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Temperature (within the buffer)

U Swiss concept and repository evolution /Qf\\

Canister emplacement

Gasproduction (HG-A, HG-D, HT, CS, CS-A)

Saturation of bentonite

Radionuclide Transport
(DR-A, DR-B)

Geochemical and microbial processes (BN, GD, MA, | canister fails
WA

Iron-bentonite interaction (IC-A),

Iron (steel canister) corrosion (IC)

 DB-A, FE-E Fl, Alteration of concrete liner (Cl)

A, MD, PS, RA, RC,

Porewater pressure build-up in near field (LP-A)

I Ther 0~hydro}nechanical coupled processes

FE-C/D, FE-MNES, HE-E

(43nq Y3 UIYIIM) uolielnes jo aa1baq

‘Saturation and swelling of the bentoniteYSB-A)

‘Monitoring (MO, MO-AfSM-8, SM-C)

A{HM, HM-A, MH), Self-sealing (CS-B)

1 2 3 4 5 S .
— WISS concept
Construction Emplacement Post-closure Post-closure Radionuclide p
transient equilibrium transport
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_ _ _ Emplacement
« Experiments are linked to repository galle

evolution

« Mechanical experiments important for
construction and emplacement phase

400 - 900 m
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U Specimen extraction and sampling strategy /Q__\

Effects on the clay specimen:

Stress relief
Desiccation

Increased temperature
(frictional)

Mechanical damage, excess
pore water pressure

Countermeasures:

Reduce drilling speed, adapt
technique (triple core, air
flushing)

Reduce time of exposure,
Immediate conditioning

Use larger diameters

drilling core

extraction

storage

core time

Decreasing water
content/saturation

Wild et al. (2015)

specimen
preperation




@ Specimen conditioning e N
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U Unconsolidated undrained compression tests/Q__\\
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Opalinus Clay shares many similarities with both soils and rocks:

« strong non-linearity (soil)
* micro-acoustic events (brittle rock)
 strong dilatancy for o;<1MPa (soil)
« Clindependent of o, (brittle rock)

Amann et al. (2011, 2012, 2015)




© The influence of suction
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« Substantial influence of suction on strength
« Similarities with soils: “shrinkage limit” equals the “air-entry value”
« Strength loss due to cyclic variations of relative humidity

Wild et al. (2015)




U State-dependent anisotropy
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 Effect of orientation to anisotropy higher at higher suction
« UCS versus water content shows steeper slope for s-samples
« Clear influence of anisotropy
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U Impact of facies on rock stiffness
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Challenges for rock-mechanical testing of /Q:\\

Opalinus Clay -

Rock anisotropy

Significant heterogeneity of sandy
facies

Scale dependency, REV

Effect of sample size

Sample extraction and conditioning
(suction, damage)

Few data out of the sandy facies




© Contents

1. Introduction

2. Sampling and rock mechanical testing
3. In-situ stress testing

4. Excavation damaged zone (EDZ)

5. THM-modeling

6. Conclusions




U In-situ stress testing at Mont Terri

Experiment Borehole Method Documentation
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@ In-situ stress measurements methods /Q.—\\

Hydraulic methods (provide only direct measure of stress)
— Hydraulic Testing on Pre-existing Fractures (HTPF)
— Hydraulic stimulation

Borehole failure methods (useful in high-stress situations)
— Borehole breakouts
— Dirilling-induced tension fractures

Stress relief methods (measure strain, not stress)
— QOvercoring (various types of gauges)

— Borehole slotter

— Under-excavation technique

Earthquake fault plane solutions (large-scale stress)

Methods applied at Mont Terri are highlighted in red




@ Results from 33 analyzed tests

Orientations of principal stresses
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U In-situ stress testing across décollement
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@ Hydraulic stimulation data of BDS-5 o~
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& Controls on in-situ stress and mechanisms /Qf\\

A} N\

« Excavation controlled stresses

Proposed stress tensor

— Primary and secondary stress field

o, 6-7MPa 210/70° subvertical
_ _ I 0y3 4-5MPa  320/10° subhorizontal
2 3 tunnel dlameters o;z 2-3 MPa  050/15° subhorizontal
° Depth controlled stresses Martin & Lanyon (2003), Bossart & Wermeille
(2003) - 0,/3 in plane but notwell defined
— Topography important at shallow levels o, 86MPa 033/0° horizontal
o, 6.7MPa 123/70° subvertical
o; 3.9MPa 303/20° subhorizontal

— Tectonic bench-vice at deeper levels

Enachescu (2011)

 Lithology controlled stresses —
o, 15 MPa 320/0° subhorizontal
. o, 8 MPa 070/0° subhorizontal
— Rock competence (UCS, elastic o, 4 MPa subvertical
pal‘ametel’S) Shin (2006, 2009)

— Backbone and stress transfer in stiff rocks
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¥, Resin impregnation technique for EDZ /QN\

characterization - \
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o EDZ development and observations on
various scales

Stress-induced breakouts
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bedding plane is
tangential to bore-
hole circumference

\ ‘\ /;‘_1\
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7
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(rock anisotropy) (d:20 m m)




¥, Temporal evolution of borehole disturbed R—\\

Z0ne —- >

Short-term BDZ Intermediate-term BDZ

« Short-term BDZ (within hours) Kupferschmied et al. (2015)

10 cm

— tangential shear fractures

« Extensional fractures and secondary shear fractures
— Interconnected fracture network

* Intermediate-term BDZ (within days)
— tangential fractures in the opposing direction

— further bedding parallel fractures, buckling chimney



A} N\

@ EDZ - hydraulic properties and self-sealing N

Pneumatic tests / short intervals:
I

— Gas permeability high close to
tunnel wall
Self-sealing tests (hydraulic):
— Swelling closes fractures
Self-sealing tests (mechanical):
— Mechanical confinement through
buffer
Cyclic deformations:
— Humidity variations change

properties of EDZ
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O

Conceptual model of EDZ for tunnel

towards South (HM-coupling)
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Selection of numerical models applied at R—x\

Mont Terri -

Experiment Year Content Model type Constitutive Model Code
HM- modeling tunnel of rock . Bilinear strain-hardening/softening FLAC 3D
. . Hydro-Mechanical oo -
HM-A 2015 lab (collaboration swisstopo, counled ubiquitous joints
EPFL) P APD (Anisotropy, plasticity, damage) CODE-ASTER
FE 2012 Predictive modeling of FE Hydro-Mechanical Bll!negr strglp-hardenmg/softenlng FLAC 3D
coupled ubiquitous joints
DR 2010 Mode!lng el o Hydro-Chemical Reactive transport model PHREEQC
experiment
MB 2009 Excavation of MB niche Hydro-Mechanical Bll!negr stralr_‘]—hardenlng/softenlng FLAC 3D
coupled ubiquitous joints
EZ-A 2006 Stability of EDZ around EZ-A CHg/lcijr)(l)e-(l;/lechanlcal Elastoplastic, Mohr Coulomb FLAC 3D
Galleryo4 o005 ~ Deformationsin EZ-B and HG-  Hydro-Mechanical . i 1o ctic. Mohr Coulomb FLAC 3D
A niches coupled
VE 2004 Modeling of micro tunnel CHgS;?égAechamcal Elastoplastic model CODE-BRIGHT
Elastoplastic model FLAC 3D,
HE-D 2004 Modeling HE-D Experiment THM Elastoplastic model CODE-BRIGHT
Isotropic poroelastic model CODE-ASTER
HE 2002 Modelmg aif A s -y e e Elastoplastic ubiquitous joints FLAC 3D
excavation coupled
RA 2001 Modeling EDZ behavior Hydro-Mechanical Bll!negr strgln-hardenlng/softenlng FLAC 3D
coupled ubiquitous joints
DM 1999 Defor_mqtmn mechanisms, new Hydro-Mechanical Bll!nefar str{:up—hardenlng/softenlng FLAC 2D
constitutive law coupled ubiquitous joints
ED-B 1999 Numerical modeling of the EDZ Hydro-Mechanical Isotropic Mohr Coulomb FLAC 3D
with PFC coupled Isotropic particle flow, incl. damage PFC
ED-B 1998 letiling S0k CRlER7 i bl iCte Tt Elastoplastic ubiquitous joints FLAC 3D

section

coupled




+ Coupled THM simulation of a heater /Q—\

experiment = >

Decovalex, ANDRA, GRS
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« Benchmarking with 8 modelling teams, different codes



O experiment
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evolution covered)

* General trend for deformation with much more variations
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@ New constitutive law for Opalinus Clay (APD) /Q__\\

« Anisotropy (calibration through non-linear regression)

Plastic formulation (Non-linear yield function with bounding surface)

Damage formulation (Damage coupled with plastic hardening,

modification to account for residual value of damage)

Localization and regularization (Fernandez & Chambon, 2008)

- Numerical implementation into Code_Aster

Parisio et al. (2015)
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U Conclusions

« Standardized protocols for sampling and conditioning of shale-rock
samples are required.

« More data from the heterogeneous sandy facies have to be
acquired.

« Magnitude and orientation of in-situ stress tensor depends on local
geometry, depth, rock stiffness

« The EDZ has a large impact on tunnel stability. It exhibits a high
complexity in tectonized, anisotropic and heterogeneous rocks.

 Prediction of deformation in Opalinus Clay is still a challenging task
due to its post-failure behavior. New tools are available now.
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