RS

Thermo-Hydro-
Mechanical Behaviour
of the Callovo-
Oxfordian Clay Rock

Final Report

GRS - 266






Gesellschaft fir Anlagen-
und Reaktorsicherheit
(GRS) mbH

Thermo-Hydro-
Mechanical Behaviour
of the Callovo-
Oxfordian Clay Rock

within the Framework of
GRS/ANDRA Cooperation
Programme and

the EC TIMODAZ Project

Final Report

Chung-Liang Zhang
Oliver Czaikowski
Tilmann Rothfuchs

December 2010

Remark:

This report was prepared under
contract No. 02 E 10045 with
the German Federal Ministry
of Economics and Technology
(BMWi) and under contract No.
F16W - FP6 - 036449 with the
Commission of the European
Communities in the sixth frame-
work programme research and
training in the field of nuclear
energy (2002 — 2006).

The work was conducted by the
Gesellschaft fur Anlagen- und
Reaktorsicherheit (GRS) mbH.

The authors are responsible for
the content of the report.

GRS - 266
ISBN 978-3-939355-42-7



Keywords:
Clay Rock, Damage, Deformation, Field Observation, Laboratory Experiment, Permeability, Self-sealing,
Strength, Swelling, Theoretical Modelling, Thermal Effects, THM Behaviour



Foreword

Clay formations are being world-widely investigated as host medium for the disposal of
radioactive waste because of their favourable properties such as very slow transport of
fluids and high sorption capacity for most radionuclides. In accordance with the R&D
programme defined by the German Federal Ministry of Economics and Technology
(BMWi), site-independent basic research on indurated clays for disposal of high-level
radioactive waste is in progress in Germany. The German research work has been
mostly carried out by participation in international research projects conducted in un-
derground research laboratories in clay formations.

Since 2000, the Meuse/Haute-Marne Underground Research Laboratory (MHM-URL)
has been built close to the village of Bure in eastern France to study the suitability of
the Callovo-Oxfordian argillaceous formation (COX) to host a repository for high-level
and long-lived radioactive waste. A large number of in situ experiments has been con-
ducted there. In the framework of a co-operation agreement between BMWi and
ANDRA (the French Agence Nationale Pour la Gestion de Déchets Radioactifs), GRS
has contributed to ANDRA’s research programme with laboratory investigations, field
measurements, and numerical modelling. The work of GRS was co-funded by BMWi
and the European Commission (EC) within several projects such as

— MODEX-REP (2000 — 2005) for the development and validation of constitutive
models describing the coupled hydro-mechanical processes in the COX clay rock
during shaft sinking;

— BURE-PRE (2001 — 2003) for the preparation of future collaboration between
ANDRA and GRS;

— HE-D (2003 — 2005) heating experiment jointly performed by ANDRA and GRS at
the Mont Terri Rock Laboratory;

— NF-PRO (2005 — 2007) for the investigation on self-sealing properties of indurated

clays;
— BURE-HAUPT & TIMODAZ (2005 — 2010) for the investigation of thermal impact

on development of excavation damaged zones in clay formations.

Within the most recent projects BURE-HAUPT & TIMODAZ, which were co-funded by
BMWi under contract No. 02E10045 and by EC under contract No. F16W-FP6-036449,



the thermo-hydro-mechanical behaviour of the COX clay rock was experimentally in-
vestigated and numerically simulated. The experimental programme focused on exam-
ination of short- and long-term deformation response to mechanical loads, swelling and
shrinkage induced by variations of environmental moisture, permeability changes
caused by damage and re-compaction, and thermal effects on the hydro-mechanical
properties of the COX clay rock. The purpose of the modelling exercises was to vali-
date the capabilities of constitutive models for analysis of coupled THM processes in
clay host rocks, particularly the predictability of the development and recovery of exca-
vation damaged zones around repositories in clay formations. The model validation
was conducted by simulation of laboratory tests on large COX hollow cylinders and in

situ shaft sinking as well as heating experiments performed in the MHM-URL.

The results and conclusions achieved from the GRS’s work within both the BURE-

HAUPT and TIMODAZ projects are summarized in this report.
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1 Introduction

Clay formations are being world-widely investigated as host medium for the disposal of
radioactive waste because of their favourable properties such as very slow transport of
fluids and high sorption capacity for most radionuclides. In order to prove the feasibility
of the disposal concepts proposed by countries like for instance France /AND 05/ and
Switzerland /NAG 02/, underground research laboratories were constructed in the over-
consolidated Callovo-Oxfordian (COX) clay rock at the Meuse/Haute-Marne Under-
ground Research Laboratory (MHM-URL) close to the village of Bure in France and the
Opalinus clay (OPA) at Mont Terri Underground Research Laboratory (MT-URL) in
Switzerland. In these URLs, most important scientific activities are the conduction of
large and full-scale experiments to study the coupled thermo-hydro-mechanical-
chemical (THMC) behaviour of the host clay rocks and of the backfill/buffer materials
under realistic repository conditions. The in situ experiments are supported by laborato-
ry tests under well-controlled conditions for characterization of the material properties
and for gaining a better understanding of the observed processes. Within the frame-
work of long-term performance and safety assessments of a potential repository, the
complex THMC processes prevailing in the geological barrier system are to be predict-
ed by numerical simulations using adequate codes and theoretical models. Their suita-
bility and predictive capability must be validated in a robust way, for instance, by

comparison with the measurement data of laboratory and in situ experiments.

Since a decade, site-independent basic research on indurated clays for the disposal of
high-level radioactive waste (HLW) has been in progress in Germany, in accordance
with the R&D programme defined by the German Federal Ministry of Economics and
Technology (BMWi). The German research work has been mostly carried out by partic-

ipation in international research projects conducted in the above-mentioned URLSs.

Among others, GRS has participated in ANDRA’s research programme in the MHM-
URL /AND 00/, /AND 03/, /AND 05/, /DEL 07/, in the framework of a co-operation
agreement between BMWi and ANDRA (the French Agence Nationale Pour la Gestion
de Déchets Radioactifs). The main objective of ANDRA’s research programme was the
characterization of the isolating properties of the COX clay rock through a large number
of in situ experiments with specific purposes. Tab. 1.1 gives an overview of the experi-
ments performed so far. The most important outcomes from the experiments performed
during the time period from 1999 to 2005 have been published in the ANDRA'’s scien-

tific report “Dossier 2005” /AND 05/. Since then, the research programme has been fur-



ther developed with additional activities in the MHM-URL to provide more comprehen-
sive and realistic models of the repository behaviour for both the operation and the
post-closure periods considering especially radionulide migration and the related char-
acteristic transport properties of excavation damaged zones, determining the hydric
transient taking into account the gas production within the repository /DEL 09/, /LEB
10/.

Tab. 1.1 Main experiments conducted in the MHM-URL /AND 00/, /AND 05/,

/DEL 07/

Experiments Purpose

SUP Scientific survey of shaft sinking (geological survey, monitoring of
geotechnical behaviour, sampling)

SUG Scientific survey of the excavation of all the drifts (geological survey,
monitoring of geotechnical behaviour, sampling)

REP Monitoring of the hydromechanical response of the clay rock to the
sinking of the main access shaft of the underground laboratory

GIS In situ geomechanical characterisation: in situ stress, deformability of
the clay rock in the short and medium term

KEY Feasibility study of Excavation Disturbed Zone (EDZ) cut-off

PEP In situ measurements of permeability and pore pressure in the Callo-

vo-Oxfordian formation

PAC Water samplings in the Callovo-Oxfordian formation for chemical and
isotopic analyses and in situ measurement of certain non-
conservative parameters

DIR Characterisation of diffusion and chemical retention of the Callovo-
Oxfordian formation by tracing tests

TER Monitoring of the response of the clay rock to the thermal loading in
terms of hydraulic, mechanical and chemical disturbances

GRS has contributed to ANDRA’s programme with laboratory tests, in situ measure-

ments and numerical modelling in the frame of the following projects.

MODEX-REP was a European project for development and validation of constitutive
models describing the coupled hydro-mechanical processes in the COX clay rock dur-
ing sinking of the main shaft of the MHM-URL from 2000 to 2005 /MOD 06/, /SU 07/.
GRS contributed to the project with laboratory investigations on the hydro-mechanical
behaviour of the COX clay rock, including determination of the fundamental properties,

such as short-term and long-term mechanical behaviour and permeability /ZHA 02/,



[ZHA 04al/. The results are presented as part of the database in the “Dossier 2005” de-
livered to the French government in 2005 /AND 05/.

From July 2001 to December 2003, GRS conducted a pre-project (BURE-PRE) for the
preparation of the envisaged collaboration with ANDRA /ZHA 04b/, /ZHA 04c/. In this
project, special lab testing methods were developed for the characterization of the THM
behaviour of the COX claystone. In order to gather experience with the finite element
computing code CODE-BRIGHT developed by UPC /UPC 04/, numerical modelling ex-
ercises were also performed for the analysis of coupled THM processes in the clay
rock and in backfill.

From October 2003 to December 2005, a mock-up heating experiment called HE-D
was jointly performed by ANDRA and GRS at the MT-URL /WIL 03/, /KUL 07/, IZHA
07a/. The Opalinus clay was heated up to 100 °C by a heater of 300 mm diameter and
6 m length installed in a horizontal borehole. Responses of the surrounding rock to
heating were observed by monitoring the evolution of temperature, pore-water pres-
sure, gas migration and permeability using mini-packer-systems developed by GRS,
while the rock deformation was measured by the other partners. The THM properties of
the Opalinus clay from the HE-D test field were investigated at GRS’s laboratory. The
very complex THM processes observed during the heating experiment were numerical-
ly simulated and analysed by GRS and the other modelling teams as well. The results
were reported in /KUL 07/, /ZHA 05/, /ZHA 06/, /ZHA 07a/, IZHA 09a/.

After the preparation phase within the pre-project (BURE-PRE) /ZHA 04b/, the main
project (BURE-HAUPT) was launched in July 2005 under contract 02E10045 with
BMWi /BUE 05/. Its tasks were defined as follows:

e Laboratory investigations on the THM behaviour of the COX claystone including
a) short- and long-term deformation,
b) swelling and shrinkage,
c) permeability changes induced by damage and reconsolidation, and
d) thermal effects.

e Contribution to the TER heating experiment performed in the MHM-URL /WIL 07/
with special GRS mini-packer-systems for measurements of pore-water pressure

and temperature before, during and after heating.



e Validation of constitutive models implemented in the finite element (FEM) code

CODE-BRIGHT by modelling the following in situ experiments

a) REP experiment for monitoring hydro-mechanical responses of the COX clay
rock to the excavation of the main shaft of the MHM-URL /MOD 06/, /SU 07/,

and

b) TER experiment for characterizing the thermal properties of the COX clay rock
and evaluating the thermal impact on the hydro-mechanical processes during
heating / cooling cycles in a horizontal borehole /WIL 07/.

In addition to the characterization of the clay rock, crushed claystone from the drift ex-
cavation in the MHM-URL was preliminarily investigated as an alternative backfill mate-
rial instead of highly expansive bentonite which is being investigated as backfill/buffer

material in repositories in crystalline rocks.

One year later after starting the BURE-HAUPT project, GRS patrticipated in the Euro-
pean project called TIMODAZ /TIM 06/ started in October 2006 and terminated in Sep-
tember 2010. The main purpose of this project was to investigate the thermal impact on
the damaged zone around underground repository rooms in clay host rocks. Totally, 14
participating organisations representing 8 European countries (BE, FR, CH, DE, NL,
ES, CZ, UK) were involved in the project. The plastic Boom clay, the argillaceous Opal-
inus and Callovo-Oxfordian clay rocks, which are being considered as potential host

formations for repositories, were investigated in the TIMODAZ programme by conduct-
ing
e Laboratory experiments for determination of the thermo-hydro-mechanical-chemical

(THMC) behaviour, particularly the fracturing and sealing behaviour of the clay

rocks under relevant repository conditions;

e In situ heating experiments in the URLs at Mont-Terri in Switzerland, HADES in
Belgium, and Josef UEF in Czech for characterization of coupled THMC processes

in the rock mass;

e Benchmark modelling of the specific laboratory and in situ experiments for valida-
tion and improvement of the predictability of the constitutive models and computer

codes used for the long-term THM processes in clay host rocks;

e Assessment of the significance of the thermally-impacted EDZ for the Performance

and Safety Assessment (PA, SA) of repositories in clay formations.



GRS has contributed to the TIMODAZ programme with laboratory experiments and
numerical modelling of the THM behaviour of the COX clay rock within 5 work packag-
es:

WP2: Review of the state of the art of the understanding of the THMC behaviour for
Boom, Opalinus and Callovo-Oxfordian clays /D02 07/

WP3.1: THM characterization of the studied clays /D05 10/

WP3.3: EDZ simulation tests on large hollow clay rock cylinders /D07 10/

WP5.1: Development and improvement of THM constitutive models /D10 10/

WP5.2: Benchmark modelling of lab and in situ experiments /D13 10/.

The work of GRS within TIMODAZ was co-funded under contract number 02E10045 by
BMWi as an additional part of the ongoing BURE-HAUPT project and by the European
Commission (EC) as part of the sixth Euratom research and training Framework Pro-
gramme (FP6) on nuclear energy (2002-2006) under contract FP6-CT-036449.

In this final report, achievements and results of the combined BURE-HAUPT &
TIMODAZ project are presented. In Chapter 2, experimental results including deforma-
bility, swelling capability, permeability, thermal effects, large-scale simulation tests on
the COX claystone, and characterisation of the crushed claystone are illustrated and
discussed. Chapter 3 focuses on the modelling work including description of applied
constitutive models, determination of model parameters, numerical simulations of the
laboratory and in situ experiments, and scoping prediction of coupled THM processes
in a clay rock — bentonite buffer system around a HLW disposal borehole. Main results
and conclusions from the laboratory experiments and the modelling exercises are final-

ly summarized in Chapter 4.






2 Laboratory Experiments

In order to enhance the knowledge about the THM behaviour of argillaceous rocks as
host medium for the disposal of HLW, comprehensive experiments were carried out on
the COX clay rock at the MHM-URL in the framework of the BURE-HAUPT/TIMODAZ
project. The laboratory programme focused on investigating the

o deformability of the clay rock, which is of particular importance for the stability of the
repository construction during the operation phase and for the long-term integrity of

the geological and engineered barriers after backfilling and closing of the reposito-

ry;

o swelling capability of the clay rock, which will play a key role in the self-sealing pro-

cess of the EDZ when water flows through;

e permeability changes induced by damage and re-compaction of the EDZ as the
basic EDZ parameter evaluated in long-term performance and safety assessments
of a repository;

¢ thermal impact on the hydro-mechanical behaviour and the integrity of the clay host

rock;

e fracturing and self-sealing processes in the EDZ during excavation, ventilation,
backfilling, water flow, heating and cooling simulated in the laboratory tests on large

hollow COX claystone cylinders; and

e hydro-mechanical properties of crushed claystone as backfill / buffer material.

2.1 Basic characterization of the Callovo-Oxfordian argillaceous

formation

The underground research laboratory MHM-URL has been constructed in the Callovo-
Oxfordian argillaceous formation on the eastern boundary of the Paris Basin, compris-
ing a sequence of nearly horizontal limestone layers, marls and argillaceous rocks de-
posited at the bottom of former oceans (Fig. 2.1) /AND 99/. The formation represents
over-consolidated sediments of the Jurassic Age (about 150 million years old). The
homogeneous rock mass of about 130 m located at depths between 420 m to 550 mis
investigated in the MHM-URL. The URL consists of two shafts, a large number of drifts
and boreholes at depths between 445 m and 490 m. In accordance with the mineral

composition and common mechanical characteristics, the COX formation is divided into



three rheological zones or layers, the upper (A’), the median (B’), and the lower (C’)

zone. Fig. 2.2 illustrates the distribution of mineral components in these zones /AND

99/, while the distribution of the geomechanical properties, such as water content (w),

uniaxial compressive strength (R.), and elastic modulus (E), is presented in fig. 2.3 and

in tab. 2.1 /SU 07/.

Tab. 2.1  Basic mechanical characteristics of the different geological zones of the
Callovo-Oxfordian formation /AND 05/, /SU 07/
Rheological zone
Characteristic Overall
Upper Median Lower
Depth (m) 420 — 455 | 455 - 515 | 515 - 550 | 420 — 550
Initial total stresses 12 — 16 MPa at -500 m
Initial pore pressure ~5 MPa at -500 m
Bulk density (g/cm?®) 2.42 2.42 2.46 | 2.40 - 2.45
Water content (%) 6.1 7.1 5.9 5.3-8.8
Porosity (%) 14.0 15.5 13.0 | 12.0-17.0
Young’s modulus (GPa) 6.2 5.5 7.2 6.0
Uniaxial compressive strength 30 21 21 2
(MPa)
Uniaxial tensile strength (MPa) 2.6
Hydraulic conductivity (m/s) 10-13t010-14
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Fig. 2.3 Geomechanical properties of the Callovo-Oxfordian argillaceous formation
/SU 07/

On an average, the COX clay rock contains 25 — 55 % clay minerals, 20 — 38 % car-
bonates and 20 — 30 % quartz, 1 % feldspar, and small amounts of others /AND 05/.
The three zones correspond to the three geological sedimentary sequences: two stiff



zones (upper and lower) with higher carbonate contents surrounding a central less stiff
zone (median) with more clay content. However, the transition from one zone to the
other is progressive. The combined effect of the geological sedimentation, compaction
and diagenesis has reduced the pore space to very low porosities of 12 — 17 %. The
small pores lead to large resistance to fluid flow and correspondingly to very low hy-
draulic conductivities of 10™ to 10™*® m/s. In the natural state, the clay rock is fully satu-
rated with water and solutes (pore-water type: Na-CI-SO,) /MAZ 08/. The
sedimentation has caused a preferential orientation of the clay foliage and consequent-
ly a stratification of the matrix structure. This however results in anisotropy of the rock
properties, for instance, the anisotropy factor of the hydraulic conductivity parallel ver-
sus normal to the bedding plane ranges from 2 to 10 /AND 05/. The in situ stress state
at the -490 m main level of the MHM-URL is also anisotropic, the vertical component o,
= 12.7 MPa, the minor horizontal component o, = 12.4 MPa (oriented 065° +10°), and

the major horizontal component oy = 14.8 MPa (oriented 155° +10°).

2.2 Preparation and characterization of samples

For the envisaged tests, a large number of core samples of various sizes were extract-

ed from the following boreholes drilled at different locations in the MHM-URL.:
o REP2206 drilled vertically from the floor of the -445 m niche to a depth of 467 m;

o RPAZ27 drilled vertically along the axis of the main shaft from the -451.4 m level to a
depth of 484.5 m;

e PPA35 drilled from the wall of main shaft at the depth of 479.1 m and oriented to

the direction of the horizontal major stress (~N150°);

e TER1101 heater borehole drilled at the depth of 490.0 m and oriented to the direc-
tion of the horizontal major stress (~N150°);

e SUG1103 drilled at the depth of 490.0 m and oriented to the direction of the hori-

zontal major stress (~N150°);
e PAC1011 drilled horizontally at the depth of 490.0 m;
e PAC1012 drilled horizontally at the depth of 490.0 m;
e DIR2002/3/4 drilled vertically from the floor of the -445 m niche;

e DIR1002/4 drilled vertically from the -445 m main level.

10



Most of the core samples had a length of 320 mm and different diameters of 80 to
120 mm. In addition to the normally-sized cores, 8 large cores of 290 mm diameter and
0.6 — 1.0 m lengths were extracted from the diffusion test boreholes drilled vertically
from the floor of the -445 m niche (DIR2002/3/4) and the -490 m main level downwards
(DIR1002/4), respectively. The sampling positions cover the in situ experimental depths
from 447 m to 500 m.

The drilled cores were confined in sealing cells, delivered by ANDRA to the GRS la-
boratory, and then stored there until testing in a climate-controlled room at 22 °C. From
the normally-sized cores, cylindrical samples were carefully prepared by cutting and
planishing the surface to the desired sizes. Fig. 2.4 shows a core sample confined in
cell (a), unpacked (b), and prepared to a 120 mm diameter and 220 mm length (c). The
large cores were wrapped in aluminium foil, covered by rubber jackets, and confined by
pressing two-half parts of a plastic tube over the jackets using stretching bands to pre-
vent damaging and de-saturation. From the big cores, large hollow cylinders were pre-
pared to 280 mm outer diameter and 460 — 650 mm lengths with axially-centred
boreholes. Fig. 2.5 shows pictures of the cores during storage and preparation. Gener-
ally, no macro-cracks were visually recognized on the sample surfaces and bedding
planes are insignificant. Only a few cores were damaged during the preparation and

could not be used for testing.

(a) confined in cell (b) unpacked (c) prepared

Fig. 2.4 Normally-sized samples prepared from COX drill cores
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i b vy |
(a) storage in confinement

(b) unpacked core (d) planishing the end face

Fig. 2.5 Large hollow cylinders prepared from big COX drill cores

The fundamental properties of the samples such as grain density, dry density, bulk
density, porosity and water content were measured according to ISRM (International
Society for Rock Mechanics) suggested testing methods /ISR 81/, /ZHA 07a/. The
properties are defined as follows:

Grain density

M
_ My 2.1
pi=7, (2.1)

S

M, = mass of solids, V; = volume of solids.

12



Bulk density

M = mass of bulk sample, V = volume of bulk sample,

M, = mass of solids, M,, = mass of water.

Dry density

Porosity

¢= %100 = (1—&j -100 (%)

S

V, = volume of voids.

Water content

W= m100 (%)
M

S

Degree of water saturation

S, = \\;—Wloo (%)

\

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

Relationship between degree of saturation and the other physical characters

~ P00 (%)

5 = !
o (Fn X)) 7

pw = density of pore water.
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Before starting each test, the bulk density of the samples with natural water content
was determined by measuring their volume and weight. The water content was meas-
ured on pieces remaining from sample preparation. They were dried in an oven at a
temperature of 105 °C over 2 days. On basis of the measured bulk density and water
content, the dry density was calculated. The grain density was measured on powder
produced during sample preparation by use of pycnometer with helium gas. The po-
rosity was calculated on basis of the measured grain and dry densities. The basic
characteristics determined on the COX samples are summarized in tab. 2.2 together
with the test plan. Due to the long storage periods of months to years and the prepara-

tion, they were more or less de-saturated.
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Tab. 2.2

Characteristics of drill cores used for the investigations at the GRS laboratory

Grain Bulk Dry Porosity Water Water
Core Diameter Length Depth den5|t9/ den3|t3y denS|t3y (%) content |saturation Testing
Borehole ID (mm) (m) (m) (g/cm”) | (g/cm?) | (g/cm”) (%) (%)
creep/damage/sealing/
REP2206 EST21156 |80 250-2.78 4476 |2.694 2,589 |2.552 5.3 1.43 70.0 swelling/thermal
normal to | EST21158 |80 4.00 - 4.28 451.1 |2.690 2401 |2.307 14.2 4.66 73.0 creep
bedding |EST21160 |80 6.00 - 6.28 453.1 |2.695 2402 |2.310 14.3 4.99 75.0 creep/damage/sealing
1 EST21162 |80 8.00 - 8.28 4551 12.708 2399 |2.286 15.6 4.94 72.0 creep/swelling/thermal
EST21164 |80 10.00 - 10.28 |457.1 2.430 |2.300 14.8 5.73 89.0 creep/damage/sealing
EST21166 |80 12.41-12.45 |459.1 |2.707 2530 |(2.430 10.2 4.12 98.0 creep/damage/sealing
EST21168 |80 14.00-14.28 [461.1 |2.694 2393 |2.272 15.7 5.33 77.0 creep/damage/sealing
EST21171 |80 16.95-17.23 |463.1 |2.681 2.363 |2.243 16.3 5.34 73.0 creep/damage/sealing
EST21173 |80 1758 -17.85 [464.1 |2.684 2399 |[2.276 15.2 5.40 81.0 creep/damage/sealing
EST21177 |80 20.00-20.28 | 467.1 2.694 2.393 2.272 15.7 5.33 77.0 creep/damage/sealing
PPA35 |EST19533 |80 0.45-0.77 479.1 |2.700 2448 |2.300 14.9 6.10 94.2 permeability
parallel |EST19534 |80 0.77 -1.09 479.2 2.428 permeability
to bedding | EST19535 |80 1.09-141 479.3 2.422 permeability
I EST19538 |80 2.00-2.31 |479.4 2.442 permeability
EST19541 |80 3.40-3.72 479.5 2.436 permeability
EST19557 |80 12.34-12.66 |479.6 2.440 permeability
PPA27 L |EST17290 |80 2.707 2.387 |2.246 17.0 6.24 83.0 creep
EST17282 |80 20-20 471.0 2.44 2.34 13.3 4.45 78.1 thermal
EST17313 |80 29-30 480.9 2.38 2.24 17.0 6.58 86.5 thermal
EST17322 |80 30-33 484.6 2.43 2.29 15.2 6.6 99.5 thermal




Tab. 2.2

Characteristics of drill cores used for the investigations at the GRS laboratory [continued]

oT

Grain Bulk Dry Porosity Water Water
Core Diameter Length Depth den5|t9/ denS|t3y denS|t3y (%) content |saturation Testing
Borehole ID (mm) (m) (m) (g/cm”) | (g/cm”) | (g/cm”) (%) (%)
TER1101 |EST25321 |122 154-1.74 491.2 |2.687 2417 |2.286 15.2 5.70 86.0 creep
I EST25324 | 122 3.08 -3.28 491.3 |2.700 2428 |2.296 14.9 5.73 88.0 creep
EST25335 |122 6.26 — 6.56 4915 |2.709 2426 |2.285 15.7 6.18 90.0 creep
EST25339 |122 7.28 —7.60 491.7 |2.705 5.88 creep
EST25344 | 122 8.561-8.81 4919 |2.709 2421 |2.277 16.0 6.33 93.0 creep
SUG1103
EST22101 |80 4909 |2.70 2436 |2.285 15.35 6.57 97.9 swelling
PAC1011 |EST27334 |80 2.50-2.81 490.0 2.400 triaxial compression
| EST27335 |80 2.81-3.12 |490.0 2.450 triaxial compression
EST27338 |80 3.12-3.82 490.0 2.421 triaxial compression
EST27339 |80 3.82-4.18 490.0 2.448 triaxial compression
PAC1012 |EST27382 |80 490.0 thermal
|| EST27390 |80 3.25-3.35 490.0 |2.70 2.437 |2.286 15.34 6.60 98.3 thermal
DIR10021 |EST19454 |290 1.66 - 1.96 498.0 |2.70 2.45 2.34 13.3 5.43 95.2 thermal
DIR1004-L | EST27319 |290 8.45-9.03 501.3 |2.70 2.43 2.28 15.7 6.8 98.0 EDZ simulation
DIR2003-L | EST19387 |290 6.14 -7.22 460.0 |2.70 241 2.28 154 55 82.0 EDZ simulation
DIR2004-L | EST27315 |290 13.94-14.53 |461.5 |2.70 2.45 2.29 15.0 6.8 100.0 EDZ simulation
DIR2004-L |EST27312 |290 15.81-16.63 |463.0 |[2.70 241 2.26 15.8 6.2 89.0 EDZ simulation




2.3 Deformability

2.3.1 Short-term deformation

Sufficient knowledge of short-term deformation, damage, and strength of a clay host
rock is required for the proper design of an underground repository. Important aspects
of the short-term mechanical behaviour are the characteristic parameters relating
stresses and strains in the elastic range, the stress levels at which yield, damage or
fracturing occurs in the rock, and the post-failure behaviour of the fractured rock. The
short-term deformation behaviour of the COX claystone was determined on samples of
78.5 mm diameter and ~150 mm length. They were extracted from a horizontal bore-
hole PAC1011 parallel to the bedding plane (see tab. 2.2). The samples were slightly
de-saturated due to coring and preparation.

2.3.1.1 Testing method

Triaxial compression tests were carried out in a standard triaxial apparatus, which per-
mits a maximum axial load of 1600 kKN (~200 MPa) and a maximum lateral stress of
70 MPa /ZHA 02/. In order to minimize effect of the material alteration induced by cor-
ing and preparation, the samples were firstly reconsolidated at a temperature of 30 °C
by isostatic loading up to the original lithostatic stress of 6, = 12 to 18 MPa at the sam-
pling positions. This was done because pre-compacted samples are more representa-
tive for the initial state of the clay rock. Following that, the axial and lateral stresses
were decreased to the desired levels. Keeping the lowered lateral stress constant (o, =
o3 = const), the deviatoric stress (Ao = 61 — 63) was increased at an axial strain rate of
1-10° s up to failure. During the tests, the axial strain (e;) was measured by a LVDT-
transducer installed outside of the triaxial cell, while the volumetric strain (g,) was de-
termined both directly from the volume change of the confining oil in the cell using a
pressure/volume GDS-controller and indirectly by strain gauges attached on the sam-
ple surfaces at the sample mid-height. Radial strain (¢, = €3) was calculated from the
g;— and e,—~data obtained by the indirect measurement of oil volume in the cell rather
than the direct measurement from the strain gauges because the data from the strain
gauges were limited regarding the measuring locations and the measuring range of
~1 %.
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2.3.1.2 Isostatic compaction

Fig. 2.6 illustrates the volumetric strains measured on five samples by multiple isostatic
loading / unloading cycles. At each sample, the isotropic loading led to a nearly linear
compaction in volume. The volumetric strain recovered linearly again with decreasing
the load. This observation indicates the domination of elastic closure and opening of
the pores and micro-cracks in the samples over the testing range. From the slope of
the o, — &, — curve, Bulk modulus can be determined to a range of K = 8 to 20 GPa.
The difference in elastic stiffness might be attributed to the different degrees of water
saturation of the samples. The less saturated pores are more easily compacted be-

cause of lower stiffness.

0,18
— EST273341
0,16
— EST273351
g 0,14 - EST273392
EST273382
& 0,12 |
- — EST273342
< 0,10 1
»
2 0,08 1
©
€ 0,06
=
o
> 0,04 1
K=8-20GPa
0,02 -
0,00 ‘ ‘ ‘
0 5 10 15 20
Isostatic stress o, (MPa)
Fig. 2.6 Isostatic compaction behaviour of the COX claystone
2.3.1.3 Deviatoric compression and strength

Following the isostatic compaction, the deviatoric stress was increased up to failure.
The deviatoric stress-strain curves obtained from a typical test are illustrated in fig. 2.7
showing the yield point (oy), the onset of dilatancy (op), the peak strength (og), and the
residual strength (cgr), while the results obtained on the other samples at different lat-

eral stresses of 1 to 7 MPa are summarized in fig. 2.8. The difference of the measured
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volumetric strains (see fig. 2.7) is because the &,.oi voume Was obtained directly from the
balance calculation of the confining oil in the cell and thus is more representative for
the sample volume change, while &,.sxain gauge Was indirectly calculated by the local radial

strain recorded with a strain gauge and thus not precise.

Generally, all the samples exhibited the typical elasto-plastic behaviour. The stress-
strain curves start with linear axial compression, radial extension, and volumetric com-
paction until yield occurs at stress oy where a deviation from the linear elastic behav-
iour appears. Further deformation with the stress involves some irreversible plastic
parts due to micro-fracturing. The opening of micro-fractures might be identified by a
transition from the volumetric compaction to dilation at stress op. When the fracturing
continues up to the formation of macro-fractures and shear planes in the clay (a frac-
tured sample shown in fig. 2.9), failure occurs at stress or. The corresponding axial
strain at the failure varies between 1 % and 2 %. From the peak point, the stress drops
quickly down to the residual strength (ogr), at which further plastic slip on the shear

planes continues unstably to a range over 3 % — 6 %.

16 )
COX sample
14 EST27334-2 -
<
12 - R
g L.
b 10 .
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2 05 o
g 8 =
> o @
2 6 1 2
= o
g --05 £
8 4 €v-oil volume =
T=30°C S
2 o3 =1.0 MPa . 1
de,/dt = 1E-6 1/s €y-strain gauge
0 1 1 T ‘ ‘ -1’5
-3 -2 -1 0 1 2 3 4
Radial strain &3 (%) Axial strain g (%)

Fig. 2.7 Stress-strain curves obtained from a typical triaxial test on a COX sample

with identification of yield, dilatancy, peak, and residual strengths
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Fig. 2.8 Stress-strain  behaviour of the COX claystone at different confining

stresses

The values of the yield, dilatancy, peak and residual strength obtained by loading the
samples parallel to the bedding plane are depicted in fig. 2.9 as a function of the con-
fining stress. It is obvious that the data of peak and dilatancy strength are quite close.
The vyield strength is about 30 % of the peak strength. The residual strength remains at
40 % to 50 % of the peak strength.
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The dependency of the strengths on the confining stress can be approached by the
Mohr-Coulomb criterion:

(8 r=0, tanp+c

or

(b) o,=2-c- tan(45°+§j+ o, tan2[45° +%} (2.8)

where ¢ represents the shear stress at failure on the failure plane, o, is the normal
stress on the failure plane, cis the cohesion and ¢ is the angle of internal friction. The
strength parameters of ¢= 6.5 MPa and ¢ = 24° are estimated from the peak / dilatan-
cy strength envelope. From the picture of a fractured sample after testing, one can
identify the angle of the shear plane to the axial load, B = 32°, i. e. B = 45° — ¢/2. The
yield boundary may be expressed by oy = 0.7-cr. The residual strength seems to be

independent of the confining stress or normal stress with ¢=5 MPa and ¢ = 0°.

30
peak / dilatancy strength Or ~ Op
. 251 ®
g : "
2 =
~ 20 - _
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8 5 Avyielding strength @ peak strength
o residual strength  x dilatancy strength after failure
O T 1 1
0 2 4 6 8

Lateral stress o3 (MPa)

Fig. 2.9 Determination of the dilantancy, peak, and residual strength

The peak strength and residual strength parallel to bedding (or|, or|) obtained in these
tests are compared in fig. 2.10 with those previously obtained by loading the samples
perpendicular to bedding (ort, ort) /ZHA 02/, /ZHA 04a/. The strengths perpendicular

to bedding are higher than those parallel to bedding. The anisotropic ratios are crv /
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of| = 1.2t0 1.3 and ort / or| = 1.1 to 1.8. Because the tested samples had been taken
from the different locations and might have different mineralogical contents, particularly
for clay and carbonate, the above drawn conclusion on the mechanical anisotropy

needs to be confirmed by more systematic tests on samples from the same location.
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Fig.2.10 Comparison of the peak strength and residual strength parallel and
perpendicular to bedding
2314 Elastic parameters

The elastic parameters of Young’s modulus E and Poisson’s ratio v were determined
on a sample EST05634 (D/L = 78/102 mm) at a lateral stress of 3.4 MPa as function of
deviatoric stress, whereby the ultrasonic wave velocity was recorded, too. A high load-
ing rate of 0.4 MPa/s was applied to minimize time effects on the elastic deformation.
Fig. 2.11 illustrates the stress-strain curves along the loading and the unloading paths.
The E- and v-values were determined by short loading / unloading cycles at different
stress levels in the linear elastic strain part below yield (op = 19 MPa). The E- and v-
data are depicted in fig. 2.12 as a function of the applied deviatoric stress. Young’s
modulus increased from E = 3200 MPa at Ac = 3.5 MPa to E = 3800 MPa at Ac =
19 MPa. The increase of the elastic stiffness implies a consolidation process during
which the pre-existing micro-fissures more oriented normal to the axial load tended to

close. In contrast, Poisson’s ratio did not change much over the test range with an av-
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erage value of v = 0.10. The increase in stiffness was also detected by the wave veloci-
ty as shown in fig. 2.13. The velocity increased with increasing the stress. The velocity
increase rates during the isostatic loading are higher than those during the deviatoric
loading. The consolidated state remained to some degree, indicated by the less de-

creased velocities along the unloading path.
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Fig. 2.11 Determination of elastic parameters from the stress-strain curves
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Fig. 2.12 Dependence of the elastic parameters on applied deviatoric stress
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Fig. 2.13 Measurements of ultrasonic wave velocity along different loading paths

2.3.2 Long-term deformation

The long-term deformability of the clay host rock is one of the most important factors
governing the sealing of fractures in the EDZ and the compaction of pores in the buff-
er/backfill surrounding waste canisters in a repository. The sealing processes in the
EDZ and in the Engineered Barrier System (EBS) must be predicted by performance
and safety assessments of the repository. Knowledge of the time-dependent defor-

mation behaviour of the host rock is needed in this respect.

2.3.2.1 Earlier results

Within the previous projects (MODEX-REP, BURE-PRE, HE-D /ZHA 02/, /ZHA 04b/,
[ZHA 07a/), the time-dependent behaviour of the COX and the OPA clay rocks was in-
vestigated in uniaxial creep tests by taking into account a number of influence factors
such as load level, material anisotropy, scale effect, water content and temperature.

The main observations are:

e Both claystone exhibit significant creep strains even under very low loads of less

than 1 MPa, indicating negligible stress threshold for the onset of creep;

¢ Quasi-steady state creep appears after a transient phase over several months;
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e The steady state creep rate seems to be linearly related to the applied stress;

e The creep behaviour parallel and perpendicular to the bedding plane are almost

the same, suggesting a negligible anisotropy effect;
e High carbonate content and low water content slow down the creep;

e Creep of the saturated claystone is accelerated at elevated temperatures under

undrained condition.

According to Mitchell /MIT 76/, IMIT 92/, the term “creep” is used to refer to time-
dependent shear strains and/or volumetric strains that develop at a rate controlled by
the viscous resistance of the soil structure. Mitchell suggests that creep results from
continued slipping along contacts between clay particles accompanied by both bond
breaking and new bond formation. According to the current state of knowledge /AND
03/, /AND 05/, different mechanisms may lie behind the creep, such as a) rebalancing
of pore pressure because of the very low permeability; b) deformation of the mineral
skeleton by sliding clay flakes; ¢) subcritical propagation of fissures and the possible
creation of new fissures; d) stress-induced solution transfer (pressure solution) be-
cause the indurated clays contain a relatively high amount of carbonates. Moreover,
recent observations reported in /ZHA 04a/, /ZHA 07al/, /ZHA 07b/ indicated that defor-
mation of interparticle water-films adsorbed on the particle surfaces may play a key role
for the creep in claystone. To our knowledge, it is still not clear which micro-processes

really dominate the creep of argillaceous rocks.

In the frame of this project, the studies on the long-term deformation of the COX and
OPA claystone have been continued not only in uniaxial but also in triaxial creep tests
to consolidate the database and to improve the understanding of the creep mecha-

nisms.

2.3.2.2 Creep under uniaxial loads

Uniaxial creep tests were performed in five rigs. One rig allows five samples being sim-
ultaneously tested at the same load up to 500 kN at ambient temperature, while each
of the other four rigs allows two samples tested in separate chambers at elevated tem-
peratures between 20 to 200 °C. Details of the test rigs are given in /ZHA 02/, /ZHA

04b/. In order to avoid a loss of pore water during testing, the samples were sealed in
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rubber jackets and steel plates. Totally, 13 uniaxial creep tests were carried out in five

groups, each consisting of two or five samples:

e Group l:EST21156- and EST21158- (D/L = 80/160 mm)

e Group I:EST211601 and EST21162-L (D/L = 80/160 mm)

e Group II:EST17290L and EST21166- (D/L = 80/160 mm)
o Group IV:EST25335|| and EST25344 | (D/L = 122/220 mm)

o Group V:EST21171L, EST211731, EST211771, EST211681, EST25321 ||
(D/L = 80/160 mm)

The main characteristics of the samples are given in tab. 2.2. Because the samples
drilled from boreholes REP2206 and PPA27 had been stored over a long period of 2.5
years before testing, their water loss was relatively significant and the remaining water
saturation was in relatively low ranging between 70 % and 83 %. In contrast, the tests
on the other samples from borehole TER1101 were started within a short period of time
of a month after coring, so that the water loss was limited and the saturation degree
was relatively high ranging between 86 % and 93 %. The axes of the samples from
boreholes REP2206 and PPA27 were perpendicular to the bedding plane (L) while the
others from borehole TER1101 were parallel to bedding (J|). The uniaxial creep tests
were performed under multi-step loads between 1 and 13 MPa at ambient temperature
of 23.0 £0.5 °C in an air-conditioned room. Most of the tests lasted over an exceptional-

ly long duration of 2 to 4.5 years with a creep phase duration of 4 to 18 months.

The axial strains measured on five COX samples from the same borehole REP2206
and one from PPA27 under uniaxial loads of 1, 2 and 5 MPa are plotted over the test-

ing time of about 4 months in fig. 2.14a/b/c. Comparing them, one can find out that:

e The compressive strains increase gradually with time at all the applied stresses ex-
cept for the sample EST21156 at 1 MPa (fig. 2.14a) which originated from the up-

per zone A’ (fig. 2.2) with less clay and water contents but more carbonates;

e All the creep curves can be characterized by a transient phase with decreased
strain rates during the first 2 — 3 months and a quasi-stationary phase with a rela-

tively constant strain rate;
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Fig. 2.14 Creep curves of six COX samples under various uniaxial loads perpendicu-
lar to bedding
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e The quasi-steady state creep rates determined over the last interval of ~1 month
are in a range between 2:10** s and 8-10™ s, being higher at more water con-
tents under the same load;

e The higher the applied load, the larger the total and viscous deformations.

Fig. 2.15 compares the multi-step creep curves obtained on two samples from borehole
TER1101 with similar water contents of 6.2 % and 6.3 %, respectively. The samples
were axially loaded parallel to the bedding at 3 MPa over 4 months, 6 MPa over 9
months, 9 MPa over 11 months, and 11 MPa over 12 months. The tests were disturbed
two times by failure of the air-conditioner within the second and the fourth phase. Con-
sequently, longer testing durations were needed to reach a steady state at each load
step. The creep rates were determined from the quasi-linear parts of the strain-time
curves. The creep curves show that a) the sample EST25344 with slightly higher water
content deformed faster but unfortunately failed earlier at a lower stress of 9 MPa; b)
true steady state creep seemed not to be reached during each load phase; and c) the
quasi-steady state creep rates determined from the data of each last phase at 6, 9 and
11 MPa vary in a small range between 2:10** s and 310! s, indicating little or al-
most no dependence on the applied stresses.
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Fig. 2.15 Creep curves of two COX samples under multi-step uniaxial loads parallel
to bedding
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Fig. 2.16 summarizes the creep curves obtained on five samples under the multi-step
uniaxial loads applied upwards to 4, 7, 10, 13 MPa and downwards to 10 and 7 MPa.
Each creep phase lasted over 4 to 17.5 months. Sample EST25321 from borehole
TER1101 was axially loaded parallel to bedding while the others from borehole
REP2206 were loaded perpendicular to bedding. The measurements indicate that the
total strains in direction perpendicular to bedding are larger than those in parallel direc-
tion. But the strain evolution curves are relatively parallel, suggesting little anisotropy of
the viscous deformation in the claystone. The distances between the creep curves per-
pendicular to bedding arise from the differences in the stiffness of the samples and
thus the short-term deformation during each loading. As mentioned before, the tests

were also disturbed by the failure of the air-conditioner in the test room.
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Fig.2.16 Creep curves of five COX claystone samples under multi-step uniaxial

loads parallel and perpendicular to the bedding plane

It is interesting to compare the creep curves obtained at the same stress level but
reached by different loading paths (loading / unloading). Fig. 2.17 shows the creep
curves obtained at 10 MPa axial load reached by loading (a) and unloading (b), while
the other creep curves at 7 MPa reached by loading (a) and unloading (b) are com-
pared in fig. 2.18. The creep curves at the same stress but reached by different loading

paths show different patterns.
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Effects of loading paths on the creep behavior at uniaxial load of 10 MPa
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Fig. 2.18 Effects of loading and unloading on the creep behaviour at a uniaxial load

of 7 MPa

The creep strain curve at an increased load is typically characterized with a transient
phase with decreasing rates and a following stationary phase with a nearly constant

rate. In contrast, the creep strain at lowered load evolves firstly backwards with nega-
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tive rates and then returns with time to a positive constant rate, at which the creep is in
steady state. At decreased load, the effect of strain hardening, usually occurring during
stress rising, does not appear. The creep rates determined from the last parts of each
creep curve are also remarked in fig. 2.17 and fig. 2.18. The strain rates of 3-10™ to
6-10"* s after loading are 2 to 5 times that of 7-10™* to 1-10™** s™* after unloading. Al-
most the same conclusion is true for the creep rates at 7 MPa after loading and unload-
ing, but the rates are slightly lower. As mentioned above, the difference is mainly

attributed to the effect of strain hardening by loading.

To highlight the influence of stress on the creep rate of the clay stone, the strain rates
obtained at the end of each phase are depicted in fig. 2.19 versus the applied stresses.
The relatively higher creep rates established at the lower stress of 4 MPa suggest that
the creep within 4 months did not attain a steady state. The strain rates obtained at 7,
10 and 13 MPa reached by loading seem to be linearly correlated to the stress applied
to the sample. But the flat slopes of the rate-stress curves imply a low significance of
the stress effect on the creep rate. Similarly, the steady state creep rates obtained at 7
and 10 MPa reached by unloading are rather comparable to each other, indicating in-
significant dependency of the creep rate on the applied stress. Additionally, the small
distances between each creep rate-stress curves reflect comparable qualities of the

samples and a good homogeneity of the rock.
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Fig. 2.19 Dependency of the creep rate on the applied stress
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2.3.2.3 Creep under triaxial load

In the above uniaxial creep tests, the applied uniaxial loads are more representative for
the in situ stress states near drift walls. On the other hand, the quality of used samples
is degraded after coring and preparation, possibly reflecting the rock state in the EDZ.
In order to characterize the long-term deformation behaviour of the clay rock in the far-
field, where the rock material remains intact and the magnitude of the deviatoric stress
is relatively small, triaxial creep tests were carried out on a COX clay sample
EST25335| (D/L=100/190mm) from borehole TER1101 and on an Opalinus clay sam-
ple BET-7| from the Mont Terri-URL. Fig. 2.20 shows a photo of the used triaxial creep
rig and the schematic assembly of a triaxial creep test. The triaxial cell allows a maxi-
mum axial stress of 70 MPa and a lateral pressure of 50 MPa within an accuracy of
+0.05 MPa. The sample can be heated by means of a heater mounted outside around
the cell up to a temperature of 150 °C within an accuracy of £0.01 °C. While axial de-
formation is recorded by a LVDT deformation transducer installed inside the cell be-
tween the top and bottom of the sample, radial strain can be measured by a
circumferential extensometer mounted around the sample outside the jacket. Strain
gauges are attached on the surface at the sample mid-height. The sample is inserted in
a rubber jacket and located between two load pistons, in which piezo-electric wave

transducers are introduced for measuring ultrasonic wave velocities during the test.

axial load

P wave transducer

heater
strain gauge

LVDT- COX sample
displacement i =
transducer

circumferential
extensometer

temperature
sensor

rubber jacket

axial load

assembly

picture

instrumentation

Fig. 2.20 Schematic assembly of the triaxial creep test on a claystone sample
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In order to achieve the original rock state, the samples were pre-consolidated under
high isostatic stresses up to 40 MPa. Following that, different stress states were ad-
justed by decreasing the axial and lateral stresses to the desired levels. In the tests,
the in situ stress states in the COX formation at the main level (-490 m) of the MHM-
URL were taken into account by applying a constant axial stress of ; = 15 MPa and

various lateral stresses of 63 =12, 9, 6, 3 MPa.
Test 1

Fig. 2.21 illustrates the results of the first test on the COX sample EST25335] with an
initial porosity of 15.7 % and a water content of 6.2 % (calculated degree of water satu-
ration S, = 90 %). The application of an isostatic load of o; = 6, = o3 = 40 MPa over two
weeks led to a compaction in all directions of ¢; = 0.26 % and &3 = 0.42 %. The large
radial strain perpendicular to the bedding is 1.6 times of the axial strain parallel to the
bedding, i. e., the anisotropy ratio amounts to £1/g; (ga/e;) = 1.6. This value only reflects
the anisotropy of the disturbed sample but not necessarily that of the natural clay rock.
Based on the data, the volumetric strain is calculated by &, = €1 + 2e3 = 1.1 % and the
remaining porosity is ¢ = 14.6 %. Taking into account the dry density of p; = 2.45 g/cm?®
and the pore-water density of p, = 1.0 g/lcm®, the degree of water saturation after the
consolidation is determined to S, = 104 % according to eq. (2.7). This value suggests
full saturation of the consolidated sample. The compaction of the pre-existing micro-
fissures was also detected by a significant increase of the elastic wave velocity from v,
= 1000 to v, = 3300 m/s.

Following the consolidation, the stresses were lowered down to ¢; = 15 MPa and o3 =
12 MPa, similar to the anisotropic stress state of the original COX formation at a depth
of ~ 500 m. Corresponding to the unloading, a rapid dilation in radial direction perpen-
dicular to the bedding was clearly recorded both by the circumferential extensometer
and the strain gauge, while the axial compressive strain was very small. Beyond this
elastic deformation, the radial dilation continued with time during a time period of 4
months, whereas no significant axial strain could be detected by the LVDT displace-
ment transducer with an accuracy of +0.01 of full scale. From the data, an average ra-

dial dilation rate of de;/dt = -7-10™** s can be determined.
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Fig. 2.21 Results of a triaxial creep test on a COX sample under different deviatoric

stresses and tem peratures

Keeping the stress state unchanged, the sample was heated to 40 °C. The heating
caused expansion in radial direction, but not in axial direction. At the elevated tempera-

ture, the radial dilation seemed to be slowed down while no significant changes in axial
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strain could be recorded. At that time, it was believed that the displacement transducer
might fail. To check that, the sample was unloaded to ¢; = 10 MPa and o3 = 2 MPa and
cooled down to 25 °C. This resulted in an impulse of the axial strain, confirming the or-
dinary operation of the displacement transducer. Over a month under these conditions,
however, no significant axial strain was observed, while the radial dilation continued

with time.

Subsequently, the sample was heated again step by step to 40, 60 and 90 °C. At a de-
viatoric stress of 6; — 63 = 10 — 2 MPa, each heating resulted not only a radial expan-
sion but also an axial compression. At 90 °C, the pore-water probably evaporated,
indicated by a rapid reduction of the wave velocity from 3300 to 1000 m/s. The evapo-
ration might generate high vapour pressures exceeding the confining pressure on the
rubber jacket at the pistons, letting the vapour passing through. The consequence of
the water release was the compaction under the confining stress. This is clearly indi-
cated by the gradual compression in radial direction. The last cooling phase accelerat-
ed the compaction mainly due to thermal contraction of the pore-water and solid
particles.

Test 2

In the second test on OPA sample BET-7| (D/L=100/200 mm), a more precise LVDT
displacement transducer with an accuracy of +0.001 of full scale was used. The axis of
the sample was parallel to the bedding. It was characterized by a dry density of
pa = 2.45 g/cm®, a porosity of ¢ = 14.0 %, a water content of w = 5.7 %, and a satura-

tion degree of S, = 100 %. Fig. 2.22 illustrates the results.

Before the creep test, the saturated sample was also pre-consolidated under an iso-
static stress of 40 MPa over 10 days, causing a compaction in all directions of ¢, =
0.09 % parallel and &3 = 0.34 % perpendicular to the bedding. The porosity reduction is
Ad = 0.77 %. From the above given data, one can conclude that the remaining pores
after the compaction were fully saturated. Subsequently, creep test followed by step-
wise decreasing the stresses to o; = 14.9 MPa and o3 = 12, 9, 6 MPa over 1.5, 2, and 4
months, respectively. During the test, the temperature was controlled at 24.94
+0.01 °C. From the measured axial and radial strains and the calculated volumetric
strain versus time in fig. 2.22, it can be identify that: a) each reduction of the radial
stress led to a rapid elastic deformation with radial dilation, axial compression, and vol-

ume expansion due to the relatively larger magnitude of radial dilation; and b) under
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each constant deviatoric stress, the axial compression continued with time while the
radial dilation slowed down and then remained more or less constant, leading to volu-

metric compaction with time.
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Fig. 2.22 Results of a triaxial creep test on Opalinus clay at constant axial stress and

reduced radial stresses
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The axial strain rates determined at each stress level are plotted in fig. 2.23 versus
time together with the axial strain. After a transient phase with decreasing rates, a sta-
tionary creep state seemed to be reached with a nearly constant rate. The steady state
creep rates are nearly the same between 1.1-10™ and 1.7-10™" s™ for the applied
stresses. This finding agrees with the conclusion from the uniaxial creep tests, i. e. the
dependency of the creep rate on the stress is insignificant.
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Fig. 2.23 Evolution of axial creep strains and rates for the Opalinus clay sample at
constant axial stress and reduced radial stresses

For comparison, the result of another triaxial creep test made by BGR /SCH 09/ on an
Opalinus clay sample is represented here in fig. 2.24. The sample was loaded at in-
creased axial stress to o; = 25, 27, 29 and 31 MPa at constant lateral stress of o3 =
12 MPa. Even though this loading path is different from that applied in the GRS test
mentioned above (fig. 2.23), both provided the same pattern of the creep curves.
Moreover, the creep rates determined on both samples in the range of deviatoric stress

between 3 and 15 MPa are very close to each other in a narrow range of 1.1-10™ to
1.7-10™ s (see fig. 2.25).
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Fig. 2.24 Results of a triaxial creep on another Opalinus clay sample at constant ra-

dial stress and elevated axial stresses (slightly modified after /SCH 09/)
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Fig. 2.25 Creep rate as a function of applied deviatoric stress for the Opalinus clay

At the high stresses of 17 and 19 MPa, the strain rates determined are relatively high-
er. This might be attributed to possible initiation of damage. The strain rate data from

the triaxial creep tests on the OPA claystone also suggest an insignificant dependency
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of the creep rate on the deviatoric stress, confirming the conclusion from the uniaxial
creep tests on the COX claystone (see fig. 2.19). This finding is different from the pre-
vious observations during relatively short test durations /AND 05/, /ZHA 02/, /ZHA 04b/,
/ZHA 07al. Because of its importance for the long-term stability of a repository in the
clay formation, this conclusion has to be confirmed in the future by more precise tests.

2.3.3 Conclusions on deformability

The major findings from the short- and long-term deformation tests on the COX and

OPA claystone under uniaxial and triaxial load conditions are summarized as follows:

e The pre-consolidation of clay samples before testing is a necessary precondition to
make testing more representative for the natural clay rock and thus to gather more

transferable test results for the rock.

e The short-term deformation of the consolidated COX claystone is typically char-
acterized by elasto-plastic behaviour. The elastic stiffness and the wave velocity
observed increase with applied deviatoric stress until yielding, indicating the com-
paction of the pre-existing micro-cracks in the samples. Further increasing the de-
viatoric stress results in re-opening / creation, propagation and coalescence of
micro-cracks forming shear fractures. The peak strength increases with the lateral
confining stress and can be reasonably approached by the Mohr-Coulomb criteria.
The parameters determined for the peak strength parallel to bedding plane are the
cohesion of 6.5 MPa, the internal friction angle of 24°, and the major principle strain
of 1 — 2 %. By comparing with the previous data, the strength perpendicular to bed-
ding is relatively higher than that parallel to bedding with a mean anisotropic ratio of
1.25. Whereas the elasto-plastic yield occurs at ~70 % of the peak strength, the di-
latancy onset detected by volumetric strain is closer to the failure point. After failure,

a certain residual bearing capacity still remains in the fractured claystone.

e The long-term deformability of the claystone was investigated under uniaxial and
triaxial creep tests over long durations of months to several years. The test results

suggest a significant time dependency of the deformation:

e The claystone deform continuously with time even at low deviatoric stresses of 1 —

2 MPa, indicating negligible threshold for the onset of creep.

e The creep behaviour is dependent upon the loading path, i. e. raising or lowering

the load in uniaxial tests. After elevating the load to a desired level, the claystone
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deforms gradually with time at decreasing rates and then a (quasi-) stationary creep
phase follows with a nearly constant rate. In contrast, after lowering the load to a
desired level, the creep strain evolves first with negative but increased rates until a
constant positive rate is reached. The duration of the transient creep at lowered
load is relatively shorter than that at increased load, depending on the magnitude of

load increments.

e The quasi-steady state creep rates determined the COX claystone at elevated uni-
axial loads of 1 to 13 MPa range from 2.10"" to 7-10™ s, whereas the steady
state creep rates observed at lowered stresses lie between 7-10* and 1-10™ s™.
The creep rates determined on the OPA claystone in the deviatoric stress range of
3 to 15 MPa are very close to each other in a narrow range of 1.1-10™ to 1.7-10™
s™. All the data suggest no or insignificant dependence of creep on the applied
stress in the test range from 1 to 15 MPa.

e The creep rate is less or independent of the loading directions parallel or perpen-

dicular to bedding plane, i. e., insignificant anisotropy effect on creep.

e The higher carbonate content and / or the lower water content, the slower the

creep.

2.4 Swelling capability

During the operation phase of a repository, the ventilation of the underground openings
will lead to de- and re-saturation of the surrounding rock, depending on the changing
humidity of the ventilating air. De- and re-saturation may result in shrinking and swell-
ing and even fracturing of the clay rock. After closing the repository, the previously de-
saturated clay rock will be gradually re-saturated again by taking up water from the
saturated far-field, accompanied by swelling of clay minerals into fracture voids. The
swelling capability of natural clays depends on the mineral components, particularly
clay content, the density or porosity, the intensity of cementation, the water uptake, and
confining conditions etc. Within the framework of this project, the swelling capabilities
of both COX and OPA claystone with different clay contents were examined by drying
and wetting samples with measurements of water adsorption, free swelling strain in un-
constrained and confined conditions, and swelling pressure under axially-fixed and lat-

erally-unconstrained conditions.
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24.1 Water retention

First of all, the relationship between suction and water content, usually called water re-
tention curve, was established for the COX and OPA claystone, as it controls the de-
and re-saturation and the swelling behaviour. Samples were extracted from the TER
heater borehole at the main level (-490 m) and from the DIR borehole in the niche
at -445 m depth in the MHM-URL, respectively. While the COX-TER samples have a
clay content of ~40 %, the COX-DIR samples have a lower clay content of ~12 %. The
OPA samples taken from the ventilation test field (VE) in the MT-URL have a clay con-
tent of ~65 %.

24.1.1 Testing method

The determination of the water retention curve was performed on unconfined samples
of 40 — 80 grams using the vapour equilibrium technique. The samples were placed in
desiccators at different relative humidity values adjusted by means of differently satu-
rated salt solutions. The tests were carried out at a constant temperature of 22 °C and
different humidity values in a range of 22 % to 100 %. The corresponding suctions lies
between 0.0 and 206 MPa. The relative humidity in each desiccator was continuously
recorded by transistor psychrometer sensors, while the water content of each sample
was measured outside at different periods of time. The suction is related to the relative
humidity by Kelvin’s law /FRE 93/:

RT RT
s=— In( Py J:— In(RH) 2.9)
Vwoa)v pVO VWOa)V
where s = soil suction (kPa)
R = universal gas constant (= 8.31432 J/mol K)
T = absolute temperature (K)

Vuwo = specific volume of water or the inverse of density of water (= 1/p,,, m%kg)
pw = density of water (= 998 kg/m?® at 20 °C)

®, = molecular mass of water vapour (= 18.016 kg/kmol)

py = partial pressure of pore-water vapour (kPa)

Pve = saturation pressure of water vapour over a flat surface of pure water

at the same temperature (kPa)

RH = relative humidity (= ﬂ~100%).

Vo
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Based on the data of the water content w, dry density pq and porosity ¢, the degree of
water saturation of the samples can be calculated according to eq. (2.7). The relation of
suction to the effective water saturation can be expressed by the Van Genuchten mod-

1a-p) 7
§ =31 =Sr _ 1{3) (2.10)
SIs - SIr P '

where S, Sy, Sis, and S are the actual, residual, maximum and effective saturation of lig-

el

uid, respectively, s = P, — P, is the suction, P is a material parameter, and S controls the

shape of the water retention curve.

2.4.1.2 Results

Fig. 2.26 shows the evolution of water content measured on COX-DIR and TER sam-
ples at different suctions between 5 and 206 MPa. The data at zero suction or 100 %
relative humidity are plotted in fig. 2.27. In the first phase, changes of the water content
of the original samples were measured with time. The samples were either wetted or
dried, depending on the initial water content and the applied suction. After reaching
equilibrium in each desiccator over about one month, the second phase followed by
wetting the samples at a higher level of the relative humidity, except for those two
samples previously wetted at suction of 5 MPa and then dried at suction of 206 MPa.

The time needed to reach equilibrium was shorter due to the small change in suction.

Fig. 2.27 compares the water uptake of the COX and OPA claystone with different clay
contents. It is interesting to see that in the wet environment at null suction, the clay-
stone can take up large amounts of water of up to w = 14 % for the COX-TER with a
clay content of ¢ = 40 %, of w = 11 % for the COX-DIR with ¢ = 12 %, and w = 18 % for
the OPA with ¢ = 65 % over 8 months during which equilibrium was not achieved. The
higher the clay content, the more water is taken up. The water uptake is significantly
higher than that of 6 % — 8 % in the natural confined state. This finding suggests that if
not all, at least the pore water in the natural clays is bound on particle surfaces. Only
the adsorbed water can be set free if high external loads and/or high temperatures are
applied, for instance in case of extraction of pore water from claystone by squeezing

the samples under high pressures or evaporation of pore-water by heating and drying.
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Fig. 2.26  Evolution of water content measured on COX samples with different clay

contents at various suctions

Fig. 2.27 compares the water uptake of the COX and OPA claystone with different clay
contents. It is interesting to see that in the wet environment at null suction, the clay-
stone can take up large amounts of water of up to w = 14 % for the COX-TER with a
clay content of ¢ = 40 %, of w = 11 % for the COX-DIR with ¢ = 12 %, and w = 18 % for
the OPA with ¢ = 65 % over 8 months during which equilibrium was not achieved. The
higher the clay content, the more water is taken up. The water uptake is significantly
higher than that of 6 % — 8 % in the natural confined state. This finding suggests that if
not all, at least the pore water in the natural clays is bound on particle surfaces. Only
the adsorbed water can be set free if high external loads and/or high temperatures are
applied, for instance in case of extraction of pore water from claystone by squeezing

the samples under high pressures or evaporation of pore-water by heating and drying.
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Fig. 2.27 Evolution of water content measured on COX and OPA samples with dif-

ferent clay contents at zero suction

The equilibrium water contents reached at different suctions are summarized for the
clay rocks in fig. 2.28. The degree of water saturation is calculated from the data ac-
cording to eq. (2.7) and illustrated in fig. 2.29 as function of suction. Because of the
negligible differences between the retention curves measured along the wetting and
the drying paths, an average relationship between suction and the degree of saturation
is established for each clay rock type. The parameters of the van Genuchten model
(Eqg. (2.10)) are summarized in tab. 2.3. The water retention curves of the studied clay-
stone are close to each other. This indicates a minor dependency on the clay content.

Tab. 2.3  Parameters of the water retention curves for the COX and OPA claystone

Parameter COX-DIR COX-TER OPA-VE
Clay content (%) ~12.0 ~40.0 ~65.0
Porosity (%) 13.0 15.2 15.0
P, (MPa) 28 50 23
B (-) 0.37 0.5 0.4

45



20

—=— OPA-VE: 65% clay content, wetting path
—A— COX-DIR: 12% clay content, wetting path

16 —e— COX-TER: 40% clay content, wetting path |
‘| —— OPA-VE: 65% clay content, drying path
| ——COX-DIR: 12% clay content, drying path

12

l‘ —0—COX-TER: 40% clay content, drying path ||

Water content (%)

Suction (MPa)

Fig. 2.28 Equilibrium water contents of the COX and OPA claystone as a function of
suction

1000
100 -
E
3
) 10 B COX-DIR: 12% clay content, wetting path
c 0O COX-DIR: 12% clay content, drying path
= ® COX-TER: 40% clay content, wetting path Van Genuchten
:,3)) O COX-TER: 40% clay content, wetting path
1 A OPA-VE: 65% clay content, wetting path 1/01-p) B m
A OPA-VE: 65% clay content, drying path S = 1+ [i}
——Model: OPA-VE, po=23MPa, R=0.4 Po oA
——Model: COX-DIR, po=28MPa, 3=0.37
——Model: COX-TER, po=50MPa, 3=0.5
0 T T T . o
0 20 40 60 80 100

Degree of water saturation S (%)
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2.4.2 Swelling strain

Corresponding to the change in water content, the distance or pore space between sol-
id particles changes too, resulting in macroscopic swelling or shrinking strains. The
moisture effects on the deformation of the COX claystone were examined by wetting or
drying unconstrained samples at various humidity conditions, during which the defor-

mation and water content changes were recorded.

2421 Due to wetting with vapour

Fig. 2.30 illustrates the evolution of strains measured on COX-DIR and COX-TER
samples at a low humidity of 23 % (suction s = 206 MPa) for two months and 100 %
humidity (s = 0) for eight months, respectively. At the high suction applied externally,
the adsorbed water evaporated and moved out the pores, indicated by the reduction of
the water content. The release of the pore water as stress-supporting element resulted
in a collapse of the pore structure and thus a macroscopic shrinkage. After reaching
equilibrium during drying at RH = 23 %, the remaining water contents in both samples
are nearly the same with 1.7 % and shrinkage is limited to &, = 0.3 %. During the follow-
ing wetting phase with water vapour at zero suction around the sample surface, the
high suction potential of s = 206 MPa in the inner pores which had been induced by the
previous drying drew water molecules into the pores. This increased the water content
and hence the thickness of the water-films. As mentioned before, the COX claystone
can take up great amounts of water of about 9 — 13 %, much more than that of 6 — 8 %
in the natural and saturated state. The increase of the water content yielded a large
volume expansion of up to 7 — 8 % for both samples. An even higher water uptake and
volume expansion could be expected if the wetting would have continued until reaching
equilibrium. Additionally, the swelling of the sedimentary claystone is anisotropic due to
the bedding planes. A larger swelling strain occurred at the COX-DIR sample in axial
direction and at COX-TER in radial direction perpendicular to the bedding plane. The
anisotropic swelling was so strong that fracturing took place along the bedding planes
in the COX-TER sample.

Regardless of the swelling anisotropy, the volumetric strains are calculated and plotted
in fig. 2.31 as a function of the water content for the COX samples together with that of
another OPA sample. It is evident that at a given water content in the unsaturated re-
gion, the volume increase attained by wetting is larger than that obtained by drying. Af-

ter re-saturation, the claystone are still able to take up more water. The accompanying
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volume expansion is linearly proportional to the increase of the water content. If wetting
continued, more expansion of the claystone could be expected.
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Fig. 2.30 Free swelling strains measured on COX samples at different humidity
values

48



14
—o— OPA-VE: 65% clay content

121 —#- COX-TER: 40% clay content e =12%

10 A —&— COX-DIR: 12% clay content /
S =8.1%
S

8 ]}
= turated
'@ 6 unsaturated saturate
»
g 4
D RH = 100%
E 2
= wetting
o
> 0
saturated
2]
RH =23%
_4 T T T T T
0 2 4 6 8 10 12 14

Water content (%)

Fig. 2.31 Volumetric strain as a function of water content during wetting and drying

2.4.2.2 Due to wetting with synthetic pore water

On another COX sample of 50 mm diameter and 10 mm thickness, axial swelling was
measured in an oedometer cell by introducing synthetic pore water into the top and bot-
tom at atmospheric pressure. The swelling curve is depicted in fig. 2.32. As the sample
came into contacted with the water, a rapid expansion took place and then gradually
increased with time over 4 months to 7 %. The swelling curve obtained during wetting

with liquid water is quite similar to that observed during wetting with vapour (fig. 2.30).

The high swelling capability of the claystone was also confirmed by other tests under
high confining stresses. Fig. 2.33 shows a triaxial swelling test on a COX sample
EST21164 (D/L = 50/100 mm) under the original in situ lithostatic stress state at the
sampling location of o; = 15 MPa and o, = 63 = 12 MPa. The in situ water pressure of
pw = 4.5 MPa was applied by injecting synthetic pore water to both ends of the sample.
The strain curves show that a continuous expansion rather than compression occurred
in axial direction even though the sample was subjected to the high effective compres-
sive stress of o; — p, = 11.5 MPa in this direction. The gradual expansion suggests that
the swelling potential (pressure) stored in the claystone is larger than the difference be-
tween the externally applied total stress and the water pressure. By subsequently ele-

vating the temperature, the thickness of the adsorbed water-films reduces due to the
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thermally-induced desorption and evaporation of the water. In the drained condition
applied during the test, the thermally-mobilized pore water was expelled from the sam-
ple under the confining stresses, causing compaction of the pores.
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Fig. 2.32 Axial free swelling strain measured on a COX sample with synthetic for-

mation water
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Fig. 2.33  Swelling strains of a COX sample under high triaxial confining stress

50



2.4.3 Swelling pressure

Physico-chemical interactions of water with clay minerals cause adsorption of water on
the internal and external surfaces of clay particles, forming electrostatic double-layers.
In the narrow spaces between clay particles in compacted clays the double-layers are
overlapping. This generates local swelling pressures in interparticle water-films when
the volume of the clay is maintained constant by enclosing it in a rigid permeable box.
This means also that the adsorbed water-films in the clay are carrying stress. If the clay
is uncemented and behaves as perfect colloid, i. e. there are no direct bonds between
solid particles, the total external stress and even the lithostatic stress is carried by the
adsorbed water films. In this case, the swelling pressure Ti, is equivalent to the con-
ventional isostatic effective stress og. According to /HOR 96/ and /ROD 99/, the total

stress o in the clay-water-system can be expressed by

O = O +(pw_po):ﬁD+(pw_po):ﬁD_pc (211)

where p, represents the reference atmospheric pressure, (pw — po) the gauge pressure

in the absence of osmatic effects, and p. = p, — pw the matric suction.

This so-called dense colloid model and the associated stress concept have been vali-
dated by measuring swelling pressures of the natural COX and OPA claystone with
clay contents of more than 40 %. The major test results and theoretical analysis of
stress in saturated clay are published in /ZHA 10b/. More details of the swelling pres-

sure tests on COX and OPA samples are given below.

2431 Due to wetting with synthetic water in volume-constraint conditions

As usual, the conventional testing method was applied to measure the swelling pres-
sure of a COX claystone sample in a swelling cell under volume-constraint conditions.
Fig. 2.34 shows the schematic setup of the swelling cell in which a disk sample of
10 mm thickness and 50 mm diameter was inserted. The constrained sample was wet-
ted from the top and the bottom first with water vapour at controlled humidity and then

with synthetic pore water.
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Fig. 2.34 Schematic setup of a swelling cell for measurement of the swelling pres-

sure of claystone with water vapour

Fig. 2.35 illustrates the evolution of swelling pressure measured on a partly-saturated
COX sample with a clay content of ~40 %. The sample was pre-loaded to 0.5 MPa axi-
ally and then fixed. The first wetting was performed by circulating wetted air at a rela-
tive humidity of 90 with the axial stress rising up to ~1 MPa. The following wetting was
performed by introducing synthetic pore water into the sample ends at atmospheric
pressure. It gave a quick rise of the swelling pressure up to 2.5 MPa and then a gradu-
al increase to 3.3 MPa over a time period of 4 months. Similar swelling pressure tests
made by others on the same claystone provided lower values below 2 MPa /THU 99/,
/LEB 00/. Obviously, these values are not comparable with the theoretical expectation,
i. e. the swelling pressure should be close to the overburden stress of ~12 MPa at the
sampling depth of 490 m. One reason for the measured low values of swelling pressure
might be that the clay minerals close to the entering water expanded so highly that the
local pore spaces were rapidly closed, making more water entering into the constraint
samples more difficult or even impossible. Thus, the swelling pressure in the samples
could not develop homogenously.
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Fig. 2.35 Swelling pressure measured on a COX sample in a cell with wetted air and

synthetic water

2.4.3.2 Due to wetting with water vapour in axially-fixed and laterally-

unconstrained conditions

In order to minimize effects of rapid closure of the entry pores during wetting and to
achieve a homogeneous distribution of the entering water within a sample, a new test
method has been developed by the authors /ZHA 04b/, /ZHA 04c/, /ZHA 07b/ for the
determination of the swelling pressure of hard claystone. Fig. 2.36 illustrates the princi-
ple of the so-called uniaxial swelling test. A clay sample is axially fixed and laterally un-
constraint in a cell. It is believed that water vapour molecules can easily access and
move deeply into the narrow pore spaces, so that re-hydration of the clay sample may
be better achieved by circulating wetted air around the peripheral surface at controlled
relative humidity or suction. Variation of the air humidity leads to changes in the water
content and thus in the thickness of interparticle water-films, which determines the
swelling pressure. A sufficiently high stiffness of hard claystone makes it possible to
maintain its stability without any radial confinement. While the build-up of the swelling
pressure in the sample is measured in axial direction by the reaction of the rigid piston,
it is also possible to monitor the swelling strain in radial direction. The second sample is
wetted through the same air circulating system outside the cell and serves to measure

changes in the water content.
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Fig.2.36  Principle of a uniaxial swelling test on claystone by wetting with water

vapour

fig. 2.37 presents the results of the swelling pressure measurements on two COX sam-
ples with a clay content of ~40 %. The initial water contents were measured w = 7.3 %
and 8.3 % at 105 °C over 48 hours. The samples were prepared to a size of 40 mm di-
ameter and 50 mm length. They were axially pre-loaded to 2 MPa and then the axial
strain was fixed. The data show that the circulating air of 80 % humidity caused a quick
drop of the axial stress tending to zero due to the de-saturation. The subsequent in-
crease in humidity led to the axial stress rapidly rising. At 95 % humidity, the reacting
stress in axial direction against the rigid steel pistons reached a maximum of 10 —
10.5 MPa. In a previous test, wetting another COX sample with water vapour at 100 %
humidity led to higher swelling pressures of 11 to 12 MPa /ZHA 04b/, /ZHA 04c/. These
maximum values of swelling pressure are almost equal to the overburden stress of
12 MPa prevailing at the sampling position. This test result clearly confirms the theoret-
ical stress concept for uncemented clay (Eq.(2.11)), o =0 =11, at p, = p, or p; = 0.
This suggests also that the saturated claystone can be considered as a compacted col-
loid without direct bonds between solid grains. Because the studied claystone does not
contain significant quantities of expansive clay minerals such as smectite of 13 — 23 %
in the COX clay rock /TOU 07/, it seems possible that the swelling forces are devel-

oped between the external surfaces of closely-packed platy clay minerals such as illite
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(3 — 20 %) by mechanisms which are similar to those operating during interlayer swell-
ing /HOR 96/. The observed phenomenon of stress relief by drying and stress rising by
wetting reflects that adsorbed interparticle water-films in the over-consolidated clay-
stone support the externally-applied loads and even the lithostatic stress. Additionally,
the build-up of swelling pressure in the fixed axial direction without any lateral confine-
ment may suggest that the pressure acting in the water-films between clay platelets is
probably not a scalar quantity and should be represented by a second-rank tensor
/HOR 96/, /ROD 99/.
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Fig. 2.37 Evolution of uniaxial swelling pressures measured on COX samples as

function of the humidity of the surrounding air

The similar stress response to moisture change was also observed on an OPA sample
with a higher clay content of ~65 % (see fig. 2.38). The maximum swelling pressure of
5.5 MPa recorded is very close to the major lithostatic stress of 6 — 7 MPa at the sam-
pling position in the MT-URL /BOS 03/. The so-called dense clay-colloid model with the
associated stress concept mentioned above is also confirmed by the Opalinus clay-
stone. But this model seems to be unsuitable for natural clay rocks with low clay con-
tents. This is shown by the low swelling pressure recorded on the COX sample with a
small clay component of ~12 % (see fig. 2.38). One the other hand, the pressure de-

crease during wetting may be due to the reduction of the stiffness.
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24.4 Conclusions on the swelling behaviour

From the measurements of water adsorption / desorption, swelling strain and pressure

on the COX and OPA claystone at different suction- and load-controlled conditions, the

following conclusions can be drawn:

e The studied claystone exhibit high adsorption potentials, under which a great
amount of water can be taken up from the humid environment to water contents of
10 — 18 % in unconstrained conditions, about two to three times that in the natural-

ly-confined and saturated rock mass. The higher the clay content, the higher is the

water adsorption potential.

e The water uptake enlarges the distance or pore space between solid particles, re-
sulting in swelling. The claystone in unconstrained and humid conditions can ex-
pand largely up to 8 — 12 %. Because of the sedimentary structure, the swelling
strain is more significant in direction perpendicular to bedding plane and even frac-

tures appear along the weak plane. The higher the clay content, the larger the

swelling strain.
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e The adsorbed water-films in the claystone are capable of bearing externally applied
loads and even carrying the lithostatic stress, as indicated by the measured swell-
ing pressures up to 10 — 12 MPa on COX samples with a clay content of ~40 %
from the depth of 490 m and 5.5 MPa on OPA samples with a clay content of
~65 % from the depth of 230 m, respectively. This conclusion is also supported by
the swelling strain observed on a COX sample at the stress state at the MHM-URL

with high confining stresses of 12 — 15 MPa and pore pressure of 4.5 MPa.

e Conversely, a dry condition causes evaporation of pore water and release of the
stress-supporting elements, leading to collapse of the pore structure. The macro-
scopic shrinkage increases with decreasing moisture, but is limited to 0.3 % at COX
to 1.7 % at OPA claystone in a dry condition of 23 % air humidity. A more clay con-
tent results in a larger shrinkage.

e The saturated claystone with clay contents of more than 40 % seemed to behave
as compacted colloid without direct bonds between solid particles. Consequently,
the swelling pressure acting in interparticle water-films is equal to the effective
stress (total external stress minus free pore water pressure). This so-called dense
clay-colloid model may be helpful to improve the understanding and modelling of
strongly-coupled hydro-mechanical processes in natural clay rocks and engineered
clay barriers, such as water and gas transport, rheological deformation, self-sealing

and healing of fractures, etc.

2.5 Permeability

Excavation of an underground repository produces a damaged zone with fractures
around the openings. The permeability of the damaged zone may increase so signifi-
cantly that the barrier function of the host rock against radionuclide migration will be af-
fected. After backfiling and closing of the repository in an argillaceous formation,
however, a self-sealing process of the fractures can be expected due to the combined
impact of viscous rock deformation, backfill support, and the swelling of clay minerals in
the clay rock and the clay-based backfill during the long lasting post-closure period of
time. The sealing process is determined by the deformability and swelling capacity of
the host rock and the backfill as well as by the boundary conditions (rock deformation
rate, availability of water, temperature etc.). The damage and sealing of clay rocks was
investigated in the frame of EC projects such as SELFRAC /DAV 03/ and NFPRO /ZHA
08a/, /ZHA 08b/, /ZHA 08c/. However, very limited data are available, particularly for
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the permeability behaviour related to damage and re-compaction. In order to enhance
the knowledge about this issue, a series of combined damage and re-compaction ex-
periments was performed by gas flow tests on COX samples under various confining
stresses. The major results are published in /ZHA 08b/, /ZHA 09b/.

251 Permeability of undisturbed claystone

First of all, the permeability of the intact clay rock was determined on core samples
from the borehole PPA35 drilled horizontally from the wall of the main shaft at a depth
of ~480 m and oriented towards the direction of the horizontal major stress (~N150°).
Totally, 12 hollow cylindrical samples were prepared to a size of 80 mm diameter and
150 mm length with a thin central hole of 5 mm diameter for permeability measure-
ments. The basic properties of the samples were determined on a core (Tab. 2.2): po-
rosity ¢ = 14.9 %, water content w = 6.1 % and degree of water saturation S, = 94.2 %.
Fig. 2.39 shows the principle of the permeability tests on the hollow cylinders. The
samples were inserted into rubber jackets of 100 mm diameter. The central hole and
the annular gap between sample and jacket were filled with fine-grained quartz sand.
The hole was linked to the inlet line while the gap was connected to the outlet via the
porous disc at the bottom. A testing apparatus with an oil pressure vessel was used,
which allows simultaneous measurements of permeability on four samples at injection
pressures of up to 10 MPa under a confining stress of up to 25 MPa. In case of the
tests reported here, the samples were confined at constant hydrostatic stress of
2.2 MPa. Nitrogen gas was introduced into the central hole at a pressure of 1.6 MPa.
Before injection, the gas was wetted through a water bath in order to avoid artificial dry-
ing. The outflow was measured at the outlet by means of partially water-filled burettes.
Based on the measurements, the gas permeability in radial direction of the hollow cyl-

inder can be calculated according to Darcy's law for compressive media:

Ug - Hg - Po Inr—l (2.12)

PoaL-(pl-pd) 1

where ky = the effective gas permeability (m?),
g, = the flow rate of the gas (m%/s),
Mg = the gas dynamic viscosity (Pa-s),
L = the length of the sample (m),
Po = the atmospheric pressure (Pa),
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P1 the gas injection pressure (Pa),
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the inner radius (m), and

r, the outer radius (m).

| fe—
le—
—
e—
le—
l—
—
l—

Fig. 2.39  Principle of a permeability measurement on a hollow cylindrical sample

Fig. 2.40 summarizes the evolution of the measured permeability data for all the sam-
ples. The permeability values varied more or less during the first 10 to 20 days and
then maintained relatively constant over time periods of 10 to 40 days. Most of the
samples showed a very low permeability of 10?* to 10%° m?, except for two samples
showing relatively high values of 10 to 10" m? These two samples might be strongly
damaged by the preparation. The data obtained during the last periods are depicted in
fig. 2.41 as function of the distance to the shaft wall. As mentioned before, except for
the two damaged samples, the permeability data obtained on the other less disturbed
samples from the different locations are quite close to each other. It is, however, ques-
tionable if one can conclude from the measurements on the small sized samples that
the shaft excavation did not produce damage and hydraulic pathway in the surrounding

rock, in which fractures are often generated by excavation.
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Fig. 2.40 Results of gas permeability measurements on COX samples
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25.2 Permeability changes due to damage

Permeability changes induced by damage and re-compaction were investigated on
COX samples from borehole REP2206 drilled vertically from the floor of the -445 m
niche to a depth of 467 m. The characteristics of the samples are given in tab. 2.2. In
order to generate fractures which intersect both sample end faces, the 79mm-diameter
samples were prepared to a length of 80 — 115 mm. Thus, the length / diameter ratio of
1.0 to 1.5 was smaller than the standard ratio of 2 usually applied in strength tests.

The tests were carried out on seven samples in a triaxial apparatus with measurements
of deformation and gas permeability under various stress conditions. Fig. 2.42 illus-
trates schematically the assembly of a sample in a triaxial cell. The sample was isolat-
ed in a jacket and porous discs at its top and bottom. The annular gap between sample
and jacket was sealed with silicon to avoid any leakage. Considering the possible de-
velopment of an excavation damaged zone around underground openings, a test pro-
cedure consisting of damage and re-compaction was applied to each sample at an
ambient temperature of 25 °C. Each sample was first loaded to an isotropic stress in a
range of 2 to 10 MPa and then, keeping the radial stress constant, the axial stress was
increased either at stress rates of 1:10° to 1-10” MPa/s or comparable strain rates of
2:10® to 8:10® s™ to failure. Thereafter, the samples were re-compacted again to ex-
amine permeability changes at various mechanical loads. During the tests, the axial
strain was measured by a LVDT-transducer installed outside of the cell. The volumetric
strain was determined both directly from the volume change of the confining oil in the
cell by using a pressure/volume GDS-controller and indirectly by strain gauges at-
tached to the sample surface at its mid height. Permeability changes induced by the
mechanical loading were measured along the sample axis by injecting dry nitrogen gas
to the bottom at constant pressure of p = 1 MPa and recording the outflow at the oppo-
site side. The gas outflow was continuously recorded by using a burette. During steady
state gas flow, the permeability along the sample axis is determined according to Dar-
cy's law for compressive media:
2.0 43P L

k, = (2.13)
S A(pf-pd)

where L is the length (m) and A is the cross section of the sample (m?). The meanings

of the other symbols are given in eq. (2.12).
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Fig. 2.42 Schematic of the triaxial compression tests with permeability measurement

A typical example of the combined damaging — sealing tests is illustrated in fig. 2.43 in
terms of the applied axial / radial stresses, measured axial strain and gas permeability
over time. Fig. 2.44 presents typical deformation and permeability responses to devia-
toric loading applied to two samples at a radial confining stress of o, = 63 = 4 MPa and
8 MPa, respectively. Both samples showed a similar stress-strain behaviour. The devi-
atoric stressing led to a linear elastic compression until yielding. The pre-existing
cracks created by coring and preparation were closed thus decreasing the permeability
to some degree due to elastic compression. Following yielding, the volumetric strain
turned to increase. Dilatancy onset and yielding stress seemed to be consistent. As the
deviatoric stress increased, dilatancy developed progressively due to micro-fracture
opening and growth resulting in an increase in permeability. But beyond the dilatant
point, the increase rate is insignificant up to the point of the so-called percolation
threshold. At this point, the permeability increase was accelerated, indicating coales-
cence of the micro-fractures and creation of macro-fractures. Further loading over this
point caused a rapid propagation and connection of the fractures. Consequently, the
permeability of sample EST21156 jumped up from 2:10% m? to 1-10™*®* m?. On sample
EST21160, however, no significant change in permeability was observed just before
failure. At failure, the shear fracturing developed very quickly, resulting in large axial

strains of ~17 % and ~8 %, respectively. The strongly fractured sample EST21156 was
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then re-stabilized by increasing the radial stress to 10 MPa. The radial compression re-
duced the permeability from 1:10™® m? to 3:10™° m?. The subsequent stress relaxation
did not result in a significant permeability change. On another sample EST21160 at a
higher confining stress of 8 MPa, the permeability increase during the post-failure
phase was not very significant.

damage reconsolidation
70 20
failure
60 1 EST21156, COX Bure
oadi - 16
unloading .
s 7] S
o 5E-5 MPals L 12
= 40 A \ c
g S/ <
” axial stress . ) =
0 30 - isotropic n
% axial strain loading unloading - 8 _g
20 A <
- 4
10 - lateral stress = 4 MPa
—
0 1 1 1 1 1 1 O
0 4 8 12 16 20 24 28
Time (day)
damage reconsolidation
70 1E-17
failure
EST21156, COX Bure
60 A - 1E-18
50 <
5_5 unloading - 1E-19 &
S 40 \ by
» axial stress - 1E-20 3
g 30 isotropic s
= loading loadi £
»n permeability unioading - 1E-21 =
20 1 o
- 1E-22
101 lateral stress = 4 MPa
0 1 1 1 1 1 1 1E_23
0 4 8 12 16 20 24 28
Time (day)
Fig. 2.43 Measurement of stress/strain/permeability during a combined damaging-

sealing test on a COX sample
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Fig. 2.44 Responses of deformation and permeability to deviatoric loading

The results of permeability measurements on the other samples which were also load-
ed over failure are summarized in fig. 2.45. The samples showed very low initial per-
meability values ranging between 10?% and 10! m® The permeability changes due to
deviatoric loading are insignificant below the percolation threshold. Due to the different
initial states of the samples, the influence of radial stress on the magnitude of axial
permeability could not be identified. Beyond the percolation threshold, the permeability

increases quickly. Because the created fractures differ from one sample to another
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(fig. 2.47), the maximum permeability at failure ranges from 102! to 10™® m? which is
up to four orders of magnitude higher than below the percolation threshold. At a high
radial stress of 10 MPa, no clear increase in permeability was observed even though
the failure strength was exceeded.
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Fig. 2.45 Permeability measured on COX samples as a function of deviatoric stress

at different lateral confining stresses

The damage-induced permeability is very dependent on geometry, connectivity and
orientation of the fractures. Fig. 2.47 shows pictures of the damaged samples after
testing. Mapping of the true opening width of the fractures under loaded conditions was
not possible. Multiple shear macro-fractures were developed obliquely to the direction
of axial stress and gas injection at angles of 30° — 50° which intersected both sample
end faces. Two major families of cracks were observed which intersected at angles of
50° — 70°. At a low radial stress of 2 to 4 MPa, more cracks were created than at a high
radial stress of 6 to 10 MPa. The stress-rate controlled loading caused a sudden shear
failure. The axial strain reached just after the peak strength varies between 14 % and
22 %, which is larger than that of 8 % to 10 % observed at strain-rate controlled load-
ing. Generally, the laboratory observation that the damage intensity and the resulting
permeability decrease under confining stress agrees with the in situ situation that the
intensity and the interconnectivity of individual fractures in the EDZ decreases from the

opening walls with low confining stresses into the rock mass with higher confining
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stresses. However, a most important question whether the test data obtained on small-
scale samples are transferable to the large-scale in situ EDZ remains still to be an-

swered.

EST22173 EST21166 EST21156
65=2MPa, 5,=50MPa 65=2MPa, 5,=38MPa 6:=4MPa, 5,=57MPa
£,10%, 8:10°%s™ £,222%, 5-10°MPa/s £:=17%, 1-10°MPa/s

EST21162 EST21160 EST21168
63=6MPa, ¢,=36MPa 63=8MPa, ¢,=55MPa c3=10MPa, c;=51MPa
£,=14%, 1-10*MPa/s £,~8%, 3-10°%s? £,~8%, 4-108s™

Fig.2.46 Photographs of macro-fractures in COX samples after failure

It is also interesting to note that the percolation threshold of the samples is far beyond
the dilatancy onset stress, but close to the failure strength. The dilatancy onset op de-
tected from the volumetric strain data varies widely from 70 % to 98 % of the failure
strength or. Similar results were obtained on OPA samples by volumetric strain meas-
urements /NAU 07/. Moreover, lower dilatancy onset stresses were detected by meas-
urements of shear and longitudinal wave velocities in a range from 60 % to 80 % of the
failure strength /POP 07/. The ratio Ry = op / of is relatively constant. The dilatancy
point is a criterion to identify whether the clay rock deforms with generation and propa-

gation of micro- and macro-fractures or not. If the fractures are interconnected, a path-
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way for fluid flow is built up. The corresponding percolation threshold stress o which
was detected by the permeability measurement is 90 % to 100 % of the failure
strength.

Assuming the ratios of dilatancy and percolation threshold to failure strength as con-
stant and taking the lower limit values of Rp = op/ o = 0.7 and Rp = op/ 6 = 0.9, a
modified damage concept may be preliminarily established for the studied COX clay-
stone. An average failure boundary has been determined on the database but with a

relatively large scatter /AND 05/, as expressed by the Hoek-Brown model:
= .o - 2y%% 2.14
o, r=0,+(M-0,-0,+50,) (2.14)

where the uniaxial compression strength o, = 25 MPa, the parameter m = 2.5, and s =
1 were estimated by /ZHA 02/, /ZHA 04a/. The data scatter is mostly caused by the dif-
ferent sample quality and the variation in mineral content (particularly clay and car-
bonates) and pore-water content.

The dilatancy and percolation boundaries may be approached by

o1p=Rp -0 20-7'[0'3 +(m-o, -0, +SO'CZ)%} (2.15
op=Rp -0 20.9-|:O'3 +(Mm-o; o5+ So-cz)%} (2.16)

These preliminary boundaries for the studied COX rock are illustrated in fig. 2.48 show-
ing limited data of the dilatancy and percolation thresholds. Stress induced damage
and associated effects can be identified in this stress diagram. Below the dilatancy
boundary, loading leads to compaction and closure of pre-existing micro-cracks. Be-
tween the dilatancy and the percolation boundary, loading gives rise to the generation
and propagation of local micro-fractures, which are not completely interconnected yet.
Thus, the permeability increase is still insignificant. Above the percolation boundary,
loading enhances the propagation and connectivity of micro-fractures thus forming
macro-fractures. Macro-fracture growth leads to a drastic increase in permeability to a
maximum value at failure. In the post-failure phase after stress relaxation, the fractures
may extend further, but geometry changes probably just cause a minor increase in
permeability. It has to be pointed out that further experiments are needed to provide

high quality data for precise determination of the damage evolution and the ctritical
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boundaries. Additionally, other relevant influencing factors have to be taken into ac-
count for an improvement of the damage criteria, such as material anisotropy, long-
term deformation, de- / re-hydration, temperature, and scale-effect.

45

Callovo-Oxfordian Dilatancy

< 40  @rdilteatBure Micro-fracturing 4
2 =" Damage 4
~ 35 3 o o= Macro-fracturing 4
o - g

© . Permeability4

: . rmeat

& 40 -7 . Failure

ﬁ micro-fracturing TR :

7 254 s : ae T Cc_)mpressmr)

= L -7 ee . Micro-fracturing ¥
E’ 20 o ) @ dilatancy onset point Damage ‘l'

£ compaction A percolation threshold Permeability

a 15 m failure strength No failure

0 4 8 12 16 20

Radial stress o5 (MPa)

Fig. 2.47 Preliminary dilatancy, percolation, and failure boundaries for the COX clay

rock

2.5.3 Permeability changes by re-compaction

The COX samples with shear fractures (fig. 2.47) were re-compacted by application of
different loading paths: a) isotropic loading by simultaneously increasing axial and radi-
al stress o1 = 6, = o3, or b) deviatoric loading by increasing o; at 6, = 63 = constant, or
c) at oi/os-ratio = constant. In fact, all the loading paths generate normal and shear
components on the fracture surfaces. The normal stress is the main factor governing
the fracture aperture and permeability. Fig. 2.48 summarizes the permeability values
obtained on all the pre-fractured samples as a function of the normal stress o,, which is

calculated according to

o, +0. O, —
1 3 71

" 2 2

o s cos 28 (2.17)

where g representing the angle of inclination of the axial stress to the fracture plane.

In the log (k) — o, — diagram, the relation of permeability and normal load seems to be

linear. Because of the different features of the fractures (apertures, roughness, density,
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connectivity), the permeability magnitude and the decrease rate varies from sample to

sample. The measured data are scattered in a band between k_ =5.10" -exp(-0.40,) and

k, =1-10"" -exp(-0.40,) -
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Fig. 2.48 Permeability changes of fractured samples due to re-compaction along
various loading paths
254 Conclusions on the permeability changes

Gas permeability of the undisturbed COX claystone and its changes induced by dam-

age and re-compaction were determined under various load conditions. The following

conclusions can be drawn:

e Intact state: Very low gas permeabilities of 10%* — 10°° m? were determined on the

COX samples extracted from different distances of 0.5 — 13.0 m to the wall of the

main shaft. They were more or less disturbed and de-saturated before testing. In

case of full water-saturation, the effective gas permeability will be lower and the

clay rock practically impermeable for gas when the gas entry pressure is below the

sum of the capillary pressure and the swelling pressure acting in adsorbed water-

films between particles.
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e Damage: The permeability increases dramatically by several orders of magnitude
up to 10" - 10" m? when a stress criterion (percolation threshold) is exceeded, at
which micro-cracks are growing sufficiently to be interconnected, forming macro-
fractures and preferential pathways. The increased permeability depends on the
minor confining stress dominating the fracture aperture. At high confining stresses
over ~6 MPa, no significant permeability changes take place. Shear fracturing after
failure does not change the permeability very much due to the limited variation of

the fracture geometry.

¢ Re-compaction: The high permeability of the damaged clay rock decreases signifi-
cantly when increasing the confining stresses applied along the different loading
paths, isotropic loading o; = 6, = 63, deviatoric loading at 6, = 63 = const. or 6,/c3-
ratio = const.. In fact, all the loading paths generate normal stress on the fracture
surfaces, which dominates the fracture aperture and permeability. At confining
stresses over 15 MPa (corresponding to a depth of ~500 m), the permeability of
compacted clay rock shows very low values of 10™° — 10?° m? which is close to the

intact state.

e Because of the limited test data, some degrees of uncertainty still remain for some
conclusions derived above. In order to build strong confidence in the understanding
and prediction of the damaging and sealing processes in the EDZ around reposito-
ries in clay formations, these issues have being treated in the ongoing project THM-
TON /THM 07/. Preliminary results were presented at the 4" international clay
meeting in Nantes, March 2010 /ZHA 10b/.

2.6 Thermal effects

In order to characterize the THM behaviour and to enhance the knowledge about ther-
mal effects on argillaceous rocks, various thermal tests were conducted on COX sam-
ples under well controlled conditions. These included heating the samples up to
90 °C - 150 °C to investigate thermal expansion and contraction, pore-water pressure
changes, temperature influence on shrinkage and swelling, and thermal impact on
strength. The applied temperatures are significantly beyond the upper limit of 90 °C
considered as maximum temperature in clay formations hosting HLW repaositories
/AND 05/, INAG 02/. In earlier projects, some thermal tests were performed on both
COX and OPA claystone. The main results are reported in /ZHA 05/, /ZHA 07a/, IZHA

07c/, IZHA 08c/. The most recent tests are presented in the following.
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2.6.1 Testing methods

Thermal tests were carried out on COX samples of 50 mm diameter and 100 mm
length in a triaxial apparatus, which allows a maximum axial and radial load of 50 MPa,
a maximum temperature of 200 °C, and a maximum fluid pressure of 16 MPa at top
and bottom of the sample. Fig. 2.49 shows schematically the assembly of the testing
apparatus and the applicable THM conditions. Axial deformation is recorded by a LVDT
deformation transducer mounted inside the cell between the upper and lower loading
platen, while a circumferential extensometer is mounted around the sample outside the
jacket at its mid-height to determine lateral deformation. Heating is accomplished using
an electrical heater positioned near the bottom of the cell. Fluid is allowed to be inject-
ed into the stressed sample through both upper and lower sintered porous discs. The
fluid pressure is usually generated by gas pressure in a pressure vessel containing the
fluid. Fluid outflow can be measured by means of a burette or flow rate gauges. It is to
be pointed out that for very compacted clays, the water back-pressure recorded at the
top and bottom must not be equal to the pore-water pressure inside the sample. Re-
garding the pore-water pressure in compacted clays one should distinguish between
the pressure of free pore-water (p,) and the pressure prevailing in interparticle water-
films (pm) which consists of the free pore-water pressure (p,) and the disjoining pres-
sure in water-films (Ilp). Only in case of existing pathways connecting the inner free
pore-water and the external water reservoirs, the back-pressure is equal to the free

pore-water pressure.

In order to examine specific aspects of the THM behaviour of the claystone, such as
thermal expansion/contraction, pore-water pressure changes, temperature influence on
deformation/damage/strength, shrinkage and swelling, various combinations of testing
procedures were designed and applied to each sample. Test results are presented and

interpreted below with respect to each individual aspect.
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Fig. 2.49 Triaxial testing apparatus and appicable conditions for coupled THM

experiments on claystone

2.6.2 Thermally-induced pore-water pressure

In conventional tests, the pore-water pressure of porous samples is usually measured
by back-pressure at the end faces, as shown in fig. 2.49. In fact, this test method as-
sumes that the free pore water in the sample and the water in the external reservoirs
are interconnected. This assumption is true for conventional porous media such as
sand, soils, sandstone, etc., but may be not for highly-consolidated clays without or mi-
nor amounts of free pore water. Thus the water back-pressure may not really be repre-

sentative for the inner pore-water pressure in the compact clay samples.

The first test examining pore pressure changes by thermal loading was carried out on
COX sample EST21156 (D/L = 50/100 mm). It was initially unsaturated with a satura-
tion degree of 58 %. In order to achieve a fully saturated state, a re-saturation phase
was performed by injecting the synthetic pore water into the end faces of the sample at
pressure of 0.5 MPa under confining stress of 1 MPa over 48 days. An increase in the

confining pressure to 15 MPa followed over 21 days to compress the remaining unsatu-
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rated pores. At that moment, it was assumed that a full saturation had been achieved,
and a heating phase was started after switching off the inlet and outlet valves. fig.
2.50a illustrates the evolution of applied confining stress and temperature as well as
the resulted water back-pressures at the top and bottom, while the corresponding de-
formations are shown in fig. 2.50b. At a confining stress of 15 MPa, the temperature in
the cell was elevated from 30 to 60 °C at a rate of 2 °C/h (step 1). This generated high
impulses of the back-pressures to 4.3 MPa at top and 7 MPa at bottom, respectively.
Keeping the elevated temperature, the pressures dissipated then gradually down to 2.2
and 1.7 MPa within 2 days. The second heating up to 90 °C (step 2) caused higher
pressure rising to 6.5 MPa at top and 11.7 MPa at bottom. After the peaks and at the
increased temperature, the pressures dropped quickly down to nearly zero. The water
pressure changes were simultaneous with sudden expansion by heating and gradual
contraction at each elevated temperature. The following shutoff tests were performed
by increasing the pressure at top to 5 MPa and then switching off for several days (step
3, 4). As unexpected, the pressure increase did not generate any response of the water
pressure at the opposite side. This may indicate that the sample was still unsaturated
or/and there was no build-up of any hydraulic pathways between the opposite water
reservoirs. Independent of the changes in the water back-pressure, the consolidation

continued.

Another test was carried out on a more saturated COX sample EST19454 (D/L =
50/100 mm) with a saturation degree of 95.2 %. The sample axis was nearly parallel to
the bedding plane. In order to achieve full saturation, the synthetic pore water was first-
ly sprayed upon the sample surface. After sealing the sample in jacket, the test was
started with water injection into both end faces at pressure of 1 MPa under confining
stress of 1.5 MPa over 7 days. Fig. 2.51 shows the test process in terms of the applied
temperature and stress, the resulted water back-pressures and deformations. During
the re-saturation phase, swelling took place to a large volume increase of 4 %. At this

point, a full saturation seemed to be reached.
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of an unsaturated COX sample
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Fig. 2.51 Evolution of thermally-induced pore-water pressure observed at the ends

of a nearly saturated COX sample

On the “saturated" sample and in undrained conditions, response of pore-water pres-
sure to mechanical loading was examined by increasing the confining stress to 15 MPa

(step 1). The compression led to an increase of the back-pressures at the top and bot-
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tom to the same value of 13.5 MPa remaining constant, indicating the existence of hy-
draulic interconnection between both end sides. From the data, the Skempton’s coeffi-
cient was derived to be B = 92.6 %. From this value of less than 100 % it is difficult to
distinguish whether the sample or the water reservoirs or both was not fully saturated.
Following the test of pore pressure increase by loading, another test was carried out to
examine response of deformation to pore pressure drop down to 1 MPa (step 2). This
increased the effective stress and thus led to a large compaction recovering the previ-
ous expansion. After switching off the inlet and outlet valves, the sample was heated by
elevating temperature from 30 to 50, 70 and 90 °C at a rate of 0.6 °C/h, keeping for
days to a month each (step 3). The temperature increase caused the back-pressure
rising. The maximum water pressure was reached at 7.8 MPa at both end sides by
heating from 50 to 70 °C. At each increased temperature the water pressure dissipated
with time. This indicates that the pore water moved out of the “saturated” sample in any
way, else the pressure peak reached by each heating must maintain. Accompanying
the pore-water pressure decrease, a gradual consolidation took place and reached at a
volume reduction of 3.5 % over one month. To ensure a full saturation of the sample,
the inlet pressure was increased to 4 MPa again (step 4) and then the confining stress
was lowered down to 6 MPa (step 5). These led to a volume expansion of ~2 %. After
switching off the inlet, the temperature was increased from 90 to 98 °C. As unexpected,
this heating phase led the water pressure dropping down rather than rising up. This
might be caused by some leakage of thermally-induced water vapour with high pres-
sures through the “undrained” system. The subsequent cooling phase to 30 °C (step 6)
produced an extraction, reloading to 15 MPa resulted in a small compaction, and re-
heating to 50, 70 and 90 °C again (step 7) generated expansion. However, no signifi-

cant changes in the water back-pressures were observed.

The magnitude of the pore-water pressure increase due to a temperature rise is de-
pendent on the confining stress and can be evaluated by the “pore pressure tempera-
ture parameter” F /HOR 96/:

_ Ay

= AT (2.18)

where AT is the increment in temperature, Ap,, is the increment in pore pressure, and ¢
is the mean effective stress. Fig. 2.52 illustrates the measurements of water back-
pressure as function of applied temperature for three COX samples and an OPA sam-

ple under the confining stress of 15 MPa. The p,-T-curves are relatively linear, i. e. the
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slope of A, = Ap,, / AT is constant. Assuming the water back-pressure at the sample
ends being the same as he inner pore pressure and taking the applied external stress
as the “effective” stress (strictly not correct, because the true pore pressure is un-
known, so that the effective stress cannot be determined), the parameter F can be
roughly estimated by A,/ c. The F-values obtained range from 0.01 to 0.025 °C for the
COX claystone, averaged at F = 0.017 °C™. For the OPA sample the mean F-value is
0.011 °C™. They are close to a common value of 0.017 °C™ for many saturated clay
soils /[HOR 96/.
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Fig. 2.52 Thermally-induced increase in pore-water pressure and volume expansion

Additionally, the volumetric thermal expansion coefficient can also be determined from
the slope of the g,-T-curve, o = Ag,/ AT. For the COX claystone, the coefficient o varies

in a range from 1.5-10° to 7.5-10° °C™, yielding a mean value a. = 4.5-10° °C™.

It is to be pointed out that the values of the pore pressure parameter F and the thermal
expansion coefficient o were obtained on more or less desaturated samples. For the
fully-saturated clay rocks, the F- and a-values must be higher because the thermal ex-

pansion of pore water is about two orders of magnitude stronger than solid grains.
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2.6.3 Thermal expansion and contraction

Usually, the thermal expansion is measured by heating samples under hydrostatic con-
fining stresses and in undrained conditions. Taking into account the deviatoric stress
states in the host rock around disposal cells, three COX samples were heated at con-
stant radial stress of 3 MPa and axial stress of 15 MPa in drained and undrained condi-
tions, whereby the induced deformation in axial and radial directions were recorded.
The drained condition was imposed by exposing the sample end faces to porous discs
which were interconnected to atmosphere, whereas the undrained condition was as-
sumed by sealing the sample in a rubber jacket and steel plates. Fig. 2.53 presents the
test results.

Two drained samples EST17313 and EST17322 were heated by increasing the tem-
perature from 27 to 150 °C at a rate of 2.9 °C/h (fig. 2.53a/b). Both samples showed
the similar thermal deformation behaviour. Heating led to a gradual expansion in radial
direction at a rate of oz = -3.9-10° °C™ and a continuous contraction in axial direction at
a rate of a, = 3.2:10° °C™ up to the water boiling point of 100 °C. Beyond this point, the
radial strain changed to contraction with increasing temperature at rates of oz =
3.9:10° °C*, while the axial compression continued at higher rate of o, = 15.0-10°°C™.
The higher axial compression might be due to the higher load in this direction. Due to
the heating in drained and loaded conditions, the pore water evaporated and escaped
in a total amount of w = 6.6 % from the sample, causing a volume compaction of
~2.3 %.

Another undrained sample EST17282 was heated stepwise from 27 to 60, 85, 104, 128
and 150 °C at a low rate of 1.0 °C/h by keeping each step for several days (fig. 2.53c).
Under the undrained conditions and the deviatoric stress, the temperature increase led
to radial expansion with an average rate of oz = -2.0-10° °C™ and axial compression
with a rate of a;, = 2.7-10° °C™ for the range between 28 and 150 °C. But within each
heating phase at elevated temperatures, gradual compression in all directions oc-
curred. This might be caused by the collapse of the pores occupied by air and by pore-

water release of ~1.0 % on the other hand, which was detected after testing.
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Fig. 2.53 Thermal strains of COX samples obtained by heating at a deviatoric stress

and in drained or undrained conditions

264 Swelling capability of pre-heated claystone

The clay rock around HLW disposal cells will be heated up to the designed maximum
temperature of 90 °C and dried. This may result in shrinkage and fractures in the sur-
rounding rock. Another concern is whether the heated clay rock is still capable of swell-

ing when wetted again to seal the fractures. This issue was studied by drying and
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wetting COX samples of 40 mm diameter and 50 mm length. During the tests, the fol-
lowing parameters were measured:

¢ de-saturation and free shrinkage by heating,
e re-saturation and free swelling by wetting with water vapour, and

o swelling pressure under axially-fixed and laterally-unconstraint conditions.

First, the samples were heated in oven up to 100 °C and 120 °C beyond the maximum
temperature of 90 °C designed for the HLW disposal in clay formations. During the
heating phase, changes in water content and shrinkage were measured on the sam-
ples as function of applied temperature. The results are shown in fig. 2.54. Heating in-
duced evaporation of the pore water out of the porous claystone, resulting in collapse
of the pore structure and thus volume shrinkage, but no macro-fractures were visually
observed in the heat-dried samples. All the samples showed the same evolution of wa-
ter loss with temperature. However, the resulted shrinkage differs largely from one
sample to another between 0.3 % and 1.0 % after heating at 100 °C and 120 °C.

after heating at
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Fig. 2.54 De-saturation and induced shrinkage of COX samples during heating

Secondly, the swelling capacity of the heated samples was examined by measuring
swelling strain and pressure during wetting with water vapour. While the swelling de-
formation was measured on two samples in unconstraint conditions, the swelling pres-
sure was determined on the other two samples as stress reaction against the rigid

piston in axial direction. The test principle for the swelling pressure measurement is
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shown in fig. 2.36. The results of free swelling strain and swelling pressure are summa-
rized in fig. 2.55 and fig. 2.56 respectively. Major observations are:

o Wetting gave rise in the amount of water uptake up to 10 % over 7 months, result-
ing in large free expansion up to 12 % and even fractures along the bedding
planes. The results are comparable with those obtained on other non-heated sam-
ples (cf. fig. 2.30).

¢ Significant swelling pressures of 4 to 5 MPa were determined on the COX samples
pre-heated to 100 and 120 °C. The values are lower than those of 10 to 12 MPa ob-
tained on the non-heated samples (cf. fig. 2.37).

Generally, the COX claystone, even though exposed to high temperatures up to 100 to
120 °C and highly dried, still exhibits a significant swelling potential.
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Fig. 2.55 Evolution of water uptake and free volume expansion of pre-heated COX

samples during wetting with water vapour
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Fig. 2.56 Evolution of axial swelling pressure of pre-heated COX samples during
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2.6.5 Deformation and strength at elevated temperatures

The samples previously loaded under hydrostatic stress of 15 MPa and heated up to
90 °C to 150 °C were used again for determination of deformation and strength at re-
elevated temperatures of 90 °C and 150 °C. The tests were carried out in drained or
undrained conditions and at radial confining stresses of 0 to 3 MPa. Fig. 2.57 summa-
rizes the stress-strain-curves obtained on four samples, showing the typical linear elas-
tic and non-linear plastic deformation with hardening but without dilatancy until failure.
From the linear parts of the curves, the elastic parameters are determined and given in
tab. 2.4. The Young’s modulus E varies in a large scatter between 1.2 to 11.0 GPa

while the Poisson’s ratio A = 0.03 — 0.17. The data yield an average value of E =

5.7 GPa and A =0.1.
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Fig. 2.57 Stress-strain behaviour of COX claystone at elevated temperatures
Tab. 2.4  Elastic parameters and strength of COX samples at elevated temperatures
Sample T(CC) | 65(MPa) | o1 (MPa) E (GPa) A(-) or (MPa)
30 3 3—-9 1.2 0.10
EST17313
30 3 915 17.0 0.04
30 3 3—15 2.1 0.03
EST17322
150 3 9 — 36 4.0 0.11 45.0
EST21156 90 1 15 —> 41 7.0 0.10 44.0
150 3 15 — 50 11.0 0.17
EST21164
150 0 15 — 50 11.0 0.12 51.0
EST19454 90 3 15 — 27 3.4 0.75 27.5
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The data of strength or at failure are compared in fig. 2.58 with those previously ob-
tained on COX samples at ambient and elevated temperatures. The new data points
are significantly above the averaged deviatoric — mean stress — failure boundary. The
higher strength might be contributed by the consolidation during the previous heating
and drying processes under loads. The other data (ANDRA-data) obtained at elevated
temperatures between 40 and 100 °C /D02 07/ indicate slightly lower strength than that
at ambient temperature. The thermal impact on the strength is actually dependent on
the hydraulic conditions, i. e. water content, drained, undrained, etc. This issue has be-

ing currently investigated in another research programme THM-TON /THM 07/.
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Fig. 2.58 Strength of COX argillite as function of confining stress and temperature

2.6.6 Conclusions on the thermal effects

The thermal impact on the COX claystone was experimentally studied in various re-
spects of thermal expansion and contraction, changes in pore pressure, alteration of
swelling capacity, variations in stiffness and strength. The maximum temperatures of
100 to 150 °C applied to the samples are higher than the upper limit of 90 °C designed
for the clay host rock around repositories. The following significant thermal effects are

observed:
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e The thermal expansion of the claystone depends on both the water saturation and
the hydro-mechanical boundary conditions. In saturated and undrained conditions,
the thermal expansion is predominantly controlled by the pore water because of its
much higher expansion coefficient compared to that of the solid grains. In unsatu-
rated and/or drained conditions, heating causes mobilisation and expulsion of the
pore water from the rock, giving rise to pore collapse and thus consolidation. The
thermally-induced consolidation enhances the stiffness and strength of the clay
rock. No thermal fracturing was observed by heating the nearly-saturated samples

even at a deviatoric stress of o; = 15 MPa and o3 = 3 MPa.

e Heating increases the pore-water pressure in the saturated claystone. The maxi-
mum pore pressure up to 12 MPa was recorded by heating the nearly-saturated
samples up to 90 °C, but still lower than the externally applied confining stress of
15 MPa. At elevated temperatures, the pore pressure decreases with time. The
same phenomenon is also observed in the clay rock mass during the TER and HE-
D heating experiments performed in the MHM- and MT-URLSs. This is attributed to
the dissipation of the thermally-mobilized pore water outward seepage in drained

conditions.

e Heating to 100 — 120 °C dries up the claystone leading to a maximum shrinkage of

~1 % without appearance of visual fractures even in unconfined conditions.

e The claystone, even though previously exposed to high temperatures to 100 —
120 °C, still exhibits a remarkable swelling potential with free expansion up to 12 %

and swelling pressure up to 5 MPa during wetting.

Generally, no negative thermal impact on the integrity of the clay rock was found.

2.7 Simulation tests on large hollow cylinders

In order to investigate responses of the clay host rock around HLW boreholes to the
excavation, ventilation, backfilling, water flow, heating and cooling, a series of simula-
tion tests was also carried out on large hollow cylinders of the COX claystone under
relevant in situ conditions. A number of advantages can be expected from such large-

scale experiments, as for instance:
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e The possibility to simulate variations of the in situ boundary conditions during the
whole test procedure (simulating excavation, ventilation, backfilling, water flow,

heating/cooling, etc.);

¢ Monitoring responses of the testing material inside and outside the large hollow cyl-
inder to defined THM loading;

e Bridging the gap between test results obtained on small-scale samples and field
observations because large samples are more representative for the in situ rock

mass;

e Supporting the understanding and interpretation of observations of large and full-
scale in situ experiments where the boundary conditions are usually not well

known;

e Serving to validate constitutive models by comparing modelling results with the

measurement results obtained from testing under well-controlled conditions.

In the frame of this project, two types of simulation tests were carried out on large hol-
low cylinders of the COX claystone: a ventilation test and an EDZ-simulation test. The
tests were conducted in the MTS big triaxial apparatus at GRS’s laboratory. This appa-
ratus allows THM coupling experiments on cylindrical samples of 280 mm diameter and
450 — 700 mm lengths. The testing system permits a maximum load of 50 MPa lateral
stress and 75 MPa axial stress, a maximum temperature of 150 °C, and a maximum
fluid pressure of 16 MPa. Various parameters, such as axial / radial stresses, axial / ra-
dial strains, borehole convergence, temperature, pore pressure, fluid flow and others,
can be controlled and/or monitored with various instruments installed outside and in-
side the sample. Details about this testing apparatus are given in /ZHA 07a/. Results of
the EDZ-simulation tests served as database for the benchmark modelling within the
TIMODAZ work package WP5.2 /D13 10/.

2.7.1 Ventilation tests

27.11 Samples and testing method

In order to examine ventilation effects on deformation and damage of clay rock sur-
rounding boreholes and drifts, three large hollow cylinders of the COX claystone were

tested. The cores of 290 mm diameter and 0.7 — 1.0 m length were drilled vertically
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from a borehole of the DI diffusion experiment in the niche at -445 m depth. After drill-
ing they were stored without any confinement in an above ground storage hall over
about one year. Consequently the samples were strongly de-saturated down to water
contents of 1.3 % to 1.7 %. From the cores three hollow cylinders of 280 mm outer di-
ameter, 55 mm inner central borehole diameter and 580 — 650 mm length were pre-
pared. The central boreholes were perpendicular to the bedding plane.
Macroscopically, all the samples were very compact and relatively homogeneous (fig.

2.59). The basic properties are given in tab. 2.5.

Tab. 2.5 Basic characteristics of large COX hollow cylinders used in ventilation tests

Size D/d/L Grain Bulk Dry Water
Test Sample [mm] density | density | density | Porosity | content
No. [g/lcm®] | [g/cm?®] | [g/cm?] [%] [%]
VE1 | DIR2002-K1 | 280/55/580 2.69 2.39 2.36 12.3 1.3
at-445m
VE2 | DIR2002-K2 | 280/55/650 2.69 2.33 2.30 14.5 1.6
at-445m
VE3 | DIR2003-K5 | 280/55/610 2.69 2.38 2.33 13.0 1.7
at-445m

Fig. 2.59 illustrates schematically the assembly of the ventilation test system and a
photo of a large COX hollow cylinder (D/d/L = 280/55/610 mm). The sample was
sealed with an outer rubber jacket, while the central borehole was equipped with a dila-
tometer. The rock stresses could be applied to the hollow cylinder by increasing the ex-
ternal axial and radial stresses. Borehole ventilation was simulated by pumping air
through the central hole under controlled humidity. Axial and radial strains were meas-
ured by a LVDT deformation transducer mounted to the lower piston outside the cell
with accuracy better than 0.1 % and by a circumferential extensometer installed outside
the jacket around the sample with accuracy better than 0.2 %, respectively. As one of
the most important measuring parameters, convergence of the central borehole could
be monitored with a dilatometer at four positions in different horizontal directions of
0°/45°/90°/135°, as shown in fig. 2.60. The measuring range of the dilatometer lies be-

tween 50 and 57 mm with a resolution of 0.001 mm.

Outside of the triaxial cell, two small COX samples (D/L = 50/100 mm) taken from the
central borehole of the large sample and two OPA samples (D/L = 68/100 mm) taken
from the Opalinus clay in the VE test field at the Mont Terri URL /WIE 08/ were placed

in a chamber which enabled the measuring of the water content changes during the
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ventilation in a by-pass. The small samples were unconstraint and sealed in rubber
jackets, but the top face of each sample was exposed to the airflow. Two balances
were used to record changes in the water content of a COX and an OPA sample. Re-
sponse of axial deformation to moisture change was monitored by means of a LVDT
deformation transducer mounted on the top face of the samples. Fig. 2.61 shows a
photo of the small samples in the test chamber.

- T, RA
isothermal chamber

strain

=

T, RH

regulated
7 gas

A\

Fig. 2.59 Assembly of a ventilation test on a large COX hollow cylinder under confin-

ing stresses and a photo of the sample (right)

Fig. 2.60 Installation of a dilatometer for measuring borehole convergence
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Fig. 2.61 Measurements of water content change and axial deformation on small-

sized samples during ventilation through the top faces
The above mentioned parameters are evaluated according to the following definitions:

Axial stress

F 4.F
o, = =

= 2.19
: Aring ”(Dz _dz) ( )

where F = axial force,
Aving = Cross section of the hollow cylinder,
D = outer diameter of the sample,
d = diameter of the central borehole.

Outer radial stress on the outer surface or = applied oil pressure in the triaxial cell.

Inner radial stress on the borehole wall ¢, = 0.

Axial strain
ga = A—L = LO _ L (2.20)
L L

0 0

where L = length of the sample,
L, = initial length of the sample.
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Outer radial strain

Ep=—=—" (2.21)

where D = outer diameter of the sample,

D, = initial outer diameter.

Inner radial strain or borehole convergence

do do Vbo/Lo

where d = average diameter of the borehole,
d, = initial diameter of the borehole,
V, = volume of the borehole, which is determined by measuring the oil volume
in the packer,
Vo = initial borehole volume.

Volumetric strain

(2.23)

2.7.1.2 Results

Three tests were conducted under different quasi-isostatic confining stresses and at a
temperature of 25 °C. The results are illustrated in fig. 2.62 to fig. 2.64 for sample
DIR2002-K1, -K2 and DIR2003-K5 in terms of the applied axial / radial confining
stresses, the resulting axial / radial / volumetric strains, and the borehole convergence,

respectively.
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Fig. 2.64 Deformation response of the hollow cylinder claystone DIR2002-K5 to ex-

ternal stressing and borehole ventilation

Both hollow cylinders DIR2002-K1/-K2 were loaded in two steps to the same confining
stresses of 6, = 5.2 MPa / or = 5.0 MPa and 15.6 / 15.0 MPa, respectively. The stress-
es were kept constant for different time periods between 1 and 18 days. The measured

data show that each loading led to a sudden deformation and the deformation contin-
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ued with time. At o, = 15.6 MPa / or = 15.0 MPa, the axial and radial strains of both cyl-
inders reached values of ¢, = 0.6 % — 0.8 % and sz = 0.12 % — 0.13 %, respectively.
The corresponding borehole convergences reached values of g = 0.35 % — 0.45 %.
The calculated volumetric strains lie between 0.75 % and 1.05 %. The significant vol-
ume compaction might be caused by collapse of de-saturated pores under the applied
confining stresses. Unfortunately, both tests were interrupted due to the failures of

power supply, so that the planned ventilation could not be realised.

On the other sample DIR2003-K5, the ventilation test was carried out under isostatic
confining stress of o, = 10.8 MPa / og = 10.4 MPa. Fig. 2.64 shows the results. During
the first phase of 37 days, the inlet and outlet of the borehole were closed. The relative-
ly dry sample took up moisture from the relatively wet air remaining in the borehole,
leading to a slight reduction of the air humidity from 49.3 % to 46.7 %. The outer radial
and axial strains and the borehole convergence did not change significantly within this
period. In the second phase, ventilation was conducted by pumping wetted air into the
borehole for 10 days. The relative humidity in the borehole was increased step by step
from 47 % to 100 %. The rapid increase of the humidity resulted in a large borehole
convergence of 0.4 % to 3.3 % whereas the axial and radial strains remained un-
changed. This was obviously attributed to the swelling of the claystone near the bore-
hole wall. Because the gap between the borehole wall and the dilatometer is relatively
narrow, the moisture in the wetted air might partly condense on the borehole wall caus-
ing flakes falling from the borehole wall as shown in fig. 2.65. During the ventilation
phase, the inlet and the outlet of the borehole were closed again several times to ob-
serve changes of the air humidity in the borehole. A significant equilibrium process be-
tween the wet air and the dry sample took place indicated by the decease of the air
humidity in the borehole. As the humidity was reduced down to 35 %, the borehole di-
verged from 3.3 % to -0.6 %. This indicates shrinkage of the claystone. During the ven-

tilation, no changes in axial and radial strains were observed.

Ventilation effects were also observed on small samples in another testing system (fig.
2.61). Over the top faces of small COX and OPA samples that were sealed in jackets,
air flowed with various humidities at 27 °C. The COX samples with an initial water con-
tent of ~1.5 % were much drier than the OPA samples with a water content of ~6.4 %.
During the ventilation, changes in water content and axial deformation were measured.
The data are depicted in fig. 2.66a and fig. 2.66b, respectively. The water content
change defined here is related to the initial sample weight. During the first month of

ventilation at an applied humidity of 80 + 6 %, the dry sample COX5 took up water to
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0.5 % while the wet sample OPAGS loss pore water down to 0.9 %. In a good correlation
with the de-saturation, axial shrinkage of 0.6 % was observed on another wet sample
OPA4 while no significant deformation was recorded on the dry sample COX4. A fur-
ther increase of the air humidity to 92 + 3 % provided more water for the re-saturation
of the dry samples. Over another 4 months, the water content of the dry sample COX5
increased to 1.2 % and then remained in equilibrium, while the sample OPA5 which
was partly de-saturated during the previous phase took up water, too. At high humidity,
both claystone expanded to an axial strain of 0.28 % at the COX4 and 0.85 % at the
OPA4 sample, respectively. The fluctuation of the water content and the deformation is

in a good correlation with the variation of humidity.

Fig. 2.65 Flakes generated by water condensation falling from borehole wall during

ventilation
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2.7.2 EDZ-simulation tests

Within work package WP3.3 of the TIMODAZ-project (Annex B work programme /TIM
06/), a series of EDZ-simulation tests (or benchmark tests (BMT)) was carried out on
four large hollow cylinders of the COX argillite to investigate fracturing and sealing pro-
cesses around HLW disposal boreholes taking place during excavation, backfilling,
heating and cooling phases (Deliverable D07 /D07 10/). The test results served to vali-
date the constitutive models by performing benchmark modelling in the framework of
the TIMODAZ work package WP5.2 (Deliverable D13 /D13 10/).

2.7.2.1 Samples and testing method

Four big cores of 290 mm diameter and 0.6 — 1.0 m length were extracted from vertical
boreholes at depths between 460 m and 501 m in the rheological zone B’ of the COX
formation. The axes of the cores were nearly perpendicular to the bedding planes. For
the BMT tests, four large hollow cylinders of 280 mm outer diameter, 100 mm inner di-
ameter and length of 460 — 525 mm were carefully prepared by plane of the surfaces in
a lathe and drilling the central borehole axially. Fig. 2.68 shows the photos of the pre-
pared hollow cylinders before testing.

Due to the long storage periods of months to years, even though the cores were care-
fully confined, de-saturation took place to different degrees. Before testing, a re-
saturation phase with water vapour was performed over several months. Fig. 2.69 illus-
trates the evolution of water uptake of two cores. While core DIR2004-EST27315 was
confined over 8 months, the other one DIR2003-K4 was exposed to room air over 3
years and thus strongly dried. The highly dried core took up water more quickly and
reached a water content of 5.5 % over 9 months, but was still not fully re-saturated. In
contrast to that, another core DIR2004-EST27315 with a higher initial water content
seemed to be fully re-saturated after 5 months. Because the samples were more or
less disturbed by preparation and re-saturation, some visible cracks appeared on the
surfaces and were mostly oriented parallel to the horizontal bedding planes. Their basic

characteristics are summarized in tab. 2.6.
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DIR 1004

BMT2 : DIR1004-EST27319
D280/d100/L525mm D280/d100/L520mm

g

BMT1: DIR2003-EST19387

fo= 20090219 Bure Ton
20090128 Bure Ton " Y 5727302

BMT3: DIR2004-EST27315 BMT4 : DIR2004-EST2731
D280/d100/L520mm D280/d100/L460mm

Fig. 2.68 Large hollow cylinders prepared for the investigation of fracturing and seal-
ing of the COX argillite
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Fig. 2.69 Water re-saturation of large COX samples with water vapour

300

Tab. 2.6  Basic characteristics of the large COX hollow cylinders used in the EDZ-
simulation tests
Size | Grain Bulk Dry Water | Degree of | Initial
Test | Sample |D/d/L densit3y densit3y densitgy Porosity | content | saturation | suction
No. (mm) | (g/cm”) | (g/cm”) | (g/lcm”) (%) (%) (%) (MPa)
DIR2003- |D280
BMT1 |EST19387 |d100 2.70 241 2.28 154 5.5 82.0 23.0
(-460m)  [L525
DIR1004- |D280
BMT2 |EST27319 |d100 2.70 243 2.28 15.7 6.8 98.0 5.0
(-501m)  [L520
DIR2004- |D280
BMT3 |EST27315 | d100 2.70 2.45 2.29 15.0 6.8 100.0 0.0
(-461m)  |L520
DIR2004- |D280
BMT4 |EST27312 |d100 2.70 241 2.26 15.8 6.2 89.0 10.0
(-463m)  |L460

Originally, a reference BMT test was planned and designed. Fig. 2.70 shows the test

layout and a photo of an installed large hollow cylinder. An inflation packer is installed

in the central borehole for simulating the backfill support. The packer allows a maximal

pressure of 15 MPa and is controlled by a precise syringe pump with oil supply. The

external stress around the borehole is applied by regulating the outer axial load and
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lateral pressure in the cell. Thermal loading due to the heat release of HLW is simulat-
ed by means of an outer heater mounted around the outer surface of the cell. During
the test, the outer radial strain is recorded by a circumferential extensometer at the
sample mid-height, while axial strain is measured by a LVDT deformation transducer
mounted to the lower piston outside the cell. Additionally, borehole convergence or di-
vergence is monitored by measuring changes of the oil volume in the central packer.
The temperature is recorded by two PT100 sensors in the borehole and on the outer
surface of the sample, respectively. Permeability changes of the hollow cylinder are
monitored in axial direction by injecting nitrogen gas or synthetic formation water to the

bottom at constant pressure and by measuring the outflow at the top.

axial load
— outlet
3 — filter plate
= — outer heater
- . .
inner packer
— -
«— hollow sample
E —> le—
1S O extensometer
S — -
© d temperature
— e sensor
outer jacket
—>] f—
o
0
—>
?-,
inlet == a
f syringe
um
D =280 mm ) pump
d =100 mm axial load

Fig. 2.70 Layout of EDZ simulation tests on a large hollow cylinder of COX claystone

The measurements of stress and strains are evaluated according to eq. (2.19) to
(2.23), while the permeability to gas and synthetic water is calculated after Darcy’s law:
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Gas permeability

pa'Q L
=2ﬂ 9 .
’ g(p|2n_p§) Aring

K (2.24)
where K, = gas permeability (m?),

Q, = flow rate of the gas (m¥s),

Mg = dynamic viscosity of the gas (Pa-s),

L = length of the sample (m),

Aring = the section of the hollow sample (mz),

pa = atmospheric pressure (Pa),

pin = injection pressure (Pa).

Water permeability

_Qu L

A Ap (2.25)
ing

where K, = water permeability (m?),
Q. = flow rate of the water (m®/s),
K = dynamic viscosity of water (Pa-s),

Ap = pressure difference (Pa).

The in situ conditions of the TER heating experiment conducted in the MHM-URL (see
section 3.4) were taken into account in the BMT test design. The main purpose of the
TER experiment was to determine the thermal properties and to observe THM pro-
cesses in the COX clay rock. The surrounding rock was heated by means of an electric
heater from an ambient temperature of 22 °C to 90 °C and then cooled down. Re-
sponses of rock temperature, pore-water pressure, and deformation were monitored at
different locations in the near-field. An anisotropic stress state dominates in the rock
with a major horizontal component of o4 = 16 MPa, a minor horizontal component of
oh = 12 MPa and a vertical component of 6, = 12 MPa. The axis of the TER heater
borehole was oriented parallel to the direction of the major horizontal stress. The pore

water pressure in the rock is estimated to 4.5 MPa.

Before testing, a general test procedure was agreed:

1. Determination of the initial state of the hollow cylinder
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2. Pre-consolidation of the sample at increased compressive load to approach the

original rock state
3. Borehole excavation by reduction of the inner pressure in the borehole

4. EDZ intensification by increasing external stress to generate sufficient fractures for

to enable subsequent investigations on the sealing of the fractures

5. Re-compaction of the fractured sample by increasing the inner borehole pressure

to investigate the effect of the backfill pressure on the sealing of the fractures
6. Injection of synthetic water to simulate the flow of formation water towards the EDZ

7. Heating the sample to the upper limit of 90 °C in order to investigate the thermal

impact on the sealing of the EDZ
8. Cooling down to ambient temperature

9. Unloading, dismantling and inspection of the sample.

Obviously, conducting such a very complex experiment is a great challenge for the ex-
perimenter. Because of unexpected technical difficulties, the spent efforts exceeded
the original plans with only one test significantly. In reality, three additional tests were

conducted after stepwise improvements of the test design and techniques.

2.7.2.2 Results

BMT test 1

The first test was carried out on sample DIR2003-EST19387. Fig. 2.71a illustrates the
evolution of applied temperature, axial and radial confining stress, and back-pressure
in the borehole, while the responses of axial strain, outer radial strain, and gas perme-
ability are presented in fig. 2.71b. The test started with the application of the initial con-

ditions of T = 26 °C and o, = or = o, = 1 MPa for the first day.

1. A reconsolidation phase was conducted by quasi-isotropic loading at a rate of
6 MPa/h up to an axial stress of o, = 17 MPa and an outer radial stress and inner
borehole pressure of or = 6, = 15 MPa. This load caused a compression to an axial
strain of ¢, = 0.8 % and an outer radial strain of eg = 0.2 %. The relatively large axi-

al strain was mainly generated by closure of the pre-existing cracks oriented along
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the horizontal bedding planes. At the end of the consolidation, the gas permeability
parallel to the borehole was determined to Ky = 2-10%" m? at an injection pressure
of 1.5 MPa.
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(b) responses of strains and gas permeability to mechanical loading

Fig. 2.71 Results of the BMT test 1 on a large COX hollow cylinder
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2.

Subsequently, borehole excavation was simulated by decreasing the borehole
pressure down to 2.6 MPa. This resulted in a convergent deformation towards the
borehole, while the axial strain remained nearly constant. However, the reduction
of the borehole pressure obviously did not generate pathways through the hollow
cylinder, because no increase in permeability could be detected.

In order to intensify the deformation to damage, the deviatoric load was increased
by reducing the radial stress to 3 MPa at the constant axial stress of 17 MPa. This
resulted in a significant radial extension of Aeg = 0.3 %. But again, no increase of
the permeability could be observed. A significant permeability increase was firstly
recorded by additionally increasing the axial load to failure at 23 MPa. Just before
failure, the permeability jumped up from 1:10-21 m? to 3-10-18 m°.

BMT test 2

The second test was performed on sample DIR1004-EST27319 and because of a test

interruption evaluated in two parts. The test results are shown in fig. 2.72 and fig. 2.73,

respectively. The test started at T = 26 °C and ¢, = or = 6, = 1 MPa.

1.

The hollow cylinder was firstly reconsolidated by rising the isotropic stress from
0, = or = o, = 1 MPa to 15 MPa at a temperature of 26 °C. This resulted in an axial
compression of g, = 0.55 %, but a negligible radial strain. The anisotropic defor-
mation of the argillite was due to the existence of bedding planes perpendicular to

the sample axis.

At a constant confining stress of ¢, = ogr = 15 MPa, the borehole excavation was
simulated by decreasing the borehole pressure down to 1.8 MPa. This caused an
axial compression of Ag, = 0.1 % and a radial strain of Ae, = 0.05 % towards the
borehole. At the end of the unloading phase, the gas flow was first measured at a

pressure of 1.5 MPa, from which the permeability was determined to 3-:10° m?.

Following that, the backfill impact was approached by increasing the borehole
pressure step by step to 6, 8, 10, 12 and 15 MPa for several days in each step.
The backfill pressure compressed the existing cracks in the sample and reduced

the permeability down to 10 m?.

To create macro-fractures, various deviatoric stresses were applied to the hollow
cylinder. First, the axial stress was increase to 20 MPa at a radial stress of 15 MPa.

This caused an axial compression of Ag, = 0.12 %, a radial extension of Aeg
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= -0.03 % and a slight increase in permeability. Secondly, the borehole pressure
was reduced down to 1.5 MPa, causing radial strain towards the hole but no in-
crease in permeability. Finally, the external axial and radial stresses were signifi-
cantly increased, causing large axial / radial strains up to fractures and hence
permeability increase. At og = 25 MPa and o, = 24 MPa, the permeability started to
rise and reached a maximum value of 10"° m® at o = 28 and o, = 25 MPa. Unfor-

tunately, the test was interrupted due to the damage of the rubber jacket.
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Fig. 2.72  First part of BMT2 test results obtained on a large COX hollow cylinder
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Fig. 2.73 Second part of BMT2 test results obtained on a large COX hollow cylinder

5. Using a new jacket, the test was continued with re-compaction by increasing the
isotropic stress up to 15 MPa again (fig. 2.73a). This caused a pronounced de-

cease of the permeability from 1-10™° m? to 4-10™" m?,
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6. The following reduction of the borehole pressure down to 2.3 MPa did not produce
any increase in permeability. In order to simulate a water flow towards the EDZ,
synthetic formation water was introduced into the fractured cylinder at both ends at
atmospheric pressure. At fixed axial strain, the axial stress varied slightly. This
might be induced by swelling of clay minerals. Unfortunately, an interruption of the
power supply terminated the test.

BMT test 3

The third test was performed on sample DIR1004-EST27315. Because of technical
problems, the test results could not be evaluated.

BMT test 4

Based on the experiences from the above tests and the pre-experimental calculations,
the originally designed test layout was slightly improved in the fourth test on sample
DIR1004-EST27312. Fig. 2.74 shows the modified test layout and photos of the sample
before testing. The pre-operational modelling indicates that local densification may
have taken place at the ends of the sample due to the possible effect of the friction re-
sistance of the load pistons, forming a barrier against fluid flow into the EDZ around the
borehole. In order to avoid such local sealing effect, several small half-holes of 5 mm
diameter were drilled from the top and the bottom to a depth of 60 mm along the bore-
hole wall. The channels allowed a fluid supply directly into the middle region near the
borehole wall. In addition to the measurement of the outer radial strain at the middle,
another circumferential extensometer was installed at the lower position of ¥4 sample
length. A syringe pump was connected with the inlet tube at the top to inject synthetic
formation water into the sample. While the injection pressure and flux could be auto-
matically controlled and recorded by the pump, the water outflow was measured at the

bottom using a burette at atmospheric pressure.
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Fig. 2.74 Modified test layout of the BMT test 4 on a large COX hollow cylinder

Fig. 2.75a illustrates the test procedure performed in six phases with respective

boundary conditions, i. e. recovery of the initial state, borehole excavation, damage in-

tensification, water injection, heating and cooling phases. Responses of deformation,

gas permeability and water inflow / outflow are depicted in fig. 2.75b/c/d. The test re-

sults are described as follows:

1.

Initial state: The test started from an initial isostatic stress of ¢ = 1.0 MPa, a gas
inlet pressure py = 0.5 MPa, an outlet pressure p, = atmospheric, and a tempera-
ture T = 29 °C. The big hollow cylinder was reconsolidated by increasing the outer
radial stress and the borehole pressure up to or = o, = 15 MPa at fixed axial strain
(Aes = 0). This stress state is comparable to the lithostatic stress at the 490m main
level of the MHM URL. The initial state of the sample was determined with a po-
rosity of ¢, = 15.8 %, a degree of water saturation of 89 % (corresponding to suc-
tion s = 10 MPa), and an effective gas permeability of 5:10%* m? (fig. 2.75c). Since
dry nitrogen gas had been injected into the sample over 5 days before the initial
point, the sample might have become more unsaturated. But unfortunately, it was
impossible to monitor changes of the water content during the test.
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Fig. 2.75 Results of BMT test 4 simulating excavation, backfill support, water flow,

heating and cooling on a large COX hollow cylinder
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Fig. 2.75 Results of BMT test 4 simulating excavation, backfill support, water flow,

heating and cooling on a large COX hollow cylinder [Continued]

2. Borehole excavation: From the re-consolidated state, the borehole excavation
was simulated by reducing the borehole pressure down to o, = 1.0 MPa. Fig. 2.75b

shows that the excavation resulted in a convergence of the borehole to ¢ = 0.95 %
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and the outer wall of the cylinder was displaced inwardly to a compressive strain of
er12. = 0.12 % at the middle and ¢r.14. = 0.08 % at the position of ¥4 length of the
sample. The zone near the borehole should be damaged according to the in situ
observations (TER experiment). However, no increase in gas permeability (fig.
2.75c) was recorded, suggesting that no pathway through the middle region of AL =

340 mm was created by the borehole excavation.

EDZ-intensification: In order to determine the critical condition for generating a
flow pathway around the borehole, the external stress was further increased. As
the stress or was over 20 MPa, the gas permeability started to rise and reached a
value of 10™° m? at or = 24 MPa. This permeability value is six orders of magnitude
higher than it was before. With increasing the load, the outer surface of the cylinder
moved largely inwards with ez 15, = 0.6 % and g4 = 0.3 %. With that the bore-
hole became more narrow with & = 2.4 %. Immediately after gas break through, the
external radial stress was reduced again down to 15 MPa for another 2 days, dur-
ing which the deformation and the gas flow remained nearly constant.

Water injection: In order to simulate formation water flow towards the EDZ, syn-
thetic pore water was introduced into the top of the fractured sample. The applied
absolute injection pressure, the water inflow and the outflow are illustrated in fig.
2.75d. The first injection began at a pressure of 0.5 MPa and the water entered the
sample quickly with Q;, = 340 cm?® within 8 hours. After closing the inlet, the water
pressure in the inlet reservoir dropped down to atmospheric pressure (~0.1 MPa).
After 4 days, the procedure of injection and closing was repeated several times
within the next 3 days, during which the amount of injected water reached an
amount of Q;, = 675 cm® and a water outflow of Q. = 135 cm®. The difference of
AQ = Qi — Qou = 540 cm?® between the inflow and the outflow was stored in the
sample (mostlikely in the fracure space). Following that, the injection pressure was
lowered to 0.3 MPa. Correspondingly, the water inflow slowed gradually and
reached a quasi-steady state after several days. The recorded outflow rate is near-
ly the same as the inflow rate of 3.3 cm®d. From the data and the water viscosity of
8.510* Pa's at T = 29 °C, a water permeability of 2.0:10*® m? can be estimated
for the fractured cylinder. This value is three orders of magnitude lower than that
measured with gas before in the interval Ill. The reduction of the intrinsic permea-
bility by the flowing water is obviously caused by the clay swelling into the interstic-
es. During the period of water injection, the axial stress at fixed strain (Ae, = 0)

increased progressively from 2.1 to 2.5 MPa (fig. 2.75a), while the borehole diame-
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ter reduced from g = 2.2 % to 2.6 % over 17 days (fig. 2.75b). The movement of
the outer sample surface towards the borehole was insignificant during the water
injection phase.

Heating was performed by increasing the boundary temperature day by day from
Tout = 29 to 45, 60 and 74 °C. The last step continued for 19 days. Because the
testing system was not thermally isolated in axial direction, a steady heat loss
caused a temperature gradient between the outer and the inner boundary of the
hollow cylinder of AT = 2 to 5 °C with increasing temperature. Fig. 2.75b shows that
the heating accelerated the deformation towards the borehole. The compressive
strain of eg.1;5. at the middle was faster than eg.1/4. at the lower position. Whereas
the strain gr.14. iNncreased continuously, the measurement of gz.15. unfortunately
failed after reaching a value of 1.14 %. The borehole diameter decreased by ele-
vating the temperature and then the convergence continued up to g = 5.2 % over
the heating phase. The water flow slightly turned backwards at the beginning of
heating (fig. 2.75d). After that, the water flowed inwards again and reached a high
rate of 13.8 cm®/d during the last 10 days. The increased inflow was caused by the
decreased water viscosity of 4.4:10 Pa-s at 74 °C. The intrinsic permeability of the
fractured sample was not significantly influenced by heating. The measurement of
outflow showed a backflow of the water into the sample. The reason is not yet
clear. Additionally, switching off the inlet flow resulted each time in a drop of the in-

let pressure.

A cooling phase followed by reducing the temperature stepwise down to 60, 45
and 29 °C in 3 days and the last step continued for 18 days. The cooling down led
to an enlargement of the borehole of Ag, = -0.8 % whereas the outer surface at ¥aL
position expanded transiently and then turned back to compression. This might be
due to thermal contraction of the material. At the lowered temperature, the bore-
hole convergence continued slowly while the outer surface remained almost con-
stant. The borehole convergence rate (slope of the curve) is lower than that during
the heating phase, but nearly the same as that before heating. As shown in fig.
2.75d, the cooling down caused higher water inflow and outflow in a short time and
then the inflow and outflow slowed gradually down with different rates. While the in-
flow rate was determined to 6.3 cm®/d within the last 10 days, a lower outflow rate
of 2.2 cm®d was measured. Based on the data, the permeability can be roughly
estimated between 1.2:10™® and 3.5-10"® m?, a value which is comparable with

that obtained before heating. Generally speaking, the thermal impact on the hy-
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draulic conductivity of the fractured argillite is controlled by the variation of the wa-
ter viscosity. This means also that the thermal effect on the development of frac-

tures in the argillite under certain confinements is insignificant.

7. Dismantling and post-testing: Fig. 2.76 shows pictures of the dismantled sample
after testing. Multiple macro-fractures were generated and interconnected vertically
and horizontally. In the upper region the fracturing was more intensive, probably
due to the reduction of the stiffness and strength of the argillite by the increasing

water content.

outer surface vertical section inner surface

Fig.2.76  Dismantled sample after EDZ-simulation test BMT 4

The water content of the tested sample was measured on pieces taken from differ-
ent locations. The distribution of the water content along the sample is illustrated in
fig. 2.77. The water content reached a maximum of more than 9.3 % at the top
where water was injected and reduced linearly down along the sample to 6.2 % at
the bottom. This value is the same as the initial water content. Above the position
of L = 150 mm, the water content was higher than that of 6.8 % of the originally
saturated argillite. This result indicates that the natural argillite has also a certain
adsorption potential for taking up more water. The water adsorption potential was
examined on a large piece of 2.67 kg from the tested sample. Fig. 2.78 shows the
amount of water uptake by the material immersed into synthetic formation water. It
is obvious that the water content increased rapidly in the first two days and
reached a maximum of ~13 % after 6 days. This value is much higher than the wa-
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ter content in the naturally saturated state (~6.8 %), confirming the high adsorption

potential of the clay rock.
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Fig. 2.77 Distribution of the water content determined on the tested sample
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Fig. 2.78 Measurement of water uptake on a large COX block immersed into syn-

thetic pore water
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Additionally, the outer diameter of the deformed cylinder was measured along the
sample length, as shown in fig. 2.79. The higher wetted upper area expanded over
the initial diameter due to the swelling of clay minerals, while the middle region
was more compressed towards the borehole. The deformation in the lower region
was insignificant. The measuring system was re-calibrated after testing.

280.0
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E
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5
5 2792 initial diameter
[
> i
3 279.0
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278.8 1
278.6 1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400 450

Sample length (mm)

Fig. 2.79  Outer diameter profile along the deformed cylinder
Fig. 2.80 and fig. 2.81 show the results of the volume measurement of the central
borehole against the packer inflation pressure and temperature changes, respectively.

The calibration curves are taken into account in the above evaluation of the borehole

convergence.
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2.7.3

Calibration of the packer installed
in the central borehole
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Conclusions on the EDZ development around boreholes

For the validation of the constitutive models and computer codes used for analysing

THM processes in the excavation damaged zone in argillaceous rock, a number of la-
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boratory simulation tests was performed on large COX argillite cylinders with axially-
drilled central boreholes (D = 280 mm, d = 55/100 mm, L = 460 — 650 mm) in the
framework of the TIMODAZ project /D07 10/. In the tests, the relevant conditions
around HLW boreholes such as excavation, ventilation, backfilling, heating and cooling,
were simulated and the deformation of the borehole as well as the permeability parallel

to the borehole were monitored. The main results are summarized below:

1. Simulation of the borehole excavation by reducing the inner borehole pressure
from 15 MPa down to 1 MPa resulted in borehole convergence but without any in-
crease in permeability along the cylinder axis. This indicates that there was no
build-up of pathway through the samples. Increasing the external confining stress
beyond 20 to 24 MPa (corresponding to the stress at a depth of 800 to 1000 m) led
to a drastic increase in gas permeability from 10 m? to 10™** m? This is attributed
to the growth and interconnection of fractures through the claystone samples as
observed after testing.

2. Ventilation of relatively dry air through the borehole caused de-saturation and
shrinkage of the claystone and thus borehole divergence, and in contrast, ventila-

tion wet air induced swelling of the claystone and then borehole convergence.

3. The backfill impact simulated by increasing the borehole pressure from 1 to
15 MPa led to a strong reduction of the gas permeability along fractures by more
than three orders of magnitude from 10"’ to 10" m?, depending on the initial char-

acteristics of the excavation-induced fractures in the argillite.

4. The water transport through the fractures in the claystone produced swelling of
clay minerals into the interstices and thus led to sealing of the fractures, whereby
the intrinsic permeability decreased drastically. The permeability obtained by water
flowtests was about 2:10™*®* m™, being more than three orders of magnitude lower

than that determined by gas flow tests done before.

5. Heating a damaged hollow cylinder from 29 °C to 74 °C accelerated the borehole
convergence and the water inflow. The thermal impact on the water conductivity of
fractured claystone is governed by the change of the water viscosity, while the in-

trinsic permeability is less affected by heating.

6. Cooling down slowed the deformation and the water transport through the frac-
tured argillite. The permeability estimated after cooling varied from 1.0-10™ m? to

3.5:10"® m?, nearly the same as that before heating.
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7. The post-test investigation on a sample showed a significant increase of the wa-
ter content of up to 9.3 % at the inlet and to 6.2 % at the outlet. Most parts of the
sample were “over saturated”, i. e. the water content was higher than that of ~7 %
in the natural and saturated state. The increase in water content led to an expan-
sion of the claystone into the fracture space, thereby sealing the fractures under

confined conditions.

8. A remaining task is to examine the transferability of the laboratory conclusions to

the damaged zone in situ.

2.8 Characterization of crushed claystone as backfill material

The disposal concepts developed by many countries for repositories in clay formations
are based on the principle of a multi-barrier system, which comprises the natural geo-
logical barriers and the engineered barriers (EBS). After having been filled with radio-
active waste, the disposal rooms, drifts, and shafts must be backfilled and sealed with
suitable materials to re-establish the integrity of the isolating rock zone surrounding the
repository and thus to prevent a release of radionuclides from that rock zone. The
properties of each EBS component are to be specified with regard to the various barrier
functions of, for instance, buffer surrounding waste containers, seals in disposal bore-
holes, backfill in drifts, plugs in drifts and shafts. Crushed claystone produced during
excavation of the repository is a favourable alternative as backfill/'sealing material, be-

cause of many advantages such as

a) chemical-mineralogical compatibility with the host rock,

b) availability,

c) low material and transport costs in comparison to the use of expensive bentonite,

d) shortfall of the recycling of excavated tailings and thus no occupancy of the ground

surface, and

e) little effort for environmental conservation of the repository site.
Within the framework of ANDRA'’s ongoing research programme /AND 06/, the suitabil-
ity of crushed COX claystone as a potential backfill/'sealing material has being investi-

gated. GRS has contributed to this programme with laboratory tests on crushed

claystone produced during the excavation of drifts in the MHM-URL. The GRS investi-
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gations focused on characterizing the hydro-mechanical properties of the crushed clay-

stone such as:

e grain size distribution;

e water adsorption / retention capacity;
e compaction behaviour;

e permeability in relation with porosity;

e swelling potential.

2.8.1 Sample preparation

The crushed COX claystone was obtained from the stockpile at the surface of the
MHM-URL. For the tests, raw material with coarser grains was firstly broken by a jaw
crusher to a maximum grain size of 10 mm and 16 mm, respectively. After drying at
105 °C over 48 hours, the water content was measured in a range of 6.4 % to 7.4 %.
The grain size distribution was determined on the dried aggregate. Fig. 2.82 summa-
rizes the measured curves for all samples. While the grain sizes of the samples with a
maximum diameter d,.« = 16 mm are relatively comparable, the others with dy. =
10 mm vary in a relatively large scatter. An average grain size distribution was selected
as reference material in the tests. The maximum grain size of 10 mm allows standard
compaction tests in oedometer cells of 100 mm diameter and 200 mm length (the ratio

of the cell diameter to the maximum grain size should be at least equal to 10).

2.8.2 Water retention

After backfilling and closing a repository, the initially unsaturated backfill material will
take up water due to the suction gradient between the saturated rock and the unsatu-
rated backfill from the moist air in the pores and from formation water intruding into the
backfill. The re-saturation process is mainly controlled by the relationship between wa-
ter content and suction (usually called water retention curve) of the backfill material.
The re-saturation of the backfill in turn governs the swelling of the aggregate particles,
leading to closing of the pores and building up resistance against deformation and

damage propagation in the rock, particularly after a possible failure of the drift lining.
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Fig. 2.82  Grain size distribution of crushed COX claystone

The water retention curve of the crushed COX claystone was determined on loose
samples. The vapour equilibrium technique was applied (for details see section 2.4.1).
The tests were performed in desiccators at different relative humidity values of 12 % to
100 %, the corresponding suctions between 0 and 287 MPa. The water content of each
sample was measured over several months. Fig. 2.83 shows the samples and humidity

sensors placed in the desiccators.

Fig. 2.83 Measurement of the water retention curve of crushed COX claystone in
desiccators

The water contents measured at different suctions from 0 to 287 MPa are illustrated in

fig. 2.84 over the time. The samples with an initial water content of 6.4 % were de-
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saturated at suctions higher than 17 MPa, below which they were re-saturated. The de-
and re-saturation processes reached equilibrium after one month, except for the sam-
ple at zero suction. At this low suction, the water content increased continuously to w =
19 % over 6 months. An equilibrium, however, was not achieved in this period of time.

This indicates again the high water adsorption potential of the claystone as mentioned
in section 2.4.1 above.
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Fig. 2.84 Water content measured on crushed COX claystone at various suctions

The high capability of water uptake is also reflected with compacted samples of the
crushed claystone as shown in fig. 2.85. The samples were pre-compacted to high dry
densities of 1.8, 1.9 and 2.0 g/cm® and then the water content was monitored at two
low suction levels of s = 0 and 2.7 MPa. At s = 2.7 MPa, the water content increased to
the maximum of 7.6 % — 7.8 %, while the water content at zero suction increased
steadily up to 9 % — 10 % over 3 months. The re-saturation of the compacted claystone
seems to be less dependent on the density.

The relationship of the water content to the applied suction is illustrated in fig. 2.86. It is
again clearly to be seen that the water uptake at zero suction leads to a water content
significantly higher than the original natural water content of 6.4 % — 7.4 %. This finding
means in practice that the crushed claystone backfill material will take up and store

large amounts of water from the wet air in its pores. In consequence, the backfill will
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become more dense and its barrier function more effective due to the swelling of the

clay aggregate and its compression induced by convergence of the surrounding rock.
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Fig. 2.85 Water uptake of compacted COX aggregate in a humid environment
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2.8.3 Compaction

Crushed claystone can be emplaced loosely or compacted into disposal boreholes and
drifts, depending on the EBS requirements defined for the different applications. After
emplacement, the backfill will be compacted continuously by the viscous deformation of
the surrounding. For evaluation of the interactions between the backfill and the sur-
rounding rock, the compaction behaviour of the backfill is necessarily to be known.

First of all, the initial density of the backfill, achievable with available compaction tech-
nigues, was determined by proctor testing on samples with various water contents.
Each sample with a mass of ~2 kg was filled in a proctor vessel of 100 mm diameter in
three layers and compacted by 25 times falling of a 2.5 kg weight from a height of
300 mm. Then, the dry density of the compacted sample was determined. Fig. 2.87
shows the applied proctor apparatus and two compacted samples with different water
contents. The wet sample with a water content of w = 9.4 % was more easily compact-
ed to a higher density of p; = 1.62 g/cm?® than the dry sample with a water content of

w = 3.6 %, for which a lower density of p; = 1.28 g/cm?® was reached only.

e R¢

grain size <10 mm grain size <10 mm

water content = 9.4 % water content = 3.6 %

dry density = 1.62 g/cm® | dry density = 1.28 gicm®

Fig. 2.87 Samples of crushed COX claystone after proctor compaction

Fig. 2.88 summarizes the dry densities reached for the crushed claystone with two
grain size distributions of d < 16 mm and d < 10 mm. The samples were prepared to
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different water contents within a range from 2 % to 12 %. After treatment as backfill
material the crushed claystone will be more or less de-saturated to water contents of
less than 7 % — 8 % of the water content of the natural rock. The test data suggest that
a dry density of ~1.5 g/cm® can be reached for the de-saturated crushed claystone (say
w = 3 % — 7 %). If the material is more dried, the achievable density will be lower be-
cause of the high friction resistance between the material particles during compression.
In order to keep the repository as dry as possible, addition of water to the backfill shall

be avoided even though a relatively high initial density could be achieved thereby.
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Fig. 2.88 Densities of crushed claystone after proctor compaction

The compaction tests were carried out on the reference material with the maximum
grain size of 10 mm in an oedometer cell of 100 mm diameter (fig. 2.89). The de-
saturated crushed claystone with a water content of ~4.2 % was filled in the cell in
three layers of 40 mm each to a total height of 120 mm. After each filling, the material
was stamped by hand. An average dry density of 1.5 g/cm® or porosity of 45 % was
achieved. The compaction was conducted at three strain rates of 1.5-10°, 1.5-10° and
1.5-10” s to examine the influence of the loading rate on the backfill deformation. Dur-
ing the compaction, the axial stress was recorded by the load sensor installed on the
top loading piston. The axial strain was measured by the LVDT-displacement trans-
ducer. The gas or water flow was monitored at the outlet at a constant injection pres-

sure for the determination of permeability of the sample.
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Fig.2.90 Compaction behavior of crushed COX claystone at various loading rates
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Fig. 2.90 illustrates the compaction behaviour of the crushed claystone. It shows that
the backfill resistance recorded by the axial stress gauge increases non-linearly with
decreasing porosity and compaction rate. Each compaction curve approaches the po-
rosity of ~15 % of the intact claystone at very high loads asymptotically. If the test result
is extrapolated to the much lower convergence rates of the drifts in a repository, for in-
stance lower than 10" s as observed in the MHM-URL /ARM 10/, the backfill support

effect will be low, particularly during the early compaction phase at high porosity.

A number of stress relaxation phases was performed at the sample loaded at a strain
rate of 1.5-10° s, by fixing the axial strain Ae; = 0 at different porosities. The evolution
of the axial stress and of the porosity is depicted in fig. 2.91. It can be seen that the
stress previously applied to the backfill decreases gradually at fixed porosity. This indi-
cates the time dependency of the compaction behaviour. The stress relaxation is faster
at a low porosity. Similarly, the stress increase during re-compaction at a low porosity

is faster, too. This suggests a higher stiffness and support effect of the backfill at low

porosities.
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Fig. 2.91 Stress relaxation of crushed COX claystone at various porosities

If a crushed claystone backfill of low initial porosity is selected to hinder the develop-
ment of an EDZ, the porosity-stress relationship obtained above is helpful for the de-

termination of the required energy or load needed during the manufacturing of backfill
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bricks. Fig. 2.92 shows photos of crushed claystone samples compacted under appli-
cation of a high load of about 30 MPa. Because of the friction effect between the sam-
ples and the cell inner wall, low porosities can be identified at the top of the compacted
samples contacting the driving piston.

de/dt = 1.5-10° s de/dt = 1.5-10° s de/dt=1.5-10"s*
Omax = 30 MPa Gmax = 30 MPa Omax = 32 MPa
0=24% 6=22% b =18 %

Fig. 2.92 Photos of highly-compacted samples of crushed COX claystone

284 Permeability

To assess the hydraulic conductivity and the barrier function of the backfill against wa-
ter migration during the various stages of compaction, permeability tests were carried
out by pressing synthetic formation water through compacted samples in an oedometer
cell. Fig. 2.93 shows the test set up used for the measurement of water permeability.
The permeability was determined from steady state flow data obtained for a constant
injection pressure of 1.0 bar.

Fig. 2.94 summarizes the permeability data obtained on three compacted samples with
grains of d < 10 mm and one sample with d < 16 mm as a function of porosity. In the
log(k)-¢ diagram, the permeability decreases linearly with reduction of the porosity. The
data can be approached by the exponential function: k = 10~22exp(—0.3¢). For sure,
this relationship cannot be extrapolated to the intact clay rock. At a low porosity of 16
%, which was achieved at the compacted sample with a grain size of d < 16 mm, a low
permeability of 1.10™ m? was determined. But this value is still about two orders of
magnitude higher than that of 10?° m? of the intact claystone with a similar porosity of

15 %. This might be explained by the pore structure of the short-term artificially-
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compacted claystone which is different from that of the long-term naturally-consolidated
rock matrix. Obviously, more precise data are needed to validate the preliminarily es-

tablished relationship of permeability with porosity for the crushed claystone.

Fig. 2.93 Test set up used for permeability measurements on crushed compacted

claystone
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Fig. 2.94 Permeability of crushed COX claystone as function of porosity

127



2.8.5 Swelling

The particles of the crushed COX claystone exhibit, as already explained above, a high
capacity for water adsorption accompanied by distinct swelling properties (see the
swelling tests reported in section 2.4). However, the swelling potential of the clay ag-
gregate is mainly determined by its density after compaction. A certain swelling poten-
tial of the backfill material confined in boreholes and drifts is desired to enhance the
closing of the pores in the backfill which leads to the to build up of backfill pressure
which in turn supports the mechanical stability of the rock-backfill-system. The swelling
potential of the crushed COX claystone was examined under different conditions.

Fig. 2.95 shows the evolution of swelling pressure recorded on a compacted sample
during wetting with water vapour at 100 % relative humidity. The unsaturated sample
was previously compacted in an oedometer cell to a porosity of 25 % at a compaction
stress of 15 MPa. Afterwards, the sample was unloaded down to 0.2 MPa. After fixing
the axial and volumetric strain at Ag; = 0/ Ag, = 0, the sample was wetted by circulating
water vapour over 20 days. During the re-saturation, the reacting stress or swelling
pressure against the fixed piston increased gradually up to 1 MPa. The subsequent

drying at 12 % humidity led to a rapid reduction of the swelling pressure.
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Fig. 2.95 Swelling pressure of compacted COX claystone during wetting with water

vapour
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In further tests, two samples were firstly re-saturated with synthetic water and then
compacted in oedometer cells to porosities of ¢ = 30 % at an axial load of o; =5 MPa
and a porosity of ¢ = 19 % at an axial load of o; = 15 MPa, respectively. After unload-
ing to o; = zero at ¢ = 30 % and o; = 1.4 MPa at ¢ = 19 %, the axial strain was fixed,
and the axial stress was monitored. Fig. 2.96 illustrates the measured data. While the
axial stress at the high porosity of ¢ = 30 % increased to 0.3 MPa, the axial stress at
the low porosity of ¢ = 19 % attained to 2.5 MPa. Because the pore-water pressure
was nearly atmospheric, the total axial stress recorded must be equivalent to the swell-
ing pressure in the sample.
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Fig.2.96 Swelling pressure of compacted COX claystone during wetting with syn-

thetic pore water

2.8.6 Conclusions on the backfill behaviour

The hydro-mechanical behaviour of the crushed COX claystone was preliminarily in-
vestigated as backfill material for a potential repository in a clay formation. Under nor-
mal mechanical compression the air-dried aggregate with grain sizes of d < 10 mm and
16 mm can reach an initial dry density of 1.5 g/cm?® at a porosity of ¢ = 45 %. The back-

fill resistance increases with compaction or porosity reduction, depending on the load-
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ing rate. At initially high porosities and at low loading rates, the support effect of the
backfill is relatively low. Because of high potentials for water adsorption and associated
distinct swelling properties, a certain swelling pressure can be achieved with the
crushed claystone after a certain compaction. For instance, a swelling pressure of
2.5 MPa was observed on the compacted aggregate at a porosity of 19 %. The hydrau-
lic conductivity of the backfill decreases exponentially with a decrease of the porosity.
Low permeability values of 10 to 10 m? were determined at porosities of 30 % to
16 %.

Because of the favourable advantages and properties of the crushed claystone as po-
tential backfill material, respective research work is continuing at the GRS laboratory

within an extensive programme of the THM-TON project /THM 07/ including

e Characterization of the thermo-hydro-mechanical properties of the crushed clay-

stone under repository relevant conditions;

¢ Investigation of the effect of various additions such as coarse-grained gravel, sand,

and limestone on the THM behaviour of the mixtures;

¢ Modelling of the interactions between the backfill and the surrounding clay rock.
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3 THM Modelling

With regard to the new German approach of the safe containment of radioactive waste
in an isolating rock zone (IRZ) /BMU 09/ it is of paramount importance to confirm con-
stitutive models enabling adequate prediction of the long-term processes prevailing in
the host rock and the engineered barriers, particularly the evolution or self-sealing of
the EDZ in interaction with the EBS. Since 2002, GRS uses the FEM code CODE-
BRIGHT developed by the Technical University of Catalonia in Barcelona /OLI 94/,
/IGEN 98/, /UPC 04/ for the analysis of coupled thermo-hydro-mechanical processes in
the multi-barrier-system around HLW repositories in clay and salt formations. Within
previous projects (BURE-PRE /ZHA 04a/, /ZHA 07b/, HE-D /ZHA 07al/, NFPRO /ZHA
08a/ /WIE 08/), GRS performed a great number of modelling exercises for gathering
experience with coupled THM calculations and for validating the constitutive models
implemented in the code for various clay-based backfill materials and clay rocks /ZHA
04b/, /ZHA 07al/, /IZHA 08a/, /IWIE 08/. In the framework of this project, the modelling
work focused on validating the constitutive models for the prediction of the develop-
ment and recovery of the EDZ around HLW disposal boreholes in clay formations. The
model validation was conducted by modelling the following laboratory and in situ-

experiments and by comparing the modelling results with the observations:

e EDZ simulation tests performed at the GRS laboratory on large hollow cylinders of
COX claystone (section 2.7);

e REP experiment monitoring hydro-mechanical responses of the COX clay rock to
the excavation of the main shaft of the MHM-URL /MOD 06/, /SU 07/,

e TER experiment investigating the thermal impact on the hydro-mechanical pro-
cesses in the COX clay rock during heating/cooling in a horizontal borehole /WIL
07/;

e Scoping calculations of THM processes in a clay rock-bentonite buffer-system

around a HLW disposal borehole.

First, the fundamental theories of coupled THM modelling and the main features of ap-
plied constitutive models are briefly reviewed with the determination of the associated
parameters for the COX claystone. Secondly, the modelling results are compared with
the results of the measurements performed during the experiments. Finally, the capa-

bilities of the applied models (particularly the damage-elastoplastic model developed by
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Vaunat et al. /VAU 03/, /VAU 04/, VAU 09/ for argillaceous rock) are evaluated on ba-

sis of a comparison between the modelling and the measurement results.

3.1 Fundamental theories and constitutive models

3.1.1 THM coupling phenomena

Almost all geological and geotechnical materials such as rocks and backfill / buffer ma-
terials are porous media. Generally, such porous media are composed of three spe-
cies: mineral, water and air, distributed as three phases: solid, liquid and gas. The
liquid phase contains liquid water and dissolved air, while the gas phase is a mixture of
dry air and water vapour. The mineral and solid phases are here considered coinci-
dently. In porous media simultaneously subjected to thermal, hydraulic and mechanical

conditions, complex THM phenomena and interactions take place as for instance,

a) thermal loading inducing deformation and stress variations (T — M) and expansion

of pore-water as well as pore-pressure changes (T — H);

b) mechanical loading leading to changes in porosity and hydraulic conductivity (M —

H) as well as thermal conductivity (M — T);

c) pore-water pressure changes directly related with the effective stress (H — M), de-
gree of water saturation and water / gas flow influence the heat transfer and the

temperature field (H — T).

All important aspects of THM coupling are illustrated in fig. 3.1 /GEN 06/. Taking into
account the most important coupled THM phenomena, the FEM code CODE-BRIGHT
has been developed by UPC /OLI 94/, /GEN 98/, /IGEN 06/, /UPC 04/. A number of
general assumptions are made in the formulation of the coupled THM problems en-

countered in unsaturated porous materials:

1. Dry air is considered a single species and, usually, it is the main component of the

gaseous phase. Henry’s law is used to express equilibrium of dissolved air.

2. Vapour concentration is in equilibrium with the liquid phase, and the psychrometric

law expresses its concentration.

3. Thermal equilibrium between phases is assumed meaning that the three phases

have the same temperature.
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Heat transport Water and gas flow

Pore pressure generation

Fluid viscosity

4_ Heat convection

Thermal conductivity

Stress-strain

Fig. 3.1 Relations between THM processes in porous media /GEN 06/

4. Balance of momentum for the medium as a whole is reduced to the equation of
stress equilibrium together with a mechanical constitutive model to relate stresses

with strains.

5. Small strains and small strain rates are assumed for solid deformation. Advective
terms due to solid displacement are neglected after the formulation is transformed
in terms of material derivatives. In this way, volumetric strain is properly consid-

ered.

6. State variables are solid displacements, liquid pressure, gas pressure, and tem-

perature.

Details about the basic theories with the formulated governing equations (balance
equations and constitutive models) are described in the code manual /JUPC 04/ and in
the literature /OLI 94/, /IGEN 06/. In the following, the balance equations and constitu-
tive models, which are to be solved in the calculations, are briefly summarized. Values
of the associated parameters for the COX argillite are partly determined on the basis of
GRS’ tests and partly taken from literature /GEN 06/, /VAU 03/, /VAU 09/, /ZHA 04b/.

133



3.1.2 Balance equations

Generally, for the calculations of coupled THM processes in geological media, a set of
balance equations for internal energy, solid mass, water mass, air mass, and stress
equilibrium are to be solved in a consistent way /OLI 94/, /JUPC 04/, /IGEN 98/, /GEN
06/. These are

Internal energy balance:

0 . : ,
a[Es ps(1_¢)+Elplsl¢+ Egpgsg¢]+v'(lc+JEs+JEl +JEg): f : (31)

where E;, E; and E4 are specific internal energies corresponding to the solid, liquid and
gaseous phases, ps, g and py are the densities of the three phases, ¢is the porosity, S,
is the volumetric liquid fraction and S, is the volumetric gaseous fraction with respect to
the pore volume, S, + Sy = 1. i. is the conductive heat flux and jgs, je, jgq are the advec-
tive energy flux of each of the three phases with respect to a fixed reference system.
The most relevant advection energy fluxes correspond to vapour and liquid water mo-
tion. For very low permeable materials, the non-advective heat flow i, dominates the

heat transfer. f & is the energy supply per unit volume of the considered medium.

Water mass balance;
0, w w ‘WL iw w
5(0. S\9+0,S,9)+V- ()" +]4)=T (3.2)

where 9|W and ng are the mass of water per unit volume of liquid and gas, respectively,
j,Wand jgdenote the total mass flux of water in the liquid and gas phases with respect
to a fixed reference system and f "is the external mass supply of water per unit volume

of medium.

Air mass balance:

0 6°S 62S V-(jd+j2)=1f* 3.3
a( I I¢+ g g¢)+ (JI +Jg)_ ( : )
where t9|a and 6’5 are the mass of dry air per unit volume of liquid and gas, respective-
ly, JT and JZ indicate the total mass flux of air in the liquid and gas phases with respect

to a fixed reference system, and % is the external mass supply of air per unit volume of

medium.
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Solid mass balance:
a S H) S
5(9 A-9))+V-(j°)=f (3.4)

where 6'is the solid density, j°is the flux of solid, and f*is the external mass supply

of solid per unit volume of medium.
Stress equilibrium:

V-e+b=0 (3.5)

where 6 represents the stresses and b the body forces.

The state variables are the solid displacements u (three spatial directions), liquid pres-

sure p,, gas pressure pg, and temperature T.

3.1.3 Mechanical model

Recently, a damage-elastoplastic model has been developed by Vaunat et al. /VAU
03/, IVAU 04/ for argillaceous rock which is considered as a composite material com-
posed of a clay matrix connected by bonds (fig. 3.2). The clay matrix behaves like a
typical elastoplastic soil, while the bonds behave like a typical quasi-brittle material that
can be represented by a damage elastic law. The stress/strain behaviour of the com-
posite material is determined by coupling both responses of matrix and bonds under
compatible conditions. In order to gain a better understanding of the model features,
this model is presented below based on the publications from the model developer
Vaunat et al. /VAU 03/, VAU 04/, IVAU 09/, /UPC 04/, /GEN 06/, /IGEN 07/.

Argillaceous matrix
(volume V)

Bond
(volume V,

Void (volume Vy))

Fig. 3.2 Schematic arrangements of clay matrix and bonds in clay rock /VAU 03/
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3.1.3.1 Definitions

The solid phase has two components, each one occupying a given volume fraction of
the porous medium. The clay matrix volume is noted as V,,, the bond volume as Vb,
and the void volume as V, .

The volume of the solid phase is

Vg =V, +V, (3.6)

Different void ratios and volumetric strains are defined:

Void ratio:

e=V, /V; 3.7
Bond ratio:

e, =V, /Vs (3.8)
Matrix ratio:

Cu = (Vb "‘V)/Vs (3.9

Pore volumetric strain:

-dv,  de

&, = =— (3.10)
V, +V, 1+e
Bond volumetric strain:
oMo 08 (3.11)
V, +V, 1+e
Matrix volumetric strain:
oM — —d(V, +V.) __ dey (3.12)

! V, +V, 1+e
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Relationships:

ey =€+6, (3.13)

el =g, +e (3.14)

The matrix ratio e,, is a measure of the amount of volume not occupied by clay parti-
cles. The bonds are assumed to behave like a porous medium and are thus (among
other things) compressible (Eqg. (3.1) — (3.11)). It follows that the matrix (or external)
volumetric strain 6VM is the sum of the pore volumetric strain &, and the bond volumet-
ric strain 6\? (Eq. (3.1) — (3.14)). It is also extended to the shear strain by the expres-
sion:
M b
&y =&; &, (3.15)

where 83" is the matrix (external) shear strain, &is the shear strain between the clay

particles and 63 is the shear strain in the bonds.

When a load is externally applied to the medium, part of the stresses will be carried by
the bonds and part by the clay matrix. The different local stresses in both materials
must be in equilibrium with the external load and the resulting local strains must be
compatible with the total deformations. Therefore, a constitutive model for such a com-
posite material must include two parts, one for the clay matrix and one for the bonds
and a stress distribution criterion to specify the way in which the applied stresses are

shared by the matrix and bonds.

In the CODE-BRIGHT, the model equations are written adopting the conventions

commonly used in soil mechanics where p > 0 and &,> 0 depict compression.

The concept of Biot’s effective stress is adopted:
G/ZG_BIpI (316)

where B is the Biot coefficient, | is the identity tensor, p, is the liquid pressure. In case
of a saturated state, B = 1, while for unsaturated condition the Biot stress is switched

with the total stress minus the gas pressure, 6™ =¢- ng :
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The mean effective stress is

p=Y (0, +0}+0)) (3.17)

where G ,G),G), are the effective stresses.

Second stress invariant:

J =1l%trace(s:s) =%q (3.18)

qz}/ﬁ\/(a; —cf;)2 + (o, - + (o, -0cl)° +6(z), +7,, +7) (3.19)

!

vy 7, are the shear stresses.

where ( is the deviatoric stress, T;y,r

Lode’s angle:

6J:—%sin*l (1.5v3dets/J?) (3.20)

6 =—7/6 means triaxial compression and 0 = /6 extension.

3.1.3.2 Elasto-plastic behaviour of clay matrix

The clay matrix is considered as a ductile material governed by an elasto-plastic law
using Hoek & Brown’s criterion as yield surface. Inside the yield surface the matrix be-

haves elastically.
Elastic law:

. ds
do'i;w = DijI':f [dgi\lﬂ — &y K_M_dgk?J (3.21)

S

where O'iJM = stresses prevailing at clay particles contact
DSZ' = elastic stiffness matrix of the clay
dgli\," = total strains of the clay matrix (equal to the external strains)

KsM = bulk modulus against suction change ds (s = pg — pl).
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de = plastic strains of the clay matrix

0y = Kronecker delta.

Assuming linear elasticity, the elastic stiffness Dg'ﬁf is determined by Young’s modulus
EM and Poisson’s ratio v™ of the clay matrix. Volumetric swelling or shrinking of the
clay matrix is linearly related with suction change ds by the bulk modulus KSM . Wetting
(suction decrease) leads to swelling and in contrast drying (suction increase) results in

shrinkage:
des = ;(?AS (3.22)

S
Yield function (Hoek & Brown criterion):

_ 4sin* (@™ —z16) 3"y 2m" sin "

R J3

Fp

IM—mM(p" +pM)=0 (3.23)

where pt'vI = tensile strength of the clay matrix (isostatic)
RC'V' = uniaxial compressive strength of the clay matrix

m" = R /pM ratio defining the shape of the yield surface.

In case of triaxial compression, & =—/6, the yield function is expressed as

M\ 2 M
FP= (qRM) +mTqM -m™(p" +pM)=0 (3.24)

C

The strength RCM of the clay matrix increases with elevating suction (drying) by

R (5) =R ()[A-r")exp(-p"s)+r"] (3.25)

where the coefficient r" depicts the limit strength by r™ =lim(R" (s)/R" (0)) and A"
S—0

defines the change rate of the strength RCM with suction s.

Plastic potential:

_ 4sin* (@™ —z16) (M) 2m" sin 6™

GP
R J3

IM —Mm™ (p" + p") (3.26)
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where »“is a parameter defining the non-associativity of the plastic flow: »™ =1
when associated and »™ = 0 for zero dilatancy. Taking the associativity of the plastici-
ty (o™ = 1) for triaxial compressive conditions (€ = —7/6) into account, the plastic po-
tential has the same form as eq. (3.24).

Hardening law:

A hardening/softening law is introduced through the following dependency of the tensile

strength on the plastic strain:

2
R max(e™, M
e = 27
m Sr

Where R;\(’)' = uniaxial compressive strength of the intact clay;
ng = major principal plastic strain;
&' = accumulated major principal plastic strain at which the residual strength
a?RY is reached:;
a™ = brittleness parameter relating the intact and residual uniaxial compressive
strength R and R by

cres

M2 M
(ZM _ Rcres +EmM Rcres
“VWRY ) T3 RM (3.28)

a™ =1 means perfect plasticity and

M

a =0 indicates total degradation (residual strength Rc':'es =0).

Visco-plastic strain

The rate dependency is introduced as a visco-plastic mechanism. The plastic multiplier
AP is expressed as a function of the distance between the current clay matrix stress

point and the inviscid plastic stress point:

da° = :—fA(F ) (3.29)

where dt is the time increment, 77 " is the matrix viscosity and < >|s the Macauley

bracket. The inviscid plastic locus takes the form

M
ﬁszp—’g—thso (3.30)
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where F " is the Hoek & Brown yield criterion (Eq. (3.23)).
The visco-plastic strains are computed as

oG oG
ol = e g (F) doll = e () @2
n" Py n" oy '

The plastic strains in eq. (3.21) are replaced by the visco-plastic ones for cases of time

dependency.

3.1.33 Damage-elastic behaviour of bonds

Bonds are considered as quasi-brittle material the behaviour of which is represented by
an elastic law with damage. Bond damage or degradation occurs as the result of appa-
rition of micro-fissures within the bonds, which reduces the surface on which stresses
and strains are active. The operative stresses and strains acting on the reduced sur-
face of solid bonds are related to stresses and strains averaged over the whole bond
area by a damage parameter.

Elastic law
do—itj) = Di?|t<)| (dgﬁ _dglj) (3.32)

Where 05 = stresses inside bonds;
Dﬁﬁl = secant damaged elastic stiffness matrix of bonds;
de) = strains of bonds;

deg = damage strains.

ebo

The damaged elastic matrix is related to the undamaged elastic matrix tensor Dijkl by

Di?l?l =(1-D) Di(jelkzlo =€ Dﬁﬁf (3.33)

where D is a measure of damage of the material and equal to the ratio of bond fissures
over the whole area of bonds, L is the damage variable related to D by
L =In(l/(1— D)), and D is defined by Young’s modulus E°°and Poisson’s ratio
v°° of the undamaged bonds through the linear isotropic elasticity. The damage pa-

rameter D and variable L are explicitly related to the stiffness degradation by
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D=1- KbO :l_GbO =1- Ebo (a)
KbO GbO EbO
L=In G =In oF =In == (b) (3.34)

where K" G E*and K" GP° E°are the bulk, shear and Young’s modulus of the un-

damaged and damaged bonds, respectively. When D = 0 (L = 0), the material is intact

and the bond stiffness is determined by K", G E*. As D increases, cracks in bonds

develop and the material stiffness decreases progressively. When D = 1 (L — o) the

bonds are fully damaged and the stiffness is eliminated. Change of D is linked to the

energy increment input to the bonds du, (equal to (P, — Py,)dey, + (0, — 0y, )dey, I

triaxial conditions).
Damage locus

The current bond damage locus is defined in the stress space as a threshold of equal

energy r°, corresponding to the maximum energy input to the bond during its history

1
F d _ Eai?gitj) — rb (S) (335)

This condition draws an ellipse in the p, — g, Space. For a stress state moving inside the
ellipse, no damage develops. When the ellipse is reached by the current stress state,

damage occurs. The value of the energy threshold depends on suction s
r,(s)=r’(0)+r, s (3.36)

where r”(0) = damage threshold at zero suction (fully saturated)

robs = parameter defining the change rate of damage locus with suction.
Damage rule

The damage rule gives the evolution of damage strain dsﬂ with the damage variable L.

This relation is constrained by the evolution of the bond elastic modulus and takes the

form
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d b
de, =¢g;dL (3.37)
Damage evolution law

It defines the evolution of the damage locus r® with the damage variable L. A simple

linear expression is considered
r’=r’+r’L (3.38)

Where rob = value of energy threshold at which damage starts (Eg. (3.36))

rlb = parameter defining the evolution rate of damage locus, as a function of

suction
[’ =r)+r,-s (3.39)

with parameters Iy and ;).

Rate dependency

The rate dependency is introduced by a delayed micro-cracking and uses the visco-
damage formalism. The damage variable is expressed as a function of distance be-

tween the current bond stress point and the infinitely slow damage locus:

dL=2—E<Fd> (3.40)

where 77b = damage viscosity of the bonds.

The infinitely slow damage locus takes the form

b

ﬁdzpd_’;—tdl_so (3.41)

3.1.34 Stress and strain distribution in the composite material

Any load applied to an element of cemented material will distribute itself between the
soil matrix and the bonds according to a ratio that depends on the geometric arrange-

ment of both components. Following the principle of energy equivalence that establish-
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es the equality between the energy of the composite material and the sum of energies

for all components leads to the expressions of strains and stresses:

dgi?’1 =dg; + dgi? (3.42)
Oy = (1+Z)0i;vl +Zaikj) (3.43)
with
gp &
v q

where the local stresses 0'”'-\" and Gi? must be in equilibrium with the external stresses
o;; and the local strains ¢; and ei? must be compatible with the external strains gi'}". Xo
is a coupling parameter related to cement concentration, giving the relative importance
of the bond- and matrix-behaviour in the overall response of the composite material.
The structure parameter y decreases as damage evolves inside the bonds. In case of

fully damage (D —1, L — ) the rock behaves like a de-structured soil.

3.1.35 Parameters

In total, there are 18 independent parameters in the model. The parameter values for
the COX clay rock were preliminarily established in /VAU 03/, /VAU 04/, IVAU 09/.
Based on GRS’s new test results, some of the parameters were re-examined herein.
Tab. 3.1 summarizes the newly determined parameters. It is to be pointed out that the
respective parameters for the clay matrix and the bonds in the rock mass can hardly be
determined independently. This may lead to some degrees of uncertainty with the pa-
rameters and thus may limit the application of the model.

Some related parameters in Tab. 3.1 are deduced from the following relationships:

__E g-_E
T30-2v) 20+ 2v) (3.45)
2
E® = (1+ z,)E +#Eb°; R =@+ z,)R (3.46)

0
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where E®and R are Young’s modulus and the uniaxial compressive strength of the

natural clay rock, respectively.

In case of triaxial compression, & =—x/6, the Hoek & Brown’s yield function for the

composite clay rock can be expressed as

FP— @)’ +mM qg" —m" p" —@+ y)RY >0 (3.47)
@+ R 3 c

The parameters are re-examined as follows. First, the damage threshold of bonds, the
yield locus of clay matrix, and the failure boundary of the saturated clay rock (s = 0) are
depicted in the p—( stress plane in fig. 3.3 together with the strength data obtained on
the COX argillite. The bond damage threshold (Eqg. (3.36)) at s = 0 draws in the p—q
plane an ellipse with the initial stress state at the -490 m level in the MHM-URL (o, =
16 MPa, o, = 63 = 12 MPa), the major axis of ,/2kr°(0) and the minor axis of ,[2G™r*(0) .
When the stress state reaches the ellipse, damage of bonds occurs and developes with
increasing stress beyond the locus. The lower limit of the rock strength is assumed to
be the yield boundary of the clay matrix (Eq. (3.23)). When this boundary is reached by
the current stress state, plastic deformation takes place. The mean curve of the peak
strength data represents the failure envelope (Eq. (3.47)) for the rock mass. It is obvi-
ous that the existence of bonds enhances the strength of the material. The post-failure
behaviour appears when the stress exceeds the failure envelope. Since the test data
do not indicate a significant impact of temperature on the rock strength, the above

mentioned boundaries may be applicable for high temperatures up to 100 °C.

The strength of the clay matrix and thus the clay rock increases with drying or suction.
This suction effect is taken into account in the model (Eq. (3.25)). Fig. 3.4 compares
the model curves with the strength data obtained on COX and OPA samples with dif-
ferent water contents at a confining stress of 10 MPa /BLU 07/. By fitting the data, the
model parameters are determined to R!"(0)= 35 MPa, r"= 2.5, B" = 0.02 for the COX
clay, RY (0)= 41.5 MPa, r"= 2.0, A" = 0.02 for the OPA clay at Mont Terri, and R (0) =
33.3 MPa, = 2.0, A" = 0.02 for the OPA clay at Benken. The effect of the water con-

tent on the strength is apparently well represented by the model.

Using the parameters, some typical triaxial compression tests are simulated. Fig. 3.5
compares the simulation results with the test data of COX samples under lateral confin-
ing stresses of 1 and 3.3 MPa, respectively. A reasonable agreement between them is

achieved, particularly for the linear elastic strain and the subsequent plastic strain with
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hardening. However, the post-failure behaviour observed could not be represented by
the model. As the peak strength is reached, computing ceases. This problem has to be
solved with support from the code developer UPC.

45 -
Hoek & Brown's model
40 -
. 35 1
chU failure of clay rock
S 30-
O 25 -
0
7]
% 20 - COX argillte
= A GRS data: T-room
o
o] 15 - . .
> yield of clay matrix 0 ANDRA data: T-room
[{7)
o 10 - o damage threshold AANDRA data: T=40°C
/ of bonds A ANDRA data: T=80°C
5 ] initial state ———>* # ANDRA data: T=100°C
B ANDRA data: T=100/20°C
O T T T T T T
0 5 10 15 20 25 30 35

Mean stress p (MPa)

Fig. 3.3 Damage, yield and failure boundaries of the COX claystone
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Tab. 3.1  Parameters of the damage-elastoplastic model for the COX claystone

Symbol Unit Equation COX clay

EM MPa (3.21) 2000
vM - (3.21) 0.28
K MPa (3.22) 30000
m" - (3.23) 3
R" (o) MPa (3.25) 17
M - (3.25) 2.5
i MPa (3.25) 0.02
a" (3.26) 0.25
EM - (3.27) 0.02
a - (3.27) 0.5
n" MPa-s (3.29) 10°
Ebo MPa (3.33) 4500
pPhe - (3.33) 0.28
r’(o) MPa (3.36) 0.7
b - (3.36) 0.0001
) MPa (3.39) 0.04
) . (3.39) 0.7
n° MPa-s (3.40) 10°
Zo - (3.44) 0.50

Related parameters Unit Equation COX clay
KM MPa (3.21) 1515
GM MPa (3.21) 640
I bo MPa (3.33) 3410
G*° MPa (3.33) 1440
ER MPa (3.46) 5250
% - (3.46) 0.28
K Re MPa (3.46) 3980
GF MPa (3.46) 1680
R MPa (3.46) 25.5
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Fig. 3.4 Dependency of the clay rock strength on the water content
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Fig. 3.5 Simulation of triaxial compression tests on COX samples

In order to get a better fitting for the radial strain and thus the volumetric strain, a varia-

tion of Poisson’s ratio from »* = * = k= 0.1 to 0.4 was taken into account in model-
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ling a test. Fig. 3.6 shows the results. While the axial strain predicted by the model in-
creases with decreasing Poisson’s ratio, the modelled radial strain seems to be inde-

pendent from the v-value. This conflicts with the elasticity theory and has to be checked

in the code.
40
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T=26°C
35
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<
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= 25
a 20
o
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Fig. 3.6 Modelled strains in response to variations of Poisson’s ratio

The stress-strain behaviour of clay rock at different confining stresses is also simulat-
ed, as shown in fig. 3.7. The modelling results suggest that the linear elastic defor-
mation seems to be less dependent on the confining stress, but the yield and peak

failure stresses increase with the confining stress.

A triaxial compression test performed on a COX sample at an elevated temperature of
90 °C was modelled, too. A lateral stress of 3 MPa and a water back-pressure of
0.2 MPa were applied to the sample ends. Fig. 3.8 compares the stress-strain curves
of the modelling and the test data. While the elastic part of the axial strain is well repre-
sented by the model, the radial strain and the resulting volumetric strain are under-
predicted. Moreover, the yielding point is largely over-predicted, so that the subsequent

plastic deformation is practically not represented by the model.
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Fig. 3.7 Stress-strain behaviour predicted by the damage-elastoplastic model at
various confining stresses
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Fig. 3.8 Model prediction of the stress-strain behaviour of COX claystone at 90 °C
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3.14 Hydraulic models

In highly-consolidated clay rocks, a very significant portion of the water content is ad-
sorbed on mineral surfaces and may not be able to participate in advective transport
under normally-encountered pressure gradients. However, the adsorbed water is able
to move out thermodynamically from the pores at high external suction, and in contrast,
external water can also be taken-up by clays. The process of de- and re-hydration is
controlled by the relationship between suction and water content, which was deter-
mined on the COX and OPA claystone using the vapour equilibrium technique, as pre-
sented in fig. 2.29 in section 2.4.1. The water retention curve is expressed by the Van
Genuchten model (Eqg. (2.10)) and the parameters are given in tab. 2.3.

Liquid and gas advection in a rock mass follow Darcy’s law, as represented in tab. 3.2.
The hydraulic conductivity K, of each phase (« = | for liquid, « = g for gas) is a tensor,
depending on the intrinsic permeability k, the relative permeability k;,, and the dynamic
viscosity [,.. In the modelling, the hydraulic properties of the COX claystone are as-
sumed to be isotropic and thus the permeability as well as the hydraulic conductivity
becomes scalar quantity. The intrinsic permeability k decreases with decreasing porosi-
ty ¢. Kozeny’s model is employed for the relationship,
8 (g’

k=K, (1_¢)2 ¢§’ (3.48)

with an initial permeability value of k, = 2:10% m? at an initial porosity of ¢, = 15 % for
the COX argillite (see fig. 3.9).
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Fig. 3.9 Permeability related to the porosity of the COX claystone
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It is to be noted that this model may not be adequate for description of permeability
changes induced by fracturing. Currently, GRS has investigated on permeability
changes in relation with fracture closure in the frame of the THM-TON project /THM
07/. Based on laboratory compression tests on fractured COX and OPA claystone as
shown in fig. 3.10, Zhang /ZHA 10b/ proposed an exponential model for the fracture
closure induced by increasing normal stress as follows:

Ab =D [1—exp(—ac?)] (3.49)

where Ab is the aperture closure, by, is the possible maximum aperture closure (equal
to the initial aperture), o, is the normal stress, a and 8 are constants. If the stress tends

to infinity, on — oo, the fractures will be fully closed, i. e., 4b — by,.

18
X Davy et al. (2007): COX1
16 - O Davy et al. (2007): COX2 -
<© Davy et al. (2007): COX3
E 14 1 O Zhang (2010): COX-EST34678 =
S 12| © Zhang (2010): OPA-BET7 -
© 10- o j
(7]
(7]
o 8 - o
»
© 6 i o
£
2 4 o
o
2 |
0 ‘
0 0,2 0,4 0,6 0,8 1

Fracture closure Ab (mm)

Fig. 3.10 Fracture closure in relation with normal stress
For the permeability change by fracture closure the following is model is proposed with

R-(b—b,)?

—= +
12s mat 12s (3.50)

where b, denotes a critical aperture, R represents the influence of the other fracture fea-

tures (surface roughness, tortuosity, filling and others), and K is the permeability of
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the rock matrix. As the geometric fracture aperture b decreases with increasing normal
stress to a very low magnitude(b < b.), some parts of the fractures may be separated
and isolated by more compacted areas thus eliminating geometric connectivity and hy-
draulic conductivity of the dead-end fractures. This means that the cubic law is limited
to “macro-cracks” (b > b.). Kozeny’s model (Eq. (3.48)) may be suitable for the perme-
ability K., of the matrix. This “fracture closure-permeability model” has not been used
in the frame of this project. It is planned to improve this model within the new pro-
gramme /THM 10/ and to implement it in the CODE-BRIGHT.

In addition to the advective transport of water and air, vapour diffusion in air and the
solubility of air in liquid water are controlled by Fick’s law and by Henry’s law, respec-
tively. The changes of liquid and gas phases are represented by the psychrometric law.
The density and viscosity of liquids and gases are dependent on pressure and temper-
ature. The hydraulic models and parameters for the claystone are listed in tab. 3.2. De-
tails of these models can be found in the manual of the CODE-BRIGHT /UPC 04/.

1E-12 —
cubic law

1E-13 -

1E-14 -

1E-15

1E-16 -

fractured zone

1E-17 -

1E-18

1E-19

Gas permeability K, (m?)

1E-20 - -0~ Zhang (2010): COX-EST34678

undamaged zone| —a- zhang (2010): OPA-BET?
1E-21 1 1 1 1 1

0 02 04 06 08 1 12 14

Fracture aperture b (mm)

Fig. 3.11  Fracture permeability as function of fracture aperture
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Tab. 3.2

Hydraulic constitutive laws and parameters for the COX clay rock

Law Equation Parameter
Darcy’s law q,=-K, (VP,-p,0) k = permeability tensor
;ﬁjrxa(()jfvl?(;gi\(/je K, =kk.,/u, k., = relative permeability
and gas a =Ifor liquid, « =g for gas U, = dynamic viscosity
Intrinsic per- - £ (1-,)? ko =k, =210 m?
meability BT ¢ = porosity, ¢, = 0.15
Relati_v_e per- k,=A-SE Krg =1—Kyy A=1,B=5
meability 1=06

or ky=y/S;[1-(1-83'*)"T’

Saturation of
liquid and gas

Se — S| _Sh'
SIs _Slr
S, =1-5,

Sir = residual saturation = 0.01
Sir = maximum saturation = 1
S, = actual saturation

S, = effective saturation

Suction / satu- N - P, = 28 MPa

ration — rela- Se{lJ{PJ } R=0.37

tionship 0

FICk,S IaW for I\g:_D\g Vﬂ)g Dg:5910-12(27315+T)23 m2 /s
vapour non-

advective flux

=—(¢ pgSyr Dn NVay

9
7= tortuosity = 1

Psychrometric
law for vapour
mass per unit
gas volume

0$=(egw>°exp{‘(Pg‘P')MW }

R(273.15+T) p,

M,, = molecular mass of water
=0.018 kg/mol
R = gas constant =8.314 J/(mol K)

Henry’s law for
solubility of air
in water

wa:&Ma
'TH WM,

M, = molecular mass of air
=0.02895 kg/mol
H = 10000 MPa

Liquid density

P11 B -Ry) +aT

Mo = 1025 kg/m®, o= -3.410" K*
R=4.510*MPa?l, P, =0.1 MPa

Plo
Liquid viscosity _ Aex A=2110" MPas
S XTI B =1808.5K
Ideal gas law Py m = 28.966 kg/kmol for air
Py =WTR m = 18.016 kg/kmol for vapour

Gas viscosity

— Aexp L
Hq 27315+ T

A=1.4810" MPas
B=119.4K
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3.15 Thermal models

Heat transport in porous media is governed by conduction and by advective flow of

liquid water and vapour. Thermal conduction is expressed by Fourier’'s law

i, =—AVT (3.51)

where AT is the temperature change and A is the thermal conductivity. Because of
stratification, argillaceous rocks usually exhibit thermal anisotropy. The thermal con-
ductivity values measured along the directions parallel (A,) and perpendicular (1)) to
the bedding plane are: &,/ A, = 1.9/ 1.3 W-m™.K™ for the COX claystone and A,/ A, =
2.1 /1.0 W-m™.K™* for the OPA clay /D02 07/. This anisotropic property may be not so
significant for the clay rocks under confining stresses and is therefore not considered in
this modelling work. A mean value of A=(1, +2-1)/3 = 1.7 W-m™-K™ is adopted for
both types of rocks. A value of the specific heat capacity C; = 800 J-kg™-K™ is adapted
for the solid phase, while ¢ = 4184 J-kg™*-K™ is taken into account for liquid water and
Cy =1900 J-kg™*-K™ is taken into account for water vapour.

The thermal expansion of clay rocks is also characterized by anisotropy with different
coefficient values, as for instance, o, = 1.2:10” K™ parallel to the bedding and o, =
1.9-10®° K perpendicular to the bedding for the COX claystone /D02 07/. Neglecting
anisotropy, these data yield an average coefficient of o, = 1.6-10° K™. In saturated
condition, the thermal expansion of a porous medium is governed by the expansion of
both the solid minerals and the pore water. Neglecting anisotropy, a linear thermal ex-

pansion coefficient for the saturated porous medium may be expressed by

a, =a,(1-¢) +a—?:”¢ (3.52)

where ¢ is the porosity in the rock, and as, oy, oy are the expansion coefficients of the
solid grains, the pore water, and the saturated rock mass, respectively. The expansion
coefficient for clay minerals have a low value of o5 = 2:10° K* /NOY 00/. Using o, =
3.4-10™ K™ for water, the coefficient is calculated to o, = 1.65-10° K™ for ¢ = 13 % and
am = 1.75:10° K™ for ¢ = 15 %. Because the expansion coefficient of the pore water is
two orders of magnitude higher than that of the solid grains, the thermal expansion of a

saturated clay rock is dominated by the water expansion. Fig. 3.12 compares the theo-
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retic model with the data obtained on OPA samples /ZHA 07c/, /ZHA 08c/ and the av-
eraged thermal expansion curve of the COX claystone. The comparison shows that:

a) the thermal expansion behaviour is nearly the same for both the claystone;

b) the measured data are well represented by the theoretic model for a porosity range
of ¢ =13 - 15 %; and

c) the numerical calculation with CODE-BRIGHT gives a slight over-prediction. In
case of an unsaturated state, thermal contraction may take place under certain con-

fining stresses, as predicted by the numerical modelling in fig. 3.13.

0,08 -
7
CODE-BRIGHT //
Q 0,06 1 Model
S —150,
o= os(1-0)+o30 PR
c
o
S 004 - $=13%
o
X
(]
£ CoX:
3 0,02 - mean value
|_
OPA: data
0,00 T T T T T T

30 40 50 60 70 80 90
Temperature (°C)

Fig. 3.12 Thermal expansion of claystone: comparison between model and test data
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Fig. 3.13 Thermal contraction and expansion of unsaturated clay given by modelling
Tab. 3.3  Thermal laws and parameters for the COX clay rock
Law Equation Parameter
Fourier’'s law for conduc- i,=—AVT A = 1.7 W/(m-K)
tive heat flow
Internal energy of solid E,=C, T Cs = 800 J/(kg-K)
Internal energy of liquid E,Wz E,Wwa),W+E, 1o} C"= 4184 JI(kg-K)
E"=C"-T 2 =1006 J/(kg-K)
E2=C2-T
Internal energy of gas E,=Ey of +E20f E,= 2.5.10° J/kg
EY=E, +Cl.T C;’= 1900 J/(kg-K)
Eg=Cq T Cga = 1006 J/(kg-K)

Linear thermal expansion coefficient of solid grains

as =2.0-10° K?

Volumetric thermal expansion coefficient of the pore water

ay = 3.4-10* K?

Linear thermal expansion coefficient of the rock mass

am=1.7-10° K*

3.2

Benchmark modelling of large hollow cylinder tests

Within work package WP5.2 of the TIMODAZ project /D13 10/, GRS participated in a

benchmark modelling of laboratory tests on large hollow cylinders of the COX clay rock
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by using CODE-BRIGHT (version cdv3, /UPC 04/). The main purpose of the modelling
work was to validate the constitutive models, particularly the damage-elastoplastic
model (section 3.1.3) for the development and recovery of the EDZ around HLW dis-
posal boreholes in the clay formation. The relevant processes such as borehole exca-
vation, backfilling, water transport, heating and cooling were simulated in the tests
(section 2.7.2). Two of them, BMT1 and BMT4 were numerically simulated.

Considering the complex testing procedure and boundary conditions of the large hollow
cylinder tests, coupled THM calculations were carried out by solving a set of balance
equations of energy, solid mass, water mass, air mass and stress equilibrium with se-

lected constitutive models. The main assumptions were as follows:

e The COX clay rock is isotropic and homogeneous because of the insignificance of
bedding planes;

e Heat transport includes conduction (Fourier's law) in the porous medium and ad-

vection of liquid water and vapour flow;

o Water transport is controlled by liquid water advection (Darcy’s law), vapour diffu-

sion in air (Fick’s law), and liquid / gas phase changes (psychrometric law);

e Gas migration is governed by advection (Darcy’s law), dissolution in liquid (Henry’s

law) and the ideal gas law;

e The damage-elastoplastic model is applied for the description of the mechanical

behaviour of the COX claystone.

3.2.1 HM modelling BMT1

The simulation test BMT1 was performed on a COX hollow cylinder (DIR2003-K4) of
D/d/L= 280/100/525 mm at an ambient temperature of 26 °C in four steps (fig. 2.71):

1. Initial state was adjusted to the same outer and inner borehole pressure of

or = o; = 15 MPa and axial stress of 6, = 17 MPa;

2. Borehole excavation was simulated by decreasing the inner pressure down to o,
= 2.6 MPa;

3. Unloading in radial direction was performed by decreasing the radial stress down

to or = 3 MPa for 4 days;
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4. Loading in axial direction was carried out by increasing the axial stress to failure.

During the test, gas flow was recorded at an injection pressure of 1.5 MPa at the bot-
tom. This test was simulated in a hydro-mechanical coupling way using an axisymmet-
ric model. Because the sample was initially not saturated at a degree of 82 %, a
corresponding suction of s = 22 MPa was adapted for the sample. The modelling steps

with application of corresponding boundary conditions are illustrated in fig. 3.14.

Ay  axialstress Calculation procedure:
A l l l - — Step 1:t=0-0.9 day
g pre-consolidation
! - temperature T = 26 °C
. g
é “— pore water pressure pl = -22 MPa
R gas injection pressure pg = 1.5 MPa
i — vertical stress o, = 17 MPa
' 2 - — outer radial stress or = 15 MPa
[ (7))
g1 g —»> P ﬁ inner radial stress o, = 15 MPa
12 7]
n; £ — 3
= @ — Step 2:t=0.9-1.8 day
a9 «— 3 .
‘s 3 borehole excavation
i
:é — inner radial stress from or = 15 to 2 MPa
- — _  Step 3:t=1.8-5.9day
L radial unloading
! —
: > outer radial stress from og = 15 to 3 MPa
i,. P I‘:.’ X
r=50mm 6ol 163 —  Step 4:t=5.9-6.0 day
i injection . .
; gas fjection ! axial loading
; R=140mm | . .
; : axial stress from oy = 17 MPa up to failure

Fig. 3.14 Model geometry and boundary conditions for simulation of the benchmark

test BMT1 on a large hollow claystone cylinder

The modelling results are compared with the test data in terms of time evolution of the
applied temperature, confining stresses and gas injection pressure in fig. 3.15, the re-
sulting displacements in fig. 3.16, changes of the stress state in fig. 3.17, and variations

of the porosity and the permeability near the borehole wall in fig. 3.18, respectively.
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Fig. 3.15 BMT1 — Applied boundary conditions of temperature, stress and gas pres-
sure and comparison of modelling and test data
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Fig.3.16 BMT1 — Response of deformation to the mechanical loading; comparison

between modelling results and test data

Comparing the recorded data of axial and outer radial displacements with modelling
data one can recognize from fig. 3.16 that the short-term deformations induced by the

stress changes are reasonably represented by the model. The time-dependent defor-
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mation on the contrary cannot be captured because the model allows the visco-plastic

deformation only after yielding.

Fig. 3.17 indicates that after the borehole excavation simulated by reducing the inner
borehole pressure from o, = 15 to 2 MPa, the deviatoric stress near the borehole wall
increases largely but remains below the yield criterion. Far from the wall the deviatoric
stresses are much lower. A further increase of the axial stress during the last loading
phase, however, let the stress rising at all points in the hollow cylinder. In the calcula-
tion, an upper limit of the loading was encountered, at which the computation ceased.
This computed maximum stress of o, = 22 MPa is lower than the realistic value of

27 MPa. Further computation for the failure and the post-failure behaviour could not be

performed.
25
after
— . i ._excavation
S 20 - yield boundary failure by .
o axial stressing
=3
© 15 - /
(7))
0
)
= after /‘
3 10 4 radial unloading T
o
ks
> 5 | —— sig-q, inner
o ——Sig-q, center
-&- sig-q, outer initial state
O 1 1 1
0 5 10 15 20

Mean stress p (MPa)

Fig. 3.17 BMT1 — Calculated stress paths at typical points in the middle section of

the sample

According to Kozeny’s model adopted for the modelling, the permeability change in the
damaged zone near the borehole wall is calculated based on the modelled porosity at
that location and compared with the recorded data in fig. 3.18. It is obvious that the

permeability — porosity model is not able to capture the dramatic increase in the per-
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meability due to fracturing. Obviously, adequate models are needed for description of

such a percolation flow during the fracturing process.
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Fig. 3.18 BMTL1 — Calculated permeability variations in comparison to the data

3.2.2 THM modelling of BMT4

The benchmark test BMT4 was performed on a COX hollow cylinder (DIR1004-
EST27312) of D/d/L= 280/100/460 mm. The test layout and the pictures of the sample
before and after testing are shown in fig. 2.74. The test procedure involved six phases

with the following boundary conditions:

1. Initial state: same outer and inner borehole pressure of ocr = o, = 15 MPa and at

fixed axial strain (Ae, = 0);

2. Borehole excavation: simulated by reducing the borehole pressure down to o, = 1.0
MPa;

3. EDZ-intensification: by increasing the external radial load till gas breaking through;

4. Water injection to the top of the fractured sample at pressures of 0.5 to 0.3 MPa for
17 days;
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5. Temperature increase by heating from 29 °C to 74 °C at the outer surface during 3

days and then kept constant for 19 days;

6. Cooling down to the initial level of 29 °C over 3 days and then kept for 18 days.

Considering the complex testing procedure and conditions, coupled THM calculations
were carried out. The initial porosity of 15.8 % and a saturation degree of 90 % (suction
s = 10 MPa) were taken into account. An axisymmetric model was adopted for the hol-
low cylinder (fig. 3.19). The realized test procedure with the above mentioned steps
was simulated by applying the corresponding conditions to the model. Fig. 3.20 illus-

trates the applied boundary stresses and temperatures in comparison with the data.

o Calculation procedure:
Ay axial fixed
:? water pressure — Step 1: pre-consolidation, t = 0 — 1 day,
r Vo T =29 °C, pj=-10 MPa, pg= 0.1 MPa
s — oy=1.7 MPa, o = 6, = 15 MPa
=
e — — Step 2: borehole excavation, t = 1 — 4.85 day
: > c,=15— 1 MPa
2 . — Step 3: fracturing, t = 4.85 — 5.0 day
o ~ © or =15 — 17 MPa (or-max limited before failure)
Il - -
O 5 O | - Step 4: unloading, t =5.0 — 7.9 day
¥e « X or=17 — 15 MPa
£,3 5 N
E ! Yool «— — Step 5: water injection, t = 7.9 — 26 day
8 ig g pin=0.5—0.3 MPa or Qi = 0, pou = 0.1 MPa
VST — = atT =29 °C, or=15MPa, 6,= 1 MPa, Ag, = 0
-4
! > E — Step 6: ramp heating, t = 26 — 28 day
9 ‘ ) T=29°C — Tou=74°C, T;,=69 °C
: > at pin= 0.3 MPa, poyt = 0.1 MPa
| — Step 7: heating continues, t = 28 — 48 day
o > D Touwt =74 °C, Tin =69 °C, pin=0.3 MPa or Q;,=0
e A » X | — Step 8: ramp cooling, t = 48 — 50 day
r=:50mm &i Tou=74°C, Tp=69°C—->T=29°C
i atmosphere ! — Step 9: cooling down, t = 50 — 69 day
; R = 140 mm T=29°C, pin=0.3MPaorQ,=0

Fig. 3.19 Model geometry and boundary conditions for simulation of the benchmark
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Fig.3.20 BMT4 — Applied temperatures and stresses in comparison to modelling

and test data
The following boundary conditions are applied:

1) instead of fixed axial strain, the recorded axial stress of 1.7 MPa is applied in the
model for the first three steps (I — Ill) because the poor control of the axial strain
and possible weak contacts between the load pistons and the end faces of the
sample;

2) the gas migration test during the first three steps (I — Ill) was not simulated by keep-
ing the gas pressure at atmospheric level;

3) the temperature measured at the inner borehole wall was applied as a boundary
condition because of some heat lost from the sample ends; and

4) various values of intrinsic permeability between 4-:10?° and 5-:10™*® m? were exam-

ined by comparing water flow and pressure with measured data.

First, the modelled deformations due to the borehole excavation and the EDZ intensifi-
cation (steps I-lll) are compared with the measurements. Fig. 3.21 shows that the de-
formations at the measuring points and the borehole convergence due to the borehole
excavation (o, = 15 — 1 MPa) which are reasonably represented by the model, thereby
confirming the elastic parameters. After that, the calculated deformations remain con-
stant. The time-dependent deformation cannot be simulated by using the damage-

elastoplastic model. Further increasing the external load in radial direction to or =
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24 MPa resulted in a large convergence of the borehole and fracturing in the sample
which was detected by an increased gas flow during the test. However, this failure
stress is not matched by the modelling because the computation ceased at ogr =
17 MPa. As mentioned before, the failure and the post-failure behaviour could not be
modelled. Inevitably, for the next modelling steps the outer radial stress was reduced to
15 MPa.
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(b) response of deformation to loading

Fig.3.21 BMT4 — Calculated and measured mechanical behaviour of a COX hollow

cylinder

Fig. 3.22 indicates that, after the borehole excavation, the deviatoric stress near the
borehole wall increases subsequently over both yield boundaries of the composite clay
rock at suction of zero (saturated) and the initial suction of 10 MPa (unsaturated). The
claystone near the borehole wall is more damaged than the inner part of the sample

where only the bonds are damaged but the clay matrix does not yield.
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Fig. 3.22 BMT4 — Left: Stress evolution calculated for typical points in the large cyl-
inder in comparison with the yield boundaries of bonds, clay matrix, and
the argillite in saturated (s = 0) and unsaturated state (s = 10 MPa) (a);
right: damage distribution at external radial load of 17 MPa (b)

After damaging, the water injection (1V), the heating (V) and the cooling (VI) phases fol-
lowed at a fixed axial strain of Ae, = 0 and constant outer / inner radial stress of og =
15MPa / o, = 1 MPa. In the modelling, different permeability values of 4-10?° and
5-10 '® m? were accepted to fit the observed water inflow and outflow as well as the wa-
ter back-pressure at the inlet side. Fig. 3.23 compares the calculated and observed wa-
ter inlet pressure p;, and outlet pressure po., While the modelled water inflow Q;, and
outflow Q. are compared with the measurements in fig. 3.24. During the water injec-
tion, the inlet was closed several times to examine the response of the water back-
pressure. From fig. 3.23 one can see that the modelled inlet pressure evolution with k =
4-10% m?® agrees well with the data. However, the corresponding water inflow and out-
flow are significantly underestimated (fig. 3.24a). In contrast, the water flow rates (slop
of the flux-time curve) are well represented with a high permeability of k = 5-:10® m?
(fig. 3.24b), but the corresponding water back-pressure calculated being much lower
than that observed (fig. 3.23). Obviously, these modelled hydraulic parameters are not
consistent with each other and also disagree with the measurements. This may sug-
gest that the applied hydraulic models being validated for homogeneous porous mate-

rials are not adequate for strongly-fractured clay rocks. Additionally, a great amount of
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the water inflow at the beginning was recorded in the test, probably filling the space of
interconnected fractures. This observation is also not represented by the modelling us-
ing the hydraulic models for undamaged materials.

Moreover, the deformation and borehole convergence after fracturing can also not be
matched by the modelling (Fig. 3.25). The calculated thermal deformations during the
heating and cooling phases are rather small compared with the measured data.
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Fig. 3.23 BMT4 — Comparison of calculated and observed water back-pressure at

the inlet before, during and after the heating phase
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3.2.21 Conclusions on the benchmark modelling

In the GRS benchmark modelling, the capabilities of the THM constitutive models in
CODE-BRIGHT (cdv3), particularly the damage-elastoplastic model for argillaceous
rocks, were examined by a comparison of test results obtained from the laboratory cre-
ation and recovery of an EDZ around a borehole in a large of a COX claystone test
sample. The results indicate that

e The short-term deformation behaviour of the hollow cylinders is reasonably repre-
sented by the model with indication of micro-damage evolution. The post-failure
behaviour on the contrary could not be modelled due to a premature stop of the

computation.

e The drastic increase of permeability by fracturing and the permeability decrease
due to re-compaction of the fractures cannot be captured by Kozeny’'s permeability-

porosity relationship for porous media without fractures.

e The observed water inflow into the fractured claystone is significantly underestimat-
ed by the modelling even though a real permeability value of the fractured clay-

stone was used.
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e The significant responses of deformation in the damaged claystone to heating and

cooling are weakly represented by the modelling.

Generally speaking, the THM behaviour of damaged claystone cannot reasonably be
approached by the constitutive models for continuum porous media without involving
effects of discontinuities. According to our knowledge, the behaviour of damaged clay-
stone is not yet well characterized and understood. The research work has to continue
to improve the constitutive models with regard to the prediction of the development and
recovery of the EDZ and to enhance the certainty of the long-term safety assessments

of HLW repositories in argillaceous formations.

3.3 Simulation of shaft sinking

331 Overview of the REP shaft sinking experiment

During the excavation of the main access shaft at the MHM-URL a large scale experi-
ment entitled REP experiment was performed. The REP experimental zone is situated
at a depth between z =-460 m and z = -476 m, in which an extensive instrumentation
was installed in boreholes drilled from a niche constructed at a level of z =-447 m.

Fig. 3.26 shows the layout of the REP experimental zone.

In order to investigate the mechanical and hydro-mechanical behaviour of the rock ob-
served during shaft sinking predictive modelling and interpretive modelling was per-
formed by seven modelling teams (CGES, ITASCA France, CIMNE/ENRESA, NAGRA,
ANDRA, Coyne-Bellier, SCK/CEN) using various computer codes /MOD 06/, /SU 07/.
The results of the numerical simulations in comparison with the in situ experimental
findings together with lessons learned from the comparison have been published within
the EC-Deliverable 5-6-7 entitled “MODEX-REP — Hydromechanical Modelling of the
clay rock response to shaft sinking” of the EURATOM 5™ European framework pro-
gramme /MOD 06/.

Beside the others, GRS modelling exercises were carried out using CODE-BRIGHT. In
order to validate the applied constitutive model, interpretive calculations were per-
formed and compared with selected measurement data. Due to the lack of the detailed
files of ANDRA’s data only results from physical modelling and numerical simulation

are presented below.
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Fig.3.26 3D view of the REP experimental zone with instrumentation boreholes

3.3.2 Model and boundary conditions

The HM processes occurring in the clay rock during shaft excavation were calculated in
a coupled way by solving a series of balance equations (Eqg. (3.1) to (3.5)) for energy,
solid, water, air and stress. The balance equations were completed by constitutive
equations and equilibrium restrictions which provide the link between the state varia-
bles and the dependent variables. In the modelling, the clay rock was assumed to be
isotropic and homogeneous, horizontal bedding planes were neglected. Water
transport was controlled by liquid water advection (Darcy’s law), vapour diffusion in air
(Fick’s law), and liquid / gas phase changes (psychrometric law). Temperature effects
were neglected.

Due to previous experiences in the framework of the numerical simulation of laboratory
tests using the damage-elastoplastic model, it has been decided to use a simple elastic
approach to describe the hydro-mechanical behaviour of the clay, being aware of the
fact that the total deformation might be underestimated.

For numerical analysis of the behaviour of the clay rock during shaft excavation an ax-
isymmetric configuration centred on the axis of the shaft has been considered. The ge-
ometry analysed corresponds to a vertical slice of the rock of 100 m in height and 50 m
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in width. The upper boundary of the slice corresponds to level z =-417 m, the lower
boundary to level z = -517 m. Due to the axis convention of the axisymmetric model the
z-axis corresponds to the vertical axis oriented upwards, whereas the r-axis corre-
sponds to the horizontal axis.

The geometry of the shaft is modelled with an outer diameter of d = 3 m including a fi-
nal concrete lining of d = 0.5 m in thickness, that is put in place successively with a dis-
tance to the excavation front between 18 m to 22 m. Due to the advanced lining in the
shaft, convergence is not allowed by fixing the radial displacement (Au, = 0) along the

shaft wall.

The geometry is shown in fig. 3.27, whereas the shaft excavation scheme as well as

the final lining advance is shown in fig. 3.28.

Niche level
z=-447m

100m
1-5m
distance

-

Shaft excava-
tion process

REP experi-
mental zone

5 -460m —-476m

depths

Fig. 3.27 FE model (axisymmetric) used for numerical simulation of REP experiment
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Fig. 3.28 Shaft excavation scheme used for numerical simulation

The shaft excavation scheme is simulated by removing the corresponding rock volume
from the mesh that automatically sets the radial stress equal to 0. The hydraulic condi-
tions at the clay rock contour are somewhat complicated. The shaft has been actively
ventilated during each excavation step, and also after the lining is put in place it has to
be assumed that water flow out of the rock is still possible. Therefore the ventilation
process has been abstracted and modelled as atmospheric pressure of py =-0.1 MPa

acting at the contour zone.

According to the lithostatic distribution specified by /MOD 06/ an orthotropic initial
stress state is characterised by the vertical stress ranking from o, =-9.7 MPa at the
upper boundary to o, =-13.3 MPa at the lower boundary of the mesh. Between the
same levels, the horizontal stress varies from o, = -13.3 MPa to o, = -15.3 MPa. For ini-
tial water pressure a hydrostatic distribution is considered, that is between

pw = 4.17 MPa at the upper boundary and py = 5.17 MPa at the lower boundary.

A constant porosity ¢ = 0.15 is considered for the rock. The material parameters asso-
ciated with the constitutive equations were determined for the COX clay and used in
the documented calculations. The values of the parameters are represented in chap-
ters 3.1.3 and 3.1.4.
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3.3.3 Modelling results and field observations

In the following, selected field observations taken from /MOD 06/ are discussed and

compared to the achieved modelling results.

Extensometer measurements

Two boreholes were equipped with multi-point extensometers for measuring rock dis-
placements on the borehole axis. The boreholes REP2201 and REP2202 are oriented
perpendicular and parallel towards the maximum horizontal stress, respectively. In fig.
3.29 the evolution of displacements within the rock as measured in borehole REP2202
compared with the head of the extensometer is shown. Excavation was carried out with
the drill and blast method. For each blast, instantaneous displacement was measured
on the extensometer. As the working face progressed towards the REP zone, an initial
compression phase was observed, followed by an extension phase. As long as shaft
sinking operations had not reached the anchoring level, the extensometer remained
under compression. However, as soon as the shaft passed the anchoring level the ex-
tensometer started to expand. After the excavation face had gone past, the measuring
points did not return to their initial positions. Permanent extension was observed on all
the sensors. However, relative positions between sensors no. 1 to no. 8 were only
slightly altered, whereas the performance of the sensors no. 9 and no. 10 close to the
shaft wall at a distance of about 0.8 m and 0.5 m, respectively, suggests that inelastic
deformations are caused in the rock in the shaft wall vicinity. From a depth of about
z = -480 m, increases in instantaneous displacements due to the drill and blast excava-
tion method were very insignificant. Therefore displacements measured after the mid of

July were no longer related to the shaft excavation progress but to its convergence.

Using a simple hydro-mechanical coupled physical modelling approach the compres-
sive deformation in front of the shaft excavation face is followed by an increase in pore
water pressure as long as no rock damage occurs. Therefore the extensometer meas-
urements results suggest that the sensors might show a visible increase in pore water

pressure before the shaft excavation front passes by.
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Fig. 3.29  Evolution of axial displacements in borehole REP2202 /MOD 06/

Pore water pressure measurements

Four boreholes are dedicated to pore-water pressure measurement. In three of them,
the measuring points are located around the shaft at distances of about 1 m to 5m
from the contour. The fourth borehole is located outside the influenced zone around the
shaft and serves as a reference point at a distance of more than 13 m. After the instal-
lation was completed, the pore water pressure was restored and stabilised at almost at
3.4 MPa to 3.9 MPa. In fig. 3.30 in situ measurements on pore water pressure evolu-

tion in borehole REP2202 during the sinking of the access shaft are shown.
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Fig. 3.30 Evolution of pore water pressures in borehole REP2102 /MOD 06/

The borehole REP2202 is located towards the maximum horizontal stress. When the
excavation was approaching the level of the sensor, overpressure was observed. This
overpressure was all the higher, the closer the sensor was located to the shaft wall.
When the level of the sensor was overtaken by the excavation process, the pore water
pressure started to fall. After the excavation face had gone past, the measurement re-
sults of sensors no. 1 to no. 4 stabilised again at almost 1.0 MPa, whereas the results

of sensor no. 5 tended towards atmospheric pressure.

Though overpressures were also observed in some sensors in borehole REP2103,

which is located in the area towards the minimum horizontal stress, this type of coupled

177



hydro-mechanical behaviour could not be observed systematically in all of the three

boreholes located around the shaft.

In borehole REP2101, with similar orientation to maximum horizontal stress as bore-
hole REP2102, instead of an overpressure a slight decrease in pore water pressure be-
fore the passage of the excavation could be observed. A possible explanation could be
the existence of damaged rock zones.

Numerical simulation

The aforementioned measurement results show that the applied constitutive model

should reflect the hydro-mechanical behaviour of the clay rock as follows:
o Level of pore water pressure below hydrostatic value before shaft excavation,
e Overpressure due to compressive loading resulting from shaft excavation process,

e Pressure decrease due to extensional deformation when shaft excavation front

passes,

o Level of pore water pressure after the excavation face has gone past.

The applied model might not show the pressure decrease towards atmospheric pres-
sure measured in REP2102 sensor no. 5 due to the fact that rock damage was not
considered. The displacements measured in extensometer REP2202 after mid of July
that were related to the shaft convergence process could also not be simulated with the
applied modelling approach, because mechanical time-dependent deformation behav-

iour besides the consolidation process was not considered.

For comparison several nodes within the finite element mesh were selected with re-
spect to depth and distance to the shaft contour zone and their results of hydro-
mechanical simulation were compared to the experimental findings on pore water pres-
sure at borehole REP2102 as well as extensometer measurements at borehole
REP2202. Fig. 3.31 shows the position of the sensor intervals and the selected nodes

of the finite element mesh.
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Fig. 3.31 Position of the REP2102 and REP2202 sensor intervals and the selected
nodes of the finite element mesh used for comparison of simulation results

and experimental findings

Calculation results on pore-water pressure propagation with time for selected REP2102
test intervals as a result of hydro-mechanical coupled simulation before the shaft exca-
vation front reaches the REP experimental zone are shown in Fig. 3.3.7. Considera-
tions of desaturation effects caused by the niche excavation lead to a reduced pore wa-
ter pressure of about 3.8 MPa with respect to the expected hydrostatic pressure at
REP2102 interval level.

Before the shaft excavation front has nearly reached the position of the sensor intervals
an increase in pore water pressure of almost 4 bar to 7 bar can be observed in
fig. 3.32, followed by an instantaneous decrease in pore water pressure of about

1.0 MPa when the excavation front passes the sensor level.

After the shaft excavation front has passed the REP experimental zone at mid of June
2005 the REP2102 sensor no. 2 and no. 3 stabilised at values of 2.7 MPa and 2.5 MPa
respectively (see fig. 3.33), showing a slight linear decrease of about 7 bars within the
next 3 months. REP2102 sensor no. 4 shows a delayed decrease in pore water pres-
sure stabilising at about 2.1 MPa due to the sensor position with a minor distance to
the shaft contour as well as a minor linear decrease of about 5 bars within the next

3 months.
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Fig. 3.32 Calculation results on pore water pressure propagation with time for se-
lected REP2102 test intervals as a result of hydro-mechanical coupled

simulation before the shaft excavation front reaches the REP experimental
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Fig. 3.33 Calculation results on pore water pressure propagation with time for se-
lected REP2102 test intervals as a result of hydro-mechanical coupled

simulation of shaft excavation
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With respect to the experimental findings of borehole REP2102 the results of the hy-
dro-mechanical simulation could represent the basic reaction of pore water pressure
due to the shaft excavation process, though the total value of the pressure decrease
has been underestimated, because rock damage has not been considered.

Due to the lack of the detailed data file of the REP2202 extensometer reference point
only total deformation data are presented below, with regard to the global axis. In
fig. 3.34 calculation results on horizontal and vertical deformation with time for selected
REP2202 test intervals as a result of hydro-mechanical coupled simulation of shaft ex-
cavation are shown. The calculation results for the selected test intervals show a signif-
icant increase in horizontal deformation only when the shaft excavation front reaches
the REP experimental zone, showing the highest convergence values of about 3 mm

when the excavation front passes by.
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Fig. 3.34 Calculation results on deformation (global axis) with time for selected
REP2202 test intervals as a result of hydro-mechanical coupled simulation

of shaft excavation

In contrast to the behaviour of the total horizontal deformation of about 8 mm in the di-
rection of the symmetry axis due to the possible convergence deformation into the

opening, the vertical deformations show a different behaviour. As long as the excava-

181



tion front has not reached the REP experimental zone vertical deformations increase
with time showing nearly a linear uplift trend of about 1 mm in the first 10 month. When
the REP experimental zone is reached the calculation values show a significant reac-
tion in uplift due to the shaft excavation process in the same order of magnitude. When
the excavation front passes by the deformation trend is being reversed and reaches
nearly the same level of deformation as before.

In order to compare the achieved calculation results with experimental findings only the
simulation values assigned to the excavation process within the REP experimental
zone are selected and shown in fig. 3.35 with respect to geotechnical convention of
compressive and extensile deformation. The deformation values within the first

10 month are neglected.
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Fig. 3.35 Calculation results on vertical deformation (geotechnical convention) with
time for selected REP2202 test intervals as a result of hydro-mechanical

coupled simulation of shaft excavation

With respect to the experimental findings of borehole REP2202 the results of the hy-
dro-mechanical simulation could represent the basic deformation behaviour of the clay
rock due to the shaft excavation process though the displacements related to the shaft
convergence process could not be simulated with the applied modelling approach, be-

cause mechanical time-dependent viscous behaviour has not been considered.
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34 Modelling of rock response to heating

34.1 Overview of the TER heating experiment

In order to investigate the thermal properties and to enhance the knowledge about the
THM processes of the Callovo-Oxfordian clay rock, an in situ heating experiment called
TER was performed in the MHM-URL from the beginning of 2006 to the end of 2009.
The concept of the heating experiment was designed to heat the clay formation in an
undisturbed zone by using an electric heater. The experiment was located at the main

level at 490 m depth. Fig. 3.36 shows the location and layout of the test field.

The heater borehole TER1101 of 145 mm diameter and a length of 10 m was horizon-
tally drilled from the GEX drift into the rock mass with the bedding plane oriented hori-
zontally (see fig. 3.37). At a borehole depth of 6 m to 9 m, a heater packer was
installed. Thermal power and inflation pressure of the heater packer were regulated
remotely from the drift. The heater device was equipped with several temperature sen-
sors in order to control the homogeneity of the temperature distribution along the heat-
er axis. A steel and a plastic liner were inserted in the borehole in the heater section
and in the other part, respectively, in order to protect the borehole from the falling of
debris.

mmm Heater borehole
= Thermometric borehole
mmm Pore pressure borehole

= Deformation borehole

D PLADPE 06-0230 /A

Fig.3.36 3D view of the TER test arrangement with heater and instrumentation
boreholes
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Three boreholes, TER1201/02/03, were drilled beside, above and at an angle of 45° to
the heater borehole for monitoring the temperature in the test area (fig. 3.38). Their dis-
tances to the heater borehole ranged from 0.6 m to 0.8 m. In each borehole five sen-
sors were installed with a distance of 1.5 m between each neighbouring points. The
instrumentation layout allowed the examination of heat transfer in different directions
with regard to the bedding plane (TER1201 sensors C1 to C5 parallel, TER1203 sen-
sors C1 to C5 perpendicular, and TER1202 sensors C1 to C5 at an angle of 45° to the
bedding plane).
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Fig. 3.37 Layout of the TER heater borehole with heater packer and temperature

Sensors

Thermally-induced pore pressure changes were recorded by means of the GRS mini-
packer-systems which were successfully used in the HED heating experiment in the
Mont-Terri-URL /ZHA 05/, /ZHA 06/, /ZHA 07a/, /ZHA 09a/. Fig. 3.39 shows the posi-
tions of the measuring points. Five small mini-packer systems were installed in five slim
boreholes of 20 mm diameter. They were located in the same vertical plane crossing
the heater axis, at 0.5 m to 1.5 m distance from the heater. At each position, both the
pore pressure and the temperature were measured. The instrumentation layout made it
possible to monitor the temperature at the pore pressure sensor locations in three di-
rections: In borehole TER 1401/02 parallel, in borehole TER1404/05 perpendicular,
and in borehole TER1403 at an angle of 45° to the bedding plane. Additionally, some
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pulse tests were carried out for determining the permeability at each location before
and after heating.
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Fig. 3.38 Positions of temperature sensors in the TER experiment
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Fig. 3.39 Positions of pore pressure and temperature sensors in five boreholes in
the TER experiment
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The rock deformation during the experiment was observed by means of two kinds of
extensometers which were installed in two horizontal boreholes TER1301/02 perpen-
dicular to the heater axis in the middle section (fig. 3.40). In borehole TER1301 the slid-
ing micrometer developed by the company SOLEXPERTS already used in the HE-D
experiment was installed. Using a displacement transducer between two metallic rings,
the relative displacement was measured. Totally, 13 rings were installed in the bore-
hole with a distance of 1 m between neighbouring points. In the other borehole
TER1302 an automatic classical extensometer was installed 50 cm above borehole
TER1301 in order to continuously record the displacement of the measuring anchors
relative to the fixed point at the borehole mouth. 7 anchors were installed along the

borehole at different distances to the borehole mouth.
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Fig. 3.40 Positions of extensometer anchors in two boreholes
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The installation of the sensors and the heater were performed during the last quarter of
2005. The first heating phase was launched at the beginning of 2006. Fig. 3.41 illus-
trates the heating phases with four heating / cooling cycles. Unfortunately, in each cy-
cle several heating interruptions happened for days to months due to heater failures
because of different reasons. Additionally, some uncertainties were recognized during
the experiment, as for instance the correct measurement of the heater power and the
quality of the of the heater contact to the rock. This yielded some difficulties for the pre-
cise determination of the thermal parameters from the measurements, for the definition

of the model conditions, and for the interpretation of the observed THM processes.
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Fig. 3.41 Heat power applied during the TER experiment with heating/cooling cycles

3.4.2 Model and boundary conditions

The TER experiment was simulated by modelling teams of CEA, DBE-TEC, GRS, and
UPC using various computer codes. Among the others, GRS’ modelling exercises were
carried out by using the CODE-BRIGHT. In order to support the design of the experi-
ment, predictive calculations were performed before testing. After the experiment, in-
terpretive calculations were conducted and the results of which were compared with

the measured data. The modelling results and the measurements are presented below.
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The THM processes occurring in the clay rock during the heating / cooling cycles were
calculated by coupled modelling with solving the series of balance equations (Eg. (3.1)
—(3.5)) for energy, solid, water, air and stress. The set of the balance equations is
completed by constitutive equations and equilibrium restrictions which link the state
variables and the dependent variables. In the modelling, the following main assump-

tions are made:

e The clay rock is assumed isotropic and homogeneous because of the insignificance
of the bedding planes;

e Heat transport in the porous medium includes conduction (Fourier’s law) as well as

heat transport by advection of liquid water and vapour flow;

o Water transport is controlled by liquid water advection (Darcy’s law), vapour diffu-

sion in air (Fick’s law), and liquid / gas phase changes (psychrometric law);
e Gas pressure is kept at atmospheric level;

e The mechanical behavior of the clay is described by the damage-elastoplastic
model (see section 3.1-3).

Fig. 3.42 shows a simplified axisymmetric model of 24 m length and 12.5 m radius. In
fact, this model represents a cylindrical rock mass with the heater borehole axis being
the symmetry axis. The borehole has a radius of 75 mm and a total length of 10 m, in-
cluding a heater of 3 m length. The in situ prevailing conditions are applied to the initial
state of the rock as follows: porosity ¢ = 15 %, full saturation (suction s = 0), tempera-
ture T = 22 °C. A hydrostatic stress of ¢ = 13.5 MPa was averaged from the anisotropic
stress state of the major horizontal component oy = 16 MPa, the minor horizontal com-
ponent oy, = 12 MPa and the vertical component ¢, = 12 MPa. The axis of the heater
borehole was oriented parallel to the direction of the major horizontal stress. The pore
water pressure in the rock at the main level is estimated to about 4.5 MPa. But, the ob-
servation in the TER test field before testing suggested a value of P, = 2.6 MPa, which
is taken into account in the modelling. Because of the lining of the borehole, conver-
gence is suppressed by fixing the radial displacement (4u, = 0) along the borehole
boundary. Considering the possible existence of gaps between the borehole wall and
the liner, water flow out of the rock is allowed by adopting atmospheric pressure for the
pore pressure (P, = P4 = 0.1 MPa) at the borehole wall. Obviously, this simplified model
cannot represent the realistic situation, particularly the impact of the three surrounding

drifts on the THM processes in the test field. The experiment was simulated by sequen-
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tial calculation steps considering the power supplies within the four heating/cooling cy-
cles. Because of the above mentioned uncertainties regarding the power supply and
the heater/rock interface, various power values differing from the given data (fig. 3.41)
were considered for fitting the temperature data measured the test field.

y

é 5,=-13.5MPa P=2.6MPa P;=0.1MPa T=22 C

o
L
o
<
T 0
O N
< 5
ﬁ ~
> ©
o
< =
= =
I o
) I,
< o
s | £
g S
o
N
i
E o
S5 2 kY
<2 § s
<|Z|> £ = n
o = )
n O (3
e| & g &
S| 32 g
5 =
ig 2
N
29 ©
:X o
4 o
» X
Auy=0 P=2.6MPa Py=0.1MPa T=22 CJ
12.5m 1

Fig. 3.42 Axisymmetric model with boundary conditions prevailing around the heater

borehole

3.4.3 Modelling results and field observations

Three input values for the heat power were examined for fitting the modelling results
with the temperature data measured at the different locations: a) the given power data
presented in fig. 3.41, b) two times the given power, and c) three times the given pow-
er. Using the given power data, the temperatures are underestimated by the calculation

for all the measuring points. While the value of 2 times the given power leads to a bet-
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ter matching with the temperature measured at the heater surface (see fig. 3.43), the
value of 2 times the given power produced the best results for all the other positions in
the rock. Therefore, the power input with two times the given value was considered for
the calculation of the pore pressure and the deformation.

3.4.3.1 Temperature

Fig. 3.43 shows the temperature data measured at the heater surface and the calcula-
tion results with the three input values for the heat power. During the first heating
phase, the temperature reached a maximum of 100 °C. After cooling down deduced by
the heater failure, the further power supply was limited to a heater temperature below
80 °C. The comparison indicates that the value of 2 times the given power fits the

model with the measurement relatively well.

120
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Fig.3.43 Measured and calculated temperature evolution at the heater/rock

interface

In fig. 3.44 the temperatures recorded inside the rock are compared with the modelling
results for sensors TER1201/2/3-C2/C3/C4/C5. Their positions are shown in fig. 3.38.
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The measurements indicate that the maximum temperatures at all the points were
reached during the third heating phase at ~1000 days, but being not coincident with
that observed at the heater surface. Section C3 in the middle of the heater was heated
up to 35 °C at TER1202-C3, to 40 °C at TER1203-C3, and to 45 °C at TER1201-C3
respectively, depending on the distances of 0.6 to 0.9 m to the heater. In the farther
section C5, the maximum temperature ranged between 29 °C and 34 °C. On the other
hand, the sensors TER1201-C2/3/4/5 located horizontally beside the heater and paral-
lel to the bedding plane provided higher temperature values than those recorded by the
sensors TER1203-C2/3/4/5 which were positioned vertically above the heater and per-
pendicular to the bedding plane. This may indicate the anisotropic thermal transfer in
the rock. Even though the applied isotropic model can only provide the average thermal
process, the modelling results agree quite well with the temperatures measured at the
most locations. The thermal anisotropy will be experimentally characterized and mod-

elled by 3D modelling within a new programme /THM 10/.

3.4.3.2 Pore pressure

The positions of pore pressure measurements are shown in fig. 3.39. Correlated with
the temperature changes, the pore-water pressure in the heated area varied largely
due to the very low permeability of the clay rock and the relatively high thermal expan-
sion of the pore-water. Fig. 3.45 illustrates the evolution of the pore water pressure and
the temperature measured at the same locations in the near-field of 0.5 — 1.5 m around
the heater together with the modelling results. Before heating, lower initial pore water
pressure values than the given value of 4.5 MPa of 2.0 and 3.5 MPa were measured.
Consequently, an averaged pore pressure of 2.6 MPa was applied in the model. The
measurements show that, in each heating / cooling cycle the temperature increase
leads to a rising pore pressure and the temperature decrease causes a reduction of the
pore pressure. During the first heating phase, a maximum pore pressure of up to 4.0 to
6.5 MPa was reached, depending on the distance to the heater. During the last cooling
phase, the measured pore pressure dropped down to zero. The cooled area might be
slightly de-saturated, as indicated by the calculated negative values of pore pressure.
Except for the point TER1405, the observed response of pore pressure can be reason-

ably represented by the isotropic model.
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3.4.3.3 Deformation

The relative deformation between two neighbouring points along an extensometer is

calculated by

e =4 1 (3.53)

where u; and u; are the displacements of points i and j, and d;; being the interval dis-
tance between both points. As a convention in rock mechanics, compression is signed

positive and conversely extension negative.

In the modelling of the thermal strains, three values of the thermal expansion coeffi-
cient were applied to the rock mass consisting of solid grains and pore-water as fol-
lows: oy = 1.7-10°, 3-10°, and 8-10° K™. The low value of oy, = 1.7-10° was used for
the saturated clay rock according to the theoretical model (Eq. (3.52)) and confirmed by
the tests, while the other higher values were used to fit the measured data. Fig. 3.46

compares the modelling results with the measured data in borehole TER1302 (see fig.
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3.40). It is clearly to be seen that the magnitudes of the thermal deformations at all the
locations are significantly underestimated by the modelling, while the pattern of the
strain evolution is reasonably represented by the model for most locations. The rea-
sons for the discrepancy are unknown. The investigation of the thermal impact on the
deformation in the claystone is continuing in the frame of the ongoing THM-TON pro-
ject /THM 07/.
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Fig. 3.46 Measured and calculated deformations along borehole TER1302
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35 Modelling of THM processes in arock-buffer system

According to the ANDRA’s concept /AND 05/, the vitrified HLW containers (C-type) will

be emplaced in dead-end lined horizontal boreholes of 700 mm diameter and 40 m
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length, while spent fuel (SF) will be directly disposed together with compacted benton-
ite-based buffer in dead-end drifts of ~2.5 m diameter and 40 m length. In order to pre-
vent any alteration of the host rock barrier the number of containers per disposal cell
and the distance between adjacent cells are determined so as to limit the temperature
below 90 °C in the rock. A similar concept considering a disposal at a depth of ~650 m
below the surface is also proposed by the Swiss NAGRA for the disposal of HLW in the
Opalinus clay in Switzerland /NAG 02/. The HLW containers will be emplaced on com-
pacted bentonite blocks positioned on the drift floor and the remaining space is back-
filed with granular bentonite. Fig. 3.47 illustrates these concepts for the HLW/SF

disposal in drifts.

Usable part (~ 23m) Cell Head Access Drift

‘ spacers ‘ metallic plug

/

Concrete rings
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Fig. 3.47 Concepts for HLW/SF disposal in horizontal drifts with bentonite-based
backfill (after ANDRA /AND 05/ and NAGRA /NAG 02/)
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In order to highlight the thermo-hydro-mechanical processes in the rock-buffer-system
and the interactions between the clay rock and the bentonite-buffer, scoping calcula-
tions were performed by using CODE-BRIGHT /LI 09/.

351 Model and boundary conditions

According to ANDRA'’s concept a drift is considered to be excavated at a depth of
500 m below the surface. It has a diameter of 2.2 m and a length of 20 m. Four SF con-
tainers of 0.39 m diameter and 1.7 m length are emplaced in the 13.6 m long middle
space with a distance of 2.3 m to each other. The remaining space in the drift is back-
filled with compacted bentonite-buffer. The buffer thickness between the container and
the drift wall is 0.9 m. An axisymmetric model was chosen involving a large rock mass
of 100 m radius and 100 m length (see fig. 3.47). In fact, this model represents a cylin-
drical rock-buffer-system with the central axis being the container axis. For the analysis
of the THM processes in the system, some typical points were selected in the buffer
and the rock along a radial line (dash yellow line) in the middle of the drift for determin-
ing the THM parameters with time.

The materials are assumed homogeneous and isotropic for focusing on the THM cou-
pling processes in the rock-buffer-system, even though the COX clay rock exhibits
some anisotropic properties. Initially, the host rock with 15 % porosity is saturated by
the formation water. The in situ prevailing conditions in the MHM-URL are applied to
the model. An isotropic rock stress state is prescribed with a magnitude of 12.5 MPa at
a depth of 500 m. A pore-water pressure of 4.5 MPa is adopted. The rock temperature
is about 27 °C. The atmospheric gas pressure of 0.1 MPa is kept constant, i. e., possi-
ble gas generation and migration is neglected in this model. The initial conditions are
fixed at the boundaries of the rock mass over the modeling period including drift exca-

vation, ventilation, backfill, and the heat emission from the waste.

In the first calculation step, the drift excavation and ventilation is simulated by (1) re-
ducing the stress normal to the drift wall down to zero and (2) by circulating gas along
the drift wall with a relative humidity of 85 % and a turbulence coefficient of 10®° m/s.

Drift excavation and ventilation will take a time period of 100 days.

Following the drift excavation and ventilation, the SF containers and the bentonite are
emplaced in the drift. This is simulated by simultaneously applying the initial conditions

of the buffer and the decayed heat emitting from the waste as thermal boundary condi-
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tions. The bentonite is initially unsaturated with a degree of water saturation of 52 %,
corresponding to a negative pore-water pressure or suction of 105 MPa. The initial po-
rosity of the buffer is 41.5 %. The initial stress in the buffer is zero. The thermo-
elastoplastic model (BBM) is adopted for the description of the mechanical behavior of
the compacted bentonite. The other thermal and hydraulic models as well as the pa-
rameters for the FEBEX bentonite /GEN 98/ are applied in the modelling. The main fea-
tures of the THM models and the set of the parameters are also summarized in /ZHA
04b/.
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Fig. 3.48 Axisymmetric model for the rock-buffer-system surrounding SF containers
in a horizontal drift

The evolution of the heat power per container is illustrated in fig. 3.49 according to the
data from /GEN 06/. In the modeling, the total heat from 4 containers is homogeneous-
ly distributed over the surfaces of the containers and also over the buffer bodies along
the whole section of 13.6 m length. Considering a cooling phase of the SF containers
of 30 years before emplacement in the repository, the initial heat output is estimated to
670 W per container. So the initial heat output per meter length of the container/buffer

surface is determined by
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. 670W -number of canisters  670W -4

e = ~ 200W /m (3.54)
total length 13.6m

According to /GEN 06/ the variation of the heat emission can be described by the fol-

lowing decay function:

Je = Jeo -©P[-abS (%) 1] (3.55)

where A, = 6.67E-10 s™.
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Fig. 3.49 Evolution of the heat power of a vitrified waste container with time /GEN

06/

3.5.2 Results and analysis

In the modelling, long-term processes over 1000 years after SF disposal operation
should be computed. However, because of the very complex THM coupling calcula-
tions in the two different materials and the limited capacity of the computer used, the
computing speed was slow and hence, the time period considered in the computing

time of 3 months is only about 5 years. That is why it is only possible to present the
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modelling results achieved for this first disposal period. The modelling results for the

first heating phase of about 5 years are illustrated and analysed below.

3.5.2.1 Temperature

The heat emitting from the HLW containers is gradually transferred into the buffer and
the rock, forming a temperature field with varying gradient. fig. 3.50 shows the time
evolution of temperatures at some selected points in the buffer and in the rock, while
the temperature distribution at various times is illustrated in fig. 3.51. The temperature
fields at 1, 2, 3 years are depicted in fig. 3.52. Immediately after the disposal of the

containers, the temperature in the buffer rises very quickly.
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Fig. 3.50 Evolution of temperatures at different points in the buffer-rock-barriers

The maximum temperature of 157 °C is reached at the surface of the containers after
2.6 years of heating. After that, the temperature at the container surface tends to de-
crease slowly with time. At the interface between buffer and rock, the temperature
reaches the maximum of 93 °C after 4 years of heating and then begins to decrease.
Far away from the interface, the temperature in the rock is lower than that determined
by the conceptual criterion of 90 °C. Over the first heating phase of 4.5 years, the heat-

ed area extends from the containers to about 15 m into the rock mass. Based on simi-
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lar modelling results reported in /GEN 06/, it can be expected that the temperature field
will extend further into the rock. But due to the decay of heat output from the HLW con-
tainers, the critical temperature will not be exceeded in the rock and a cooling down

phase will follow.
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Fig. 3.51 Distribution of temperature in the buffer-rock-barriers
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Fig. 3.52 Temperature field in the buffer-rock-system
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3.5.2.2 Hydraulic Responses

The most important hydraulic process in the buffer after its emplacement is the hydra-
tion of the very dry bentonite. Fig. 3.53 shows the time evolution of the degree of water
saturation at the container/buffer interface, the buffer centre, and the buffer/rock inter-
face. By the effect of high suction, the buffer near the rock takes up water quickly from
the initially saturated rock. At the opposite side, the buffer near the container is de-
saturated due to the evaporation of the pore water by the rapidly elevated tempera-
tures. The water vapour from the hot inner part and from the wetted outer part migrates
towards the middle of the buffer, thereby increasing the water saturation. After the tran-
sient phase of about 1 year, the degree of water saturation in the whole buffer increas-
es gradually with time. Because the bentonite buffer is initially very dry and the

permeability of the buffer and the rock is quite low, the hydration process in the buffer

is very slow.
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Fig. 3.53 Evolution of water saturation at selected points in the bentonite buffer

In the clay rock with very low permeability, the most significant hydraulic process is
changes of pore-water pressure. Fig. 3.54 shows the evolution of pore-water pressure

at selected points along the middle section in the rock, while the pressure distributions
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at 1, 2, 3 years are depicted in fig. 3.55. Fig. 3.54 indicates that the drift excavation
results in a sudden increase of the pore pressure up to 9 MPa near the drift wall (r =
0—0.2 m). During the ventilation, the pore pressure falls down to negative values,
indicating a de-saturation. The dry buffer causes a higher de-saturation in this near-
field. In contrast to that, the heating gives a rise of the pore pressure in the saturated
region (r > 0.3 m). Within the area of r < 1.5 m to the drift wall, the pore pressure
increases to the maximum values of 3 to 7 MPa during the first month and then
decreases gradually with time. The increase in pore-water pressure is caused by the
difference of the water expansion coefficient (3.4:10* K™) to the significantly lower
expansion coefficient (1.5-10° K™) of the solid, whereas the gradual reduction of the
pore pressure is due to the migration of the pore water (vapour and liquid flow) towards
the dry buffer. The increase rate of the pore pressure becomes smaller in the far-field.
The maximum pore pressure of 8.8 MPa is reached at the distance of r = 4.4 m after
1 year. At the distance r = 11.3 m, a lower peak pressure of 7 MPa is obtained. Fig.
3.55 shows clearly that the overpressure zone extends with time from the near-field

into the far-field but with a decreased magnitude of the peak pressure.
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Fig. 3.54 Evolution of pore-water pressure at selected points in the surrounding rock
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Fig. 3.55 Distribution of pore-water pressure in the rock during the heating phase

3.5.2.3 Mechanical Responses

The temperature increase and the hydraulic processes in the rock and the buffer have
effects on the stress-strain behaviour of both clay materials, which also interact on
each other.

Fig. 3.56 illustrates thermally-induced variations of the total radial stress in the clay
rock. Due to the thermal expansion of the rock mass and the confined load conditions
an excess stress builds up in the area near and beyond the heated region (compare
fig. 3.52 and fig. 3.55). The high stress zone extends faster and larger than the
elevated temperature and pore pressure zones (compare fig. 3.52, fig. 3.55, fig. 3.56).
The maximum value of the total stress is about 16 MPa (negative value indicating
compression). Because the total stress is still higher than the maximum pore pressure

of ~9 MPa, no hydraulic fracturing can take place.

The stress in the compacted bentonite buffer is mainly controlled by the swelling during
the hydration. Fig. 3.57 indicates that the stress in the buffer increases with time to
about 2 MPa after 3 years. The magnitude of the stress in the rock does not vary
significantly with time.
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Fig. 3.56 Distribution of total radial stress in the rock during the heating phase
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Fig. 3.57 Variations of total radial stress in buffer and rock

Because of the variations of temperature and water saturation in the buffer, the defor-
mation is inhomogeneous. This can be recognized from fig. 3.58 showing the distribu-
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tion and evolution of the porosity as a function of the distance to the container. The
buffer near the more saturated rock (r > 0.6 m) expands with increasing hydration,
while the buffer on the opposite near the hot containers shrinks mainly due to the ther-
mally-induced de-saturation. The middle area is more compacted.
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Fig. 3.58 Variations of porosity in the bentonite buffer during the heating phase

The variations of the THM conditions and the backfill resistance have an impact on the
rock deformation. Fig. 3.59 compares the displacements at different locations. The
heating produces a short convergent deformation of the rock near the drift (r < 0.2 m).
Because of the build-up of the backfill pressure, the deformation in this area turns back
slowly. In the saturated far-field (r > 1.1 m), the temperature increase results in an ex-
pansion in all directions, i. e., not only towards the backfilled drift (positive increment),
but also towards the rock depth (negative increment). Fig. 3.60 shows the directions of
the rock deformation at 3 years. The thermal expansive zone moves with time and
seems to be coincident with the high pore-pressure zone (compare fig. 3.60 and fig.
3.55).
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It is also interesting to examine the damage of the rock by comparing the stress state in
the near-field with the damage locus and the yield boundary (see fig. 3.61). It is obvi-
ous that the deviatoric stresses in the near-field within a radius of ~1 m are beyond the
damage locus, indicating that the bonds in the rock are more or less destroyed. The
deviatoric stress at the drift wall (r < 0.2 m) first rises immediately after the excavation
and even exceeds the yield limit, where plastic deformation occurs. After backfilling, the
deviatoric stress reduces gradually due to the backfill pressure against the rock. This
prevents further development of the damaged zone and leads the rock to heal with
time.
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Fig. 3.61 Rock stress states compared with the damage and yield boundaries

3.53 Conclusions on the THM modelling of rock-buffer-system

From the scoping calculations of the THM processes occurring in the rock-buffer-

system during the first heating phase, some significant phenomena can be identified:

e The drift excavation induces a redistribution of the rock stress with a minimum radi-
al component, a maximum tangential component, and a middle component in the
drift direction. The deviatoric stress results in deformation of the rock towards the
open drift. In the area near the drift wall, the rock is damaged. The damaged zone

extends into the rock mass up to a distance of about 1.5 m.
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The drift ventilation and the subsequent backfill with unsaturated bentonite lead to a
reduction of the pore pressure and even to a de-saturation in the surrounding rock
to a depth of ~0.3 m. On the other side, the water saturation in the backfill increas-
es gradually by taking up water from the initially saturated rock. The re-saturation
results in build-up of the swelling pressure in the backfill against the deformation

and the damage of the surrounding rock.

The heat from the HLW containers transfers gradually into the buffer and the rock,
increasing the temperatures there. The maximum temperature of 157 °C is reached
at the interface between the backfill and the container at 2.5 years. The tempera-
tures in the rock are limited below the conceptual criterion of 90 °C.

Heating causes evaporation of the pore water in the buffer near the containers and
thus de-saturation. At the opposite side, the water saturation in the buffer near the

rock increases.

The increase of temperature in the saturated rock generates a significant rise of the
pore-water pressure up to 9 MPa due to the very low porosity and permeability as
well as the large difference of the water expansion and the solid expansion. Simul-
taneously, the total rock stress increases, too. Because the effective stresses dur-
ing the heating phase are still compressive, fracturing cannot take place during the

heating period.

Although only a single disposal drift is considered in the modelling, the preliminary
understanding and the modelling results provide a basis for additional advances in
the design, the assessment and the validation of the HLW repository concept with
more disposal drifts. For this purpose, further modelling work will be done in the
frame of the ongoing THM-TON project /THM 07/ with improved constitutive mod-
els, higher certainty of parameters, more realistic conditions, and an increased

computing capacity.
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4 Summary and Conclusions

4.1 Objectives

Within the framework of the co-operation agreement between BMWi and ANDRA, GRS
has participated in ANDRA’s research programme conducted in the underground la-
boratory MHM-URL at Bure in France since 2000. The overall objective of the research
activities in the URL is to study the suitability of the Callovo-Oxfordian argillaceous for-
mation for disposal of high-level and long-lived radioactive waste. From July 2005 to
September 2010, GRS performed the BURE-HAUPT project to investigate the thermo-
hydro-mechanical (THM) behaviour of the Callovo-Oxfordian clay rock and to validate
the modelling capabilities of constitutive models implemented in the computer code
CODE-BRIGHT for analysis of coupled THM processes occurring in clay host rocks
during the repository operation and post-closure periods of tens of thousands of years.

The EC TIMODAZ project was launched in October 2006 and completed at the end of
September 2010. The main purpose of this project was to study thermal impact on the
excavation damaged zone (EDZ) around radioactive waste disposal cells in clay host
rocks. Totally, 14 participating organisations representing 8 European countries (BE,
FR, CH, DE, NL, ES, CZ, UK) were involved in the project. As the representative of
Germany, GRS took part in it. The plastic Boom clay, the argillaceous Opalinus (OPA)
and Callovo-Oxfordian (COX) clay rocks, which are being considered as potential host
formations for repositories, were investigated in the TIMODAZ programme by conduct-

ing
e Laboratory experiments for determination of the thermo-hydro-mechanical-chemical

(THMC) behaviour, particularly the fracturing and sealing behaviour of the clay

rocks under relevant repository conditions;

e In situ heating experiments in the URLs at Mont-Terri in Switzerland, HADES in
Belgium, and Josef UEF in Czech for characterization of coupled THMC processes

in the rock mass;

e Benchmark modelling of the specific laboratory and in situ experiments for valida-
tion and improvement of the predictability of the constitutive models and computer

codes used for the long-term THM processes in clay host rocks;

e Assessment of the significance of the thermally-impacted EDZ for the Performance

and Safety Assessment (PA, SA) of repositories in clay formations.
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GRS has contributed to the TIMODAZ programme with laboratory experiments and
numerical modelling of the THM behaviour of the COX clay rock within 5 work packag-
es:

WP2: State of the art of the THMC behaviour for the clay rocks

WP3.1: Laboratory characterization of the THMC behaviour of the clay rocks
WP3.3: Laboratory simulation tests on large hollow cylinders of the clay rocks
WP5.1:  Improvement and development of constitutive models for clay rocks
WP5.2:  Benchmark modelling of the laboratory and in situ experiments.

The results and conclusions achieved from the GRS’s work within both the BURE-

HAUPT and TIMODAZ projects are summarized in this report.

4.2 Experimental results

The thermo-hydro-mechanical behaviour of the COX clay rock has been comprehen-
sively investigated in the GRS geo-laboratory on a large number of samples of different
sizes by means of various kinds of testing methods. The tests on normally-sized sam-
ples focused on short- and long-term deformation response to mechanical loads, swell-
ing and shrinkage induced by variations of environmental moisture, permeability
changes caused by damage and re-compaction, and thermal effects on the hydro-
mechanical properties. The large hollow cylinder tests simulated the fracturing and
sealing processes in the EDZ around disposal cells during the excavation, ventilation,
backfilling, water inflow, heating and cooling. Additionally, crushed claystone produced
from the drift excavation was preliminarily characterized as a favourable alternative

backfill/lbuffer material instead of expensive bentonite-based mixtures.

Deformation behaviour

Sufficient knowledge of the short-term deformation, damage, and strength behav-
iour of a clay host rock in consequence of deviatoric loading due to excavation is re-
quired for the design of an underground repository with regard to the stability and
safety of its construction during the operation phase. The short-term deformation be-
haviour of the COX claystone was investigated by increasing axial deviatoric load on
the samples at constant lateral confining stresses. The consolidated claystone behaves
elasto-plastically. The elastic stiffness and the wave velocity observed increase with

applied deviatoric stress until yielding, indicating the compaction of the pre-existing mi-
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cro-cracks in the samples. Further increasing the deviatoric stress results in re-
opening/creation, propagation and coalescence of micro-cracks forming shear frac-
tures. The peak strength increases with the lateral confining stress and can be reason-
ably approached by the Mohr-Coulomb criteria. The parameters determined for the
peak strength parallel to bedding plane are the cohesion of 6.5 MPa, the internal fric-
tion angle of 24°, and the major principle strain of 1 — 2 %. By comparing with the pre-
vious data, the strength perpendicular to bedding is relatively higher than that parallel
to bedding with a mean anisotropic ratio of 1.25. Whereas the elasto-plastic yield oc-
curs at ~70 % of the peak strength, the dilatancy onset detected by volumetric strain is
closer to the failure point. After failure, a certain residual bearing capacity still remains

in the fractured claystone.

The long-term deformability of a clay host rock is one of the most important factors
governing the sealing process of fractures in the EDZ, the compaction of the back-
fill/buffer surrounding waste canisters, and finally the safe sealing of the whole reposi-
tory. The experimental study of the time-dependent deformation of the COX claystone

was carried out in uniaxial and triaxial creep tests under multi-step loads.

The uniaxial creep tests were performed on the samples at loads of 1 to 13 MPa over
exceptionally long durations of 1 to 4.5 years with each phase between 4 and 18
months. All the samples with water contents of 4.7 — 6.4 % (not fully-saturated with de-
grees of 73 —93 %) were sealed in rubber jackets to prevent water loss during the

tests. The main findings from the uniaxial creep tests are that:

e The claystone deforms continuously with time even at low stresses of 1 — 2 MPa,

indicating negligible threshold for the onset of creep.

e The creep behaviour is dependent upon the loading path, i. e. raising or lowering
the load in uniaxial tests. After elevating the load to a desired level, the claystone
deforms gradually with time at decreasing rates and then a (quasi-) stationary creep
phase follows with a nearly constant rate. In contrast, after lowering the load to a
desired level, the creep strain evolves first with negative but increased rates until a
constant positive rate is reached. The duration of the transient creep at lowered
load is relatively shorter than that at increased load, depending on the magnitude of

load increments.

e The creep rate seems to be less dependent on the stress level. The quasi-steady

state creep rates determined at elevated stresses of 1 to 13 MPa range from 2-10™"*
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to 7-10™ s, whereas the steady state creep rates observed at lowered stresses lie
between 7-10" and 1-10™"* s™'. The steady state creep rate at a lowered stress is 1
to 3 times lower than that quasi-steady state rate at the same stress increased.

e The creep rate is less or independent of the loading directions parallel or perpen-

dicular to bedding plane, i. e., insignificant anisotropy effect on creep.

e The higher carbonate content and/or the lower water content, the slower the creep.

The triaxial creep tests were carried out on both COX and OPA claystone. The sam-
ples were firstly consolidated at a high isostatic stress of 40 MPa to achieve the original
intact state with full water saturation. The following creep phases were conducted at
constant axial stress of 15 MPa and lowered radial stress of 12, 9 and 6 MPa over 2 to
4 months each. A gradual increase in axial strain was recorded on OPA sample during
each phase, but no axial strain could be detected on COX sample at the first phase at
o= 15 MPa / o;= 12 MPa. It is interesting to note that the quasi-steady state creep
rates determined on OPA sample are very close to each other in a narrow range from
1.1-10™ to 1.7-10* s, indicating no or insignificant dependence of creep on the ap-

plied stress range of 3 to 15 MPa.

Different mechanisms may lie behind the creep, such as

a) rebalancing of pore pressure because of the very low permeability;

b) deformation of the mineral skeleton by sliding clay flakes;

c) subcritical propagation of fissures and the possible creation of new fissures;

d) stress-induced solution transfer because of the presence of carbonates in the argil-

laceous rocks;

e) deformation and state changes of water-films adsorbed on the internal and external
surfaces of clay particles. Which mechanisms dominate the creep in clay rock is still
unclear and thus necessary to be studied further for improvement and development

of constitutive models for the long-term deformation of clay host rocks.
Swelling behaviour

The drift ventilation will lead to de- and re-saturation of the surrounding clay rock and

result in shrinking and swelling and even fracturing near the drift wall. After closing the
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repository, the previously de-saturated clay rock will be gradually re-saturated again by
taking up water from the saturated far-field, accompanied by swelling of clay minerals
into fracture voids. The swelling capabilities of both COX and OPA claystone with dif-
ferent clay contents of about 12 %, 40 % and 65 %, respectively were examined by
drying and wetting samples with measurements of water adsorption, free swelling
strain in unconstrained conditions, and swelling pressure under axially-fixed and later-
ally-unconstrained conditions. The drying and wetting conditions were adjusted by
changing the relative humidity of the surrounding air from 23 % to 100 % (suction = 0 —

206 MPa). The most important observations are that:

e The studied claystone exhibit high adsorption potentials, under which a great
amount of water can be taken up from the humid environment to water contents of
10 — 18 % in unconstrained conditions, about two to three times that in the natural-
ly-confined and saturated rock mass. The higher the clay content, the higher is the
water adsorption potential.

¢ The water uptake enlarges the distance or pore space between solid particles, re-
sulting in swelling. The claystone in unconstrained and humid conditions can ex-
pand largely up to 8 — 12 %. Because of the sedimentary structure, the swelling
strain is more significant in direction perpendicular to bedding plane and even frac-
tures appear along the weak plane. The higher the clay content, the larger the

swelling strain.

¢ The adsorbed water-films in the claystone are capable of bearing externally applied
loads and even carrying the lithostatic stress, as indicated by the measured swell-
ing pressures up to 10 — 12 MPa on COX samples with a clay content of ~40 %
from the depth of 490 m and 5.5 MPa on OPA samples with a clay content of ~65
% from the depth of 230 m, respectively. This conclusion is also supported by the
swelling strain observed on a COX sample at the stress state at the MHM-URL with
high confining stresses of 12 — 15 MPa and pore pressure of 4.5 MPa.

e Conversely, a dry condition causes evaporation of pore water and release of the
stress-supporting elements, leading to collapse of the pore structure. The macro-
scopic shrinkage increases with decreasing moisture, but is limited to 0.3 % at COX
to 1.7 % at OPA claystone in a dry condition of 23 % air humidity. A higher clay

content results in a larger shrinkage.

e The saturated claystone with clay contents of more than 40 % seemed to behave

as compacted colloid without direct bonds between solid particles. Consequently,
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the swelling pressure acting in interparticle water-films is equal to the effective
stress (total external stress minus free pore water pressure). This so-called dense
clay-colloid model may be helpful to improve the understanding and modelling of
strongly-coupled hydro-mechanical processes in natural clay rocks and engineered
clay barriers, such as water and gas transport, rheological deformation, self-sealing
and healing of fractures, etc.

Permeability changes by damage and re-compaction

Excavation of a repository produces fractures in the surrounding host rock acting as

preferential pathways for fluid transport and radionuclide migration. However, a self-

sealing process of the fractures can be expected due to combined impact of the rock

compression, backfill support, and the swelling of clay minerals during the long post-

closure period. The knowledge of permeability changes induced by the damage and

the re-compaction is the fundamental input for assessment of the significance of the

EDZ for the repository safety. This issue was investigated on the COX claystone by

conducting a series of combined damage-compaction tests with measurement of gas

permeability. The observations suggest that:

Intact state: Very low gas permeabilities of 102 — 10% m? were determined on the
COX samples extracted from different distances of 0.5-13.0 m to the wall of the
main shaft. They were more or less disturbed and de-saturated before testing. In
case of full water-saturation, the effective gas permeability will be lower and the
clay rock practically impermeable for gas when the gas entry pressure is below the
sum of the capillary pressure and the swelling pressure acting in adsorbed water-

films between particles.

Damage: The permeability increases dramatically by several orders of magnitude
up to 10— 10" m? when a stress criterion (percolation threshold) is exceeded, at
which micro-cracks are growing sufficiently to be interconnected, forming macro-
fractures and preferential pathways. The increased permeability depends on the
minor confining stress dominating the fracture aperture. At high confining stresses
over ~6 MPa, no significant permeability changes take place. Shear fracturing after
failure does not change the permeability very much due to the limited variation of

the fracture geometry.

Re-compaction: The high permeability of the damaged clay rock decreases signifi-

cantly when increasing the confining stresses applied along the different loading
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paths, isotropic loading o1 = 6, = o3, deviatoric loading at ¢, = 63 = const. or 61/cs-
ratio = const.. In fact, all the loading paths generate normal stress on the fracture
surfaces, which dominates the fracture aperture and permeability. At confining
stresses over 15 MPa (corresponding to a depth of ~500 m), the permeability of
compacted clay rock shows very low values of 10™° — 10?° m? which is close to the

intact state.
Thermal effects

Thermal impact on the hydro-mechanical properties and the integrity of clay host rocks
is the key concern for disposal of heat-emitting nuclear waste. This issue was experi-
mentally studied on the COX claystone in various respects of thermal expansion and
contraction, changes in pore pressure, alteration of swelling capacity, variations in stiff-
ness and strength. The maximum temperatures of 100 to 150 °C applied to the sam-
ples are higher than the upper limit of 90 °C designed for the clay host rock around

repositories. The following significant thermal effects are observed:

e The thermal expansion of the claystone depends on both the water saturation and
the hydro-mechanical boundary conditions. In saturated and undrained conditions,
the thermal expansion is predominantly controlled by the pore water because of its
much higher expansion coefficient compared to that of the solid grains. In unsatu-
rated and/or drained conditions, heating causes mobilisation and expulsion of the
pore water from the rock, giving rise to pore collapse and thus consolidation. The
thermally-induced consolidation enhances the stiffness and strength of the clay
rock. No thermal fracturing was observed by heating the nearly-saturated samples

even at a deviatoric stress of o; = 15 MPa and o3 = 3 MPa.

e Heating increases the pore-water pressure in the saturated claystone. The maxi-
mum pore pressure up to 12 MPa was recorded by heating the nearly-saturated
samples up to 90 °C, but still lower than the externally applied confining stress of 15
MPa. At elevated temperatures, the pore pressure decreases with time. The same
phenomenon is also observed in the clay rock mass during the TER and HED heat-
ing experiments performed in the MHM- and MT-URLSs. This is attributed to the dis-
sipation of the thermally-mobilized pore water outward seepage in drained

conditions.

e Heating to 100 — 120 °C dries up the claystone leading to a maximum shrinkage of

~1 % without appearance of visual fractures even in unconfined conditions.
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The claystone, even though previously exposed to high temperatures to 100 —
120 °C, still exhibits a remarkable swelling potential with free expansion up to 12 %
and swelling pressure up to 5 MPa during wetting.

Generally, no negative thermal impact on the integrity of the clay rock was found.

Development / recovery of EDZ around boreholes

Regarding damage development and recovery in the clay host rock around disposal

boreholes, a number of large hollow cylinder tests were designed and carried out in a

big triaxial apparatus by simulation of the relevant processes such as borehole excava-

tion, ventilation, backfilling/lining, water flow, heating, and cooling. The COX hollow cyl-

inders were prepared to an outer diameter of 280 mm and lengths of 460 — 610 mm

with axially-drilled central boreholes of 50/100 mm diameter. The main observations

are summarized below:

The borehole excavation by reducing the borehole pressure from 15 MPa down to
1 MPa resulted in borehole convergence but not any increase in permeability in di-
rection parallel to the borehole. Further increasing the external confining stress be-
yond 20 MPa generated fractures forming pathways and thus a drastic increase in

gas permeability from 10%* m? to 10™* m?,

The ventilation by flowing relatively dry air through the borehole led to de-
saturation and shrinkage of the claystone and thus the borehole divergence ap-
peared. In contrast, the ventilation with wet air re-saturated the claystone leading to

its swelling and the borehole convergence.

The backfill support by increasing the borehole pressure from 1 to 15 MPa com-
pressed the fractures leading to a strong reduction of the permeability down to 10’

— 10" m?, depending on the initial characteristics of the fractures in the clay rock.

The water flow through the fractures induced a strong swelling of clay minerals into
the interstices and sealing them. The determined water permeability of 2:10 m? is
more than three orders of magnitude lower than the gas permeability before water

flowing.

Heating a damaged hollow cylinder from 29 °C to 74 °C accelerated the borehole
convergence. The thermal impact on the water conductivity of the fractured clay-
stone is governed by the change of the water viscosity, while the intrinsic permea-

bility is less affected by heating.
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e Cooling down slowed the deformation and the water transport in the damaged
claystone. The permeability estimated after cooling is nearly the same as that be-
fore heating.

Properties of crushed claystone as backfill material

Crushed claystone produced during excavation of the repository is a favourable alter-
native as backfill/sealing material, because of many advantages such as a) chemical-
mineralogical compatibility with the host rock, b) availability, c¢) low material and
transport costs in comparison to the use of expensive bentonite, d) shortfall of the re-
cycling of excavated tailings and thus no occupancy of the ground surface, and e) little
effort for environmental conservation of the repository site. However, the EBS-relevant
properties of such a material have not systematically been investigated so far. In the
frame of this project, the hydro-mechanical properties of the crushed COX claystone

were preliminarily characterized.

The air-dried aggregate with grain sizes smaller than 10 mm and 16 mm exhibits a
relatively high porosity of ~45 % (dry density of 1.5 g/cm?®) after the normal proctor
compaction. The porosity decreases non-linearly with increasing the load. In oedome-
ter compaction tests, the porosity reached 23 — 30 % by loading to 15 MPa, depending
on the applied loading rates of 1.5-:107 — 1.5-10° s™. In case of the very slow drift con-
vergence (< 10" s in the MHM-URL /ARM 10/), the resistance of the backfill will build
up slowly. The hydraulic conductivity of the backfill decreases exponentially with po-
rosity. Low permeability values of 10™*° — 10™® m? were determined at porosities of 30 —
16 %. The compacted aggregate with a porosity of 19 % shows a swelling pressure of
2.5 MPa.

Further investigations on the crushed claystone as EBS material are continuing in an-
other project (THM-TON) which is in progress /THM 07/.

4.3 Numerical modelling

The purpose of the modelling exercises performed in this project was to validate the
capabilities of the constitutive models in the computer code CODE-BRIGHT /UPC 04/
for analysis of coupled THM processes in clay host rocks, particularly the predictability

of the development and recovery of the EDZ around HLW disposal boreholes in clay
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formations. The model validation was conducted by simulation of the following labora-

tory and in situ experiments:
o EDZ laboratory tests performed on large COX hollow cylinders;

e REP experiment monitoring hydro-mechanical responses of the COX clay rock to
shaft sinking;

o TER experiment investigating hydro-mechanical processes of the COX clay rock to

thermal loading;

e Predictive calculations of THM processes in a rock—buffer system around a HLW

disposal drift.

The THM processes occurring in the clay rock during the above mentioned experi-
ments are calculated generally in a coupling way by solving a series of balance equa-
tions for energy, solid, water, air and stress with selected constitutive equations which
link between the state variables and the dependent variables. The following assump-

tions are made:
e The COX clay rock is assumed isotropic and homogeneous;

e Heat transport includes conduction (Fourier’s law) through the porous medium, ad-

vection of liquid water and vapour flow;

e Water transport is controlled by liquid water advection (Darcy’s law), vapour diffu-

sion in air (Fick’s law), and liquid / gas phase changes (psychrometric law);
e (Gas pressure remains at atmospheric;

e The mechanical behaviour of the clay rock is approached by the damage-

elastoplastic model developed by Vaunat et al. /VAU 03/.

The damage-elastoplastic model considers a clay rock being composed of a clay ma-
trix connected by cement bonds. The clay matrix behaves like a typical elastoplastic
soil adapting the Hoek & Brown'’s criterion as yield surface, while the bonds behave like
a typical quasi-brittle material that is represented by a damage elastic law. Bond dam-
age or degradation occurs as the result of apparition of micro-fissures within the bonds,
which reduces the surface on which stresses and strains are active. Any load applied
to an element of the cemented material is distributed itself between the clay matrix and

the bonds according to a ratio that depends on the geometric arrangement of both
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components. Totally 18 parameters are associated to the model. They are established

for the COX clay rock based on our own test results and the data from literature.

The relation of intrinsic permeability with porosity is approached by the Kozeny’s model

being more suitable for porous media without damage effects.

Benchmark simulation of large hollow cylinder tests

Two large hollow cylinder tests with and without heating were simulated by coupled

THM and HM calculations, respectively. The results indicate that

e The short-term deformation behaviour of the hollow cylinders is reasonably repre-
sented by the model with indication of micro-damage evolution, but the post-failure
behaviour could not be modelled due to uncontrolled termination of the computation

as the failure criterion is exceeded.

e The damage-induced drastic increase in permeability and the permeability de-
crease with re-compaction can not be captured by the Kozeny’s permeability — po-
rosity model for porous media without considering fracture effects. Thus, the water
flow into the fractures is significantly underestimated by the model.

e The significant responses of deformation to heating and cooling are underestimated
by the model.

Simulation of REP shaft sinking experiment

To investigate the hydro-mechanical behaviour of the rock observed during shaft sink-
ing at the MHM-URL modelling exercises were carried out. Interpretive calculations
were performed and compared with selected measurement data of the REP experi-
ment in order to validate the applied basic hydro-mechanical coupled modelling ap-

proach.

The results of the hydro-mechanical simulation could represent the basic reaction of
pore water pressure measured in borehole REP2102 due to the shaft excavation pro-

cess, which comprises
e Level of pore water pressure below hydrostatic value before shaft excavation,

e Overpressure due to compressive loading resulting from shaft excavation process,
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e Pressure decrease due to extensional deformation when shaft excavation front
passes, though the total value of the pressure decrease is underestimated because
rock damage has not been considered.

With respect to the experimental findings of borehole REP2202 the results of the hy-
dro-mechanical simulation could represent the basic deformation behaviour of the clay
rock due to the shaft excavation process, though the displacements related to the shaft
convergence process could not be simulated with the applied modelling approach, be-
cause mechanical time-dependent viscous behaviour has not been considered in the

adopted model.

Simulation of TER heating experiments

The TER heating experiment performed in the MHM-URL from 2006 to 2009 was simu-
lated with a 2D axisymmetric model. The modelling results are compared with the
measurements of temperature, pore-water pressure and deformation in the rock mass
surrounding the heater. The heat power input was optimized for the modelling with re-
spect to the temperature on the heater surface, because of the uncertainty with the
recorded data. The comparison between the modelling results and the measured data

suggests that

e The temperature evolution at most measuring positions during multiple heating-
cooling cycles is reasonably represented by the model. Some differences at several
positions may be caused by the adopted isotropic model for the heat transfer in the

anisotropic rock mass.

e The response of the pore-water pressure to the thermal loading, i. e., pressure ris-
ing by heating and conversely pressure falling down during cooling, can be very

well captured by the model.

o The rock deformations at all the measuring positions are remarkably underestimat-
ed by the model, even if using unreasonably large values of thermal expansion co-

efficient. The reasons remain unclear.

Prediction of THM processes in a rock-buffer system

The predictive modelling of THM processes in a rock-buffer system was carried out by
taking into account the drift disposal concept. A horizontal drift of 2.2 m diameter and

20 m length is assumed to be excavated at a depth of 500 m. Four HLW containers of
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0.39 m diameter and 1.7 m length each are emplaced in the 13.6 m long middle space.
The remaining 0.9 m wide annulus between drift and container is backfilled with com-
pacted bentonite. A 2D axisymmetric model is adopted by involving a rock mass of
100 m radius and 100 m length. The drift excavation and ventilation with 85 % air hu-
midity is simulated for the first 100 days. The following heating period over 1000 years
is modelled with application of the delayed heat output from the real spent fuel canis-
ters. Because of the very complex THM coupled calculations with two different materi-
als and the limited capacity of the computer used, calculation of only the first 5 years
results in 3 months computing time. Nevertheless, the most important phenomena can

be highlighted from the modelling for the crucial thermal transient phase:

e The drift excavation induces a redistribution of the rock stress with a minimum radi-
al component, a maximum tangential component, and an intermediate component
in the axial direction. The deviatoric stress results in deformation of the rock to-
wards the open drift. The damaged zone around the drift extends into the rock
mass to a distance of ~1.5 m.

e The drift ventilation and the subsequent backfill with unsaturated bentonite lead to a
reduction of the pore pressure and even to a de-saturation in the surrounding rock
to a depth of ~0.3 m. On the other side, the water saturation in the backfill increas-
es gradually by taking up water from the initially saturated rock. The re-saturation
results in build-up of the swelling pressure in the backfill against the deformation

and the damage of the surrounding rock.

e The heat from the HLW containers transfers gradually into the buffer and the rock,
increasing the temperatures there. The maximum temperature of 157 °C is reached
at the interface between the backfill and the container after 2.5 years. The tempera-

tures in the rock are limited below the conceptual criterion of 90 °C.

e Heating causes evaporation of the pore water in the buffer near the containers and
thus de-saturation. At the opposite side, the water saturation in the buffer near the

rock increases.

e The increase of temperature in the saturated rock generates a significant rise of the
pore pressure up to 9 MPa due to the very low porosity and permeability as well as
the large difference of the water expansion and the solid expansion. Simultaneous-
ly, the total rock stress increases, too. Since the effective stresses are still com-

pressive, no fracturing occurs during the heating period.
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4.4 Enhancement of model predictability

Based on the results and conclusions from our own model validation work and also
from the extensive benchmark exercises made by the other TIMODAZ project partners
using various kinds of constitutive models and computer codes, it is identified that fur-
ther improvement of the model predictability is necessary for evaluating the signifi-
cance of EDZ in PA studies of the long-term safety of repositories in argillaceous
formations. This is of paramount importance for the new German approach of the proof
of the safe containment of nuclear waste in an isolating rock zone (IRZ) instead of con-
sidering release scenarios as has been done preferentially in the past. The following
aspects shall be taken into account in the improvement and development of constitu-
tive models, particularly in case of using CODE-BRIGHT:

¢ Mechanical damage evolution and criteria for permeability changes

e Self-sealing process of EDZ with permeability decrease due to both effects of me-

chanical re-compaction and moisture-induced swelling / slaking of clay matrix
e Time dependence of the rock deformation and compaction
¢ Relation of swelling with suction or water saturation and confining stress
e Thermal effects on the sealing of EDZ

¢ Anisotropic effects on the THM behaviour of EDZ

The improvement and development of constitutive models requires various kinds of la-
boratory experiments to provide high quality data for understanding of the mechanisms
dominating the coupled THM processes, for formulation of constitutive equations, for
determination of model parameters, and for validation of the developed models by
comparing with the test results obtained under specially-designed and well-controlled

conditions.

The implementation of the models in the code has to be verified by laboratory and in-
situ experiments. Additionally, the computing power has to be enhanced for predictive
modelling of the long-term THM processes in the geological and engineered barriers

within acceptable computing time.
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The improvement of the applied models and/or development of new models for predic-
tion of the sealing process of EDZ in clay host rocks will be conducted in a newly sug-
gested research programme /THM 10/.
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