that an axial strain

rate of 6.6 x 10°® st was satisfactory to ensure full drainage during shearing for a permeability of 10-

20 mZ.
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In this system (see Figure 3a), high precision in local strain measurements was achieved by
ensuring direct contact, through the membrane, between the LVDT stems and the specimen, for
both radial and axial strain measurements. Water tightness is ensured by putting a neoprene glue
drop on the membrane around the stem. The direct contact between the LVDT and the specimen
significantly increased the precision of LVDT measurements that came close to 1 um, the LVDT

resolution (see Belmokhtar et al. 2017).

The saturation phase was monitored under stress conditions close to in-situ to minimize
possible swelling and damage. To do so, once placed on the cell pedestal, the specimens were
loaded, at their initial water content, up to the desired stress, by increasing the cell pressure at
constant rate (5 kPa/min), while keeping the ducts and geotextiles dry, so as to avoid any contact
with water. After applying vacuum through the ducts to the specimen, porous disks and geotextile,
de-aired water was infiltrated. The water used was either pure water (tests HP3-1 to 5 at low stress)
or a synthetic water prepared in the lab with the composition provided by Nagra from a chemistry

analysis of the Lausen borehole water and given in Table 3 (see Pearson et al. 2003).

To avoid any corrosion of the pressure volume controller (PVC) by the synthetic water, an
interface cell with a maximum admissible fluid pressure of 1.9 MPa was used. The cell was made up
of a transparent Plexiglas cylinder with a horizontal flexible neoprene membrane at the middle

height, separating the synthetic water from the distilled one coming from the PVC.

Saturation was performed while monitoring the change in radial and axial strains, and the end
of saturation was assessed once volume changes stabilised. This criterion was adopted by
Mohajerani et al. (2012) on a specimen of COx claystone tested in an isotropic compression cell with
a 10 mm drainage length. They observed that stabilisation of volume changes occurred after 4 days
with B = 0.85, a correct value for saturated COx claystone specimens. In this work, the attempts
made to measure the B values were not successful, with too small measured values included

between 0.3 and 0.9 (before correction). In all cases, smaller pressures were measured in the upper

12
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pressure gauge, because of the larger volume of water contained in the upper drainage system
(larger diameter of the ducts). It was suspected that these low B values were due to the too low
imposed back-pressure (1.9 MPa), not high enough to ensure complete dilution of air in the pore

water (Lowe and Johnson 1960, Wu et al. 1997, Wild et al. 2017).

The triaxial shear tests were carried out by using two devices, a high pressure triaxial cell
(called Timo cell) placed on a 25 tons standard triaxial press with controlled axial strain rate
(Wykeham-Farrance), and an autonomous triaxial cell called HP3 (see Hu et al. 2011) in which the
axial stress is applied by an hydraulic system driven by a pressure-volume controller (GDS brand),
allowing either axial stress or strain controlled testing. In this device (Geodesign brand), there is no
effect of the change in confining stress on the axial piston, thanks to an auto-compensating system.
In both triaxial devices, the confining stress was applied by means of PVCs. The Timo cell
accommodates an internal force gauge of 25 tons maximum, whereas the HP3 cell accommodates
an internal force gauge of 2.5 tons maximum, resulting in maximum shear stress of 22 MPa. Tests
with confining stress up to 5 MPa were carried out on the HP3 cell, whereas the Timo device was

used under larger confining stresses (5, 10 and 15 MPa).

Both cells were surrounded by electrical heating belts allowing temperature control, at 25°C
in all tests. In cell HP3, two LVDTs were used for axial strain measurement and three for radial strain
measurement. In the Timo cell, two LVDTs were used for axial strain measurement and four for

radial strain measurements.

4. Experimental results

The series of drained triaxial tests carried out is presented in Table 4, which shows the stress
conditions under which the saturation phase was carried out, the volume increase monitored from
the axial and radial displacements measured by the LVDTs during the saturation phase, the effective

stress under which the specimen was sheared and the nature of the water (either pure or synthetic
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water, i.e. a water prepared with the same saline composition as the Opalinus Clay pore water) used
to re-saturate the specimen. The tests at low values of confinement (1.3 MPa) and pore water
pressure (0.3 MPa) were aimed at mimicking the in-situ stress conditions at around 31 —37 min the

Lausen borehole.

The complete series consisted of 11 tests among which 3 failed, and only the 8 successful tests
are presented in the Table. 5 tests were conducted in cell HP3 (HP3-1, 2 and 4 from core 7 and HP3-
6 and 7 from core 5) at confining stresses between 1.3 and 6.9 MPa, corresponding to Terzaghi
effective stresses ¢’ of 1 MPa (3 tests), 1.5 MPa (1 test) and 5 MPa. 3 tests (Timol, 2 and 4) on
specimens from core 5 were conducted on the Timo triaxial device at confining stresses between
6.9 and 16.9 MPa corresponding to effective stresses of 5, 10 and 15 MPa with a pore water pressure

of 1.9 MPa.

4.1. Application of confining pressure

Figure 4 shows that specimen HP3-7 exhibited after 6 hours a volume decrease of 1.2% when
increasing the confining pressure at 1 MPa, at initial water content. One observes that the
volumetric strain follows a trend similar to that of the confining pressure. This would not occurin a
fully saturated specimen, because the dissipation of excess pore pressure, typical of Terzaghi’s
consolidation in soils, would result in having a delayed compression. Here, given that the specimen
from core 5 is initially not fully saturated, with an initial suction around 20 MPa and a degree of
saturation of 86% (see Table 2), the air contained in the specimen can be instantaneously expelled.
As a consequence, the increase in stress results in a simultaneous compression of the specimen,

with constant water content during compression.

4.2. Saturation phase

The saturation phase under the target confining pressure was monitored by recording the

changes in axial (&) and radial (&) strains with respect to time, together with the volume changes
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& (& = &+ 2 &) and the water exchanges monitored by the pore water pressure PVC. As an example,
Figure 5 shows the saturation phase under 1 MPa of test HP3-1. As in all tests, one observes that
the increase in axial strains is larger than in radial ones. Due to the low mean effective stress applied
(1 MPa), the volume increase is rather high and equal to 1.73%. In this case, the volumetric strain
stabilised rather rapidly, after three days. This test also presented good comparability between the
water exchange monitored by the PVC and the volume changes. This was not the case in all tests,
and monitored water exchanges were often larger than the volumetric strain, due to both the initial
partially saturated state of the samples, and, sometimes, to some micro-leaks. The Figure also
presents the data of test Timo4 under ¢’ = 5 MPa, with a maximum volume increase of 0.43%
reached after 15 days. A reasonable correspondence with the water exchange curve is also

observed.

The maximum volumetric strains reached at stabilization (Table 4) are presented in Figure 6
with respect to the effective stress applied. They are comparable for tests at 1 MPa effective stress
(between 1.13 and 1.74% with a mean value of 1.4%) and they regularly decrease with increased
effective stress, with values of 0.34% (Timo2) and 0.43% (Timo4) under 5 MPa and a small value of

0.07% under 15 MPa.

4.3. Shear tests

All drained shear tests were carried out at a controlled strain rate of 6.6 x 10 s* corresponding
to an axial displacement rate 0.3 um/min, slow enough to ensure good drainage of the specimen
with a 19 mm drainage length (Belmokhtar et al. 2018). Results are shown in Figure 7 in terms of
changes in shear stress (g = o1 - 03) with respect to axial strain (&1), radial strain (&) and volumetric
strain (&1 + 2&3). The larger axial strains measured from the external LVDT are also plotted. The
numbering from a to h is done with respect to the applied confining stress, in order to compare

more easily similar tests.
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Looking at Figure 7a and b, one can observe a good repeatability of tests HP3-1 and HP3-2
carried out under an in-situ Terzaghi effective stress ¢’ of 1 MPa (¢’ = o - uw, with o= 1.3 MPa,
uw = 0.3 MPa), with peak strengths at 8.6 MPa and 9.1 MPa, respectively. The peak strength at
5.4 MPa in test HP3-7 (Figure 7c) under in-situ effective stress is lower than that of HP3-1 and HP3-
2. Young’s moduli, measured in all tests from first loading at an axial strain of 0.1%, are more or less

comparable, with values between 820 MPa and 960 MPa (see Table 5).

Poisson ratios 113 calculated as &/ are taken from an average of the 3 (HP3) or 4 (Timo)
radial LVDT measurements at 0.1% in axial strain along first loading, with values between 0.08 (HP3-
4) and 0.28 (HP3-7) (see Figure 8). Two values at 1 MPa are comparable (0.1 — 0.13 for HP3-1 and
HP3-2, respectively) whereas the third one is larger (0.21). The smallest one (0.08) under 1.5 MPa is
somewhat low, the two values under 5 MPa (0.16 and 0.19) are in reasonable agreement. It seems
that there is an increasing trend with respect to stress with the largest value (0.28) obtained under

15 MPa.

The peak strength in test HP3-4 is equal to 12.5 MPa under 1.5 in-situ stress (o= 1.8 MPa,
uw = 0.3 MPa) with a Young’s modulus E1 = 1.18 GPa. A contracting-dilating behaviour is observed

from the changes in volumetric strain around 10 MPa.

Both tests HP3-6 and Timo4 were carried out under 5 MPa effective stress, but under
confining pressures of 6.9 MPa and 8.9 MPa and pore water pressures of 1.9 MPa and
3.9 MPa, respectively. Peak strengths are comparable (17.9 MPa and 18.4 MPa, respectively),
showing good repeatability in tests carried out in two different devices. Measured Young’s modulus
are equal to 2.15 GPa and 1.89 GPa in HP3-6 and Timod4, respectively. Test HP3-6 only exhibits a
contracting response up to failure, whereas a contracting-dilating behaviour is observed in test
Timo4 with transition observed at around 15 MPa shear stress. The test of Figure 7g under 10 MPa
effective stress (Timo1l) also exhibits a contracting-dilating response, with a peak stress value of

26.6 MPa and an estimated Young modulus E1 =3.97 GPa. Test Timo3, carried out under 15 MPa
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effective stress (Figure 7h) provides a peak stress of 31 MPa, a Young’s modulus of 5.77 GPa, with a

contracting response.

All Young’s moduli are plotted together in Figure 9 with respect to the effective confining
stress, showing a linear increase with effective stress, and a good comparability between tests
carried out at same confining stresses. Table 5 summarizes all the parameters obtained from the

drained shear tests.

The photos of the sheared specimens are presented in Figure 10. One observes that failure
occurred with an inclination of around 60° + 1° in most samples. Specimen HP3-1 was completely
broken along the failure plane because of uncontrolled displacement of the piston. Specimen HP3-
2 had the same kind of failure plane, but was also broken into two parts along a plane parallel to
the bedding plane, that could correspond to a pre-existing crack. This could explain why the
measured Young modulus (E; = 820 MPa) is the smallest one under 1 MPa mean effective stress.

Comparable inclined failure planes are observed in tests HP3-4 and Timol.

Figure 11 shows the peak stresses in a g-p’ plane (where p’ = p — uw is the Terzaghi mean
effective stress and g = o1 - 03). Discarding the weakest point of test HP3-7, the peak stresses can

be fitted by a non-linear curve, that will be further commented in the Discussion section.

5. Discussion

The series of drained triaxial tests presented in this work allows to complement the data base
on the mechanical properties of the Opalinus Clay from Lausen in close link with the data from the
undrained tests carried out by Giger et al. (2018). The data from drained tests by Favero et al. (2018)
and Wild and Amann (2018a) on deep specimens from the shaly facies from the Mt Terri URL
(Bossard and Thury 2008) were also considered. At this depth, the stress state is characterised by o1
=6—7 MPa, 02 =4 -5 MPa, and 03 = 2 — 3 MPa, with a pore water pressure between 1 and 2 MPa

(Martin and Lanyon 2003). The average mean effective stress is around 3 MPa, compared to the 1
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MPa value estimated at Lausen. On specimens with axis perpendicular to bedding (S-specimens),
the effective confining stresses applied by Favero et al. (2018) in their drained tests were equal to
2, 5 and 12 MPa, whereas the total confining stresses applied by Wild and Amann (2018) in their

undrained tests were 3.09, 4.09 and 6.09 MPa.

In swelling claystones, saturation prior to testing results in some increase in volume, even
when conducted under stress states close to in-situ (Monfared et al. 2011), or somewhat larger
(Mohajerani et al. 2011). Menaceur et al. (2015) and Belmokhtar et al. (2018) measured values
between 0.9 and 1% on COx specimens under a mean effective stress of 8 MPa. This feature was
further characterized in this work on Opalinus Clay with the data of Figure 6, that show that a
confining stress of 15 MPa reduces the volume increase down to 0.07%, with 0.43% under 5 MPa
(given the 1 pum accuracy of the LVDT measurements of axial strain €, and radial strain g, the

uncertainty in volume change &, = €2 + 2¢r —is 1.2 x 104).

This volume increase under hydration has been investigated in more detail through suction
controlled tests (with no stress applied) by Wan et al. (2013) and Menaceur et al. (2016b) on the
COx claystone, a clay rock comparable to the Opalinus Clay, and by Ferrari et al. (2014) on Opalinus
Clay samples from Mt Terri. In all cases, an almost constant volume was observed between the initial
suction of the specimens (between 10 and 20 MPa) and a suction of 9 MPa. This was related by
Menaceur et al. (2016b) to the stability, in this suction range, of the 2W hydration state of the COx
claystone. In other words, it has been demonstrated that the hydration of the COx claystone in this
suction range was characterised by the adsorption of two layers of water molecules along the
montmorillonite minerals, extending to swelling claystones earlier findings on the adsorption of
water along montmorillonite minerals (e.g. Mooney et al. 1952, Ferrage et al. 2005). At suction
below 9 MPa, Menaceur et al. (2016b) showed through mercury intrusion porosimetry tests that
the significant swelling observed was linked to the developments of cracks, that were also observed

in scanning electron microscope by Menaceur (2014) and Delage and Tessier (2020). The increase
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in volume due to hydration was also investigated at microstructure level by Bornert et al. (2010) by
means of Digital Image Correlation. They also observed that a significant part of hydration swelling

occurred through the developments of cracks in the clay matrix of the COx claystone.

The 15 MPa value under which quite a slight swelling is observed is high for the shallow
specimens of Opalinus Clay from Lausen, submitted to an estimated mean in-situ effective stress
close to 1 MPa (under which swelling between 1.13 and 1.73% was observed). Adopting from the
data of Table 2 an average mean density of 2.47 Mg/m? and a hydrostatic pore pressure, the 15 MPa
stress would roughly correspond to a depth of around 1000 m. There is no site-specific information
on the maximum burial depth of Opalinus Clay, but integration of various geological data on the
regional scale suggests that approximately 750 to 1050 m of sediments were eroded at the Miocene
/ Quaternary boundary (Mazurek et al. 2006). This suggests a maximum burial depth of also
approximately 1000 m which corresponds to the 15 MPa stress under which a slight volume increase
of 0.07% has been observed. The sensitivity in terms of specimen volume changes to the hydration
carried out in the laboratory under (much lower) in-situ stress suggests that the long-term geological
uplift and unloading of the Opalinus Clay layer didn’t significantly affect the mechanical
characteristics of the Opalinus Clay (Crisci et al. 2019, Giger et al. 2018). In other words, Opalinus
Clay didn’t swell significantly during the significant, but very long, unloading sequence from an
estimated 1000 m depth to around 30 m, as also confirmed by the value of the bulk wet density of
2.47 Mg/m3, comparable to that of specimens from greater depths (e.g. Bossart and Thury 2008).
This means that the diagenetic bonds resulting from the long term supported high stresses and
temperatures at great depth have been kept in such a way that the long-term uplift and unloading

didn’t result in any major hydration and swelling.

The approach adopted by Favero et al. (2018) consisted in increasing the confining stress
during hydration so as to neutralize swelling. They observed during their test P-2 on a specimen

from the shaly facies at Mt Terri submitted to re-saturation that an effective stress of 3.5 MPa was
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able to restrain swelling to 0.4%. This stress can be compared with the vertical stress applied in the
oedometer by Mohajerani et al. (2011) to neutralize swelling in a COx specimen, comprised between
1.75 MPa (specimen still swelling) and 3.5 MPa (start of compression). Mohajerani et al. (2011) also
noted that the stress necessary to neutralize swelling was not an intrinsic characteristic of the
claystone, but depended on the degree of saturation (and hence the suction) from which saturation
was carried out, the lower the degree of saturation, the higher the suction and, as a consequence,
the higher the stress to apply to neutralize swelling. Note also that, interestingly, the 0.4% swelling
observed by Favero et al. (2018) under 3.5 MPa is in the same order of magnitude as that given by
Figure 6 (0.43% swelling under 5 MPa). Favero et al. (2018)’s approach seems to be valid when the
subsequent confining stresses applied during the testing programme are equal or larger than that
applied to neutralize swelling, like for their tests under 5 and 12 MPa, whereas some swelling might
occur when saturating under smaller confining stresses (2 MPa). Wild and Amann (2018) carried out
air flushing and subsequent saturation phase under effective isotropic stresses between 20 and 600

kPa, resulting in a swelling comprised between 0.5 and 1.6% (Wild et al. 2017).

An appropriate way of checking the possible effect of swelling during saturation on the shear
strength properties of the Opalinus clay is to compare our data on low depth specimens from Lausen
to those of the undrained shear tests of Giger et al. (2018), who also performed two drained tests
at 6.4 and 18.4 MPa initial mean effective stress on specimens of 38 mm in height and 19 mm in
diameter with side drains (h = 9.5 mm) at a strain rate of 2 x 108 s’1. The comparison is presented in
Figure 12, in which the black dotted line was drawn from the peak shear stresses from undrained
tests (green stress paths). One observes quite a good comparability between our drained tests
(strain rate 6.6 x 108 s'!) and Giger’s undrained tests (strain rate 2 x 107 s%) for stresses larger than
10 MPa, confirming their estimation of friction angle (19°) and cohesion (6.8 MPa). Interestingly,
their drained test at 6.4 MPa (in blue) is in quite good agreement with our test at 5 MPa. Their peak

stress at p’ = 18.4 MPa (in black) is located above the dotted line, in link with the smaller porosity (¢
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= 10.3% at 18.4 MPa and 13.1% at 6.8 MPaq, the latter being slightly larger than the porosity of our
specimens, ¢ = 12.3%). The Figure also shows that all the data of drained tests below the 10 MPa
effective confining pressure (p’ = 6.4 MPa from Giger et al. 2018 in blue stress path, 5 MPa, 1.5 and
1 MPa for our data in red stress paths) are located below the data of the undrained shear tests.
Actually, the distance along the drained stress path between the peak stress of our drained tests
and the black dotted line drawn from undrained tests increases with respect to the magnitude of

the swelling observed in Figure 6, the larger the swelling, the larger the distance.

The data of Figure 12 are now compared (Figure 13) with the peak stresses obtained from
drained tests (Favero et al. 2018) and undrained tests (Wild and Amann 2018b) carried out on deep
specimens from Mt Terri with axis perpendicular to bedding. In spite of the different origins of the
specimens (with larger porosity and some difference in mineralogy), it can be observed that the
peak stress at 12 MPa of Favero et al. (2018), in a stress range with no significant swelling upon
hydration, is located slightly below the Lausen failure criterion derived from both Giger’s undrained
tests and our drained tests, in link with the larger porosity of the Mt Terri specimens (17% versus
12% at Lausen). From their peak data, Favero et al. (2018) derived a friction angle of 22° and a
cohesion of 2.6 MPa. A good agreement is observed between their drained data at 2 MPa and the
undrained ones of Wild and Amann (2018) in the same stress range. The failure points of the
undrained tests of Wild and Amman (2018a) exhibit a comparable non-linear shape with respect to
our data on Lausen, with a clear departure, in the low stress area, from the straight line obtained
from Giger’s undrained tests. This non linearity raises the question of the possible consequences of
hydration swelling at low stress. It has been shown that swelling in claystones occurs both at the
crystalline level within platelets and, as commented earlier, through the development of micro-
cracks oriented along the bedding plane (Bornert et al. 2010, Menaceur 2016a, Delage and Tessier
2020). Giger’s undrained data, that are not affected by swelling, show a linear shape of the criterion

down to a value of p’ of 3 MPa, an area where the data of our drained tests on Lausen specimens
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provide smaller peak strengths. The question as to whether the micro-cracks resulting from
hydration swelling affect the mechanical response of the claystone at low stress then arises. As a
consequence, it is difficult to definitely conclude about the shape of the failure criterion at low
stresses (non-linear, as observed, or linear, as extrapolated from Giger’s data). Further undrained
tests at low confinement stresses with no specimen hydration, as done by Giger et al. (2018), would

certainly help in further concluding in this regard.

Figure 9 shows the changes in Young moduli (first loading stage) with respect to the confining
effective stress of our drained tests. Swelling upon hydration might also have some influence in the
estimation of Young’s moduli at low stress. The Young’s moduli of 4 and 8 GPa obtained under 10
and 15 MPa, respectively, correspond to hydration swelling smaller than 0.2% (Figure 6), in a zone
where a good agreement between drained and undrained tests has been observed (Figure 12). A
possibility of facing at lower stresses some under-estimation of Young’s moduli, in particular under

1 and 1.5 MPa, might be considered. This would question the linearity observed in Figure 9.

The comparison of our Young’s moduli with other available data is done in Figure 14, with
moduli obtained from first loading in drained tests by Giger et al. (2018) on Lausen specimens, and
those from drained stress cycles on Mt Terri specimens by Favero et al. (2018). Giger’s data at 6.2
MPa are reasonably comparable with our data, whereas their modulus at 18.4 MPa is smaller than
what could be extrapolated from our data. The Young’s moduli determined from stress cycles are
larger than those from first loading, which is perhaps the reason why Favero’s data are slightly larger
than the Lausen data, in spite of having in Mt Terri a larger porosity. The change in their values with

respect to stress is also linear.

The changes in Poisson coefficient 113 with stress obtained from first loading are presented in
Figure 15 and compared to those obtained, from unload-reload cycles, by Giger et al (2018) on same
Lausen shallow specimens and Favero et al. (2018) on deep Mt Terri specimens. Given that vi3

values are determined by the ratio &/&, and that swelling results in the development of sub-
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horizontal cracks, one can consider that larger values of & (perpendicular to bedding) could be
obtained in samples having exhibited more hydration swelling. Conversely, changes in & should be
less sensitive to swelling. Beside the method of determination (first loading data are smaller than
those from stress cycles), this might explain why our Poisson coefficients under low stresses may be
under-estimated. This should not occur under higher stress, for which we obtained 113 =0.19 under
10 MPa and 0.28 under 15 MPa. This last (first loading) value is in good agreement with those of
0.28 and 0.29 obtained from unload-reload cycles by Giger et al. (2018) under 6.4 and 18.4 MPa and

Favero et al. (2018) under 2, 5 and 12 MPa. Note that these values are fairly stress independent.

The peak stresses obtained on specimens of the Callovo-Oxfordian claystone from drained
tests by Hu et al. (2014), Menaceur et al. (2015) and Belmokhtar et al. (2018) at various porosities
between 13 and 17% are now compared in Figure 16 with the data from the Opalinus Clay.
Interestingly, the peak stresses of both claystones are in the same range of magnitude. Above
10 MPa, one can draw for the COx claystone two parallel failure lines with respect to the specimen
porosity, that compare well with the data of the Opalinus Clay, indicating comparable angles of

friction.

The same conclusion can be drawn in terms of Young’s moduli. Figure 17 shows satisfactory
comparability between both claystones. Again, the apparent linearity below 10 MPa should be
further checked. Note that the mean effective stress at 490 m depth in the Bure URL in France is
close to 9.5 MPa (major total horizontal stress on = 16.2 MPa, minor total horizontal stress on = 12.4
MPa, vertical total stress oy = 12.7 MPa and pore water pressure uw = 4.7 MPa, see Wileveau et al.
2007; equivalent isotropic Biot b coefficient around 0.9, see Belmokhtar et al. 2017). The Young’s
modulus of Opalinus Clay, found around 5.6 MPa at 15 MPa in a test in which little swelling occurred

under hydration (see Figure 6) is perhaps under-estimated at lower stresses.
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6. Concluding remarks

The determination of the mechanical properties of swelling claystones is challenging, given their
high sensitivity to changes in water content. In this regard, various recent experimental
investigations carried out in the triaxial apparatus on Opalinus Clay specimens have recently been
published, both in drained and undrained conditions (Wild et al. 2017a, Favero et al. 2018, Wild and
Amman 2018, Giger et al. 2018). In this work, the data of the drained triaxial tests carried on
saturated shallow Opalinus Clay specimens from Lausen are compared to undrained data obtained
by Giger et al. (2018) on specimens from same location and depth (around 30 m). Data are also
compared with those obtained by Favero et al. (2018) and Wild and Amman (2018) on deep
specimens of the shaly facies of the Mt Terri URL (around 250 m). From these comparisons, various
conclusions can be drawn about the relevance of drained triaxial testing in claystones and shales.
The data of undrained tests, in which no hydration swelling occurred during the test set-up, indicate
a linear shape of the failure criterion of the Lausen specimens, down to an effective confining stress
of 3 MPa. The drained tests conducted in this work evidenced an excellent correspondence with
undrained data at effective confining stresses larger than 10 MPa, for which no significant swelling
(< 0.2 %) was detected upon hydration during the saturation phase (conducted under the same
confining stress as that adopted for shearing). Conversely, a departure from linearity was observed
at lower effective confining stresses, in an area where some swelling was observed under hydration
(from 0.4% under 5 MPa and up to 1.3 —1.7 % under 1 MPa). A similar non-linear shape of the failure
criterion at low stresses has also been observed by Wild and Amman (2018a) and Favero et al.
(2018). The question as to whether this swelling at lower stresses tends to provide an under-
estimation of the peak failure data is discussed, and it is suggested that undrained tests at low initial
effective confining stress would be necessary to investigate whether the linear failure criterion
evidenced by Giger et al. (2018) might be extended at low stresses, of whether the failure criterion

is really non-linear at low stresses, as observed from drained tests data. This would mean that there
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is no effect of hydration swelling at low stresses. The same question is raised with respect to the
changes in Young moduli with stress, that have been observed as being linear, even at low confining
stresses. If the micro-cracks oriented along the bedding plane resulting from swelling under
hydration had some effects, they would result in providing under-estimated values of Young moduli
in specimens having their axis perpendicular to bedding, due to the closing of micro-cracks during
the increase in mean stress during shearing. The same would actually hold for the determination of

the Poisson ratio at small stresses, due to over-estimation of axial strain.

Interestingly, the mechanical properties of the Opalinus Clay are comparable to those of the
Callovo-Oxfordian claystone, a possible host-rock in France that has a comparable mineralogical
composition. This holds for both peak strengths and Young’ moduli, with a friction angle comparable
to that of Opalinus Clay. Data obtained below 10 MPa might be under-estimated for the same

reason.

Further experimental investigations by undrained triaxial tests at low confining stresses
appears then necessary to get a more detail insight in the shape of the failure criterion of these

swelling claystones at low stress.
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869 Table 1. Chemical and mineralogical composition of some tested specimens from both cores (values provided by the

870  University of Bern).

CNS analyser Mineralogy (XRD + CNS) Grain density
S X = X |-
® ¥ g = % |9
= g R — A < = 3z | E _
2 - ¥ £/ g ¥ ¥ g 3% 05 2 =212 %
< c £ s P = £ o e ) c © =
v |2 |8 & =2 2 |5 g 2 2 £ T £ 8 § |3 3
o ‘S S © 5 QC) ) 5: ] ~N ° 8 o S £ = =
© ] O © < an =4 T = £ 7 £ o € c <
(=3 o Q =¥ o o ~ 9] © e} el c o > ) o
@ T £ 3 £ |8 & =T 3 T @® & € & T =
s 2 2 S B |©
£ S o
7 HP3 1 |0.61 142 156 005| 9 1.7 0.7 34 3 2 29 06 46 |2.716 0.002
7 HP3 4 |0.65 2.14 0.33 0.06| 13 3 1.5 30 13 2 06 07 48 |2.704 0.002

7 HP3 6 [1.03 1.52 0.14 0.09| 10 15 1.2 25 2 2 03 10 57 |2671 0.001
5 Timo3 |1.10 1.55 042 009| 11 15 08 26 2 2 0.8 1.1 55 |2.669 0.001

5 Timo4 |096 169 069 0.09| 12 13 06 22 12 16 13 10 59 |2.690 0.001
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872
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873 Table 2. Characteristics of the specimens extracted from core 5 and 7, measured on sample cuts at core opening.
874
Depth interval w (%) (Mg/m?3) (Mg/m?3) porosity | Desree of
P o pIVE pa Ve Suction (MPa) 05 (Mg/m?3) Y | saturation
Core (m below Core opening | +0.03 +0.03 @ (%) o
+0.5 +0.03 Sr (%)
ground level) +0.05 +0.1 +9
2.75 13.7 80.2
36.4 2.72 12.8 86.2
7 37.2 4.65 2.48 2.372 19.7 2.7 12.1 90.8
2.68 11.5 96.0
2.66 10.8 101.9
2.75 14.5 72.9
304 2.72 13.6 77.9
5 314 4,51 2.46 2.35 21.2 2.7 13.0 81.8
2.68 12.3 86.0
2.66 11.7 90.9
875
876
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Table 3. Composition of synthetic pore water

NaCl

NaHCOs

CaCl; 2H;0

KCl

MgCl, 6H,0

Na,SO4

Concentration [mg/l H20] 2.25

0.01

0.58

0.06

0.62

1.14
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880

Table 4. Drained triaxial tests (all specimens with axis perpendicular to bedding)

Saturation Shearing stress conditions
Test | Core Water
o (MPa) | u(MPa) o’ (MPa) | Volume increase (%)| o (MPa) u (MPa) o’ (MPa)
+0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01
HP3-1 7 13 0.3 1 1.73 13 0.3 1 Demineralised
HP3-2 7 13 0.3 1 1.63 1.3 0.3 1 Demineralised
HP3-4 7 1.3 0.3 1 1.15 1.8 0.3 1.5 Demineralised
HP3-6 5 6.9 1.9 5 No monitoring 6.9 1.9 5 Pearson
HP3-7 5 29 1.9 1 1.27 2.9 1.9 1 Pearson
Timol 5 11.9 1.9 10 No monitoring 11.9 1.9 10 Pearson
Timo3 5 16.9 1.9 15 0.07 16.9 1.9 15 Pearson
Timo4 5 6.9 1.9 5 0.43 6.9 1.9 5 Pearson
881
882
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883 Table 5. Measured parameters from the drained triaxial shear tests. All tests carried out at 6.6 x 10%s

Test o(MPa) u (MPa) ¢ (MPa)  gmax (MPa) &, peak £1(GPa) via (-)
+0.01 +0.01 +0.01 +0.01 +0.01 +0.05 +0.01
HP3-1 8.6 0.77 0.9 0.13
1.3 0.3
HP3-2 1.0 9.1 1.12 0.82 0.10
HP3-7 2.9 1.9 5.4 0.78 0.96 0.21
HP3-4 1.8 0.3 1.5 12.5 0.76 1.18 0.08
HP3-6 6.9 1.9 17.9 2.25 2.15 0.19
5
Timo4 8.9 3.9 18.4 1.36 1.89 0.16
Timo1l 11.9 1.9 10 26.6 1.10 3.97 0.19
Timo3 16.9 1.9 15 31 1.60 5.77 0.28
884
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886
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(e)

Figure 1. Photos and CT scans of core 5: a) Photo at initial state; b) to d) CT scan prior to sending to lab; e) Opening

in lab.
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Figure 2. Photos and CT scans of core 7: a) Photo at initial state; b) to d) CT scan prior to sending to lab; e) Opening
in lab.
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902  Figure 3. a) Enhanced drainage system (with two geotextiles wrapped at top and specimen bottom and put in contact
903  with porous disks) and connections with PVCs; b) Specimen wrapped into top and bottom geotextiles (see Belmokhtar
904  etal. 2018 for more details); c) Autonomous self-compensated HP triaxial cell; d) Timo cell on a 25 tons triaxial press.
905  Both cells are wrapped into an electric red ribbon aimed at controlling temperature at 25°C.
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Figure 7. Drained triaxial shear tests.
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46



934

935

936

937

938

o
© 5 A
[« W
G
&
3 4 o
>
©
o
& 37
wv)
®
o}
S5 2 A
o
2
1 A eo
0 T T 1
0 5 10 15
A MPa)

Figure 9. Changes in Young's modulus (from first loading) with respect to effective confining stress.
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Figure 12. Comparison of the peak stresses from the present work (drained paths in thick red lines, strain rate of 6.6 x
10% s’Y) with the data of Giger et al. (2018) on specimens from same origin and depth (Lausen). Undrained shear paths
at a rate of 2 x 107 s gre in green. Undrained tests at faster rates in dark red (2 x 10 s) and blue (2 x 10°s™)
provided larger peak stresses, see Chiu et al. 1986). The blue and black drained strain paths have been carried out by
Giger et al. (2018) at a rate of 2 x 108 s%. In Giger’s undrained tests, circles indicate the maximum AB values (A and B
are the Skempton coefficients, Skempton 1954), upwards triangles correspond to the points at maximum pore
pressure and downwards triangles represent the peak stresses.
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971 Figure 13. Comparison of peak stresses from drained and undrained tests on shallow Lausen specimens and deep Mt
972 Terri ones. The drained tests data on Lausen specimens (¢ = 12%) from this work (in red) are compared to the drained
973 ones (in blue and black) of Giger et al. (2018) and also to the peaks from undrained tests (black dotted line). Data from

974 Mt Terri specimens (¢ = 17%) from drained tests (Favero et al. 2018) and undrained tests (Wild and Amman 2018a)
975  arealso represented.
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981  Figure 14. Changes in Young modulus with effective confining stress: comparison with other available data on
982  Opalinus Clay (Favero et al. 2018, Giger et al. 2018).
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Figure 15. Changes in Poisson coefficient v13 with effective confining stress.
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995  Figure 16. Comparison of the peak stresses of the Opalinus Clay (same data as in Figure 13) with that obtained on
996  the Callovo-Oxfordian claystone through drained tests at various porosities by Hu et al. (2014), Menaceur et al.
997  (2015) and Belmokhtar et al. (2018).
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