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28 years of R&D and Design
activities to prepare the license
application of Cigeo
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French National Radioactive Waste Management Agency

Created in 1991, missions governed by three laws (1991,
2006 and 2016)

Responsibility: Design and R&D, licensing, construction,
operation and closure of radioactive wastedisposal

Independent from radioactive waste producers

2017 budget: 325 M€, mainly funded by radioactive waste
producers (commercial contractsfor industrial activities, tax
for RD&D activities - i.e. Cigéo project)

Website: https://international.andra.fr/
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Cigéo h istory in a n utshell U.S. NWTRB - San Francisco - April 2019
(French project for Deep Geological Disposal of HLW in the Meuse/Haute Marne districts)

Package receipt
inspaction

CMHM underground and preparation
research labaratary

The
underground
facility is
hosted 500 m
deep in thick
argillite

(hard clay)
formation

Structure not 1o scale,
Dip of the geclogical formations not represented,

/,7
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Overview of Cigeo roadmap

New Public debate (2019) : 5" version of French
radioactive waste and material management plan

p—

Reversibility act of 25 July 2016

Public debate 2013

Planning act of 28 June 2006 / French Environmental
Code

and

Transparency act of 13 June 2006

°®

=
. =1 Public debate 2005
v' Three R&D options in debate
Program act of 30 December 1991 v Long term storage preferred option of the
(first |aW on the management of RW) PUb“C. o .deSpIte NUC|eaI’ AuthOI’Ity pOSItIOh
v'Three R&D options
v'15 years R&D programs Siting phase for a URL (s) - voluntarism based
v'Creation of Andra v' 1992 — 1994: call for volunteers

v/ 1995 - 1996: site investigation, 3 URL license applications
v/ 1996 — 1998: Instruction including public inquiries/hearings p
‘ { ANDRA
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Paris Basin
R

Parisian basin
. Well-known geology (Oil&Gas, water,...)

. Simple sedimentary basin with continuous, gently
dipping sedimentary layers (limestone, marls and
clays...)

. Limited and well-documented geodynamic structures

e Stable stress field for 20 million years

Callovo-Oxfordian clay (160 millions years) near Bure site
» Local thickness : 130-170 m

+ Homogeneous ‘m = T g
e “Simple” hydrogeological context - e

* Local depth: 420 - 580 m i.‘
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Bure URL as a tool for the Cigeo R&D program

The Work (in R&D)

Identifying R&D and knowledge
requirements

Defining way for getting the information

From surface

ram the 'O engineering
investigation and From the From engineering

unds | 551 ies and

- laboratory ogical options
research laboratories S s

Design of
experiments

Integration of
experiments in the
URL architecture

A progressive approach

102 m—
10! «— Outcrops——*
m-

109m|

10" m |

Vertical scale of investigations

102m_||
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Regional
scale

I I |
10°m 10'm 10¢m 10°m 10'm

|Horizontal scale of investigations

Local scale
+ observations and
experiments (URL)

Relevant area
for disposal
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Andra’s URL at Bure (Meuse
Haute-Marne); history in a
nutshell

4)"
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A progressive development of the URL

Coming...

v 4th set of experiments
» Construction technologies, support andlining
» Crossings,seals...

Operational license extension (2030)

v/ 3rd set of experiments
» Construction technologies (HLW tunnels), galleries
excavation (road header, tunnel boring machine)

» Support and lining, seals...

Extension of the laboratory (drifts, niches...)

v Utility revamping (construction to operation)

v' 2nd set of experiments

» Coupled processes

» Limitation of disturbance (drifting, lining...)

Bure URL construction starting (initial configuration)
" . T haft 1 i tal Il t f
Siting phase for a URL (s) - voluntarism based v Cl\g;l;y; s and 1 experimental gallery on top o
v’ 1992 — 1994: call for volunteers v 1stset of experiments
v/ 1995 - 1996: site investigation, 3 URL license applications > Intrinsic properties of the clay
v/ 1996 — 1998: Instruction including public inquiries/hearings > Induced damage of the clay by shaftsinking
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Pre-construction phase...1993 - 2000
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First site investigation results <4 First disposal concepts

Simple geometry of the Callovo-Oxfordian
argillite layer (large extent, continuity and
sub-horizontal stratigraphy...), appropriate
depth and thickness

Very low permeability of the Callovo-
Oxfordian formation and no aquifer of
interest

No major construction difficulties
Favorable geochemical properties

Absence of seismicity and a stable geo—
dynamic context (millions of years)

No particular valuable natural resources
(mining, oil and gas, geothermal...)

9

ockage dans la farmsati

FIGURE
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R&D Program (- 2005 milestone)

- Characterize the containment
properties of the rock mass (Callovo-
Oxfordian)

- Analyze the mechanical damage of the
rock due to construction

- Verify the possibility to seal excavated
drifts

The URL shall:

- Allow the execution of test and
samplings during the construction in
repository like conditions

- Provide enough place and access to
perform the experimental program
(disturbed and undisturbed rock mass),
and avoid interferences

- Test construction techniques

- Give flexibility for further experimental

program up-dates
((AnDRA
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First development phase 2000 - 2005

Program objectives

o Technology:
« Shafts
= By blasting
= Poured concrete
 Drifts
* Pneumatic hammer
= Sliding support/rock bolt/shotcrete
0 Science:

Auxihiary shaft

_+ Geological detailed description/mapping
» Rock confining properties (445 & 490 m)
* Geological survey
= Pore water composition
= Permeability
= Diffusion/retention

» Effects of perturbations induced by
= Excavation [excavation damaged zone (EDZ), by mine test]
= Ventilation (chemical effect)
= Heating

10 This document is the sole property of Andra.
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Second development phase 2006 - 2010

Program objectives

o] Technology:

« Drifts construction improvement
. Various shapes (horseshoe => circular)
. Various soft supports + count-vaulted

« First trial construction of HLW disposal cells
. Micro-tunnel boring machine (TBM)

. Liner
. 2 directions (cH and ch)
o Science:

e Continuation of first period experiments and monitoring the
effects of excavation and ventilation on containment properties
of the clay (5 years...data acquisition)

e Characterization of heat and bacterial disturbances
* Hydro-mechanical coupled processes generated by gas

e Interactions between materials, rock and pore-water
(Cement/Iron/Glass)

* Monitoring of the mechanical response of the rock to excavation
?)_f H)LW cell and rock behaviour after excavation with/without
iner

« Natural hydration of sealing plug at small scale (boreholes)

11 This document is the sole property of Andra.
It cannot be reproduced or communicated without its prior permission.




U.S. NWTRB - San Francisco - April 2019

Third development phase 2011 - 2018

Program objectives

o Technology:

e Drifts
. Road-header /TBM + compressible material between the concrete
liner intrados and the rockwalls
. 2 excavation phases (pilot hole + sur-excavation)
. Soft up to rigid support
. Large diameter drift (9 m ~ IL-LLW disposal cells) with pneumatic
hammer + flexible support (compressible segments)

e HLW disposal cells (at scale 1:1)
. Longer cells (100m)
. Heating cell
. Instrumented liner
. Annular Injection trails

« Sealing plug, EDZ cut off (360°)

= 20102015

o Science:

+ Monitoring over 15 years of the rock Eroperties of the
Callovo-Oxfordian layer, excavation work and ventilation
effect, heating effect

e Monitoring over 10 years of interactions between rock
and materials (Cement/lron/Glass)

e Monitoring of HLW cells (thermo-hydro-mechanical
behavior of the rock, behavior of the liner, gas
characterisation inside and outside the liner, effect of

the bentonitic cementgrout)
12 This document is the sole property of Andra.
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About 20 years of experience... in programming

design, construction and operation of an URL

o Technology:
« 2 shafts of 500 mdepth
* 1.7 km of drift excavated

Today: the world biggest URL in operation, in Clay

» 3 excavation methods (traditional and TBM)

e Soft up to rigid support + compressible materials

anter 4 : S 'm
At it W « Diameter : up to 9 m (IL-LLW cell diameter)
Gatuies eruusta: = ° ] e 13 HLW cells constructed (up to 100 mlong)
[] Chantier 8 0 R )
l ¢ « Sealing plug at drift scale

I Goveres reassias i 2009
= W . 7 . » 2 safety niches + 2 mobile safety rooms + ventilationsystems

R » Devices for electricity power, compressed air, data acquisition system
* Remote control

& 19 _ e » Operating and maintaining by Andra

...... D S T o RD&D
. T, & » Systematic geological survey during shafts and drifts excavation

« 850 observation boreholes

» 8 km of Callovo-Oxfordiancores

* 58,000 solid samples

{faimme « 10,000 sensors measurements with on line acquisition and continuously

» 30 on going experiments designed and performed on its own, with a network
of institutes and industrial integrators

13 This document is the sole property of Andra.
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About 20 years of experience... in programming

design, construction and operation of an URL

Experiment Start

1| REP Shaft mine by test 2004}

2| suc Drift geological survey 2004} containment B

o TN v s ure URL develope

4 Gis In situ geotechnicalmeasurements 2005] performarlce

5| KEY EDZ cut-off experiment (180°) testn'1 2005

6| PaC Pore water chemistry, 2005 of the Clay H =

e consistently wit

8| TER Heater experiment 1 2005

9| TsF Wirelesstransmission 2007

10[ acc Seismic waves experiment 2008} H -4 H

1[onz EDZ survey 2008] Impact of the DGR Iqeo pr0|ect

12| RES Regional seismicsurvey 2008 -

1[0z EDZ wnder saturation and dew atering 2009 on the containment

14| TeD Heater experiment2 2008]

e performance of Roadmap

16| BAC Microbiological disturbances 2009 the Clay

17| Mmco Metal corrosion 2009

18[ MLH Chemical interaction betw een rock and concrete 2009

19| mvE Vitrified waste behaviour s & 2009} New exp. Drift

20[ PGz HM disturbances croage A Y 2009}

21[ Pox 0x 1 Y 2009 2

22| ALc HLWM .y 2010)

23| aLc P \ 2010} i
S0

24| cac | 7 A Y 2010 2008

25[ ors | § )Y 2010) .,

26| Tec | § _a— 2010 i 'Y ~ m 80

27| 71ss LY - 2010 New access to experimental zones w0

28[cpz LY = aviour 2011 g o

29| pRN X . MiSion testn'2 2011 [ Ghetorine: nialinba s 000

30[ MHS N _¥fice hydrogeological survey 2011

e HLW & hosal cell cnns(r:;‘(:co)n Phase 3.1 (Heatertest) 20121

32[ aLc HLW disposal cell construction ALC3004 (Gas) (HAG) 2012 Construction

33 aLc HLW disposal cell construction ALC3002 (Gas) (HAG) 2012 .

34| BPE Shotcrete layers assupport 2012] tEChnOI()gles fOr

35| EpT Pore water chemistry with temperature 2012 the DGR

36|cep Large diameter drifttest 2012

37| Nsc Real scale sealingplug 2012

38| TPV Tunnel boring machine 2012

39| ALc Pilot holes for HLW cell 2013]

40| prc Tw o phases construction test 2013

41| ERA Filling liner/rock annulus of an HLW cell 2013]

42[ Fss Full ScaleSealing 2013

43| BBP Low pH concrete test 2014]

44| BHN Hydrated bentonitebehaviour 2014]

45| peN Steel ribremoval test 2014

46| FrRO Effect of oxidized rock on pore water composition 2014]

47| REM Bentonite block w atering 2014

48| ccc Compressible blocks behaviour at galleriescrossing 2015

49| AHA HLW disposal cell/linerbehaviour 2016

50[ mcc Metal corrosion in contact with concrete materials 2016} This document is the sole property of Andra.

51| NIH Slanted bentonite sealing plug 2016}

It cannot be reproduced or communicated without its prior permission.

52| MAG Chemical interaction betw een rock an filling material 2018}




5 Examples of experiments
(> 70) performed by Andra
in Bure URL

> DIR (tracers diffusion)

> ALC (HLW cells behavior)

» TPV (tunneling/lining behavior)
> NSC (Seal core)

> MVE (Glass alteration)
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DIR (tracers diffusion) experiment of Andra in Bure URL
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i = Figure 2 Varigtion over time in refative concentration of HTO, Z2Na-, #5517 and 13'Cs in borehoie DIR1002
(left) and relative concentration of €I, HTO, #*Na* and *¥Cs* in borehole DIR2003 (right}
Schematic diagram of the trocer injection tests for DIR experiments in the Underground
Labaratory Diffusion parameters obtained by modelling of the DIR tests, and comparison with porometers
derived from laboratory tests on rock samples

Tracer DIR200X DIR100X EST208* Callgye-Oxfordian
Experiment Objectlve ot | ot | ooy | oedowmi
 In-situ measurement of diffusion parameters: diffusion coefficients, e bz | Tk | g | migw
anisotropy, accessible porosity and retention parameters T I
v Over distances ranging from a few centimeters to several decimeters e | e s
v" For three types of solutes: inert species (e.g. tritium [HTO]), anions that WU T : ey
undergo anionic exclusion and cations that interact with the rock by PR Py gpson<os
sorption _ B | ngmasne
v For the different rock types found in the Callovo-Oxfordian layer [clay unit srmecmones | Ko

(UA) and silty-carbonated unit (USC)] o 5T e e A s i, S e e

Dgy; effective radizl diffusion coefficient in the mid-height plane perpendiculzr to the borehole;
Dgy, effective axial diffusion coefficient perpendiculzr to the mid-height plane;
@ porosity;
. . Ky distribution coefficient.
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ALC (HLW disposal cell) experiment of Andra in Bure URL

LOCATION
4
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Figure 1 - Location of the 6 ALC experiment cells (drifts GRM1 and GANZ) — . | | i e = —
Experiment Objectives Sl - = AL

Figure 5 — Time course of pore pressure around cell ALC1601 — Measurements made in the horizontal piane (borehole

e Test the feasibility of construction of an HLW cell conforming to the
2009 concept (i.e. without filling the annular space) 40:;

v Test the feasibility of excavating a micro-tunnel and installing a sleeve in gmf - P —
various directions with the stress field in situ E /"

» Acquire data on the hydromechanical (HM) behavior of HLW cells gij /

v HM impact on the surrounding rock of excavation of a cell ° - w_’/_./—-’"w—ﬁ

v' Mechanical behavior of the cell (convergence) T e bw sm mm =m s

time after excavation (days)

v' Damage generated around the structure by the excavation
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TPV (tunneling/lining behavior) experiment of Andra in Bure URL

LOCATION

Eracm wmnrE]

Figure 1 —Llocation of GRD4 and GVA2

Drift GRD4 is orientad along the principal majer stress (Gh,). Drift GVAZ is oriented slong the principal minor stress ().

Experiment Objectives

Demonstrate the feasibility of using a tunnel bring
machine (TBM) for tunneling and installation of liner
segments

Analyze the interaction between the rock and structure
in the event of mechanized tunneling using a TBM with
installation of prefabricated liner segments

Study the mechanical behavior of different “packing mortar/prefabricated liner”
combinations, taking account of the mechanical characteristics of the materials used

Compare this tunneling method and the effect of the time delay for liner installation with
other tunneling techniques used in the laboratory and different types of roof
supports/liners used in other drifts

18 This document is the sole property of Andra.
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NSC (Seal core) experiment of Andra in Bure URL

iment /Mame ; NSC | de SCellemern)
Background
Clay core
= Scientific
Type = Technological ‘Component(s) : Closure structures ‘Sub-component(s) Retaining plug
Damaged zone
Topic Technological feasibility and hydramerhanisal, behaviour
O Operation
. - [ Post-closure :
Phase in the Cigen facility's 5 | T Leve! in the EUA
life 100 107 10° 10° 1 VAL Call Oncfordian ousc

LOCATION

GES drift -

Figure T - Location of the NSC experim ent

Experiment Objective

« Assess the overall hydraulic performance of a drift
seal: this includes not only the seal itself but also
the interface zone with the clay rock and the
damaged zone in the vicinity of the seal

4.5 years

1 This document is the sole property of Andra.
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MVE (Glass alteration)

Context

The alteration of glass in disposal conditions involves
three alteration regimes: initial rate, rate drop and
residual rate.

Four series of URL experiments were launched to back

up surface laboratory studies in order to address the

alteration regimes taking into account specific

characteristics of the environment such as site water

chemistry

 MVE - “Long Term” focusing on the residual rate

e MVE - “Rate Drop” described in the slide focusing on
the glass “rate drop” alteration regime

¢ MOO - “Dormant Tests” (multi-decade tests) to
study long-term glass/iron and glass/clay rock
interactions with various types of glass

* MAV - which brings together developments in the
HLW cell concept with the introduction of a fillin
material in the annulus between the exterior of the
sleeve and the rock

Experiment of Andra in Bure URL
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CIGEO GEOLOGICAL DISPOSAL PROJECT

Conclusion
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R&D to progressively assess Cigéo performances,
In brief
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The Ole)'!‘gscegive

* most hazardous L waste i a DGR *,

Identifying R&D and knowledge
requirements and Work breakdown

Configuration consolidation
Integration/evolution simulation

Safety analysis and performance
assessment

Project Review

License applications

|
Design and Engineering Data acquisition and R&D

<humans_and the envi

2008a). — )
2) “&\ The environment of the

system

The need (function)

LL . 3 wilist be contained and isolatéd from
ranment] for hundreds of thousands of years<(NEA, 1999b,

The life-cycle of
the system

) ™7} W) W

The Need |

v

6 main iterations of Cigéo
project since 1991
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The Work (in R&D)
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Bure URL plays a major role in the completion of
Cigéo license application

o To justify that our design choices fulfill the safety requirements assigned to Deep Geological
Repositories
=>» Isolate the waste from man & environment (short and longterms)
=» Contain radionuclides in the disposal system

o To demonstrate the Technology Readiness of Cigéo
=>» Constructability of drifts and disposal cells (excavation technology, supports andlinings...)
=> Feasibility of seals and plugs (EDZ, bentonite, concrete...)

o To consolidate our phenomenological understanding of the disposal
= Assess the perturbation of the hosting geology due to the disposal
= Develop and calibrate numerical models to simulate the disposal over thousands of years

o To consolidate theSurveillance and Monitoring plan of Cigéo
= Characterize the degradation process of the Engineered components of the repository
=>» Develop, test and qualify probes and monitoring tool

o To gain stakeholderstrust
= Show the project, share the challengesand...success
=> Involve a large community (scientists, engineers, sociologists,... to local residents)

24 This document is the sole property of Andra.
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