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View of the future French DGR (Cigéo, Andra)

e Host-rock: claystone

e Depth > 500 m
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Context of IRSN's R&D

e A controlled roadmap and its associated timing

e IRSN's R&D:
- Strong support to expertise
- Legitimity
- Independency, e.g. via its own URL (& communication tool)
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R&D programme overview

URLSs in clayey host-rocks in Western Europe

Mol (B)
Boom Clay (soft)

Bure (F)
COx Argillite (indurated)

Mont Terri (CH)
Opalinus Clay (indurated)

Tournemire URL (F)
Toarcian Argillite (indurated)
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R&D programme overview

The Tournemire URL... a general view

Larzac plateau
(limestones)

e 125 years old railway
tunnel

 Owned and operated
by IRSN since 1992

Tunnel -
entrance @& &
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R&D programme overview

The Tournemire URL... geological settings

- 250 m deep

- Fully located in an indurated
argillite (Toarcian, 180 Ma)

- Overlaid & underlaid by aquifers

Fournials

Cernon Fault Cernon Riv.

700

600

Aalenian (limestones - aquifer)

500

400




R&D programme overview

The Tournemire URL... a quick tour

Original tunnel excavated in 1888

New drifts excavated in 1996, 2003 & 2008

More than 250 boreholes (cumulated length > 3900 m)
Used as a scientific tool to support expertise (generic URL)




Four types of issues are addressed:

e Adequacy between experimental methods and produced
data (validaty range, confidence level)

e Scientific knowledge of complex coupled phenomena &
Interactions

e Development and use of specific modelling tools

e |dentification and confidence in components performances,
especially in altered scenarii / required level of performance

... categorized upon four main topics...
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Site characterization & evolution

<2010 2011 2012 2013 2015 > 2015
! ! -

MID Site choice Licensing

Public debate application

Transfer in the host-rock

Strategy for detailled site characterization

(30 seismic, anomalies, correlations seismic datalproperties. )

Fractures detection
(within the host-rock and its cowver)

Conceptual model of the site

(deep water flows & potentiality for localized transferts)

Secondary faults transmissivity

U R O S A F E

scientific watch

Mine-by detection of fracturation from drifts

scientific watch

scientific watch

Long-term evalutions

(correlation fracturefseism, geoprospective)

Towords Comvergence of
Technicol Nuckear Sofety Proctices in Evrope



E

THMC perturbations

<2010 2011 2012 2013 2015 > 2015
! ! i

LAID Site choice Licensing

Public debate application

THM phenomena ws. THM host-rock behawiour
(EDS understanding, caracterisation and time-evolution)

U R O § A

Ferformance of bentonite-based seals
(Hh behaviour, effects of hydratation mode,

scientific watch

influence of construction choice, of T°, of chemical perturbations,

of H2 gaz)

YWater & gaz transfert within DGR (dnfts, including EDS)

Large scale dhifts (scale effects)
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Physico-chemical evolution

<2010 2011 2012 2013 2015 > 2015
! | | | | i

MID Site choice Licensing

Public debate application

Characterization of host-rock perturbations at cement/frock interfaces

Characterization of exogeneous materials, their time-evolution and their interactions

(waste containers, concrete, stesls, swelling clay)

Coupling between chemical perturbations and argilites properties
(oxeydizing transient; evolution of transfert and mechanical properties, temperarture effects,

micro-organisms effects, H2 effects, radiclysis effects)

Fhyscial and chemical properties of waste containers

Fhysico-chemical perturbations and their effects in unsaturated conditions
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R&D programme overview

Evolution with time of the research topics
Global modeling of solutes and gas transfer from the DGR

<2010 2011 2012 2013 | 2015 > 2015
| | | | | >

MID Site choice Licensing

Public debate application
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Carbon steel (overpack, insert)

Flaque de fond

Chemisage

Colis de stockage

C.IM.ASTE.09.0846.A

Intercalaire

Insert

Open issues:

U Impact of physical-chemical

carbon steel components?

Bouchon d'argile

U Impact of released iron on

Bouchon béton

clayey materials?

Rembilai

HLW cell after closure (Andra, 2009)

E
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Pore water inflow

Oxidizing transient Temperature

Evolution
of iron/clay
interfaces

Iron diffusion
towards the clay

Bacterial activity

E Towards
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R&D illustrating example #1

Objectives of the Iin situ test

e Measure the rate of oxygen consumption upon reaction with:
— clay host-rock only (pyrite oxidation)
— both host-rock and carbon steel powder (pyrite and iron oxidation)

e Design & emplacement
— Stainless steel devices coated with resin
— Emplaced after drilling under inert atmosphere

Probe P, in situ

Optical probe in

situ O,
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O, partial pressure (atm)

0,20

0.19 - Test OXI 1
0,18 Evolution of the O, partial pressure
017 exposed at the rea_ctivity of the
’ rock (pyrite)
0,16 -
0,15 -
A
0,14 - A N
0,13 | ° First stage — very low O, consumption with decreasing rate
» Second stage — increase of pO, observed (after ~40 days)!
0,121 » Confirmed by duplication over longer time (better airtightness)... still running to steady state
0,11 - mmm) Effect of O, back diffusion from the drift (source) towards the chamber (sink)
through the borehole damaged zone?

0,10 | | | | | | | | |

0 5 10 15 20 25 30 35 40 45

Time (days)
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R&D illustrating example #2

e Concrete-based structures in contact with clayey materials (argillite, bentonite)

Galerie de
liaison

Massif
d'appui

Blocs de béton £
Massif d'appui
Saignée
Noyau a base
d'argile gonflante

C.IM.OPOL.09.0159.C

Bouchon meétallique
Plaque de fond
Chemisage

Téie dalvéole

hon d'argile

‘ Fatewie/ / l

Colis de stockage Intercalaire

C.IM.ASTE.09.0846.A

Rembial

IL-LLW after closure (Andra, 2009)

HLW cell after closure (Andra, 2009)

e Cement vs. clayey materials: 2 materials with highly contrasted chemistry

at 25°C:

KOH
NaOH
Ca(OH),

CEM | cement
paste

pH = 13.2 [fsla il

Alkaline

Multi-ionic attack

e Open issues:

E

| SO, HCOy,
S0,%, Mg2*, CI

U Effectiveness of low-pH cements usage vs. CEM 1? Effect of temperature (up to 70°C)?

U Alteration of the swelling & confining properties of clayey materials upon the alkaline plume?

U Alteration of the chemical & mechanical properties of concretes upon multi-ionic attack from the clay pore water?
——
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R&D illustrating example #2

Objectives of the tests

e Evidence cement / argillite interactions under T°:
— Mineralogical perturbations
— Effect on transport properties (diffusion)

CEMTEX in situ

- 6 experiments under saturated conditions (3 CEM | and 3 low-pH cement pastes) and
prescribed temperature (70°C)
- In situ casted concrete

1, 2 and 5 years

- Duration:

Argillite

PVvC

Thermal probe
connection

Water input of
heating coil

Thermocouple

Alkaline water
PVC
CEM |

Heating

cOil coated
with a thin
nickel layer

CEMTEX in situ borehole device

E

+—>
190 mm

Interface

U R O S A F E

Polished borehole in argillite (left)
Heating coil (center)
Device top view (right)

see poster (Lalan et al.)

CEMTEX lab

- Dedicated diffusion cells designed to reproduce cement paste/argillite
interfaces in saturated conditions

- Pre-casted concrete

- Cells emplaced into a thermal chamber to prescribe 70°C

CEMI
cement

paste
(10 mm)

Alkaline
water
(=165 ml)

- probe
Argillite Resin
(20 mm)
CEMI Argillite
Interface 1 Porous
plate
Teflon
tape Rubber
seal
1 cE]
CEMTEX Labo sample
Argillite Samplg
synthetic circuit pH meter
pore water
(=165 ml)

Diffusion cell
e ——
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Intensité (coups)

-800

-200 0

-600 -400
distance de l'interface (um)

Evidence of physical-chemical
processes at interface:

e Decalcification of the cement paste

e  Carbonation of the cement paste

e  Ettringite precipitation in the cement

paste

° Possible illitization and CSH

SEM map (top), EDX-Ca map & intensity (bottom), SEM CSH map (right) of the cement side

400 +

precipitation in the argillite

=2
2 300 | e  Precipitation of a CSH strip at the
e =]
2 200 interface (and of a zeolite strip)
o - = Portlandit
c R ortlanaite
3 100 - . : — ) g me Eg g =
£ - - = Calcite
04— ol s o = & oa 5 289° ."1 } i Stri f
-800 -600 -400 -200 0 200 400 rlp 0
12 N 60 C-S-H =
10 . e - 50 200pm
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. )
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_(‘% * * e 2
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= £
T2 10 ¢ llite
0 t t t f f f 0 eKaolinite Ij M '
R Ettring_iztggo -600 -400 o —t200 . —_ 0 ( )100 200 300 : V. | § il
Istance from Interrace (Um
XRD profiles build from peaks at 4.92A (portlandite), 3.04A (calcite), Elirr:lzrr']farg:gi g[ﬁsl\éEEl\l/? T(;i(é];the
9.70A (ettringite), 10A (illite) and 7,10A (kaolinite)
= —
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e Evidences of similar physical-chemical mechanisms:

e Decalcification

e Precipitation of ettringite

e Possible illitization and CSH precipitation in the argillite
e CSH precipitation at interface

e Though... several differences :
e Lack of zeolite precipitation
e Carbonation as a crust at interface

— surface

— 10um
A 20um

Intensité

30pm
40pm
- 60um
29 29,25 29,5 29,75 30
Angle (2*Theta)
Detail of the Ca map (SEM-EDX) Main peak of calcite (3.04A) in the CEM | (XRD)
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e Numerous seals (bentonite based) foreseen to close the

DGR

lllllll

de

C.IM.OPOL.09.0159.C

;r_‘ohs de stockage

C.IM.ASTE.09.0846.A

Téle dalvéole

Bouchon d'argile

Intercalaire Bouchon béton

Remblal

E

Influence of main parameters with respect to the overall
hydraulic performance of swelling clay cores, at long-term:

- In nominal situations for different core compositions (pure MX80,

sand/MX80 mixtures)?

 For different technological choices (impact of intracore geometry,
- construction joints)?

1 In altered situations (loss of mechanical confinement)?
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Intra-core geometry

Reference Performance T Altered Emplacement
Tests Tests Core conditioning conditions date
Composition (MX80/sand)
RT-1 Monolithic disks 12/2010
Base case Precompacted No
PT-N1 (70/30) 06/2011
Disks + internal joints (4/4)
- PT N2 Precompacted No 12/2011
(70/30)
o Monolithic disks ;
Variations - PT Al Precompacted Confll(;wsesment 06/2012
/ Base case (70/30)
Pellets/powder
- PT-N3 In situ compacted No 01/2013
(100/0)
Pellets/powder Confinement
- PT-N4 In situ compacted loss 10/2013
(100/0) 4
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R&D illustrating example #3

View of the SEALEX Iin-situ tests

RT-1 BOREHOLE |
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Installation of the

1 downstream lid, with
o-rings and hydration
surface (geotextile)

View of of one ring, with installed sensors
(total stress, pore pressure, relative humidity)

Insertion of full system in
the 60cm borehole

Rotation from vertical to horizontal position

i —
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Preliminary results

R&D illustrating example #3

of PT-N1 test

PT-N1 PT-N1
20 25 ; :
«PTNLS.00.0 Axial swelling pressure
80 ® PT-N1_S_60_0_1
. 2 | e PT-N1_S_60_0_3 \
.
_ _,.--"“"'M _ » PT-N1_5_60_0_2 "___,_ = .nfn*-
By i # PT-N1_ S 120 - \
E' - - =15 I .
m 50 P w .
E g T I radial
D 40 +—= ] k .
€ < 1 14 swelling
o g |
= 30 . = -"____PJ- pressure
L]
20 as J
-
10
0 * D v o S Y - v 1 . 1 ' 1
14/09/11 231211 01/04/12 10/07/12 18/10/12 26/01/13 06/05/13 14/08/13 14/09/11 23/12/11 01/04/12 10f07f12 18/10/12 26/01/13 06/05/13 14/08/13
Date Date
PT-N1 PT-N1
025 100
o PT-N1_U_15_0_2 ")
® PT-N1_U_45 01 95 b
0.2 _ ®PT-N1_U 4502 a0 ‘_—:
—_ # PT-N1_U_75_0_1 ® . / - —
g «PT-N1 U 7502 E 85 = e
o 015 e PT-N1_U_105_0_1 =] / o PT-N1 W 22 51
i E 30 " - - o
3 « PT-N1_U_105_0_2 s e *PT-N1_W_22_5-2
@ . . s 2 g =
5 M 2 e ©PT-N1 W 52 51
a o1 P [Samena ST H
@ . § . © PT-N1 W 52 5.2
& ] v = PT-N1W_82_5-1
0.05 65 . © PIN1_W_82 5.2
60 g * PT-NI_W_112-1
[ * PT-N1_W_112-2
0 . . . o . 55 . . . . ' : : !
06/06/11  14/09/11 2312711 01/04/12  10/07/12  18/10/12  26/01/13  06/05/13  14/08/13 06/06/11  14/09/11  23/12/11  01f04/12  10/07/12  1810/12  26/01/13  06/05/13  14/08/13
Date Date
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Bio-corrosion (SRB, IRB & biofilms)

Behaviour of natural fault upon pore pressure
loading

Monitoring properties (Ss, k) evolution via time
series analysis

Monitoring of density evolution via muons
attenuation tomography

U R O S A F E
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Some perspectives

‘Exploratory’ research (2/2)

e Transfer properties across a fault

Zone

e Seismic tomography between
undergound works

see poster
(Cabrera & Gélis)

Last but not least... the acquired
data are indeed used to carry out
modelling
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P-wave velocity map
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