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Several boreholes were drilled for site comparison of a deep geological repository (DGR) in Northern
Switzerland. The main target of the exploration program was the >100m thick Opalinus Clay, the designated
host rock encountered at approximately 450 to 1000 m depth in three different sites. This contribution focuses on
the evaluation of geomechanical properties and the deformation behavior from the triaxial testing campaign,
both aspects relevant to construction and the assessment of the long-term safety of a DGR. Some 140 triaxial tests
were performed on cores from seven different boreholes to evaluate potential differences in material properties
by depth and geographic location. Core sampling, preparation chain, and testing protocols were validated before
the campaign, and three laboratories were commissioned to perform the tests. A comparison of basic properties
from cores used for triaxial testing with a much larger database of complementary core analyses and geophysical
logging demonstrates that the performed tests cover the range of expected material properties. Limited to no
differences in strength and stiffness are detected from cores at different depths and sites. Despite a relatively
large variation in bulk mineralogy of the formation (e.g. clay-mineral content varying between 35 and 75 wt%),
the strength values of Opalinus Clay vary only moderately, with equivalent (calculated) unconfined compressive
strengths of 21 + 5 MPa, for loading directions parallel or perpendicular to bedding. This contrasts with the
results of Opalinus Clay from the Rock Laboratory at Mont Terri, where the effect of material composition was
more relevant. Assuming a Mohr-Coulomb-type failure law, the transition from peak to post-peak strength comes
at the expense of cohesion, and only a small reduction of the shear strength angle. Hence the burial history,
tectonic overprint, and current depth mainly control the intact properties by additional cohesion, whereas the
post-peak behavior is mainly controlled by bulk mineralogy.

1. Introduction

Shales are geomaterials involved in several engineering applications
related to extraction from, and storage in, the underground. Examples
include the production of oil and gas from unconventional reservoirs,
underground gas storage (e.g., carbon dioxide, hydrogen), and the
disposal of radioactive waste.

Testing of shales in the laboratory proved challenging because of
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their very small pore sizes (tens of nanometres) leading to low perme-
abilities (nanodarcies or lower). The main difficulty arises from
measuring and keeping the pore pressure equilibrium to correctly
evaluate the effective stress acting on the specimen throughout the test.
Pore pressure control needs an accurate loading rate, which is usually
very low, and extends the time of testing from hours or days, as typical
for rocks, to weeks or even months’*'%, Neglecting this aspect can cause a
relevant over (or under) estimation of the mechanical parametersm.
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In the context of the site selection for a deep geological repository for
radioactive waste in Switzerland, nine "deep" boreholes (TBO) were
drilled between the years 2019 and 2022 in the northern part of the
country. The convention name "deep boreholes" is used here to align
with the terminology of the deep geological repository, and to highlight
greater depths (in the order of of 1000 m) than what is standard in
geotechnical investigations. The main aim of these boreholes was to
characterize the barrier properties of the designated host rock, the
Opalinus Clay shale, and its confining units, and allow for comparison
among sites. Up to the present campaign, published triaxial testing re-
sults of Opalinus Clay come mainly from cores taken at the Mont Terri
Underground Rock Laboratory in the Jura Mountains (Switzerland), and
from earlier boreholes in the North Western and the North Eastern part
of the country (e.g., 1.8,10,18,26y

In the TBO campaign, most Mesozoic sections were cored in all
boreholes, including the 100 to 120 m thick Opalinus Clay. The core
material was investigated in detail, focusing on sedimentological,
geochemical, mineralogical, hydrological, and geomechanical
properties.

This study focuses on the geomechanical characterization of Opali-
nus Clay, and more specifically on the triaxial testing campaign. Part of
the test results shown here is used for calibrating tunnel excavation
models at the target repository depth?’.
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To address the above-mentioned challenges of testing, tailor-made
testing protocols were established ®'° and assessed by round-robin
comparison before the start of the large testing campaign'®

Through complementary core analyses from other disciplines, the
variability of basic material properties such as water content, bulk
density, and bulk mineralogy was determined at a very high frequency
in the formation (every two to five meters) and for every tested interval
used for triaxial testing. This enables a unique opportunity to assess how
representative the triaxial test results are for the entire formation.

In total, three laboratories (hereafter Lab A, B, and C) performed over
140 triaxial tests on Opalinus Clay core material, sourced from seven of
the nine deep boreholes. The cumulative rig time if tests were done with
one testing equipment, would correspond to more than seven years of
testing. To the authors’ knowledge, this is the most extensive coordi-
nated triaxial testing campaign ever done with a shale.

2. Material description and testing methodology
2.1. Opalinus Clay at different sites
Three siting regions are being appraised in Switzerland’s Sectoral

Plan for Deep Geological Repositories (Jura Ost, Nordlich Lagern, and
Ziirich Nordost, Fig. 1). All three sites have Opalinus Clay as the host
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Fig. 1. Tectonic map of the three candidate sites and overview of new exploration data.
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rock, but an important difference between the sites is the depth at which
the host rock is encountered (Table 1).

In northern Switzerland, Opalinus Clay consists of fine-grained, silty
to sandy claystone, originating from continental weathering and erosion
products (clay minerals, quartz, and feldspar), marine carbonates, and
diagenetic contributions (pyrite, siderite, calcite-cement, and dolo-
mite)'®. Bulk mineralogy was tested by XRD analysis on the geo-
mechanically tested samples of Opalinus Clay. While within each
borehole the composition varies slightly, the average composition is
fairly constant across different boreholes and sites (clay mineral content
reported in Table 1). The thickness of Opalinus Clay is also quite con-
stant, varying between 104 and 122 m in the seven boreholes (Table 1).
Table 1 reports the measured bulk density and water content, and the
calculated porosity (assuming solid density 2.7 g/cm®) for the geo-
mechanically tested samples, specifying the (i) average value, (ii)
observed range, and (iii) the number of observations. The results did not
show any relevant difference among the three investigated sites. On the
other hand, slightly higher average porosity and water content were
observed in the material from the borehole MAR1-1, and to some extent
also in BOZ2-1 and BOZ1-1. In these three boreholes, the formation is at
a shallower current depth (452 to 705 m) compared to the other bore-
holes (779 to 996 m).

Opalinus Clay formed in a shallow epicontinental sea during the
early Middle Jurassic period?. After deposition, it experienced a com-
plex burial history'®. The basin was subsiding in the early Cretaceous,
followed by uplift and ca. 600-700 m of erosion of Late Jurassic and
Cretaceous sediments in the early Paleogene. During the Paleogene the
wedge-shaped Molasse Foreland Basin developed and led to another
substantial burial of the Opalinus Clay with a maximum burial of
approximately 1500 to 2000 m in the Miocene, followed by an uplift to
present depths.

Based on existing evidence' and the close proximity of the three
sites (Fig. 1) it can be assumed that the burial history (including
maximum burial depth) of Opalinus Clay is similar in all three sites. In
contrast to bulk mineralogy and burial history, the tectonic history ap-
pears quite different in the three sites, especially the increasing
north-south shortening in Miocene times®’. Yet, the Opalinus Clay shale
in all three sites exhibits macroscopically mostly undeformed or weakly
deformed core intervals. Since the burial history is similar among sites
and the tectonic overprint is weak, potential differences in basic and
geomechanical properties in the three sites are therefore expected to be
related to the current burial depth.

Table 1
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2.2. Core handling and specimen preparation

Cores designated for geomechanical analyses (hereafter referred to
as GM cores) represented one of nine major categories sampled from
Opalinus Clay at each borehole. All of these categories had special re-
quirements to minimize potential effects on laboratory analyses, and
hence special conditioning methods. For the GM cores, the target
exposure time to the atmosphere was set to 20 min to allow geological
description and documentation (including a core scanner for photo-
graphic description). The cores were then immediately inserted into PVC
tubes and axially constrained with bar clamps. The annulus was then
filled with epoxy (Sikadur-52). The annulus between the core and the
PVC tube was chosen to be small (nominal 3.2 mm) to ensure that the
temperature rise from the curing of the epoxy was well below the in-situ
temperature from which the core was sourced. Further details of the
conditioning procedure are provided in the field manual®.

To evaluate core integrity before shipping to the testing laboratories,
all GM cores from Opalinus Clay and its confining units were analyzed
using medical X-ray computer tomography (XCT). Details of the applied
XCT method can be found in ref.'?.

Sedimentary geomaterials typically display transversely isotropic
mechanical properties which are related to the orientation of the
bedding. To study this anisotropic response, cylindrical specimens were
tested in three orientations with respect to bedding. Most of the tests
were done by axially loading perpendicular to the cylinder axis (S-
specimens) and parallel to the cylinder axis (P-specimens). Additional
tests were done with the cylinder axis at an angle with respect to
bedding (Z-specimens). These were generally cut with an angle of 30°
between the axis cylinder and the bedding direction, with the intent of
obtaining the shear band formed during the shearing phase along the
bedding direction, i.e. the orientation with the expected minimum
strength.

The specimens’ extraction was carefully performed to minimize
water content loss during the operation. All involved laboratories used a
rotary core barrel and hydrocarbons as cooling fluids during the drilling
of the specimens. Once prepared, the specimens were either tested right
away or stored submerged in oil (or in a controlled humidity chamber)
to minimize evaporative water loss.

Specimens’ size for testing was either 25 mm in diameter and 50 mm
in length (Laboratories A and B) or 19 mm in diameter and 38 mm in
length (Laboratory C).

2.3. Testing program and methodology

The determination of robust hydromechanical characterization of

Boreholes, depth and thickness of the formation, mineralogy and basic properties of the geomechanically tested samples of Opalinus Clay in the three sites. Data reports
the average value, the observed range, and the number of data points (in parenthesis). 'Porosity is calculated from water-loss to constant weight at 105 °C, bulk wet

density and assuming solid density 2.7 g/cm®.

Site Jura Ost (JO) Nordich Lagern (NL) Ziirich Nordost (ZNO)
Borehole BOZ1-1 BOZ2-1 STA2-1 STA3-1 BUL1-1 MARI1-1 TRU1-1
Opalinus Clay Top (mbg) 530.3 451.5 799.7 779.3 891.7 590.35 816.4
Base (mbg) 651.4 573.7 905.2 887.9 995.9 705.40 927.9
Thickness (m) 121.1 122.2 105.5 108.6 104.2 115.05 111.5
Bulk density (g/cm®) 2.52 2.52 2.53 2.52 2.53 2.50 2.53
2.48-2.56 2.48-2.55 2.49-2.59 2.50-2.54 2.46-2.58 2.46-2.52 2.49-2.55
@n (18) 12) 13) (€3] (19) 29)
Water content (wt%) 4.8 5.1 4.4 4.6 4.6 5.4 4.7
4.4-5.6 4.2-6.5 3.1-5.4 3.6-5.3 3.2-5.6 4.5-6.5 3.9-5.2
1) (18) (12) (13) [€38) (19) (29)
Porosity (%) 11.2 11.4 10.2 10.7 10.3 12.2 10.6
9.4-13.0 9.3-13.6 7.1-12.0 9.4-11.5 7.4-13.5 10.6-13.8 9.5-11.9
21 (18) (12) (13) [€38) (19) (29)
Clay mineral content (wt%) 55.0 59.3 50.9 59.3 50.5 58.2 56
45.5-61.4 46.2-71.6 32.0-66.4 52.0-63.8 33.0-65.0 48.0-66.6 52-63.7
21 18) (12) (13) [€38) (19) (29)
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Opalinus Clay requires triaxial tests with sound procedures and reliable
measurements of the pore pressure evolution throughout the tests.

In the Opalinus Clay section and the immediate confining units,
specialized protocols combining rock-mechanical and soil-mechanical
best practices were adopted. Specifically, these protocols account for
i) the low-permeability and fluid-sensitivity of Opalinus Clay and its
argillaceous confining units, and ii) for the greater relevance of these
units for construction and evaluation of the safety of a future repository.

Two testing procedures for triaxial testing (hereafter named “con-
ventional” and “alternative” procedures) were validated in a bench-
marking study'®'®, and adopted in this study.

The so-called “conventional” testing procedure foresaw the specimen
resaturation in the triaxial cell at constant volume to minimize specimen
disturbance (i.e. “swelling™): after vacuuming the pore lines, axial and
radial stresses are progressively increased to keep the specimen’s vol-
ume constant while it is put in contact with a fluid back pressure at a
minimum of 2 MPa to dissolve possible air remaining in the tubing or in
the material. This procedure allows the determination of the axial and
radial swelling pressures. The confining stress is then set equal to the
axial stress and the specimens’ saturation is assessed by measuring the
Skempton’s B coefficient (B-test). Drained loading or controlled
unloading of the specimen to the target consolidation effective stress
(between 4 and 20 MPa) is then performed. The final stage is the
shearing of the specimens at a constant axial strain rate. An unloading/
reloading loop is performed, and then the shearing continues until the
specimen’s failure and achievement of the postpeak constant deviatoric
stress, in undrained or drained conditions.

The “alternative” procedure foresees the equalization of the spec-
imen to high relative humidity values (between 70% and 96%) in des-
iccators before testing to achieve high saturation conditions. After that,
the specimens are mounted in the rig, and an initial undrained isostatic
loading is carried out until an increase in the pore pressure is detected.
At this stage, the specimen is considered to have achieved the fully
saturated condition, confirmed by performing B-tests. A pressure
transducer is placed inside the vessel adjacent to the specimen to
monitor the evolution of the pore fluid pressure during the application of
external mechanical stress. When this testing procedure is adopted, no
or small amounts of artificial pore fluid are added to the specimen.
Consolidation or swelling, and shearing follow the same procedure as
the conventional one. A detailed description of the two procedures and
the assessment of the comparability in the results is provided by ref. °.

All sites were explored at a similar level of detail to allow compari-
sons among sites. To account for the material variability and complexity
(transverse isotropy, undrained and drained properties), approximately
50 triaxial tests were done per site (Table 2). Of the conducted tests,
about 10% experienced technical issues related to equipment malfunc-
tioning or anomalous specimen response (e.g. unrealistic stress path
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3. Test results

This section presents the results of the experimental campaign,
which are reported referring to the effective mean stress (p') and the
deviatoric stress (q), or axial (¢',) and radial effective stress (¢°,),

where:

, 0,420,
_ “a T 1
3 @

q=0,-0, 2

The maximum value of q during shearing is denoted as gppqx. The
stress level at which the maximum pore pressure, Uypax, Occurred is
noted on the stress paths, together with the maximum AB value
(ABMax)23, where AB is the ratio between AU, and Aq.

3.1. Basic properties

The bulk density and water content (Table 1) were measured on each
tested specimen. On several tested specimens or spare materials from the
same sections, mineralogical analyses were also conducted. The infor-
mation allows for assigning geotechnical properties and composition to
each mechanically tested specimen.

For each specimen, in Fig. 2a, the mineralogical clay content is re-
ported versus the bulk density. The water content (at the beginning of
the test) is reported versus the corresponding bulk density in Fig. 2b. The
plots show that for higher clay content the material has generally lower
bulk density and that the lower the bulk density, the higher the water
content. These results are in line with previous observations in Opalinus
Clay shale®'"!7, which shows that the lower bulk density can be
attributed to both a lower solid density and a higher porosity of the
specimens with higher clay content.

3.2. Specimen saturation

Specimen saturation was verified by performing Skempton’s B tests:
isotropic stress increments are applied in undrained conditions, and the
generated pore pressure increment is measured. Generally, two to three
increments were performed per specimen, and the pore pressure was left
to equilibrate for a minimum duration of 8 h. The pore pressure buildup
is sensitive to the system compressibility, including the pore pressure
transducers, the tubing, and in particular the volume of water retained
by the system. Each laboratory estimated the volume of water in their
triaxial apparatuses (dead volume) in undrained conditions. While Lab C
system allowed a negligible dead volume, the volumes for labs A and B
were respectively 2200 mm? and 700 mm?. Several authors showed
that water volume and compressibility, as well as the specimen solid and

evolution, low strength). Those results are discarded from the analysis in bulk compressibility, play a major role in the B measurement (e.g., %)
this paper. As a quality assurance measure, at least two of the three and proposed a correction formula to account for these effects:
subcontracted laboratories were testing core material from the same 1
borehole. Beorrea = v —%— 3
Bops v
Ky (p%)
Table 2
Overview of the performed tests.
Site Jo NL ZNO
Borehole BOZ1-1 BOZ2-1 STA2-1 STA3-1 BUL1-1 MAR1-1 TRU1-1
Undrained tests 19 18 10 10 28 16 26
Drained tests 2 2 3 3 3 3
Total per bh 21 18 12 13 31 20 29
Total per site 39 56 49
P-specimens 14 35 20
S-specimens 22 16 19
Z-specimens 3 5 10
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Fig. 2. Clay mineral content (a) and initial water content (b) versus bulk
density of the specimens.

The formulation uses By, the measured B value, Vi, the volume of
fluid in the porewater lines, V, the volume of the specimen, K, the bulk
modulus of the specimen, Ky, the bulk modulus of the pore fluid and K,
the bulk modulus of the solid phase. For the purpose of this calculation,
bulk, fluid, and solid moduli are assumed to be K = 5 GPa, Ky = 2.2 GPa,
and K = 50 GPa, respectively. In Fig. 3 the results of B values for tests
from borehole TRU1-1 are reported as an example. It is observed that
the applied correction reduces the discrepancies among the laboratories’

T
09 - 0% ° 1
08 g % 9 :’5 .g ¢ ]
O OO 0.. O
Qoo @8
@ 07r Y © 460 E
S @
= o 0% |
> 0.6
m
»
Lo5t 1
o
go4t |
2 TRU1-1
W03 1
O LabA
02F| ¢ LabB -
B LabC
01F @ Lab A corrected B
¢ Lab B corrected
0 ) ! : . . . .
0 5 10 15 20 25 30 35 40

Mean Effective Stress [MPa]

Fig. 3. Skempton’s B coefficient measured by the laboratories and corrected
accounting for the volume of water in the triaxial systems. Data from borehole
TRU1-1 (redrawn after °).
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measurements and the overall variability of the values.
A small stress dependency of the B value on the effective confinement
is found within the observed stress range.

3.3. Shearing phase

3.3.1. Strain rate, temperature, and brine composition effects

The main testing program was performed following the testing pro-
cedures described in Section 2.3. Throughout the main campaign, var-
iations to the procedure were adopted in a small number of tests to
explore their potential impact on test results. The variation from the
described procedure addressed the effect of strain rate, temperature, and
composition of the synthetic pore fluid. An overview of this comparison
is presented in this section, with emphasis on the stress path evolution
during the shearing phase.

3.3.1.1. Strain rate assessment. The theoretically admissible strain rate
for balanced pore fluid pressure distribution in the specimen can be
calculated from the specimen size, drainage configuration, and consol-
idation coefficient. Drained consolidation phases were performed to
bring each specimen to the target stress state for shearing. In the ma-
jority of the cases, unloading was performed, since at the end of the
saturation state the stress state was higher than the target for shearing.
Also, the unloading was performed over a large mean stress difference,
in the order of 10 to 20 MPa. Since the unloading is non-instantaneous,
constraining consolidation coefficient was not straightforward, and
strain rates were defined based on previous recent testing experience
with Opalinus Clay’-'%!°. Strain rates between 1 x 10~ and 1 x 10~
1/s were adopted, depending on the drainage conditions, the specimen
sizes, and the presence of lateral and side drains’.

As an additional quality-control measure, one undrained test was
repeated using a five times lower strain rate. Results are shown in Fig. 4
for a set of specimens from the same section in borehole STA3-1: tests
Al, A2, A3, and A5 were undrained tests, conducted at a strain rate
1 x 1077 1/s. Test A6 is an undrained test conducted at 2 x 1078 1/s,
which is the same rate adopted for the drained test A4.

The ensemble of the tests shows very high consistency in terms of
shear strength evolution with confining effective stress and stress paths,
and the three tests at initial p'= 13 MPa show great repeatability. The
results support the appropriateness of the adopted strain rates.

3.3.1.2. Pore fluid impact. A second set of specimens were tested to
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Fig. 4. Test results (S orientation) from a section in borehole STA3-1, depth of
812.4 m. Shearing of test A6 was conducted at a strain rate 5 times slower than
the other undrained tests from the same section.
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investigate the effect of water composition on the shearing response.
Tests B1 to B5 in Fig. 5 were conducted with a brine that mimics the in-
situ pore water composition. Test B7 was conducted on a specimen from
the same core section as the previous tests, but using distilled water in
the pore lines. While an impact of the different pore water fluid chem-
istry could be expected *?% no significant effect is observed in the
performed tests. It is furthermore highlighted that the shearing phase of
test B5 was conducted in drained conditions, while the shearing phases
in tests B1, B3, B4 and B7 were conducted in undrained conditions. In
this case as well, the ensemble of the tests shows high consistency.

3.3.1.3. Temperature. The in-situ temperature at the investigated depth
is about 35 to 50 °C, hence approximately 10 to 30 degrees higher than
standard laboratory testing conditions. The potential impact of the dif-
ference between laboratory and in situ temperature on the mechanical
properties was investigated with dedicated tests.

Two pairs of tests were performed on the same section of the bore-
hole: for the first pair, specimens were sheared at room temperature. For
the second pair, specimens were heated in drained conditions after the
consolidation phase and then sheared at a constant temperature (60 °C).
The heating was performed in two steps (15 — 20 °C each), with a
heating rate of 1 °C/h to limit the temperature-induced pore pressure
build-up. At the end of each phase, the temperature was halted for a few
hours to assess the evolution of the pore pressure and the strains and
allow for potential overpressure dissipation.

Both samples experienced a small volumetric (<< 1%) expansion
during heating. The stress paths of the high and low-temperature tests
show comparable evolutions (Fig. 6). No relevant impact of temperature
on stiffness or strength was found. Accordingly, the remaining testing
program was performed at room temperature.

3.3.2. Peak and post-peak shear strength

During shearing the specimens reach a maximum deviatoric shear
stress (hereafter peak shear strength), then a quasi-brittle response is
observed leading to a decline in the sustained shear stress. In Fig. 7, the
peak axial stress of all the tested specimens is reported, and marker
colors highlight the loading direction with respect to bedding planes.
Results are reported in terms of axial versus radial effective stress. It is
noted that the Z-specimens yielded the lowermost strength, across the
entire range of tested confinements. S and P-specimens showed a similar
response, and the results partially overlap, but the P-specimens show a
tendency for higher strength across the tested confining range, yet dif-
ferences fade towards the lower end of the confinement range.
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Fig. 5. Test results (S orientation) from a section in borehole STA3-1, depth of
857.1 m. Test B7 was conducted with distilled water instead of brine.
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Fig. 6. Stress paths for S-specimens sheared at ambient (room) and high
(60 °C) temperature. Specimens are from a section in borehole BUL1-1, depth of
896.6 m.
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Fig. 7. Axial versus radial effective stress at peak for S, P, and Z-specimens.

It is further noted that two Z-specimens in BUL1-1 showed a
particularly low peak shear stress, while their post-peak strength results
are in line with the other results (Fig. 8). The low peak strength may be
related to pre-existing fissures formed during specimen coring. Speci-
mens coring at an angle to bedding proved generally more challenging,
and potential bedding-parallel micro-fissures have greater relevance in
this orientation as the shearing plane forms in the direction subparallel
to the bedding planes.

Data related to the post-peak condition were processed taking into
account that, as a consequence of the failure (identified as the maximum
deviatoric stress), the specimen was divided into two blocks which slid
one over the other along the inclined shear band. Post-peak strength was
analyzed for the strength achieved after the peak, once the deviatoric
stress stabilizes. The stress state on the formed failure surface was
evaluated.

In the framework of a sliding block analysis, the evolution of the
contact surface with the axial displacement was considered. In the
limited strain range needed to reach constant deviatoric stress after the
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peak, the effect of the contact surface change was found to be limited,
and therefore neglected.

For each specimen, the inclination of the shear band was evaluated
from the pictures of the specimen after the test. Results showed a
different average inclination among the loading orientations:

e S-specimens shear band inclination with respect to the horizontal
plane: 57 + 7° (median + standard deviation)

e P-specimens: 68 + 5°

e Z-specimens: 61 + 5°, which approximately corresponds with the
inclination of the bedding direction of the specimen, i.e. the shearing
developed along the bedding direction.

The shear (1) and normal effective stress (¢°,) on the failure surface
were derived once q stabilizes after peak, from the stress state (axial and
radial effective stress) projected onto the failure surface plane of known
inclination. The results are plotted in Fig. 8.

3.3.3. Elastic properties

The elastic transversely isotropic undrained moduli E,, and Poisson’s
ratios here reported were calculated over the unloading path before the
peak. Considering its non-linearity, in each test the elastic modulus is
computed as the tangent modulus during unloading for a fixed strain
range, e,= 0.02%-— 0.04% °, measuring the strain from the beginning of
the unloading phase.

Results for S-specimens (moduli perpendicular to bedding) and P-
specimens (moduli parallel to bedding) are reported in Fig. 9. It is noted
that both S and P-specimen results showed a dispersion in the E, values.

The two Poisson’s ratios in undrained conditions were estimated:
from S-specimens, the ratios of the radial (parallel to bedding) to axial
(perpendicular to bedding) strains, vy, |, were in the range 0.3-0.6; from
P-specimens, the ratios of the radial (parallel to bedding) to axial (par-
allel to bedding) strains, vy|, were in the range 0.2-0.35.

4. Discussion
4.1. Representativeness

From complementary laboratory analysis (mineralogical, hydro-
geological and geochemical campaign), a high number of cores were

evaluated at a regular spacing of approximately 2 to 5 m depth'”. In all
these cores, bulk mineralogy, water content, and bulk density were
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Fig. 8. Shear and normal effective stress acting on the failure surface at post-
peak for P, S, and Z-specimens.
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constrained with the same techniques. In addition, geophysical logs
were calibrated to core data (referred to as MultiMin?) to provide a
continuous, semi-empirical estimate of basic properties and bulk
mineralogy with depth (one data point every 15 cm). These results
provide a detailed characterization of the Opalinus Clay over the entire
formation thickness, showing the variability in the mineralogical
composition and physical properties of the formation.

Specimens from the geomechanical campaign were sampled from
several depths in each borehole, to account for potential heterogeneities.
The depth of the tested specimens and the corresponding bulk densities
are reported in Fig. 10, together with those of the complementary lab-
oratory campaign'®, for all boreholes. It is shown in Fig. 10 that the wide
range of depths investigated in the geomechanical campaign covers
approximately the same range as the complementary laboratory
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Fig. 10. Variability in the bulk density from complementary laboratory
campaign ('°, open symbols), and the geomechanically tested specimens (this
study, filled symbols). Results are plotted versus the sourcing depth of the
specimen in each borehole.



E. Crisci et al.

campaign per each borehole, i.e., the entire formation thickness.

The frequency of occurrence of the geomechanically tested specimen
versus their clay mineral content is reported in Fig. 11, together with the
laboratory results of complementary testing programs (about 300
measurements'®) and the MultiMin distributions (600-800 points per
borehole?).

The comparison of the three sets of results supports the conclusion
that the geomechanical tests are very much representative of the entire
spectrum of compositional variability in the formation. However, the
low clay content specimens (<40%) appear to be slightly over-
represented in the triaxial tests, with respect to the actual occurrence
within the formation. It was moreover observed in the petrophysical
distributions, that low clay content sections rarely occurred for a length
longer than a few tens of centimeters, therefore their impact on the
overall formation response is considered marginal.

4.2. Differences among sites and depths

In this testing campaign, Opalinus Clay was investigated in 7 bore-
holes among three sites, where the formation depth varies between 450
and 1000 m. The potential effect of the different current burial can be
verified, by comparing results from the shallower locations (boreholes
BOZ1-1, BOZ2-1, MAR1-1) and the deeper locations (boreholes
BUL1-1, TRU1-1, STA2-1, STA3-1).

The peak shear strength is reported in Fig. 12, by borehole (markers)
and bulk density (color bar).

It is noted that for loading in the direction perpendicular to bedding
(S-specimens), the specimens from the shallower locations (BOZ1-1,
BOZ2-1, MAR1-1) tend to plot in the lower part of the observed range,
yet they overlap with results from the deeper locations.

Also, no depth-dependency is observed in the specimens loaded
parallel to bedding (P-specimens) or with an angle to bedding (Z-spec-
imens). It is concluded that the effect of the current depth in the
observed range across all sites has limited effects on the geomechanical
parameters, i.e. it is comparable with the overall variability of the ma-
terial properties. Similarly, no clear differences emerge from grouping
the results of basic properties and clay mineral content by site (cf.
Table 1).

These observations are in line with the common geological history to
which the formation was subjected at the regional scale.
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Fig. 11. Frequency of the clay mineral content in the geomechanically tested
specimens (this study) and frequencies from the other testing campaigns.
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4.3. Effect of the mineralogical composition on the mechanical
parameters

The peak and post-peak shear strengths are separately interpreted by
adopting the Mohr-Coulomb failure criterion:

6,(1— sing) =0, (1+ sin @) +2c cos ¢! (@)

Where the ¢ is the effective intercept cohesion and ¢' is the mobilized
shear strength angle.

The strength results were grouped by tested specimen loading
orientation with respect to bedding. Then, for each geometry, results
were further split by borehole, bulk density (4 intervals), and mineral-
ogical composition (4 intervals). For each of those groups, linear re-
gressions were derived. The two Z-specimens showing low strength (cfr.
Section 3.3.2) were not used for the regressions. The median of the
derived parameters, as well as those yielding the minimum and the
maximum regression line are reported in Fig. 12. For the S direction,
results from the higher bulk density specimens (i.e. lower clay content)
tended to exhibit higher peak strength, compared to low bulk density (i.
e. higher clay content). The differences seem negligible for the P and Z
directions.

It is emphasized that the peak strength effective confinement in
undrained conditions depends on the pore pressure evolution during the
shearing: for the same initial effective confinements, low clay content
(and high bulk density) specimens showed higher effective confinement
and higher strength, hence they are better represented in the range of
radial effective confinement higher than 10 MPa. The opposite occurs
for higher clay content specimens, i.e. those results are better repre-
sented in the lower confinement range. As a consequence, a single
regression line (Fig. 12, Regression-All) considering the entire set of re-
sults, neglecting composition differences, would lead to an over-
estimation of the regression line inclination, and an underestimation of
the intercept (cf. Section 4.4).

It is noted that, within the observed stress range, the effect of a
slightly higher (or lower) inclination on the strength estimate is limited,
considering the high number of tested specimens, and the small het-
erogeneity in the material response within the observed stress range.

As a general remark, it is emphasized that, if only a few test results
are available, ignoring the heterogeneity among specimens may lead to
a misinterpretation of the material parameters, more so if extrapolating
outside of the stress range of observation.

For the post-peak strength, median regression, and upper and lower
bounds are defined in the t-6° plane (Fig. 13). Also for the post-peak
strength, the specimens with higher bulk density (i.e., lower clay con-
tent) showed higher post-peak strength, achieved at higher confine-
ment. The opposite is observed for low bulk density specimens (i.e.,
higher clay content). The reported lower bound corresponds to the one
adopted for the shaly facies of Opalinus Clay from the Mont Terri Rock
Laboratory by ref. '°.

In the current testing campaign, a detailed analysis of the effective
intercept cohesion (c¢") and mobilized shear strength (¢’) evolution with
strain was conducted and is reported in Section 4.4.

In the elastic moduli, a dispersion of results in both the S and P di-
rection is observed. Nonetheless, in the S-specimen results, a correlation
with the bulk density can be identified: the higher the bulk density, the
higher the stiffness (see also Section 4.5, Fig. 16). High bulk densities are
observed in specimens with low clay content, as shown in Section 3.1.
Those results belong to the top of the Opalinus Clay formation in BUL1-1
and STA2-1.

4.4. Post-peak analysis

After the peak is reached, the deviatoric stress progressively reduces
with increasing strains, up to reaching a stable value. In some cases, pore
pressure kept evolving during axial strain increases, despite achieving a
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Fig. 12. Peak axial stress of Opalinus Clay specimens with S, P, and Z geometry. Results are sorted by sampling borehole (marker) and bulk density (color bar). The
Mohr-Coulomb regression lines for the median, maximum, and minimum values are shown.

rather stable g. This response raises the issue of defining the post-peak
strength of the specimen. Further analysis was therefore conducted.

The stress state evolution was re-interpreted as a function of the axial
strain from the peak to the post-peak (Fig. 14). In this analysis, the
strains reported in the following figure are measured setting the zero at
the peak shear strength, and therefore the axial strain values are re-
ported from that point on, e.g., evaluating the softening response
independently from the elastic and hardening response.

The results for undrained S-specimens are reported in Fig. 15. The
analysis includes specimens from all boreholes and neglects the density
and mineralogy heterogeneity. It is worth noticing that the first curve
eq= 0 [-] corresponds to the regression across all the S-specimens at the
peak shear strength on the inclined shear plane, and a higher shear
strength angle and lower cohesion are obtained (as mentioned in Section
4.3).

While the cohesion is mobilized at peak strength, it reduces negative
exponentially with strain, as typical for brittle and quasi-brittle

materials'®. On the other hand, the mobilized shear strength reduction
is less pronounced.

The last regression line at e,= 0.02 (-), would lead to an unrealistic
negative intercept, hence the regression is forced through zero as the
lowest bound.

4.5. Anisotropic stiffness

The undrained elastic properties were obtained for an effective
confining stress range of 4 to 20 MPa, and the results are plotted in
Fig. 16. The specimens with a lower bulk density, typical of the clay-
mineral richer specimens, yielded moduli (E,) in the lower part of the
range, for the direction perpendicular to bedding. Higher moduli are
generally observed at higher confinements. Results for loading direction
perpendicular to bedding (S-specimens) were fitted with a power law for
the range 4 to 20 MPa effective confinement (Fig. 16a):
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Fig. 13. Post-peak strength, Opalinus Clay specimens with S, P, and Z geometry.

E, =4-08-p"3* (5)

Two bounds to moduli dispersion were identified by shifting the
above power law of 2 GPa towards higher and lower moduli.

The highest values of the E,; moduli (10-15 GPa) were obtained on
high-density specimens (> 2.52 g/cm®) corresponding to low clay con-
tent (<40 wt%). As discussed in Section 4.1, the occurrence of low clay
content layers appears to be limited, and these Opalinus Clay specimens
are overrepresented in the geomechanical testing program, with respect
to their extent along the boreholes. For the purpose of defining suitable
regression law to represent the evolution of the elastic moduli with the
confinement, those high stiffness values are neglected.

Results in the direction parallel to the bedding show a less clear trend
with composition or confinement (Fig. 16b). Analysis of comparable
laboratory specimens tested in the direction parallel and perpendicular
to bedding shows an anisotropic ratio Ey/E, | ranging between 1.5 and
2.5, with an average value of 2.0. Power law regression for the direction
parallel to bedding was therefore obtained by multiplying by a factor 2
the power law in the direction perpendicular to bedding. Similarly, the

10

minimum and maximum bounds were defined (Fig. 16). The so-created
bounds enclose, with few exceptions, the observed data points.

4.6. Comparison with Mont Terri

As most of the existing geomechanical testing data of Opalinus Clay
stems from cores sourced at the Mont Terri Rock Laboratory, we
compare these data with those obtained from the TBO campaign.

In Fig. 17, the range of peak and post-peak axial stress observed in
the deep borehole campaign (S-specimens) are reported (white
markers), together with the results obtained from Mont Terri specimens
tested adopting similar protocols. Results from the sandy (3-13%
porosity, 14-39 wt% clay-mineral content) and shaly (12-17% porosity,
58-71 wt% clay-mineral content) lithofacies are shown”®'?,

The range of results in the deep borehole shows consistently higher
peak axial stress than the results from Mont Terri. Specimens from the
sandy facies of Mont Terri show peak strengths in a similar range as from
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cores of the deep boreholes, yet with larger dispersion, which had been
associated with the mineralogical composition of the specimens®.

Compared to the clay-mineral rich facies in Mont Terri (shaly facies),
the results from the deep boreholes show, for a similar composition, a
substantial reduction in porosity, from 12-17% at Mont Terri to 10-13%
at greater depth in the siting regions, and an increment in the peak
strength. This also leads to lower variability in strength across different
mineralogies in Opalinus Clay at the siting regions.

In terms of Mohr-Coulomb regression parameters, the results from
the deep borehole show an effective cohesion twice as high as the Mont
Terri data, while shear strength angles are within a similar range.
Overall, the material from the deep borehole shows a significantly
enhanced peak strength, with calculated UCS values 2-3 times higher
than in Mont Terri.

On the other hand, the post-peak properties of the results from the
deep boreholes, are rather in line with the results from previous testing
campaign on Mont Terri specimens. Both in terms of effective cohesion
and shear strength angles derived for the post-peak condition, the results

11

of Mont Terri fall into the same range obtained from the deep borehole
testing campaign.

The formation at the Mont Terri URL, currently at depth of
220-320 m below ground, has experienced a maximum estimated burial
depth of 1350 m'“, therefore both maximum and current burial depth
are higher in the siting region.

It could be inferred that in the siting regions, the stress history has
had a predominant effect on the material peak shear strength: the higher
stresses and temperature have acted on the diagenesis of the material,
reducing the porosity and increasing the particles interlocking and
bonding, while the relevance of the minerals composing the material has
been, in comparison, reduced. Conversely, once the cohesion has been
degraded, as in the post-peak condition, the material response is
dominated by the friction along the failure surface which is tied to the
mineralogical composition of the material. In this respect, the Mont
Terri and TBO results are comparable.

For what concerns the elastic properties, Mont Terri results (e.g.,
in the direction perpendicular to bedding exhibit undrained elastic

5,19)
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moduli of 2.5 to 7 GPa, with a maximum value of 9 GPa, for carbonate
facies at the maximum effective mean stress of 15 MPa. Tests results
parallel to bedding showed values between 7.8 and 10.7 GPa. Table 3
summarizes the comparison between MT and TBO elastic properties.

It is remarked that, as for shear strength, the undrained elastic
modulus is higher in the deep borehole results, both in the direction
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perpendicular and parallel to the bedding. The first is 60%— 120%
higher, while the latter is 30% to 200% higher. The variability in the
increment in parallel to bedding direction reflects the dispersion of the
data, already observed in Section 3.3.3.

The two Poisson’s ratios in undrained conditions (cf. Section 3.3.3)
are also compared in Table 3. These results present generally a large
dispersion, yet the results span over similar ranges.

5. Conclusions

An extensive laboratory testing program with core material of Opa-
linus Clay shale from seven deep boreholes and three site regions was
carried out to constrain the hydromechanical properties of Opalinus
Clay for the design and safety assessment of a future repository and
identify possible site-specific differences in geomechanical properties.
Dedicated procedures of core conditioning, specimen selection, spec-
imen preparation and test execution were adopted and systematically
implemented for more than 140 experimental tests. Additional tests
were conducted to confirm the adequacy of the used deformation rate,
the chemistry of the pore fluid and the chosen temperature to perform
the tests.

Based on the comparison of bulk density, water content and clay
mineral content, the tested specimens can be considered as representa-
tive for the variability of the formation at the scale of tens of centimeters
to tens of meters.

The exceptionally high number of triaxial tests on one shale forma-
tion allows for a detailed analysis of the variability of the material
properties of Opalinus Clay. The following main conclusions can be
drawn:

e The relatively large variation in mineralogy (clay-mineral content
varying between approximately 30 to 75 wt%), is not manifested in a
large variation of strength. The calculated UCS from the triaxial test

Table 3

Summary elastic undrained moduli and Poisson’s ratios from Mont Terri (MT) (*
in ref °; * in ref '°) and TBO campaigns. ¢ Range for parallel to bedding refers to
the strategy presented in Section 4.5. For the full range of values the reader is
referred to Fig. 9.

Loading direction (to bedding) E, (GPa) vy (4) p (MPa)
MT 1L 2.5 - 7%b 0.2-0.5" 4-16>P
I 78-10.7°  0.1-055°  4-10°
TBO 1L 5-12 0.3-0.6 5-15
I 10-24¢ 0.2-0.35 5-15
80 T T -
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Fig. 17. Peak (a) and post-peak (b) axial versus radial effective stress of S-specimens, from Mont Terri sandy and shaly facies >'° and TBO data.
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results for the direction perpendicular and parallel to bedding is of
the order of 21 + 5 MPa, i.e. it exhibits only very moderate variation.
Nonetheless, a tendency to higher strength with lower clay content
(generally higher bulk density) is identified.

In the explored in-situ depth range between 450 to 1000 m below
ground among the three studied sites, a negligible correlation of
material properties with depth and site of recovery is observed,
consistent with limited differences in the compaction state and
porosity.

Assuming a Mohr-Coulomb failure criterion interpretation, the
transition from peak to post-peak comes at the expense of cohesion, i.
e., a reduction of cohesion close to zero with only a minor reduction
of the mobilized shear strength angle.

A dependency on the specimens’ composition and density is also
observed in the undrained stiffness values, for the direction
perpendicular to bedding. A large scatter is however observed for the
direction parallel to bedding, where no trend with bulk density can
be seen.

In contrast to the depth range in the siting regions, the shallower
burial depth (220 to 320 m) at Mont Terri and the differences in the
tectonic and burial history led to significantly different strength and
stiffness properties. Both strength and stiffness values for Opalinus
Clay are higher in the siting regions than at Mont Terri. Yet the
stiffness anisotropy factor of approximately two is consistent with
other studies on Opalinus Clay. The results suggest that the different
burial history, to which the material in the siting regions was sub-
jected, had impacted the diagenesis of the material, decreasing the
porosity and possibly increasing the cementation. This effect seems
to vanish towards larger shear strains, once the cohesion is reduced
to close to zero, where the results of the TBO fall in the same range as
the results obtained in shallower locations.
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