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1. Summary

This workshop is part of a project, that carries out cutting edge research for the engineering and the
construction and operations of a underground waste disposal site for heat generating waste. The
project has also to be understood as a kind of action that follows the former project NF-PRO. PEBS
takes some of the results and recommendations from NF-PRO for aimed work for further and more
detailed surveys. Most of the partners are well known from the NF-PRO.

The European Commission encouraged to install two workshops exclusively for the regulatory au-
thorities to discuss open and without comment from other parties technical, mineralogical, geotech-
nical, mathematical and mining concepts for barriers for future European repositories which are en-
gineered to resist all relevant szenarios

In a first workshop the relevant scenarios and an analysis of system evolution during early post-
closure period, the Impact on long-term safety functions and an analysis of impact on long term safe-
ty will be presented and discussed. The team will present background and first results of various un-
derground and laboratory tests.

In the second workshop, proposed for the end of the project (about December 2013 or January 2014)
the results of Work Package 4, which includes the Analysis of impact on long-term safety and guid-
ance for repository design and construction will be compared and discussed in relation to the
szenarios from Work Package 1.

The PEBS project includes 7 work packages. Work packages 1 to 4 and the Chinese work package B
are concentrating on research and technical work of RTD type. The work packages 5 and 6 focus on
dissemination of results and the management of the Project. The workshop was installed as part of
the Work Package 5 Dissemination.



2. Objective of the workshop

The objectives of the workshop are:

The workshop will be arranged as a closed shop workshop to present and discuss the results of Work
Package 1 only to experts of European/abroad Regulatory Authorities. This workshop will follow

such objectives as

e Discussion and analysis of Identified important processes (FEPs) during the early evolution

of the EBS

e Discussion of the results of the current treatment of the early evolution of the EBS in long-
term safety assessments for spent nuclear fuel

e Discuss how the short-term transients will/may affect the long-term performance and the
safety functions of the repository.

e Discussion of merits and shortcomings of the current treatment

e Discussion of future assessments related to events in the early evolution of the EBS.

[t is especially intended, to estimate all constructive comments on the singular content and the objec-
tives of the PEBS project also under the aspect to review parts of the work program.

3. Content and Agenda of the Workshop

The agenda:

First half day:

Second day:

Swisstopo Presentation, Mont Terri Project (Annex 1, Title: Mont Terri Project)
Field trip to the Mont Terri Underground Research Laboratory

PEBS General Overview, Objectives, Management (Annex 2, Title: PEBS General
Overview, Objectives, Management)

Overview and current results of work package 1 (Analysis of system evolution
during early post-closure period, Impact on long-term safety functions) and
work package 4 (Analysis of impact on long term safety), (Annex 3, Title: Over-
view and current results of work package 1 (Analysis of system evolution dur-
ing early post-closure period, Impact on long-term safety functions) and work
package 4 (Analysis of impact on long term safety))

Overview of work package 2 (Experimentation on key EBS processes and pa-
rameters), (Annex 4, Title: Experimentation on key EBS processes and parame-
ters)

THM and THM-C laboratory experiments (Annex 5, Title: THM and THM-C la-
boratory experiments)

HE-E experiment (THM field experiments), (Annex 6, Title: HE-E experiment in
the VE Test Section, EBS behavior immediately after repository closure in a clay
host rock)

Overview of WP3 (Modelling of short-term effects and extrapolation to long-
term evolution), (Annex 7, Title: Overview of Modelling Tasks (WP3))

Coupled thermal-hydraulic-chemical modelling taking into account (certain)
mechanical effects (Annex 8, Title: Coupled thermal-hydraulic-chemical model-
ling taking into account some mechanical effects)

Coupled thermal-hydraulic-mechanical modeling of the bentonite buffer (An-
nex 9, Title: Coupled thermo-hydro-mechanical modeling of the bentonite buff-
er)



4. Organisation of the workshop

The overall organization includes scheduling, decision of the content, allocation of speakers and de-
termination of venue. The PEBS team was very pleased, that swisstopo as the leading organization of
the Mont Terri Project arranged the use of the INFORMATION CENTER for this workshop without
charge.

5. Further Steps

Again exclusively for Regulatory Authorities a 2nd workshop will be arranged together with the final
workshop at the end of the project (December 2013 or January 2014). It will be prepared as a closed
shop workshop only for experts from Regulatory Authorities. Results and draft concepts will be pre-
sented. Impacts on licensing will be discussed.

This workshop will be in line with the results of the WP 4 and will reflect also the objectives of the 1st
Workshop with such objectives as:

- Discussion the findings i) of the WP2 and WP3 experiments and models, ii) of development of a
more complete qualitative process-related description of the early evolution phase of the reposi-
tory (the first several hundred years) and the residual uncertainties in the evolution, iii) of pos-
sible different behaviours of the system that may be implied by the uncertainties or disagree-
ment between models and experiments

- Presentation and discussion of the results of experiments and models and their significance in
relation to long-term safety functions of the buffer, canister and host rock (clay and crystalline)
in a quantitative fashion, including the importance of residual uncertainties (i)importance of the
transient period with regard to the long-term characteristics particularly relevant to system per-
formance and long-term safety; ii) of uncertainties arising from disagree-ment between models
and experiments and their implications for extrapolation of results, with particular emphasis on
possible impacts on safety functions.

- Presentation of an improved and more complete approach to integrating the thermal and resatu-
ration phase of the repository with the long-term steady state phase of repository evolution.



6. Annexes

Annex 1, Mont Terri Project Page 8
Annex 2, PEBS General Overview, Objectives, Management Page 18
Annex 3, Overview and current results of work package 1 (Analysis of system

evolution during early post-closure period, Impact on long-term safety

functions) and work package 4 (Analysis of impact on long term safety) Page 30
Annex 4, Experimentation on key EBS processes and parameters Page 43
Annex 5, THM and THM-C laboratory experiments Page 55
Annex 6, HE-E experiment in the VE Test Section, EBS behavior immediately after

repository closure in a clay host rock Page 82
Annex 7, Overview of modelling Tasks (WP3) Page 98
Annex 8, Coupled thermal-hydraulic-chemical modelling taking into account some

mechanical effects Page 114
Annex 9, Coupled thermo-hydro-mechanical modeling of the bentonite buffer Page 145



o N

Mont Terri Project

Visit of Mont Terri rock laboratory

25 April 2012

EURATOM

www.mont-terri.ch

Paul Bossart L il

Mont Terri
Rock Laboratory

Security Gallery

Motorway tunnel

I 2011 -

== - N
L2004 <

L 2003

s 1998
i 1996




The Partners -

swisstopo , Mont Terri Project
Swisstopo Bundesamt fir Landestopografie
nagra P o

e NAGRA Nationale Genossenschaft fur die Lagerung von radioaktivem Abfall
ENS' ENSI Eidgenossisches Nuklearsicherheitsinspektorat

ANDRA ANDRA Agence Nationale pour la Gestion des Déchets Radioactifs

| B=N+b

) IRSN Institut de Protection et de S(reté Nucléaire
IRSHN
BG“ BGR Bundesanstalt fir Geowissenschaften und Rohstoffe
— GRS Gesellschaft fiir Reaktorsicherheit und Strahlenschutz

GRS

&

enresa ENRESA  Empresa Nacional de Residuos Radiactivos, S.A.

SC_K_' i SCKeCEN Studiecentrum voor Kernenergie, Mol

(®) JAEA Japan Nuclear Cycle Development Institute
v OBAYASHI Obayashi Corporation
“’“ﬁ" CRIEPI Central Research Institute of Electric Power Industry

NWMO Nuclear Waste Management Organisation, Toronto

oyl)=
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U Investments

1996 — Mitte 2012: 63.4 Mio CHF
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U “Key-Parameters”
PARAMETRES

Bulk density, sat. (g cm™)

Water content (wt%)

Total (physical) porosity (vol%)
Water loss porosity at 105°C (vol-%)
Effective porosity for chloride (vol%)
Hydraulic conductivity (ms)

Thermal Conductivity (Wm-K-1)
Heat capacity (J Kg1K1)

Total dissolved solids in pore water (g/l)

Uniaxial compressive strength (MPa)
Young’s modulus (MPa)

Poisson’s ratio (-)

Shear modulus (MPa)

* Values are dependant on bedding anisotropy

RANGE

240 -2.53
5.5-8.9
14 - 25
13-21

8—-10
*2E-14 — 1E-12

*1.0-3.1
750 — 1000

5-20

*4 — 28

*6000 — 12000
*0.16 — 0.38
*800 — 1600

Mont Terri Project

BEST ESTIMATE

2.45
6.6
18

16

9
2E-13

1.7
860

12

11
9000
0.25
1200

Mont Terri Project
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Ongoing experiments (1 of 2)

Motorway Tunnel

"/ saling integriy for C02 geological siorage (C5 gecumyﬁa“ew!

: Reserve Niche FI’IZ’I NicljheOP Niche BF Niche SHGN .
Petrofabric and stair Niche C =
Niche FM-C ﬂ

= Niche IS

!'Ga'liery 98 | Niche HE

Niche DI ’ tesacton (1
mmf : Frassmy
!_. — 'I ‘ .' s Jon concin

[Gallry 8] [t

FI Niche DR-A

Niche MB

Niche FE-A
\ EE_ |
Eg '\‘ o emplacomant expariment FE-8 y
35 Phase 17 experiments
2L TN .. S - with in-situ works

13




c Ongoing experiments (2 of 2) /%\

Mont Terri Project
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o Where? Sectorial plan /%\

Mont Terri Project
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o

Conclusions

The Mont Terri project is a scientific and technological platform for geological disposal in

argillaceous formations

15 Partners from CH, EU, Japan, Canada and USA are participating: ANDRA, BGR,
CHEVRON, CRIEPI, DOE, ENRESA, ENSI, GRS, IRSN, JAEA, NAGRA, NWMO,
OBAYASHI, SCKCEN, SWISSTOPO. Sharing of knowledge and costs

The Mont Terri rock laboratory contributes considerably to the safety and technical

feasibility of a future Swiss repository for high-level waste in the Opalinus Clay.

Where to store: a sectorial plan under the lead of the Federal Office of Energy is now
running. 6 sites have been proposed by Nagra. Time schedule: authorisation not
expected before 2025. Last word: Swiss population, national referendum.
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Das Mont Terri Sicherheitskonzept (4 von 4)

Schweizerische Eidgenossenschaft
0 Confédération suisse

Confederazione Svizzera
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Security underground

Concept de sécurité - dans e du Mont Terr

| e e = -

I

l

i
|

16




c Organisation of visit & security

- Wear a helmet
» Transport with minibus
» Overpressure in rock laboratory (50 Pa)

» Security person: in case of emergency
please follow her orders.

N

Mont Terri Project
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PEBS Workshop for
Regulatory Authorities

St. Ursanne, April 25th and 26th, 2012

PEBS general overview, objectives, management
Michael Mente, BGR, Hannover Germany
Long-term
. Performance of

Engineered

Engi
PEBS systems

Bundesanstalt fir
Flg .1 Geowissenschaften
s, (nd Rohstoffe

GEOZENTRUM HANNOVER

April 25th and 26th, 2012 Regulatory Authority Workshop
O G Presentation outline ? -
PEBS S)ccns —FLRATOH
Content

PEBS, the project objectives and the organisation

1. Short Presentation of the essential content of the Work Packages
» scientific objectives
* main challenges and milestones ahead
» Composition of Consortium, Project organisation, Decison
making
* Website address of the project
Networking in the team and external integration
Financial and human resources involved
Expected impact on stakeholders
Society (nuclear regulatory requirements ?)

arLN

The Workshop, content and Objectives
6. Frame of Workshop

X und alt fir
Fig. 2 urisasrachafisn
s \nd Rohstoffe

April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
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® e 1. Short Presentation of the essential ? -
content of the Work Packages

1. Work Package 1, SKB, Patrik Sellin
2. Work Package 2, ENRESA, Juan-Calos Mayor Zurdo
3. Work Package 3, GRS, Klaus Wieczorek
4. Work Package 4, NAGRA, Lawrence Johnson
5. Work Package B, BRIUG, Ju Wang, Liu Yuemiao
6. Work Package 5, BGR, Michael Mente
7. Work Package 6, BGR, Michael Mente
BGR -
April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
W boormance of ) .
PEBS S 1. Short Presentation of the essential _z -

content of the Work Packages

Work Package 1, SKB, Patrik Sellin

Analysis of system evolution during early post closure period:
Impact on long-term safety functions

D1.1 and D1.2:
List of issues
List of scenarios and cases to be studied

", BGR '

s, (15 Rohstof
GEOZENTRUM HANNOVER

April 25th and 26th, 2012 Regulatory Authority Workshop
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® e 1. Short Presentation of the essential ? -
content of the Work Packages

Work Package 2, ENRESA, Juan-Calos Mayor

Experimentation on key EBS processes and parameters

Task 2.1, Experimentation on key HM processes and parameters
Task 2.2, Experimentation on key THM processes and parameters
Task 2.3, Experimentation on key THM-C processes and parameters

BGR
' e (nd Rohstoffe
April 25th and 26th, 2012 Regulatory Authority Workshop SEAZENTRLMINANNOVER
' l1-1;t:rgi::rr:'l:anl.:« of . .
Boplvesied 1. Short Presentation of the essential

content of the Work Packages

Work Package 3, GRS, Klaus Wieczorek

Modelling of short-term effects and extrapolation to long-
term evolution

Task 3.1, HM modelling of the Mont Terri Engineered Barrier (EB) Experiment
Task 3.2, THM modelling for the planned heater test HE-E

Task 3.3, THM modelling of bentonite buffer

Task 3.4, Modelling of THM-C experiments on bentonite buffer

Task 3.5, Extrapolation to repository long term evolution

April 25th and 26th, 2012 Regulatory Authority Workshop

GEOZENTRUM HANNOVER
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= Eramcts™ 1. Short Presentation of the essential ? -
PEBS &, e
content of the Work Packages

Work Package 4, NAGRA, Lawrence Johnson

Analysis of impact on long-term safety and guidance for
repository design and construction

BGR
e, (10 Rohstoffe
April 25th and 26th, 2012 Regulatory Authority Workshop SEAZENTRLMINANNOVER
' Il;t’:!'rgi:.;ur”r:"l:anm!of . .
Expieiod 1. Short Presentation of the essential
PE BS Systems ~ EURATOM

content of the Work Packages

Work Package B, BRIUG, Ju Wang, Yuemiao Liu

China mock-up test on compacted bentonite-buffer

Bundesanstalt fir
Flg 8 i Geowissenschaften
oy 1 Rohstoffe

April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
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= Eramcts™ 1. Short Presentation of the essential ? -
PEBS Systems — EURATOM
content of the Work Packages

Work Package 5, BGR, Michael Mente

Dissemination

Bundesanstalt fir
Flg .9 Geowissenschaften
oy 1 Rohstoffe

GEOZENTRUM HANNOVER

April 25th and 26th, 2012 Regulatory Authority Workshop
® 1. Short Presentation of the essential 7 -
PE BS Systems "~ EURATOM

content of the Work Packages

Work Package 5: Dissemination |

Preparation and operation of a website

URL: http://www.pebs-eu.de

Preparation of a newsletter
Content:

. Proposed work, description of work of partner, objectives
(1st Newsletter)

*  Achieved results of partners or joint work (following newsletters)
. Events related to PEBS and related to other projects.....

Bundesanstalt fir
Flg .10 B n Geowissenschaften
oy 1 Rohstoffe

April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
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® G 1. Short Presentation of the essential _z -

PEBS 3o
content of the Work Packages
Work Package 5: Dissemination Il
Workshops

Open Bentonite workshop
Bentonite training
Two Special workshop for Regulatory Authorities
Final workshop
Presentations at conferences
Euradwaste....

ANDRA conference Clays in natural & engineered barries for radioactive
confinement

Training and excursion
Bentonite training
Field trip to Bentonite producer

Bundesanstalt fir
Flg .11 B n Geowissenschaften
oy 1 Rohstoffe

GEOZENTRUM HANNOVER

April 25th and 26th, 2012 Regulatory Authority Workshop
® 1. Short Presentation of the essential 7 -
PE BS Systems "~ EURATOM

content of the Work Packages

Work Package 6, BGR, Michael Mente

Project Management

Bundesanstalt fir
Flg .12 B n Geowissenschaften
oy 1 Rohstoffe

April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
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= Eramcts™ 1. Short Presentation of the essential ? -
content of the Work Packages

Project organisation, decision making

=

Steering Committee: All WP Leader

2. Executive Committee (ExCom) All
Partner (each partner with one vote)

3. High Level Expert Committee (HLEC),

international external experts from

different organisations with different roles

Bundesanstalt fir
-_— und Rohstotfe
April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
' E:?f;:r:“nan:e of . .
Engineere 1. Short Presentation of the essential
PE BS Systems ~ EURATOM

content of the Work Packages

Steering

Committee
{decision on demand)

Ex Com Co-ordinator
{decision on demand) | {day-to-day decision)

A%PZ/NPS WP 4 WPB\WPN\!PG

Bundesanstalt fir
Fig. 14 BG n Qetidenatatee
oy 1 Rohstoffe
April 25th and 26th, 2012 Regulatory Authority Workshop O O RS
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W oo o
PEBS e 2. Networklnglln the tgam and _z -
external integration

Objective of an effective project team structure
Individual skills and objectives

 Governmental own researchincrease independent knowledge

e Industry Products to meet customers
demand
» Consultant Companies effective and flexible support
to clients
» Public Offices/Agencies Follow the state of the art
* Universities Innovative ideas/prototypes
but also training
* Research Centres Intensive lab works to qualify
ideas
BGR : i
April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
e 3. Financial and human 7 -
PEBS e, ) — T

resources involved

Staff months: Costs (in €): COStS (only BRIUG in €): CoStS (only JAEA in €):
WP1: 5,75 WP 1: 126.467,- WP 1: WP 1:

WP2: 210,32+4 WP 2: 3.179.217,- WP 2: 15.452,- WP 2:
WP3:83,11+4+8 || WP 3: 1.048.502,- WP 3: 15.452,- WP 3: 73.456,-
WP4: 11,75 WP 4: 195.480,- WP 4: WP 4:

WPB: 180 WP B: WP B: 1.155.096,- WP B:

WP5: 40+0,5 WP 5: 474.260,- WP 5: WP 5: 3.028
WP6: 18 WP 6: 238.600,- WP 6: WP 6:

Total: 365,93 Total: 5.262.525 Total: 1.186.000,- Total: 76.484,-
Incl. all: 562,43

Red: BRIUG
Green: JAEA
Over all costs: 6.525.008,80 €
EC Contribution: 2.806.332,00 €
BGR =

GEOZENTRUM HANNOVER

April 25th and 26th, 2012 Regulatory Authority Workshop
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B
PEBS &/ 4. Expected impact on Stakeholders *% -

Impact on

e Waste management organisations (implementers
operators),

e Licensing

e Regulatory Authorities (state of the art)

e Mining industry and geology (information for
planning, engineering, construction and
implementation of final repositories seems to be
quite fundamental)

e Science, research organisations

e Other stakeholders (Government, Policy, NGOs,
public.....), independant knowledge, standards, rules,

April 25th and 26th, 2012 Regulatory Authority Workshop WS NEEC R Y
' E:rgi:rr:'lan:e of ? -
ngineere:
PEBS &/ 5. Society (nuclear regulatory = m

requirements ?)

Impact on societal benefit areas:

« Safer facilities and increase expertise will
Increase acceptance for a repository
(complete society will profit from the
results)

 Appropriate dimension and construction of
the repository (this will reduce unnecessary
costs)

e Clear knowledge about the behavior of the
repository allows exact monitoring (this will
Increase confidence)

Fig. 18

April 25th and 26th, 2012 Regulatory Authority Workshop

26




S iecti
HERS S The Workshop, content and Objectives _7; -

6. Frame of Workshop
This Workshop is proposed as a platform for the presentation

of actual concepts, cutting edge methods and first results
from running experiments

» Discussion and analysis of Identified important processes (FEPS) during
the early evolution of the EBS

» Discussion of the results of the current treatment of the early evolution of
the EBS in long-term safety assessments for spent nuclear fuel

» Discuss how the short-term transients will/may affect the long-term
performance and the safety functions of the repository.

» Discussion of merits and shortcomings of the current treatment

» Discussion of future assessments related to events in the early evolution

of the EBS.
A BGR .00
e 10 Rohstotfe
April 25th and 26th, 2012 Regulatory Authority Workshop SERERNTEUN RARNRTNS
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6. Frame of Workshop
In addition to the content of this workshop a second workshop

IS proposed for the end of the project what reflects both the
final results of WP1 and WP 4 and includes:

1. Discussion the findings

 of the WP2 and WP3 experiments and models,

 of development of a more complete qualitative process-
related description of the early evolution phase of the
repository (the first several hundred years) and the residual
uncertainties in the evolution,

« of possible different behaviours of the system that may be
implied by the uncertainties or disagreement between
models and experiments

Bundesanstalt fir
Flg .20 B n Geowissenschaften
oy 1 Rohstoffe
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6. Frame of Workshop

2. Presentation and discussion of the results of experiments and
models and their significance in relation to long-term safety
functions of the buffer, canister and host rock (clay and
crystalline) in a quantitative fashion, including the importance of
residual uncertainties
 importance of the transient period with regard to the long-

term characteristics particularly relevant to system
performance and long-term safety;

« of uncertainties arising from disagreement between models
and experiments and their implications for extrapolation of
results, with particular emphasis on possible impacts on
safety functions.

3. Presentation of an improved and more complete approach to
integrating the thermal and resaturation phase of the repository
with the long-term steady state phase of repository evolution.

Bundesanstalt fi

Fig. 21 BGR -5k
e 10 Rohstotfe
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The research leading to these results has
received funding from the European Atomic
Energy Community's Seventh Framework
Programme (FP7/2007-2011) under grant
agreement n° 249681
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Thank you for your attention!

Michael Mente

BGR
Stilleweg 2
D-30655 Hannover, Germany

michael.mente@bar.de
Tel. +49-(0) 511 643 2246
Mobile: +49 (0) 171 220 50 44

PEBS website: http://www.pebs-eu.de

EU Euratom website: http://ec.europa.eu/energy/nuclear/euratom/euratom _en.htm

BGR website: http://www.bgr.bund.de

. Bundesanstalt for
Flg .23 Geowissenschaften
e 10 Rohstotfe

April 25th and 26th, 2012

GEOZENTRUM HANNOVER

Regulatory Authority Workshop
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Overview and current results of:
Work package 1 (Analysis of system evolution during early post-closure
period, Impact on long-term safety functions)
Work package 4 (Analysis of impact on long term safety)

Patrik Sellin SKB
Lawrence Johnson, Nagra
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Participants

 BGR

e NAGRA

e SKB
 ENRESA

« ANDRA

e GRS (WP4)

WP1-4 Workshop 10-11 October 2011
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Outline

 WP1 Objectives
* WP1 Report
 WP4 Objectives
e WP4 Cases

26 April 2012 PEBS Workshop 3

WP1 - Objectives

e Identify important processes during the early evolution of the EBS

e Describe the current treatment of the early evolution of the EBS in
long-term safety assessments for spent nuclear fuel/HLW

e Discuss how the short-term transients will/may affect the long-term
performance and the safety functions of the repository.

* |dentify the merits and shortcomings of the current treatment

e Discuss the needs for additional studies of these issues and how
they can support future assessments — give directions to other WPs

e Define “scenarios” related to events in the early evolution of the
EBS

26 April 2012 PEBS Workshop 4
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WP1 Report

e The PEBS project

* Analysis of system evolution during early post closure period: Impact on long-term
safety functions
* The current treatment of the early evolution of the EBS in long-term safety
assessments for spent nuclear fuel/HLW in 5 national programmes
— Repository concept
— Safety assessment methodology
— Safety functions
— Early evolution of the EBS
— Identified uncertainties (Deliverable D1)
* Definition of cases/scenarios to be studies (Deliverable D2)
— Water uptake in clay components of the EBS
— Mechanical evolution
— Alteration of the hydro-mechanical properties
e Cases to be studied in PEBS

* Preliminary version of the report available on the website
— >90 pages

26 April 2012 PEBS Workshop 5

WP1 Report

e Repository concept

e Safety assessment methodology
e Safety functions

e Early evolution of the EBS

e |dentified uncertainties

26 April 2012 PEBS Workshop 6
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Repository concept

— 1 1| Zentriervorrichtung

Bohriochschleuse .
AuBenliner
Bentonitringe

Sand

Zentriervorrichtung

BSK 3

26 April 2012 PEBS Workshop 7

B e
—— Safety assessment e
methodology

[Acquisition of knowledge| <#====s= [Architecture and desigr]
Conprehension of the system

Sciemeamlsafetystmi&s \

- b .

iferation Feedback concerning iteration
* mcertandies
* design

» rolustness

+ feaglbility

Rommmaiﬁoﬁd b Design orientations

26 April 2012 PEBS Workshop 8
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afety-relevant attributes Favours/contributes to ... Performance indicator

Low hydraulic conductivity Attenuation safety function of buffer, by K <1012 m s for hydraulic seal

MBI K <10t m s for buffer around canister

Chemical retention of radionuclides Attenuation safety function of buffer, by No quantitative criterion, strong sorption is
retarding transport from the buffer favored

Sufficient density Attenuation safety function of buffer, by ps > 1650 Mg m3
preventing colloid transport

Sufficient swelling pressure Attenuation safety function of rock, by 0.6 MPa < P, < minimum principal stress

providing mechanical stabilization of rooms, and =~ 1750 Mg m=
hence avoiding significant extension of EDZ Ps g

Containment safety function of canister, by 0.2 MPa < P, < minimum principal stress of rock
ensuring it is surrounded by a protective layer of

- - canister has to be designed to be robust enough
buffer (stress buffering) ! 9 ust enoug

to take up the deformation

- buffer must be sufficiently viscous to avoid
canister sinking
Sufficient gas transport capacity Attenuation safety function of buffer, by No quantitative criterion (less than the minimum
ensuring gas can migrate without compromising principal stress)
hydraulic barrier

Minimize microbial corrosion Containment safety function of canister, by No quantitative criterion (density should be
ensuring conditions favorable to slow corrosion high)
Resistance to mineral transformation Ensuring the required long-term stability, by No quantitative criterion
providing longevity of safety-relevant attributes
of buffer
Containment safety function of canister, by No quantitative criterion
providing stress buffering
Suitable heat conduction Containment safety function of canister, by 0.4 <Tc <2 W m K2 (for a specific thermal
ensuring favorable maximum temperature heat load of 1500 W)
conditions

Safety functions of buffer and rock, by ensuring 0.4 < Tc <2 W m1 K1 (for a specific thermal
favorable maximum temperature conditions heat load of 1500 W)

Long-term

' Performance of
:n gi jneered

PEBS systems

Early evolution of the EBS

— Bentonite (in contactwith canister) __— Bentonite (center) — Bentonite (in contactwith granite) _— 1,52 m depth into granite ] [— Bentonite (in contactwith canister) = _Bentonite (center) —Bentonite (in conactwith granite) = 0,2 min granite

100 1.2 7

L I
iy

0,6 7

90 1

80 1
70
60 1
50 1

40 1)

Temperature (€)
Saturation degree (-)

0,4 7
30 4

20 7

10

0

0 1 10 100 1.000 10.000 100.000 0,0 0,1 1,0 10,0 100,0

Time (years) Time (years)

THM-Evolution

26 April 2012 PEBS Workshop 10
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Early evolution of the EBS

Avant saturation de la bentonite (80%< S < 90%) Argilites saines

EURATOM

— Bentonite (in contact with canister) — Bentonite (center)

—  Bentonite (in contact with granite)

1

o
i

=)
o
=

Métal

««+s Principales voles de migration des gaz

Aprés saturation de |la bentonite (S > 97%)
et montée en pression

Gas degree of saturation (-)

0,001

Hydraulic desaturation

0,0001

Time (year:

Gas evolution

Matal
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Early evolution of the EBS

7
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Spent  Copper Bentonite Host
nuclear tube buffer rock
fuel
26 April 2012 PEBS Workshop 12

35




Long-term
' Performance of
Engineered
PE BS Barrier
Systems

|dentified uncertainties

* Mass loss due to piping and erosion e Thermo-mechanical effects
in the very early evolution » Technologies implemented in the
e Swelling and homogenisation of repository: swelling clay seals and
components with different density engineered barriers
and sealing after losses of mass » The effect of temperatures exceeding
e The importance of friction within the 100°C on the hydraulic properties of
bentonite and between bentonite the buffer
and other materials - also in the  The evolution of swelling pressure
unsaturated state with time and the interaction with
* Effects of temperature on the the convergence of the host rock
mechanical properties e Chemical Interaction between
e Hydraulic processes bentonite and Fe and the low pH
* Mechanical behavior in contact with liner
the metal elements * Discrepancy in the water saturation
» Mechanical effect of gases inside process of the buffer between
Argillites and swelling clay predicted hydration rates and

experimental values

Long-term
' Performance of

Engineered

Pessii - Definition of cases/scenarios A
to be studied

e Water uptake in clay components of the EBS
e Mechanical evolution
e Alteration of the hydro-mechanical properties
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Cases to be studied in PEBS

* Will be based on cases/scenarios
* Needs to be of general interest

* Needs to relate to studies performed within the
project

— Use of data and observations from the project
* Possible to evaluate within the project

WP4 - Objectives

e Obtain an overview of the findings of PEBS and
relate the results and uncertainties to the long-
term safety functions of the repository
components

* Provide a more complete description of the
THMC evolution of the near field

e Give some guidance regarding repository design,
by clarifying the link between long-term safety
criteria and design criteria of the EBS
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Cases for the purpose of WP4

e Case 1. Uncertainty in water uptake in buffer (T< 100°C)
— Origin —standard THM model vs. FEBEX observations
— PEBS: new modelling and FEBEX mock-up data etc.

e Case 2. Uncertainty in T evolution in buffer (T >100°C)

— Origin — lack of validation of TH model for high T and low saturation
rate

— PEBS: HE-E experiment modelling and exp. results
e (Case 3. Uncertainty in HM evolution of buffer

— Origin — lack of large-scale experiments

— PEBS: EB experiment results
e Case 4. Uncertainties in chemical evolution

— Origin — experiments vs. models of corrosion product/bent and
cement/bentonite interactions

— PEBS — GAME experiments and modelling

26 April 2012 PEBS Workshop 17

Engineered

B o arice ot
PEBS®E- Case 1. Uncertainty in water .
uptake in buffer (T< 100°C)

_— L i -
* Activities within PEBS: VOCKUPTEST j I
— Uncertainty assessment RELATIVE HUMIDITY - f T
i f \ LI
(Modelling) _ i VL HH
— FEBEX mock-up data and modelling /ﬂ;—g T J“ BEYRNA

— THM Column Tests at Ciemat
— EB experiment
— FEBEX in situ test and modelling
* \Variant cases:

— Isothermal saturation
(extrapolation to seal
performance)

— Long term FEBEX in situ with :
Consta nt T Of 100°C ! 0 500 1000 1500 2000 2500

Time (days)
— Long term extrapolation using
realistic thermal source term Measured and calculated

relative humidity in the
FEBEX mock-up taking
into account thermo-
osmosis

Relative humidity (%)
Relative humidity (%)

40 4

26 April 2012 PEBS Workshop 18
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Case 2. Uncertainty in T
evolution in buffer (T >100°C)

e Activities within PEBS: Sand bentonite mixtre

Bentonite pellets (2nd section)

(15t section) Host rock
Humidity and temperature Plug 2

— HE-E experiment and Plug 3
modelling

Back of
tunnel

e \ariant cases:

— Long term extrapolation
using real thermal
source term

cable channel

26 April 2012 PEBS Workshop 19
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calculations — as-built data

26 April 2012 PEBS Workshop 20
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e Case 3. Uncertainty in HM —7— _
evolution of buffer

e Activities within PEBS:
— EB experiment and modelling

— HE-E experiment and
modelling

— Febex mock-up and in situ
— Stress-strain behaviour
studies
* Variant cases:

— Uncertainty in HM evolutic === = =
of buffer (pellets)

— Impact of heat on the HM
properties

— Hydromechanical impact
from corrosion processes
(feedback from case 4)

I et _JMBH%@H_E&E mm A e Mmeasurements
B

Initial conditions
—— model

ensity (kg/m?)

Dry d
meroom |

315

g

Akesson et al. 2010

26 April 2012 PEBS Workshop 21

W oo
s Case 4. Uncertainties in —7— _
chemical evolution

e Activities within PEBS:
— GAME experiments and

modelling
— Interface studies
. Granite

— Modelling (host

. formation)
e Variant cases: % EDZ
0,20m ‘g. '.:

- Study of the ) ' E Compacted
canister/bentonite o) 4/ _bentonite
interfaces "

— Study on the i Earstt
concrete/bentonite
interfaces

— Long term evolution in the
granite

26 April 2012 PEBS Workshop 22
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“The research leading to these results has received funding from the
European Atomic Energy Community's Seventh Framework Programme
(FP7/2007-2011) under grant agreement n° 249681”

26 April 2012 PEBS Workshop 24
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Overview of Work Package 2
“Experimentation on key EBS processes and
parameters”

Juan Carlos Mayor, Enresa

Long-term
. Performance of
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P E B s Barrier
Systems
26 April 2012 PEBS Workshop 1

® 7
Barrier °
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— Participants

— Objectives

— Methodological approach
— Organization in tasks

— Activities per task

— Summary

26 April 2012 PEBS Workshop 2
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WP2 Participants

BGR, G NAGRA, CH

GRS, G Solexperts, CH
ENRESA, E Clay Technology, S
AITEMIN, E SKB, S

CIEMAT, E ANDRA, F
GOLDER, E BRIUG, China
UAM, E

26 April 2012 PEBS Workshop 3

WP2 - Objectives

e Evaluation of the key Thermal, Hydraulic, Mechanical and Chemical
processes and parameters during the early evolution of the EBS
system, as identified in WP1

* Provide with a reliable good quality experimental data base, including
different time and spatial scales, as input to:

- The modelling and extrapolation work (WP3)
- The analysis of the impact of uncertainties on long-term safety (WP4)

26 April 2012 PEBS Workshop 4
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WP 2: Methodological Approach

- Performing experiments, including different time and spatial
scales, according to the needs for additional modeling
studies on key processes during the early EBS evolution
which still exhibit some remaining uncertainties

- Making use to the extent possible of on going experiments
being conducted by the PEBS team (in the laboratory and in
situ)

26 April 2012 PEBS Workshop 5
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Peesi |dentified uncertainties (WPl)fZ =5
addressed in WP2 work

* Mass loss due to piping and erosion * Thermo-mechanical effects
in the very early evolution » Technologies implemented in the
e Swelling and homogenisation of repository: swelling clay seals and
components with different density engineered barriers
and sealing after losses of mass * The effect of temperatures exceeding
* The importance of friction within the 100°C on the hydraulic properties of
bentonite and between bentonite the buffer
and other materials —also in the  The evolution of swelling pressure
unsaturated state with time and the interaction with
* Effects of temperature on the the convergence of the host rock
mechanical properties e Chemical Interaction between
e Hydraulic processes bentonite and Fe and the high pH
* Mechanical behavior in contact with liner
the metal elements * Discrepancy in the water saturation
* Mechanical effect of gases inside process of the buffer between
Argillites and swelling clay predicted hydration rates and

experimental values

26 April 2012 PEBS Workshop 6
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Farly resaturation time Resaturation period Pressure recovery period
10 years 50 years 200 years
FIET Fed (ST 2 Time after
repository closure

Thermal evolution

_—
High T°

Buffer resaturation
and swelling

" Febex mockup

26 April 2012 PEBS Workshop 7
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WP 2: Organization in tasks

1. Task 2.1. Experimentation on key HM processes
1. Laboratory infiltration tests
2. EBin-situ experiment

2. Task 2.2. Experimentation on key THM processes
1. Subtask 2.2.1 Laboratory experimentation on key THM processes
1. The FEBEX mock-up
2. Long-term tests in cells simulating particular disposal concepts
3. Studies on stress-strain behavior
2. Subtask 2.2.2 In-situ experimentation on key THM processes

3. Task 2.3. Experimentation on key THM-C processes
1. Subtask 2.3.1 THM-C mock-ups (GAME)
2. Subtask 2.3.2 THM & THM-C tests on key processes at the interfaces
1. Study of the corrosion processes at the canister/bentonite interface
2. Study of the processes at the concrete/compacted bentonite interface

26 April 2012 PEBS Workshop 8
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T N e ] -
e A Iy S Granular backfill

s

Hydration pipes
i Opalinus Clay
Hydration mats

Bentonite blocks

Concrete slab

(Dimensions in meters)

1. Laboratory infiltration tests: isothermal saturation of mixtures of bentonite pellets with
water injected at low pressure (The water intake and the swelling pressure are measured
precisely) to complete knowledge on the hydration and swelling process.

2. EBin-situ experiment : Controlled dismantling to complete knowledge on the resaturation
and swelling processes of the of the EB bentonite buffer, which artificial hydration process
started back in May 2002. Determine the hydraulic conductivity of the emplaced buffer
(after its saturation in-situ) and its achieved degree of homogeneity, in order to demonstrate
that the hydraulic conductivity is low enough and not too heterogeneous.

26 April 2012 PEBS Workshop 9
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P EB experiment: total —7— B
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26 April 2012 PEBS Workshop 10
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Main tasks of the EB in-situ experiment

1. Perform an extensive “in situ” sampling and analysis of the actual state of the clay
barrier (Autmun 2012)

2. \Very big bentonite samples in order to determine their hydraulic conductivity,
porosimetry, relevant mechanical properties and suction values.

3. Improve the analysis of the water balance of the experiment.
4. Investigation of the nature and evolution of EDZ in Opalinus Clay (seismic survey)

5. Recovery of some of the monitoring sensors, in order to analyze their performance.

26 April 2012 PEBS Workshop 11
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Subtask 2.2.1 Laboratory experimentation on key THM
processes (I)

The FEBEX mock-up: some background

- Running since February 1997 as a fundamental component of the FEBEX
experiment

- 2 heaters operating at constant power supply (700 W/heater), with T on the
heaters surface close to 100 °C

- Overall degree of saturation is very high, about 97 %, but increasing very slowly

- More than 89 % of the total number of sensors remains operative, but this
percentage is 93% for temperature, 75% for relative humidity (RH), 65% for fluid
pressure, 71% for tangential pressure (PT), 71% for radial pressure (PR) and 82%
for axial pressure (PZ).

26 April 2012 PEBS Workshop 12
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The FEBEX mock-up

Task 2.2 Experimentation on —% [

key THM processes

Subtask 2.2.1 Laboratory experimentation on key THM processes (I1)
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1. Operation: Continuation of the FEBEX “mock-up” operational phase in its present state.

2. Preparation of Sampling Book: Specify the samples (location, type and number) to be taken
in case of failure of the experiment to prevent losing THM information, as well as the tests to
be performed.

3. Preparation of Database: Compile and analyze existing information on backfill materials and
in the evolution of the clay barrier subjected to thermal and hydraulic flows.

26 April 2012 PEBS Workshop 13
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FEBEX mock-up: water inflow
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Subtask 2.2.1 Laboratory experimentation on key THM processes (lll)

B Bewmie = iR Coctiog [ -] Tefion [ St

Infiltration cells in operation: isothermal (left) and with thermal gradient (right) Experimental setup for the infiltration tests

Long-term tests in medium size cells
1.Tests already running: Two infiltration tests being carried out since 2002 by CIEMAT, one of them is
heated at the bottom at 100 °C and the other one performed at isothermal conditions

2.New tests: with other materials (bentonite / sand mixtures) and using realistic repository-like
heating rates, in support of HE-E

26 April 2012 PEBS Workshop 15
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Subtask 2.2.1 Laboratory experimentation on key THM processes (1V)

A2 field data
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Unconfined compression test.
Data from the LOT experiment (Aspd)

Distance fram Cu. em

Studies on stress-strain behavior

Motivation: Significant lower strain at failure was measured in material exposed to high T (LOT exp.)

1. Unconfined compression tests: to study the mechanical properties more in detail as a function of
increased T, T gradient or other factors coupled to the exposure of increased temperature

2.  Triaxial tests: to determine on samples exposed to increased T: swelling pressure; water
retention; and shear strength

26 April 2012 PEBS Workshop 16

50




Long-term
Performance of

ess 5. 1ask 2.2 Experimentation on key _%_ -
THM processes

Subtask 2.2.2 In situ experimentation on key THM processes

Bentenite pellets (1st section) Sand bentonite mixture

Humidity and temperature (2nd section)
Sensors

Carcree |
Cement plug § Themmal moflew
| oy lintod .

Heater system

i
] | f Eenzais pellats | ‘ Berdonte sand bulfer
Host rock
m |
- | T J
FRONT OF THE -~ e
TUNNEL

BACK OF THE

TUNNEL Section 1: Bentonitz blocks and pellets Section 2: Sand bentonite mixture

Ium ber of Sens ors: Wumber of Sensors:
Bentonite blocks (1st section) 48 remperature sentors in 3 planes 48 temperature sensors in 3 planes
in buffer 48 humidity sensors in 3 planes
Excavated and cooled cable shaft 12 T sensors on canister surface 12 T sensors on cansiter surface

48 humidity sensers in 3 planes
in buffer

The new heater HE-E test is aimed at studying the thermal evolution of the near field around the canister during the very
early phase after emplacement (the early non-isothermal resaturation period). A heater system, capable of representing
the temperature curve of the anticipated heat production in the canisters (140°Cmax), is gradually leading to and
increase in temperature in the EBS and the surrounding host rock while natural saturation is ongoing.
Specific objectives are:
e  to provide the experimental data base required for the validation of existing thermo-hydraulic models of the
early resaturation phase

e  to upscale thermal conductivity of the partially saturated buffer from laboratory to field scale (pure bentonite
and bentonite-sand mixtures)

26 April 2012 PEBS Workshop 17
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HE-E heater experiment
e 1:2 scale (microtunnel 1.3 m) ~ | %ﬁﬂflm

* Natural resaturation from clay hostrock N
e Heater surface temperature: 140°C
e Duration: June 2011 - >2014

* Two symmetrical sections - different granular
materials

v
k.

=)
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THM-C processes

Subtask 2.3.1 THM-C mock-ups

Geotextile Structure

[Concrete

Heater

o

PLASTIC CLAY

GRANITE

The THM-C mock-ups (GAME tests) simulate the components of the EBS in accordance with
ENRESA’s reference concepts to reproduce the expected conditions in the granitic and
argillaceous geological repositories after their closure. Both mock-ups contain metal
specimens and only one concrete blocks

The objectives are:
1. Research on the potential changes that may occur in the key parameters of the buffer
material as a result of THM and THC processes.
2. Monitoring geochemical changes by sampling of pore water with the minimum
possible interference with the system.
26 April 2012 PEBS Workshop 19
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eeBs 55 Task 2.3 Experimentation on key _7_ -
THM-C processes

Subtask 2.3.2 THM-C tests on key processes at the interfaces (l)

Medium cells Hydration
Hydr'_‘ation i B
1 = Lime mortar
FEBEX

$ bentonite
P FEBEX
3 bentonite Tranetie
3

613.3 g

“—5omm

1

Heating

Continuation of NF-PRO Project: Experiments at two scales (columns of 10 and 2.5 cm height) were performed, with
duration from 3 weeks to 1.5 years, using either corrosion products or steel, with the aim of both study the corrosion
products generated and their impact on bentonite properties (mineralogy, geochemistry, porosity, etc.)

PEBS Project:

eFour experiments in medium cells are still running; One was dismantled after 4 yrs and 5 months of operation and another
one will be dismantled after 6 yrs and 8 months of operation. The other two will be left running until end of the project. The
objective of the sequential dismantling is getting information on the geochemical evolution of the interface.

eNew tests in small cells were set at the beginning of the project to study the combined interaction concrete/bentonite
/steel by simulating the conditions expected after 1000-3000 years of repository operation.

26 April 2012 PEBS Workshop 20
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THM-C processes

Subtask 2.3.2 THM-C tests on key processes at the interfaces (ll)

Hydration

Heating

Study of the processes at the concrete/compacted bentonite interface:

Continuation of NF-PRO: short and medium-term (0.5 to 1.5 years) experiments at medium scale (10 cm) were
run, dismantled and analyzed to provide experimental evidences on the physical, chemical and mineralogical
changes due to the concrete-bentonite interaction.

PEBS Project:

Four experiments in medium cells (set during NF-PRO) are still in course. One of them was dismantled after 4 yrs
and 7 months of operation and another one will be dismantled after 6 yrs and 10 months of operation. The
third one will be left running during the whole duration of the project.

Expected outcome is:

1.The confirmation of the low impact of the alkaline plume in terms of the mineralogical alteration thickness
2.The precise establishment and evolution over time of the new formed by-products and how they produce a

porosity reduction process affecting diffusive transport.
26 April 2012 PEBS Workshop 21
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Summary

— WP2 is a central part of the PEBS project from a technical and
scientific point of view. It also consumes most of the human and
economical resources of the project

— Experiments are running according to expectations. Explicit mention
is made to the challenge of the HE-E new heater experiment

— WP2 is already providing with a reliable good quality experimental
data base to the modeling activities in WP3

— Very good and close cooperation among “experimentalists” of WP2
and “modellers” of WP3

26 April 2012 PEBS Workshop 22
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“The research leading to these results has received funding from the
European Atomic Energy Community's Seventh Framework Programme
(FP7/2007-2011) under grant agreement n° 249681”

26 April 2012 PEBS Workshop 23
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Juan Carlos Mayor

jmaz@enresa.es

ENRESA (Madrid, SPAIN)
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PEBS 3. Tasks I

+ T21. EXPERIMENTATION ON KEY HM PROCESSES AND

PARAMETERS (in situ and laboratory)

 T221. LABORATORY EXPERIMENTATION ON KEY THM
PROCESSES AND PARAMETERS (mock-up and laboratory)

+ T231. THM-C MOCK-UPS (GAME TESTS)

« T232. THM AND THMC TESTS AIMED AT THE UNDERSTANDING
OF KEY PROCESSES TAKING PLACE AT THE INTERFACES

(laboratory)
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Materials

FEBEX (granulated)

MX-80 (powder)

Mineralogy (%)

Montmorillonite (92+3),
quartz, plagioclase,

Montmorillonite (65-82),

quartz calcite, feldspars,

cristobalite pyrite
CEC (meq/100g) 10214 75-82
Exchangeable cations Ca (35), Mg (31), Na (27), K '
(meq/100g) (2.6) Na (61), Ca (10), Mg (3)
Hygroscopic water content 13.741.3 8-11
(%)
Liquid limit (%) 10214 350-570
P, for py 1.6 g/cm® (MPa) 6 7
Total specific surface (m?/g) 72547 512

April, 25th and 26th 2012
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T21. EXPERIMENTATION ON KEY HM PROCESSES

AND PARAMETERS

AIMS

* Evaluate the key HM processes and parameters taking place during the

early evolution of the EBS

* Provide a reliable good quality experimental HM data base, including

different time and spatial scales, as input to the modelling and extrapolation
work to be conducted within WP3

ACTIVITIES (all of them at lab T)

* Infiltration test with EB FEBEX pellets

* Infiltration tests with HE-E materials

<

* Long-term infiltration tests with measurement of permeability at low
hydraulic gradients (FEBEX and MX-80)

April, 25th and 26th 2012

Regulatory Authority Workshop
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Infiltration tests with FEBEX pellets

AIMS

*  Provide support for the modelling of the EB in
situ test

e Check the long-term hydro-mechanical
behaviour of a pellets barrier

* Compare the HM behaviour of pellets and
compacted bentonite

TESTS CHARACTERISTICS
FEBEX bentonite pellets :
Bentonite combacted at 1.36 g/ém3 with w=4.7%
Bentonite height: 5/10 cm, diameter: 10/7 cm

Deionised water injected on top'at 0.15/ 2 bar

ﬁ%m pone, Cromat
April, 25th and 26th 2012 Regulatory Authority Workshop ! e
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Infiltration tests with FEBEX pellets: characteristics

On line measurement of swelling pressure, water intake and hydraulic conductivity

Upon dismantling: determination of dry density, water content, basal spacings,
porosity distribution, specific surface area

—_—
—_—

——— —_.LOAD CELL

—

\Z e
PISTON % /%
‘%‘2 %
MOLD ~|_ N/ N ﬁj
) N
IR _
POROUS +| N —————| SAMPLE
STONES T—+— &
A — I[N_II_ET
] | o =
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Infiltration tests with FEBEX pellets: online results

MGR13: 1083 days; MGR14: 265 days INF_PELL1: 1703 days
Height: 5 cm, diameter: 10 cm ' Height: 10 cm, diameter: 7 cm
250 - 2.0 250
—water MGR14
— 200 N —Water MGR13 | 16 rv:-\ 200
c —=—pressure MGR14 § £ ?
£ {50 4| = pressure MGR13|| L1 = L 150 - s
£ 2 £ B
o = _ —
< 100 08 & 50 g
5 o 5 5
= = 50 -
50 0.4 2
w
0
0 - 0.0 0 500 1000 1500 2000
0.0001 0.1 100 100000 .
Time (days)
Time (h) |—vo|ume —weight —T |
ﬁ*m pone, Cromat
April, 25th and 26th 2012 Regulatory Authority Workshop N L =
Engineered
Barrier
Systems
Infiltration tests with FEBEX pellets: postmortem results
MGR13, 1083 days, P 1.49 MPa MGR14, 265 days, P, 1.46 MPa
Position Final w Final p, Final §. | d(001) | Finalw Final p, Final §, | d(001)
(%) (g/em’) (%) A (%) (g/cm’) (%) A
Upper 359 1.35 98 19.65 35.0 1.39 100 18.31
Central 35.8 1.36 99 19.57 35.6 1.38 100 18.50
Bottom 38.3 1.31 94 19.75 39.7 1.28 97 18.60
Average 36.7 1.34 97 19.66 36.8 1.35 99 18.47
April, 25th and 26th 2012 Regulatory Authority Workshop N HECHITAD mm
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Infiltration tests with FEBEX pellets: postmortem results

Position Fina(l(yvog Fir(lgicpr)%) Fina(l (i'r) d(OO}X)

1 40.1 1.30 100-106 19.03

2 38.7 1.34 103-106 17.91

3 38.6 1.33 101-106 | 18.46

4 38.9 1.32 101-106 18.51

BET surface area: 68 m?/g 5 38.8 1.34 103-106 | 18.51
t-plot pypore volume: 0.01 cm?/g Average 39.1 1.32 101-106 | 18.48

April, 25th and 26th 2012 Regulatory Authority Workshop

Infiltration tests with FEBEX pellets: CONCLUSIONS
v'The increase/decrease/increase pattern of swelling pressure
development appears irrespective of dry density, size of sample
and fabric

v'The kinetics of the process and the P, value depend on dry
density and initial water content

v'The mixtures become homogeneous upon saturation, with P, and
k, similar to those of compacted powder of the same dry density

v'Scale effect: P, obtained in big oedometers tends to be higher

v'The basal spacing of the montmorillonite saturated and
compacted at 1.4 g/cm3 corresponds to the 3-layer hydrate

Eﬁi“’m peme, Ciemat

Y COMPETITIVIOAD | £nespssioos, Medioambientales
¥ Tecnold gicos
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AIMS
* Evaluate the key HM processes and parameters taking place during the
early evolution of the EBS
* Provide a reliable good quality experimental HM data base, including

different time and spatial scales, as input to the modelling and extrapolation
work to be conducted within WP3

ACTIVITIES (all of them at lab T)
» Infiltration test with EB FEBEX pellets
+ Infiltration tests with HE-E materials S —|

* Long-term infiltration tests with measurement of permeability at low
hydraulic gradients (FEBEX and MX-80)

April, 25th and 26th 2012 Regulatory Authority Workshop

Infiltration tests with HE-E materials

Sand/Bentonite MaF2 Bentonite
Insuator # 3 Insulator ¥ 2

Inaudtor # 4 _|l ,J_ Ser

——
o
1
Al
§s

1 A% 4000
F 1 F

AIMS
«  Provide support for the modelling of the HE-E - TESTS CHARACTERISTICS
in situ test MX-80 bentonite pellets or sand/MX-80
- Check the hydro-mechanical behaviour of the || Mixture 65/35
HE-E materials and compare it with that Initial in situ dry density and water content
under thermal gradient Sample height: 10 cm, diameter: 10 cm
* Compare the HM behaviour of two different Pearson water injected on top at 0.14/2 bar

sealing materials

Eﬁ.}“’m peme, Ciemat

Y COMPETITIVIOAD | £nespssioos, Medioambientales
¥ Tecnold gicos
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Infiltration tests with HE-E mixture: online results

Sand/bentonite 65/35 mixture
compacted at 1.46 g/cm? with w=3% 350 ' i ) 3.0
. : : : —— water MGR16 P
Test MGR15: Duration 51 days, final | ~—~ % |----water MGR1S "7 4 &3
w=29.9%, final 5,=96% 250 1 —= pressure MGR16 |- 20 £
E —=— pressure MGR15 S
Test MGR16: Duration 41 days final o 200 ; 15 =
w=27.8%, final Sr=88% £ 150 10 2
8 g5
5 100 05 o
50 0.0 2
w
0 . -0.5
0.0001 0.01 1 100 10000

Time (h)
Ps measured in oedometer 0.1 MPa

High hydraulic conductivity

April, 25th and 26th 2012 Regulatory Authority Workshop
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Infiltration tests with HE-E MX-80 pellets: online results

MX-80 pellets compacted at 1.47 glcm? )
with w=6.3% ; MGR17
Test MGR17: Duration 118 days, final 350 30
w= 28.4%, final S,=98% 300 25
Test MGR18: Duration >62 days a - B
: — c
% 200 15 E’
£ 150 10 g
2 — water intake 2
= 100 —=—swelling pressure > a
50 0
0 - -5
0 1000 2000 3000
Time (h)
Fiemn ro, CSiemat
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AIMS
* Evaluate the key HM processes and parameters taking place during the
early evolution of the EBS
* Provide a reliable good quality experimental HM data base, including

different time and spatial scales, as input to the modelling and extrapolation
work to be conducted within WP3

ACTIVITIES (all of them at lab T)
» Infiltration test with EB FEBEX pellets
* Infiltration tests with HE-E materials

* Long-term infiltration tests with measurement of permeability at low
hydraulic gradients (FEBEX and MX-80) <—

April, 25th and 26th 2012 Regulatory Authority Workshop

_.QAT:;M

Long term infiltration tests with measurement of permeability

'TESTS CHARACTERISTICS |

FEBEX and MX-80 bentonites cpmpacted :
with hygroscopic water content at dry
densities 1.4-1.7 g/cm?®

OUTFLOW

Bentonite height: 2.5 cm, diameter: 5 cm

Saturation with deionised water injected at
6 bar 3 : :

Measurement of permeability applying INFLOW

hydraulic gradients between 200 and 7500

AIMS
» Check the possible evolution of permeability over time
» Check the range of validity of Darcy’s law
* Check the effect of hydraulic gradient on flow (existence of a threshold gradient)

* Provide information about the changes of adsorbed water density

Y COMPEMTIVIOAD £nevgisios, Medicambientales
¥ Tecnold gicos
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Long term infiltration tests with measurement of permeability:
FEBEX bentonite

1.0E-12 31 1.0E-11 g 31
o S Outflow M E ¢ Outflow
f — 29 1 e o Inflow + 29
i I o Inflow [ - 10E-12 e — Temperature ||
B T27 | = 3 o 127
= e gﬁu & g s - 'm' / v, g
S k3 5 1 25 :)’ "é’ 1.0E-13 E \ \ 4 , .[\ ° “ 1 75 ::
ke 1.0E-13 T )(J IA| o A—0o—+ E] k] K A & 5
§ lﬁl= // ?J;// i@y\p&b\\ /’r “1 23 E é | ® T 23 i
S T 1ol 7 T I g |g 1.0E-14 5 g
° e ] 8|S : \[ \ 2
E Wo,%l/ P &L 1] t\‘l > @ E ] la o
© oo 5 1.0E-15 1
B Ll \V/ 5 19 z E 119
o @ ]
1.0E-14 A 17 1.0E-16 . . . . 17
0 1000 2000 3000 0 500 1000 1500 2000 2500
Time (days) Time (days)
ps=1.55 glcn?® pg=1.65 glcm®

.
CE
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Long term infiltration tests with measurement of permeability:
FEBEX bentonite

eNo clear evolution of permeability with 100 5
time was observed for more than 2300 ] o*
days 10 3 .

— ] 0
oInflow continues to be smaller than |2 I ©8oo .X .’x
outflow after 2300 days: it is coming in | § 13— 5 o = =g
more water than is getting out ' ® 8.° &

2 Ll %0 Ao%
ePossible critical gradient around 5
2000 and threshold gradient - 1 AYToGradl.5 o Grad1.55
between 200 and 1400 depending 001 y——5——|95radl.4  £Gradl.65

; i At =15 ~ #1.55
on dry density and injection ] A185 2 Crad1.7
pressures 0.001 817
100 1000 10000 100000
eAbove these gradients, the validity Hydraulic gradient
of Darcy’s law was checked
Ciemalt
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T21. EXPERIMENTATION ON KEY HM PROCESSES AND

PARAMETERS (in situ and laboratory)

« T221. LABORATORY EXPERIMENTATION ON KEY THM
<
PROCESSES AND PARAMETERS (mock-up and laboratory)

« T231. THM-C MOCK-UPS (GAME TESTS)

« T232. THM AND THMC TESTS AIMED AT THE UNDERSTANDING OF

KEY PROCESSES TAKING PLACE AT THE INTERFACES (laboratory)

April, 25th and 26th 2012 Regulatory Authority Workshop

W omeeo| T221. LABORATORY EXPERIMENTATION ON KEY % -
PEBS <y:icr. THM PROCESSES AND PARAMETERS ~Toewon

AIMS
* Evaluate the key THM processes and parameters taking place during the
early evolution of the EBS
* Provide a reliable good quality experimental THM data base, including

different time and spatial scales, as input to the modelling and extrapolation
work to be conducted within WP3

ACTIVITIES
« The FEBEX mock-up: operation and sampling book <
* Long-term THM tests in cells simulating particular disposal concepts
— Tests already running

— New tests

-
PP .ennot
E—g—s mNONA DﬁECONDHA c v de Investigaci

Enes '|OC§ HEGDDGITD mCIIEE
y Tecnadgioms
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FEBEX mock-up test

AIMS

» Evaluation of the performance of the

instruments and monitoring system

* Verification of some hypothesis on the
THM processes in the transient phase
of the barrier material

TESTS CHARACTERISTICS
Thickness of FEBEX bentonite barrier: 63 cm

Duration: ongoing for 15 years -

Data provided: online measurements

overheating episodes

Barrier dry density: 1.65 g/cm® (22300 kg of bentonite)

Particularities: initial injection of 634L (w=17.1%),

April, 25th and 26th 2012 Regulatory Authority Workshop

Section with

Section
heater without heater
98+2°C
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FEBEX mock-up test: configuration

N, Pressure | | Water tanks Heaters

18 Temperature
sensors in the heaters

& &
O )

I'IFe weighting power line T

Temperature (328), pressure | | Temperature (20), injection
(80), and relative humidity pressure (2) and

(40) sensors in the displacement (19) sensors

instrumentation seccions || in the confining structure

D ext. 340 mm
I

6000mm |

/| 750mm |

A2 Al AB B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12

Elele ' |

E|E [A12 A11 A10 A9 A8 A A3

=]

S| |©

o|® |o

| o (® * || l’\| ||
s A AN

B

N

g

||
b
&

END2038.

1 Room Pressﬁd Bentonite | [ Instrumented | [Con ining 186 4sor 0
Tp‘erature water line blocks sections structure [t nozzles Geotextile layer

48 Hyaration
system nozzles
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FEBEX mock-up: temperature

180 I I I I I I I I I
i TEMPERATURE - SECTION A5
160

140

120

100

Temperature (°C)

8 8 8 8

Time (days)
> Section A5 (time = 0: 12:00:00, February 4, 1997)

m —®—TA510 —®—TA511 —R—TA512
= —pe—T_A5 173 - ®&--T_A5_174 --x-T_A5_1°5
TA516 R--TA517 —o—T A5 20
TA5 271 —6—T A5 272 —o—T_A5"273
g TATES o TASER o TASEE
] —H\—T A53 2 —H—T_A53°3 H T A534
. ---@--T_A5_375 ---@--T_A5.3°6 - @ - T_A537
Hit TA54°0 ——T_A54°1 ——T_A542
T_A5 473 T_A5_4_4 T_A5_4_5

- TA5476 -------T_A5_4°7

Seasonal changes due to the constant power supply (from day 2300, 2700 W/heater)

[l o

¥ COMPETITIVIOAD ne-géiccs,uedmrrmmaes
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100
Q :g = FEBEX mock-up:
£ 7 T relative humidity
1S -l _
3 60 & = V_A4_1
2 50 —V A4 2 |
§ 40 1 ——V_A4_3 |
30 —@—V_A4 4
20 ]
O O O O OO O OO0 O OO0 OO0 OO0 o oo o o o o
N LN LW LW LWwLwMLwMLuwWmLwmLwmLuwmLwmLuwmLwmLwmLwmLmLwmLwmLmLwmLwmLwmLuwm
' — M INDNO A MOINDNOA MO NOA MOWINOO A M 1N
= A A A N N ANANANOO NN S T
Section Ad 100
(B : 901 T
.||||||||r:1||| T z 70 - —\/_A10_2
5 5 ——V_A10_3
£
2 60 ——V_B10_2
Hot zones: from 74 t0o 85% RH (~49to £ 30 ~-V_B10_3
©
< 40 4
27 MPa at 80°C). x 30
Cold zones: maximum variation is lower 20
o o o o o o o o o o o o o o o o
P AR B3 LS LR8BI R LN SOy
than 2% RH (~ 3 MPa at 30°C). W= A8 d N Mm®m® T T
Time (days)
= Clomot
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FEBEX mock-up: pressure

110

100 1
\ & 4
S 4 A+
90 o —
80 v
© ¥
©
g )
o
e
S 60
3 :
7]
g !
a 50 . H —
S ' ® 8 ,
k-]
o] 4 Py N
0:40 i
P <
30
‘ I
b
20 1 &
|
10 W
0 } -
OcsOcQQQOOQQOOOQOOQOOOOQOOQOQOOQ
qno N © © © ¥ N © ® © F &N © ® © F N © ® © F N © © © ¥ N © © ©
F(‘QIOI\OOQNQOl\mvmm@«)DNthQ‘-ﬂgwwonm
FFFFFF N N N N N MO ™M M 0 O o < I & 0 0 1w v
Time (days)

—+—PR_A10_3 —® PR_A6_3 PR_A3_3 PR_AB_3 —# PR_B3_3 —e—PR_B6_3 —& PR_B10_3

The pressure range is reduced as the external zone of the barrier becomes saturated and
the local heterogeneities disappear (radial pressure: 8-10 MPa, higher in the outer ring).
Pressure-temperature coupling.

April, 25th and 26th 2012 Regulatory Authority Workshop
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FEBEX mock-up test: water content

Water content around heaters
inferred from RH measurements

Water content computed from
measured water intake

and WRC
23 ] 30

—~ ] [ 3
X 22 1 28
= ] ©1999: 2 years
z ] < 26
§ 21 3 < @ 2002: 5 years
§ 20 / g 24 m2010: 13 years

] S 22
p m o .
g 199 5 0 ~
= 18 g 18 \ ]
(2] 3 ho]
= 2 g %
— 17 ] g 16
g ] 2 years |5 years years =, \\L
< 16 7 w \a

] 12 o—

15 A T T T . 10
0 1000 2000 3000 4000 5000 0 10 20 30 40 50 60
Time (days) Distance to external surface (cm)
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FEBEX mock-up test: samgting pook ¥ 4
LOCATION LOCATION
SAMPLING SECTION 10B _As built’x coordinate ____-1.250 _“Asbuilt"x coordinate _____-1.250
Benfonite slice 108 SAMPLING SECTION 10B Benfonite siice 108
Instrumented section 85 Instrumented section B5
SAMPLES
Code No.of Type Shape  Sampling  Dimen  Partner Commen ts Layer 10B - Section B5
sample procedure .(mm)
5+5  Bentonite Core CIEMAT  Tracer: Bo-10 paper filter up
5+5  Bentonite Core CIEMAT  Tracer: Bo-10 paper filter
1 Bentonite _Block CIEMAT _Tracer: Th CP
5 Bentonite Core CIEMAT Tracer: ThCP
1 Bentonite  Block CIEMAT  Tracer: Rh CP
5 Bentonte Core CIEMAT _Tracer: Rh CP.
1 Bentonite Block CIEMAT Tracer: Th SSS
5  Bentonite Core CIEMAT  Tracer: Th SSS
1 Bentonite _Block CIEMAT _Tracer: Rh SSS
5 Bentonte Core CIEMAT _Tracer. Rh 555
2 Metal Rack CIEMAT Corrosion coupons
INSTRUMENTS
Code No.of Type of Measure Partner Comment ts
sensors Ty 7,
TB5#0 4 PU00 temperature CIEMAT _Calibration. Corrosion {]*
T B5 #1 4 Pt100 temperature CIEMAT  Calibration. Corrosion 1
TB5#2 4 P1100 CIEMAT _Calibration. Corrosion . i
T_B5 #3 2 PH100 temperature CIEMAT _Calibration. Corrosion
TB5 #4 4 Pt100 temperature CIEMAT  Calibration. Corrosion e
TB5#5 4 Pt100 CIEMAT _ Calibration. Corrosion Vi
TB5#6 2 Pti00 CIEMAT _Calibration. Corrosion '
TB5 #7 1 Pt100 temperature CIEMAT _Calibration. Corrosion )
1 LI
INSTALLATION PHOTO 1 L
N
Ll W
¢
¥, il
o
sJ{a\ F g, Y
g e
WLy -
1 ; Q> 7
1 M /
L y
o B % v/ Rh
G b
2
i A
Figure 1: “As built” bentonite section 10B.
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FEBEX mock-up test: CONCLUSIONS

Data base:

Monitoring of the behaviour of the Mock-up provides a long-term data base
(up to 15 years) on the evolution of the thermal, hydraulic and mechanical
parameters of the clay barrier.

THM parameters measurement:

Evaluation of the performance and long-term behaviour of the THM
monitoring systems.

THMC numerical models:

Improvement of models with current THM information, in addition to the final
picture after dismantling.

April, 25th and 26th 2012 Regulatory Authority Workshop
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AIMS

early evolution of the EBS

work to be conducted within WP3

* Evaluate the key THM processes and parameters taking place during the

* Provide a reliable good quality experimental THM data base, including
different time and spatial scales, as input to the modelling and extrapolation

ACTIVITIES
» The FEBEX mock-up (operation and sampling book)

* Long-term THM tests in cells simulating particular disposal concepts

— Tests already running <
— New tests
ﬁ" oo weme, Clomat
April, 25th and 26th 2012 Regulatory Authority Workshop N L P

THM tests in cells: FEBEX, 40 cm long

AIMS
» Check the long-term evolution of saturation

» Check the influence of thermal gradient on
saturation

TESTS CHARACTERISTICS
Materlal FEBEX bentonlte
Height of bentonite column: 40 cm

Initial dry density and water content: 1.65 g/cm3
13.1% ;

Duration: ongoing for 10 years
Hydration: granitic water, 1 MPa
Heater T bottom: 100°C (GT), amb (I)
Upper T: room

Data provided: RH and T online, information
about THMG changes upon dismantling

April, 25th and 26th 2012 Regulatory Authority Workshop
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THM tests in cells: FEBEX, 40 cm long

Online relative humidity measurements

100 100

% 7£ 90 - RH2
80 RH2| 80

70 70

40 cm

60

60

50 50

Relative humidity (%)

40 40

30— 30
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (days) Time (days)
Test under thermal gradient (heater T: 100°C) Isothermal test, room T
Fiomee pm, | Chomat
April, 25th and 26th 2012 Regulatory Authority Workshop L =
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THM tests in cells: FEBEX, 40 cm long

Inferred water content from RH measurements and WRC
after 8 years operation

28

26 L
9
% 24 =
g 22
c
S 20 0 *
9]
-+
fgv 18
o
% 16 # thermal gradient
£ 1 * —
a m isothermal 23°C

12 —

10 T T T

0 10 20 30 40
Distance from the heater (cm)
ﬁgm pene, Ceomat
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THM tests in cells: previous experience in 60-cm long cells

Final measured water content distribution

Measured final average water content 0
| |
o FQ1/2: 6 months
%0 3511 »FQ1: 12 months }4/,)
= — 301 ©FQ2: 24 months 1 3 Y
25 Q) T *
: < + CG3: 92 months R . § /E/
Cw=28.11-2.38-¢ 409 _11.98.¢ Aoss £ 5 "/(:/ 5 /
<20 £ o a8 Z
5 o 20 Ml 15 {
g i g N
E 15 = 15 - : Initial LR
o —
g =
10
5
10
s 1 " - TR 0 10 20 30 40 50 60
Time (days) Distance to the heater (cm)
* | iy
April, 25th and 26th 2012 Regulatory Authority Workshop % L =
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THM tests in cells; CONCLUSIONS

*Water vapour moved very quickly, causing local water content
increases, while thermal gradient delayed saturation in the inner barrier.
*Water content and density gradients were generated in the bentonite
during the transient period of saturation.

*Once the barrier becomes saturated the average density of the water
adsorbed in smectite will be higher than 1 g/cm3.

*The water movement, both in liquid and vapour phase, results in

geochemical modifications, particularly of the pore water composition,
that can also influence the barrier behaviour.

*The rate of hydration of the barrier depends on bentonite and

surrounding media permeabilities, waste temperature and buffer
thickness and geometry.

. _ Eﬁsﬂ"m SR oot
April, 25th and 26th 2012 Regulatory Authority Workshop ¥ COPEITNOND! nempetos Medoombieriaes
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THM tests in cells: HE-E materials

AIMS

*  Provide support for the modelling of the
HE-E in situ test

e Check the behaviour of barrier
materials at T>140°C
TESTS CHARACTERISTICS

Material: HE-E sand/bentonite (65/35)
mixture, MX-80 pellets :

Height of column: 50 cm

Initial dry density and water content: 1.45
g/cm?® and 3.6%, 1.52 g/cm?® and 6.4%

Heater T bottom: 100°C — 140°C
Upper T: room '
Hydration: Pearson water, no P

Data provided: online measurements of
RH, T, water intake, heater power

April, 25th and 26th 2012 Regulatory Authority Workshop
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THM tests in cells: HE-E sand/bentonite mixture

56 I
_ 51 H o1 o712 Quick thermal steady state
L..‘! 46 = T3 —hb Low temperatures in the
S a1 , - material due to its low thermal
R 2 4 100°C 140°C conductivity and heat losses
P g 31
i [ £
o 26
= 90 .
21 °
Il g0 L 100°C
- c(—:—_* 3 16 T T T
\ 0 1000 2000 3000 4000 ¥ 70
|| e l. Time (h) E 60
L] 10 Quick movement of the 5 50
- ) - (&)
| {rJ vapour phase towards cooler £ 40 ——rlH
]] areas I
11 Much longer time for —+—RH3
. hydraulic steady state 20 - ' ' '
0 1000 2000 3000 4000
Time (h)
ﬁgm peme, Ciemat
April, 25th and 26th 2012 Regulatory Authority Workshop ¥ COPEITNOND! nempetos Medoombieriaes
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THM tests in cells: HE-E materials

80
75 \ —A
70 ——RH pellets ||
< 65 e —A—RH mixture [
:; 60 —-T pellets |
= 55 /\ R —o—T mixture
£ /\ i
>
g o —
X |
& 45
(&)
- ¥ y \\ 1T
35 ¢ N
30 T T T T

Distance from heater (cm)

50

48

43

38

33

28

23

18

Steady values for a heater temperature of 100°C

| i ® GOBIER|
;g-;g e BmANA
- -

Temperature (°C)

DE ECONOMIA L igaci
EERCE Cenmo ge mvegtigacionas

April, 25th and 26th 2012 Regulatory Authority Workshop L S
B Tasks 7
ngineer
PEBS sj:tem: TR

PARAMETERS (in situ and laboratory)

+ T231. THM-C MOCK-UPS (GAME TESTS)

+ T21. EXPERIMENTATION ON KEY HM PROCESSES AND

« T221. LABORATORY EXPERIMENTATION ON KEY THM

PROCESSES AND PARAMETERS (mock-up and laboratory)

« T232. THM AND THMC TESTS AIMED AT THE UNDERSTANDING OF

KEY PROCESSES TAKING PLACE AT THE INTERFACES (laboratory)

<

April, 25th and 26th 2012 Regulatory Authority Workshop
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AIMS ] 1m

* Investigate the changes that may occur in the
key parameters of the buffer material as a result
of THM and THC processes

* Investigate the geochemical changes by
sampling of pore water, if available, with the
minimum possible interference with the system

TESTS CHARACTERISTICS
Materlal FEBEX bentonlte / FEBEX and concrete
Thickness of barrier: 30 cm / 22 cm :
Initial dry density and water content: 1.6 g/cm?, 14%
Duration: ongoing for 7 years, with interruptions -
Hydration: granitic water / synthetic saline water
Heatef T: maximum 40°.C |

Data provided: bentonite RH and T, water intake,

water pH and conductivity, heater power and T

April, 25th and 26th 2012 Regulatory Authority Workshop
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HYDRATION SURFACE

BENTONITE BUFFER
\ /

VACUUM

s S : ==
s — N2FLUSHNG
BEFORE SATURATION
C- STEEL ﬁ;\) HEATED SURFACE :
 HEATING SYSTEM |

W
DRILLINGS FOR HYDRATION

AND INSTRUMENTATION

April, 25th and 26th 2012 Regulatory Authority Workshop
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PEBS sj:tem: —
Outer ring Inner ring
105 l
Most RH values | 1
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Tasks

T21. EXPERIMENTATION ON KEY HM PROCESSES AND

PARAMETERS (in situ and laboratory)

T221. LABORATORY EXPERIMENTATION ON KEY THM

PROCESSES AND PARAMETERS (mock-up and laboratory)

T1231. THM-C MOCK-UPS (GAME TESTS)

T232. THM AND THMC TESTS AIMED AT THE UNDERSTANDING

OF KEY PROCESSES TAKING PLACE AT THE INTERFACES

(laboratory)

April, 25th and 26th 2012

Regulatory Authority Workshop
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AIMS
Understand the key processes taking place at the interfaces (canister-bentonite-concrete)

Investigate the sequence of corrosion/alteration products and processes at the canister-
bentonite-concrete interface under conditions as close as possible to those of the

repository
Investigate how these processes affect the properties of the bentonite

du

Material: FEBEX bentonite / concrete / corrosion products
Initial dry density and water content: 1.65 g/cm®, 14%

*Intermediate cells: heater T 100°C, thickness of bentonite 7-9 cm,

Small cells: isothermal at 60°C, thickness of bentonite 1.8 cm,

duration 18 months, saline hydration water

TESTS CHARACTERISTICS

ration from 0.5 to 7 years, granitic water GTS / synthetic saline water

April, 25th and 26th 2012 Regulatory Authority Workshop
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April,

Systems
Experiments representative of corrosion/alteration under unsaturated
conditions — Post-closure-transient state

Started during NF-PRO — Going on in PEBS

Hydration

l 22°C

A $2§ mm

E—
\

Temperature
FEBEX and RH sensor

bentonite
/

_¢5mm

Hydrati

FEBEX
Bentonite

86.8 mm

wugrL

p=1.65 g/

100°C

Heating

25th and 26th 2012
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Experiments representative of corrosion/alteration under
saturated conditions — Transient-saturated state

Started during NF-PRO (with C-steel plates and iron powder) —

Going on in PEBS
\ Temp: 60°C

Magnetite as final canister
corrosion product

Lime mortar as concrete
degradation product

Start 15/03/2011

Foreseen end 15/09/2012

Total: 18 months

Eﬁs“m e Qmﬂm;m;ﬁ

Energdicos,
¥
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e Canister/bentonite interface -

Evolution of corrosion products with time
( = FeOOH (Fe3*) 6 months Aerobic conditions
" Fe,0, (Fe*) 15 months Aerobic to suboxic
= Fe(OH),/Fe;0, (Fe**) 52 months Suboxic conditions
- J
Fe powder

Fe powder: slight
6 months 15 months 52 months corrosion

= Non-corroded areas
(metallic luster): no
chlorides

= Corroded areas
* traces of chlorine
and calcium

« cracks in the oxide
February 2007 November 2008 December 2010 layer

Presence of Cl in corrosion products

| | 1 3Bt ) Clomat
April, 25th and 26th 2012 Regulatory Authority Workshc™ g ¥ COPEITNOND! nempetos Medoombieriaes
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Canister/bentonite interface
Results on carbon steel plates — Corrosion Rates

Unsaturated conditions Heater T: 100°C

Droplets of water by deliquescence of salts (chlorides)

Initialization of localised corrosion whilst
bentonite is not fully saturated

Saturated conditions

Homogeneisation of corrosion

Corrosion rate after 2 years:
2.1 um/y

In good agreement with
previous studies

sion products lean surface

April, 25th and 26th 2012 Regulatory Authority Workshc™ " g e R
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e Canister/bentonite interface

EU

RATOM

No mineralogical alteration of bentonite at the steel/bentonite interface

Geochemical processes observed in compacted bentonite ¢l {mmeolri0ag)
0 2 4 6 8 101

Simultaneous hydration and heating causes:

BENTONITE
. . . . Hydration
= Dissolution and dilution of more soluble accessory zone '\6 onths
minerals (chlorides, sulfates and carbonates) \,
=Advection as the predominant process for ion crmediate 13 -
zone Hm FB1
movement: unsaturated state
® FB2
= Generation of saline fronts (chloride, sulfate) N, aFB3
Hegtci)rr'l.lg 15 months
/
Jeopardize the performance of the canister 52 months

/ :
l Interfase o \

Chloride can initialize localized corrosion during
transient state

Chloride distribution

| ﬁgm peme, Ciemat
April, 25th and 26th 2012 Regulatory Authority Workshc™ gy 22 YCORPINIOND enegston:. Vedoaretaes
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Bentonite (FEBEX) /concrete (CEM I, SR-type) interface
Background: ECOCLAY PROJECTS, NFPRO

Alkaline waters from the concrete will diffuse through the clay barrier. The high
pH (12.5 to 13.4) of the pore waters of concrete contrasts with the pH (7 to 8) of
the pore waters in bentonite:

pH > 13: high reactivity; montmorillonite dissolution, precipitation of zeolites (phillipsite-
analcime), Mg- tri-octahedral sheetsilicates, CSH gels and brucite

pH < 13: low reactivity; ( portlandite solubility equiliibrium): prevalence of precipitation of
CSH and dissolution/precipitation of carbonates

Development of alkaline reaction front through bentonite

(up to 1.5 years experiments) :

Mineralogical alteration <5 mm

Geochemical alteration (cation exchange, slow rate dissolution/ precipitation processes
(>>2 cm; depends on test size and sensibility of determinations)

Co q '

Im 2 GOBERNO  MINGTERIO

' DE ESPANA ‘qectcononh Cenmo ge Ivestigacionas
-

April, 25th and 26th 2012 Regulatory Authority Workshc™ g > e

y Tecnodgicos

@ ool 7232 THM AND THMC TESTS AT INTERFACES ? -
PEBS 3, M

Bentonite (FEBEX) /concrete (CEM I, SR-type) interface

PEBS PROJECT

Previous studies focused mainly on a highly reactive alteration environment
(pH>13) at short-term.

PEBS: Concrete-compacted bentonite interaction studied containing the
materials and conditions as close as possible to real ones, with simultaneous
heating and hydration at long-term (continued from NF-Pro CIEMAT tests).

Development of alkaline reaction front through bentonite

(up to 4.5 years experiments) :

Mineralogical alteration: Calcite, aragonite, and CSH/CASH compounds varying Ca/Si
ratios (0.5-1.5) developed in < 1.5 mm thickness.

Geochemical alteration: Cation exchange (Ca,Na increase , Mg decrease) > 3 cm, afected
by the opposite heat source also.

Ongoing research: Nature of CSH CASH phases / impact on THM properties

ac
[UNIVERSITAD AUTONCMA] | AL AUTONCMA| OMPETITIVIOAD £y rgéocsneqmrmemmes
¥ Tecnold gicos

Co : '
[ ® comenl INGTERIO
Im E"ﬁ\ nzm”ug glecfcononh Centro de Inve:

a
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Mineralogical transformations:
carbonates and CASH Ca/Si 0.5-1.5

April, 25th and 26th 2012

EURATOM

The research leading to these results has received funding
from the European Atomic Energy Community's Seventh
Framework Programme (FP7/2007-2011) under grant

agreement n°® 249681
April, 25th and 26th 2012 Regulatory Authority Workshop E*ﬁ S Ve ¢l e
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M.V. Villar, P.L. Martin, M.J. Turrero, J. Cuevas

mv.villar@ciemat.es, pedro.Imartin@ciemat.es,
mj.turrero@ciemat.es, jaime.cuevas@uam.es

CIEMAT, Avd. Complutense 40, 28040 Madrid
UAM, C/ Francisco Tomas y Valiente 7, 28049 Madrid

. ST DEESPANA  DE ECONOMIA Centro o Investigacicne
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PEBS — Long Term Performance of Engineered Barrier systems

HE-E experiment in the VE Test Section

EBS behaviour immediately after repository closure in a clay host rock
Irina Gaus

Klaus Wieczorek, Kristof Schuster, Juan Carlos Mayor, Paul Marschall, Patrick Steiner, Thomas Trick, Ursula
Rosli, José-Luis Garcia Sifieriz, Christophe Nussbaum, Oliver Czaikowski, Uli Kuhimann, Benoit Garitte,
Antonio Gens, Manuel Velasco, Sven Kéhler, Sven-Peter Teodori, Hanspeter Weber

Workshop for Regulatory Authorities 26 April 2012 — Mont Terri

B 7 & | Atemin BGRimmk (enes (RS mmwr ~c. NAQra, soswme
. . ; W cmanceor %
Outline of this presentation peps 5. M

*Introduction to the experiment

= Construction of the experiment (Jan-June ‘11)
=0Ongoing monitoring since June 2011

= Modelling strategy and first results

= Conclusions so far

2 RW 26 April 2012 - I. Gaus n a g ra
L ]
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Background for this presentation =S 4

Modelled heat transmission in HLW tunnels

TingC*
m 40
m 1%

Bentonite
B Steel

120 n Lower OPA
. 110 > Upper OPA
Disposal concept HLW and spent fuel .0 n
e
rﬂ:uldnhlmﬂllh " eyl i

= Tk

W 0
a"J)
- - Banknie
Indef1l
Himat rock

4.

HI  Cunister Rodius

H3  Horizontal Mid-Bemonie
H5  Horizontal Radius Tuancl
H6  Horizontal Mid-EDZ

== H7 Hovizontal Radius EDZ
HI0 Radial Midpoing

_ui-l.'_me
it (phety

Temperature ['C|

EBS and host rock
evolution
at initial high T°

e e T e e
(Johnson et al., 2002)

nagra,

3 RW 26 April 2012 - I. Gaus

Objectives of the PEBS project (2010-2014)

| P ——
EURATOM
Early resaturation time Resaturation period Pressure recovery period
10 years 50 years 200 years
Time after
repository closure
e e i

Bulifer resaturation I
and swelling

This presentation
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Objectives of the HE-E heater experiment

= Elucidating the early non-

isothermal resaturation period Bentonite pelets
and its impact on the thermo- S o e Host rock
hydro-mechanical behaviour. P Humidityand temperature PILd 2

- provide the experimental data
base required for the calibration
and validation of existing thermo-
hydraulic models of the early
resaturation phase

- upscale thermal conductivity of
the partially saturated buffer from
laboratory to field scale: cable channel

- pure bentonite
- bentonite-sand mixture

' Performance of @
| Engineered
PEBS b, il

5 RW 26 April 2012 - I. Gaus n a g ra
L ]

- Long-term
' Performance of
e
¢ Barrier
BS spems

HE-E heater experiment: characteristics ™

Mont Tarri
\ Undesground Fiock Labaratony

= 1:2 scale (microtunnel 1.3 m)

= Natural resaturation from clay hostrock
= Heater surface temperature: 140°C

= Duration: June 2011 - >2014

= Two symmetrical sections - different
granular materials

m

6 RW 26 April 2012 - 1. Gaus n a g ra
L ]




Outline of this presentation s I

= Introduction to the experiment

= Construction and start of the experiment

=0Ongoing monitoring since June 2011

=Modelling strategy and results

= Conclusions so far

7 RW 26 April 2012 - I. Gaus n a g ra .
Instrumentation concept — 4 areas nE P

4. Hostrock>2 m

1. Heater surface - T° and applied power
2. Engineered barrier - T° and humidity
= Heat transmission
= Evaporation and condensation
. Opalinus clay close to microtunnel <2 m
-~ T°, humidity, hydraulic pressure,
displacement
= Heat transmission

= Partly desaturation
= Pressure increases

- Stress development Indirect measurements:

. The Opalinus clay > 2 m from microtunnel * Seismics: array with 5 emitting

and 10 receiving transducers

H o
= hydraulic pressure, T = Geoelectric: electrode array in 1
= Heat transmission m deep boreholes

= Pressure increases

8 RW 26 April 2012 - I. Gaus n a g ra
L ]
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Heater system — heating strategy

%@ Ensinaeres

BS sm-m

4

EURATOM

160 .
Temperature control = Maximum heater temperature
140 > ® will be reached after 1 year
120 = Constant temperature at 140°
e
£100 mpersture merease (2 for the next 2 years
s
g 50 = Strategy can be adapted
g € Strategy 1
o 60
] Temperature increase (1) '“'Strategv 2
T a0
0 / -
¢
0
0 500 1000 1500 2000 2500
Time [days]

= Two independent isolated
heaters of 4 m in steel liner

= Both power and temperature
control

—* 0D 298.5 mm

g — liner
S
—= 0D 219 mm

RW 26 April 2012 - I. Gaus

nagra,

Instrumentation in the Engineered Barrier

| Perormance o

Barrier

i 4

= Humidity and T° sensors

Plug 3 Plug 2 Plug1 = Dense instrumentation lay-out:
Section G Section N . ]
l- (GRS) _1 ALIEL 1 rEees = 36 in granular material
= 22 in blocks
= 18 on interface
3 = Large T° gradient expected
sC (Sensor Carner) SC (Sensor Carrier)
|
4 3 2 1 IOm

Front view (inside the tunnel)

12 (clockwise position)

= Prefabricated modules
facilitating emplacement

Sensor

H (Host rack)
M (middle)

C (Center)

B (Bentonite)

Bentonite
block

Fixation for the
SEnsor carrier

10 RW 26 April 2012 - I. Gaus

PTFE slide

Module slide

Fixation for the
sensor carrier
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Instrumentation in the host rock B fﬁ"" _@

Close to microtunnel < 2 m

!\ (Do

(-]
\ sA1 Psychrometer
\ type Relative
sn2 Humidity
Sensor
SA: Plezometer, Tomperature
SB: Humidity, Tomperature

50: Exb

Secton BA2

o ' — Further from microtunnel:
boreholes from main gallery

Gatory B8

Mini Piezometers

N RW 26 April 2012 - I. Gaus n a g ra
L]

Materials used o _@

Section 1: MX80

Blocks: MX-80

Section 2:
Sand/bentonite (MX80)
Max Grainsize : ca. 2 mm

ICEM'11 I.Gaus
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Instrumentation in Opalinus Clay ;as-:if“_k

; ‘ ' February 2011

o
‘I

'}
iy

Emplacement of instrumentation modules
' April 2011 g —




Detall of the thermocouple
—— positioning pieces.

W e

W e

5
1
]

June 2011
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Outline of this presentation

= Introduction to the experiment
= Construction and start of the experiment

=0Ongoing heating and monitoring since June 2011

=Modelling strategy and results

= Conclusions so far

17 RW 26 April 2012 - I. Gaus

nagra,

Implementation of the heating strategy nRE_12

g

140

qQ
o,
8
]

%’ﬁﬂ +Strategy 1
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First Monitoring results: WEBdavis —online access
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Current measurements in engineered barrier
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Current measurements in Opalinus Clay 1/2
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Current measurements in Opalinus Clay 2/2
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Indirect monitoring: seismic transmission
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Outline of this presentation peps 5. M

*Introduction to the experiment

= Construction and start of the experiment

=0Ongoing monitoring since June 2011

= Modelling strategy and early results

= Conclusions so far
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Modelling strategy — 3 Teams — TH and THM

Completed Ongoing
Design modelling Calibration/validation Extrapolation
. : . . " . = Purpose: simulation of the PA
= Purpose: scaling of = Purpose: scaling of dimensions, relevant parameters over a
dimensions, time and time and processes (scalel:2.5) period of 1000 years (early
processes (scalel:2.5) evolution of the SF near field)
= Procedure: o g
; . - Blind prediction using the " Frocedure:
o R input -ﬁ-om the desigf,’ - Simulation of the real
- Use of reference heat models scale SF near field using

output for SF the desigh model,

- Calibration using the field ;
i - calibrated model
- Use of reference design data of the first 2 years - Inclusion of system
of SF canisters/tunnel - Refined predictions using understanding from other
the complete dataset experimentsl| )
- Sensitivity analysis - Sensitivity analysis
= Procedure: - Evaluation of the results - Interpretation of the
- Down scaling to the differences between
tunnel size at Mont-Terri codes/approaches
- Scaled heat output - Conclusions for the PA
- i i = Performance indicators -
Scaled time period for _ T°distribution = Performance indicators
peak T° . - Tedistribution
- System evolution in - S . - Saturation )
terms of dimensionless - PR PESEE el g - Pore pressure evolution
N —— - Stress/deformation

1- 5years 1- 5years 1- 1000 years

Maodelled timeframe
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TOUGH (TH): first predictive calculations — as-built data

= Gas saturation after 6 years
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CodeBright (THM): first predictive calculations - as-built data
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Code Bright: Simulation results against measurements
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Code Bright: plans for 3D THM modelling meiE T

= Design modelling illustrated the influence of Gallery 98 in terms of expected
pressure evolution

= The impact is mostly restricted to one side of the microtunnel.

= This means the vertical plane through the microtunnel axis could be used as
symmetry plane for a half-model, and two calculation runs (one with and one
without Gallery 98 would give very simillar information as one with a large
model.

| Patmos< Pw

RS g
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Performance of

Evaluation of the experiment so far =2

Maximum heater temperature of 140°C will be reached in June 2012 —
currently at 120°C — after that constant for at least 2 years

Temperature increases as expected in EBS, slightly lower than
predicted in the OPA

OPA close to the microtunnel: no increases in pressure observed in
most sensors — still slightly unsaturated close to the tunnel wall.

Temperature in bentonite and sand/bentonite show similar evolution.
All humidities in EBS decrease rapidly, apart from sand/bentonite —
OPA interface.

Onset of pressures increases due to thermal expansion at larger
distance from the tunnel is observed (as predicted in the models)
shortly after starting the heaters

31 RW 26 April 2012 - 1. Gaus n a g ra
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B 4

EURATOM

PEBS Workshop for Regulatory Authorities
Overview of Modeling Tasks (WP3)

St-Ursanne, April 25 and 26, 2012

Long-term
Performance of
Engineered

PEBS s}:tems

St-Ursanne, April 25-26, 2012 WP3 Overview
WL S Presentation Outline 7 -
PEBS S:st:ms —EURATOM _

* Background

» Structure and objectives of PEBS Work Package 3
» Overview of the modeling tasks 3.1 — 3.4

» Task 3.5 — long-term extrapolation

* Summary and outlook

St-Ursanne, April 25-26, 2012 WP3 Overview
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W oo ' -
HERS S Repository Safety and Modeling _% -

* In order to maintain isolation of the waste, the system has to meet
requirements with regard to hydraulic behaviour and mechanical,
thermal, and chemical stability over long periods of time (long-term
safety assessment typically considers times of 10° years and more).

» Experimental evidence is only available for much shorter time periods.
=> The Thermal-Hydraulic-Mechanical-Chemical (THMC) coupled
processes in a repository have to be well understood, so that a
sound prediction of the future evolution of the repository can be
undertaken.

* In-depth study of the behaviour and properties of the different
materials present in the repository and their interaction are needed, in
order to be able to develop, qualify, and calibrate constitutive
models describing the evolution of the repository components and of

the whole system.

St-Ursanne, April 25-26, 2012 WP3 Overview

Engineered

@ =oeeo  Process Types Potentially Occurring 7 -
Barrier . . || —
SRS ot in a Repository
* Mechanical:
Stress/deformation behaviour of host rock and technical components, possibly time-
dependent, e.g., creep deformation; fracturing and reconsolidation

e Thermal:

Heat flow and temperature increase as a consequence of decay heat production
* Hydraulic:

Pore water redistribution, de- / re-saturation of clay materials

. Chemical: Heat transport Water and gas flow
Corrosion of metallic or non- e !
metallic components, chemical
interaction at interfaces

e TMcoupled:
Thermal expansion, viscosity changes

* HM coupled:
Dependence of mechanical state on
pore pressure and saturation state,
porosity change by compaction

 HC coupled:
Porosity/permeability change by chemi- ol
cal interaction (solution/precipitation)  THM-coupled phenomena (GENS et al., 2006)

St-Ursanne, April 25-26, 2012 WP3 Overview

Pore pressiie goneratian

Fhuld visoosity

Heat convestian
h

Tharmsl conduchty

99




W oo
HERS S Overall Structure of PEBS _7; -

« WHPL1: Analysis of system evolution during early post closure
period: Impact on long-term safety functions
« WP2: Experimentation on key EBS processes and parameters

« WP3: Modeling of short-term effects and extrapolation to long-
term evolution

 WHP4: Analysis of impact on long-term safety and guidance for
repository design and construction

 WP5: Dissemination of results

 WP6: Project management

St-Ursanne, April 25-26, 2012 WP3 Overview

L o o iecti
HERS S Overall objectives of Work Package 3 _7; -

The overall objectives of WP3 are

» to perform coupled HM, THM, and THMC analyses to provide a
sound basis for the interpretation of the various tests planned in the
frame of the PEBS WP2

» todevelop new or improved models as demanded by the calibration
of computation results with the actual measured data, and

» to use the data and improved models for extrapolation to long-term
evolution of the repository taking into account the scenarios defined
in PEBS WP1 and to investigate model uncertainty and its impact on
long-term prediction, thus providing input to PEBS WP4

St-Ursanne, April 25-26, 2012 WP3 Overview
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@ <o ExXperiments Covering Different Stages

Engineered

N Barrier . . . AT
g in Repository Evolution
Early resaturation time  Resaturation period Pressure recovery period  Long-term

10

¥

i

% Time after

repository closure

Thermal evolution

years 50 years 200 years evolution

EE
High T® )
Ongoing
chemical
effects

~——'EB expmt

o

Task 3.1

Modeling in Task 3.2

(corrosion)

St-Ursanne, April 25-26, 2012 WP3 Overview

' Il;n:m‘r"r“nanm of

. Enoineered Structure of WP3

PEBS Systems —EURATOM

e Task 3.1: HM modeling of the Mont Terri EB experiment (CIMNE,
ENRESA)

e Task 3.2: THM modeling of the Mont Terri HE-E
(CIMNE, ENRESA, TKConsult, NAGRA, GRS, BRIUG)

» Task 3.3: THM modeling of bentonite buffer
(CIMNE, ENRESA, TKConsult, NAGRA, Clay Technology, SKB,
BRIUG)

e Task 3.4: THMC modeling of various experiments
(UDC, ENRESA, JAEA, BRIUG)

« Task 3.5: Long-term extrapolation (All teams)
— To the end of the resaturation phase (102 — 10° years)
— To the end of PA-considered time (10° — 108 years)
— Natural analogues?

St-Ursanne, April 25-26, 2012 WP3 Overview
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&= Immediate Connections Between Tasks 7 23

Barrier — |
Systems EURATOM

Analysis of system > Analysis of impact on
evolution (WP1) long-term safety (WP4)

1 | 1
1 [ HM experiments " | HM modeling I
| | (Task 2.1) 1 || (Task 3.1) |
I ! | |
'WP2 i '[THM modeling of |
. M HE-E (Task 3.2) Long-term -
| | THM experiments ! extrapolation | |
1 | (Task 2.2) : 1 | THM modeling of (Task 3.5) I
! \ bentonite buffer :
I | 1| (Task 3.3) l
: THMC i : : THMC modeli WPS:
I experiments | o | modeling

| | (Task 2.3) 1| | (Task 3.4) :

St-Ursanne, April 25-26, 2012 WP3 Overview
| 4 Engincered Task 3.1: Objectives 7 -
PE Bs Systems " EURATOM

 The HM modeling aims at providing a satisfactory scientific
representation and a sound basis for interpretation of the EB
hydration phase and of the dismantling data. New or improved
constitutive laws (double structure approach, water density change)
are developed and adjusted with the experimental data.

RS

May 26th and 27th, 2011 Project Meeting, Work Package 3
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B :
HESS S5 Task 3.1: Double Structure Approach _% -

» Double structure approach: constitutive model for double porosity
swelling clays

— Two structural levels are considered:
macrostructure and microstructure

— Macrostructure model: use of conventional unsaturated soil
model: BBM (Barcelona Basic Model)

— Microstructural model: empirical model relating volumetric strain
and effective stress

— New step: non-equilibrium between microstructure and

macrostructure
May 26th and 27th, 2011 Project Meeting, Work Package 3
O Task 3.1: Status and Outlook 7 -
PEBS S:St:ms —EURATOM _

» First simulations with the new approach showed good
representations of experimental findings

* The model seems suitable for simulation of the EB

150

£ — — — Numerical results —_ — — — Numerical water intake
: — MGR9 -1 — MGR9 =
E ~1.2- ME
o 2
3 100 —
2 2
B -
& E 50—
= @ -
z P —
v 0 T T T T 0 R mm'-] TTTI T T TTm T T T
0 50 l(_JO 150 200 250 0.01 0.1 I 10 100 1000
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c) f)

» Water density changes are currently being incorporated

* The final state of the barrier including dismantling effects is
predicted and compared with the dismantling observations

May 26th and 27th, 2011 Project Meeting, Work Package 3

103




Ee) Task 3.2: Objectives ? -

Barrier (|| S—
Systems EURATOM

» Scoping calculations for the design of the HE-E to assure that the
experiment lay-out meets the requirements regarding temperature
evolution and that instrumentation is adequate

* Interpretative modeling of the HE-E by prediction/evaluation cycles
with uncertainty assessment, concentrating on the thermal and
thermomechanical behaviour in the early post-closure phase

Bentonite pellets
Sand bentonite mixture (1st section)
(2nd section)
Humidity and temperature Plug 2

Plug 3

Back of
tunnel

cable channel

May 26th and 27th, 2011 Project Meeting, Work Package 3
O Task 3.2: Scoping Calculations 7 -
PEBS S:st:ms ~ EURATOM

» Scoping calculations of the HE-E have been finished

— CIMNE: CODE_BRIGHT with a 2D-axisymmetric model, THM
coupled calculation

— GRS: CODE_BRIGHT with a 2D plane strain model, THM
coupled calculation

— TKConsult: TOUGH2 with a 3D model, TH calculation
— Different modeling of the microtunnel history (draining)
— Preliminary material properties

* Results:

— Temperature increase at the microtunnel wall to 50-65 °C during
the first year of heating, up to 72 °C after 3 years

— Maximum pore pressures at >4 m distance from the microtunnel
axis

— Little water inflow into the buffer during experimental time: no
swelling pressures expected

May 26th and 27th, 2011 Project Meeting, Work Package 3
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Engineered

@ oo Task 3.2: Pore Pressure Evolution 7 -

Barrier .
PEBS 27, in the Rock
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May 26th and 27th, 2011 Project Meeting, Work Package 3
Long-term
N e Task 3.2: Next Steps
Barri
PEBS s)tem —
Systems EURATOM

» Development/validation of constitutive models and selection of
parameters for the EB materials and the Opalinus clay

— Respective laboratory tests on the buffer materials are currently

going on
* Interpretative modeling of the HE-E test by the different modeling
teams
May 26th and 27th, 2011 Project Meeting, Work Package 3
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W oo - Obiecti
HEES B Task 3.3: Objectives _% -

» Evaluation of existing THM models for buffer materials

* Incorporation of new processes into simulation of long-term lab
experiments and development of enhanced constitutive models

« Simulation of long-term lab experiments and extrapolation to large-
scale in-situ tests

May 26th and 27th, 2011 Project Meeting, Work Package 3

W ormanceor ) . C
HEES Task 3.3: Evaluation of Existing Models _% -
» Clay Technology analysed 11 models considering the bentonite
buffer evolution. One of the models considering buffer
homogenisation was a coupled THM model and the others were
TH, HM or T models - the model was verified and can be used for
other tasks in the project
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RS

May 26th and 27th, 2011 Project Meeting, Work Package 3
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' Psrfnrmanne o

HEES S Task 3.3: Incorporation of New Processes 7 -

* CIMNE performed long-term THM modeling of the FEBEX mock-
up test and evaluated several non-conventional models for better
simulation of the bentonite hydration
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May 26th and 27th, 2011 Project Meeting, Work Package 3
. Il-;;?xr:“nanm of .
Engineered Task 3.3: Next Steps
PEBS Systems —_EURATOM

» SKB/Clay Technology will use their models for long-term simulation
and evaluation of uncertainties

* NAGRA/TKConsult will select relevant experiments (e.g., FEBEX in
situ), for extrapolation until full saturation (or equilibrium)

* CIMNE will perform long-term THM modeling of CIEMAT cell tests

May 26th and 27th, 2011 Project Meeting, Work Package 3
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W oo Task 3.4: Objectives _z -

PEBS 2irens

» Development of models accounting for different types of water and
incorporating porosity change resulting from swelling in THC code,;
testing by simulation of PEBS experiments and lab tests performed in
the frame of NF-PRO

» Validation of an existing THMC code by simulation of PEBS
experiments

May 26th and 27th, 2011 Project Meeting, Work Package 3

W oo : i
HERS S Task 3.4: Achievements and Future WorkTZ -

* UDC has developed advanced multiple continua models for clay
barriers by improving current THC(m) models. The following
improvements were made:

— A dual micro-macro formulation has been developed to account
for different types of water and pores

— A state-surface approach has been used to model the swelling

— Reactive gases such as O,, CO, and H, are accounted for

* The improved model was benchmarked against other codes and
applied for different experiments

* Next steps:

— Simulate 60 cm-column experiments of CIEMAT
— Simulate tests on bentonite-concrete and canister-bentonite
interface

RS

May 26th and 27th, 2011 Project Meeting, Work Package 3
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B : Objecti
HESS S5 Task 3.5: Objectives _% -

» Assessment of the results of Task 3.1 - 3.4 regarding their implications
for different time and space scales

» Identification of the significant processes in the resaturation phase
& afterwards

» Development or modification of the available formulations to
incorporate phenomena and processes deemed to be relevant for
long-term predictions

» Performance of coupled numerical analysis for long-term evolution
of the engineered barrier system in the repository

» Evaluation of the model uncertainty and its implications for long-term
prediction

« Compilation and evaluation of the usefulness of natural analogues for
providing support, testing and validation of long-term predictions of

current THMC models

St-Ursanne, April 25-26, 2012 WP3 Overview

B : i i
HESS 5 Task 3.5: Interaction with WP1 and WP4 _% -

WP1: Compilation of important processes, possibly exhibiting uncertainty
in their formulation, as seen from the various national programmes

Task 3.5: Evaluation: Which of these processes are addressed in PEBS
WP2 and WP3?

WP4: Selection of modeling cases for extrapolation, proposal on case
variants

}

Task 3.5: Definition of case variants, performance of long-term
simulations, uncertainty evaluation, processing of results for WP4

WP4: Evaluation

St-Ursanne, April 25-26, 2012 WP3 Overview
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W oo :
HERS S Task 3.5: Input from WP1 _% -

Important processes considered in PEBS (marked in red: Processes
contain uncertainties in their description)

Heat transport XXX XXX 3.2,33
Water uptake XXX 3.1,33,34
Water transport XXX XXX 33,34
(sat.cond.)
Piping/erosion XXX 3.3
Swelling/homogenization XXX XXX 3.1,3.3,34
(Thermal) osmosis XXX XXX 3.3
Transport of solutes XXX XXX 34
Thermal alteration XXX XXX 34
Geochemical evolution XXX XXX 34
Cementation / XXX XXX 34
montmorillonite transf.
Corrosion product XXX XXX 3.4
interaction
Concrete interaction XXX XXX 3.4 .
St-Ursanne, April 25-26, 2012 WP3 Overview

@ &eae Criteria for Decision on Modeling Cases ? -
PE BS Systems ~ EURATOM

* The processes which exhibit uncertainties are the most candidate
for the extrapolation consideration

» Substantial data to improve their description should be provided
within PEBS

* The modeling cases to be considered should interest more than just
one PEBS partner

St-Ursanne, April 25-26, 2012 WP3 Overview
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B
HEEN Modeling Cases for Long-Term Extrapolatlor? -

Water uptake in the buffer (T <100 °C)
— Input data from Task 2.1 & 2.2, modeling in Task 3.1 & 3.3

e Thermal evolution of the buffer (T > 100 °C)
— Input data from Task 2.2, modeling in Task 3.2

* Hydro-mechanical evolution of the buffer
— Input data from Task 2.1 & 2.2, modeling in Task 3.1, 3.2 & 3.3

» Geochemical evolution, especially at interfaces (canister —
bentonite and bentonite — concrete)

— Input data from Task 2.3, modeling in Task 3.4

St-Ursanne, April 25-26, 2012 WP3 Overview
O Current Status of Task 3.5 7 B3
PE BS S\afs'b:ms "~ EURATOM

» The models for the relevant processes are in principle existing and will
be used for long-term simulation. Such models include, e.g.

— Non-Darcy flow (threshold and critical gradient)

— Thermo-osmosis

— Double structure model to account for microfabric evolution
Different types of water in macro- and micropores

» They will be checked against the data from the experiments, which are
already providing, confirming or improving a wide variety of parameters.

» Currently, the case variants for the extrapolation simulations are being

defined.

St-Ursanne, April 25-26, 2012 WP3 Overview
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® e Procedure for extrapolation ? -
PE BS Systems — EURATOM

* Check of the available processes or process formulations for
completeness (“new” processes?) and necessity

— By using different formulations for the same experiments

— By modeling of the PEBS WP2 (or other) experiments (for HE-E in
prediction-interpretation cycles)

» Check of the necessity and suitability of formulations and parameters

— By using the same formulations/parameters for different
experiments (as far as reasonable)

* Check of sensitivity of parameters
— By parameter variation, long-term simulation and comparison of

results
St-Ursanne, April 25-26, 2012 WP3 Overview
. Engincered Summary and Outlook ? -
PE BS S\afst:ms — EURATOM

* Numerical modeling is an integral part of the PEBS project. Although
all process modeling is concentrated in one work package, there is a
very close interaction with the other work packages.

» Besides the prediction/interpretation modeling of the various
experiments performed in the frame of PEBS, a special task is the
extrapolation to time scales not accessible by experimentation. This
has direct impact on long-term safety considerations.

* By the end of PEBS,
— Improved process models will be available and confirmed

— Improved and confirmed parameters of buffer materials will be
available and the models will be calibrated

— Uncertainties in repository long-term behaviour will have been
reduced

St-Ursanne, April 25-26, 2012 WP3 Overview
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Long-term

. Performance of
Engineere: d

PE BS Barrier .
Systems EURATOM

The research leading to these results has received funding
from the European Atomic Energy Community's Seventh
Framework Programme (FP7/2007-2011) under grant
agreement n° 249681

St-Ursanne, April 25-26, 2012 WP3 Overview
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Gesellschaft fuer Anlagen- und Reaktorsicherheit (GRS)
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St-Ursanne, April 25-26, 2012 WP3 Overview
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EURATOM

Coupled thermal-hydraulic-chemical
modelling taking into account some
mechanical effects

PEBS Workshop for
Regulatory Authorities

St. Ursanne, April 25th and 26th, 2012

Long-term
Performance of
Engineered
PE BS Barrier
Systems
== UNIVERSIDADE DA CORURA
April 25th & 26th, 2012 Regulatory Authority Workshop e
' ;:?;:;;anm of O | - ? -
Engineered
PEBS 3cens u t ine ——

* Introduction

Objectives

Coupled THC(m) models

v Model description

v Model testing

Long-term evolution and simulation
v' Integrated analysis of THCm data
v Natural analogs

v Long-term simulations
Conclusions

April 25th & 26th, 2012 Regulatory Authority Workshop

~ A -
=28 UNIVERSIDADE DA CORURA
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Long-term
Performance of

REEN o Introduction

- Engineered barrier system |
— Canister
— Buffer & Barrier
— Liner
« European R&D projects on ‘
— FEBEX |, I
— BENIPA
— NFPRO

— PEBS: Long-term performance of the Engineered
Barrier Systems (EBS) (2010-2014)

« The main aim is to evaluate the sealing and barrier
performance of the EBS with time, through development of a
comprehensive approach involving experiments, model
development and consideration of the potential impacts on
long-term safety functions

® Introduction N
Hydrodynamic and thermal transient stages in
the EBS

 EBS water saturation: from 20 to 100 years
« EBS pressure equilibration: 200 years
« EBS thermal transient
— Thermal gradients within the EBS are expected to
dissipate after 103 years
— The thermal pulse will last for 10* years

.~ A -
April 25th & 26th, 2012 Regulatory Authority Workshop =z UNIVERSIDADE DA CORUNA
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» Introduction N
Geochemical transient stages in the EBS

« Geochemical transient associated with the thermal
and saturation stages:
— Chemical processes triggered by water saturation
— Chemical reactions caused by the thermal pulse

» Solute diffusion across the EBS-geosphere interface

« Geochemical evolution of major aqueous chemical
species within the EBS

 Interactions of corrosion products & bentonite

* Interactions of concrete & bentonite

« Radionuclide migration, sorption and retardation

. i
April 25th & 26th, 2012 Regulatory Authority Workshop gl UNIVERSIDADE DA CORUNA
' I;:rg;:rr:'lance of O b - - ? -
Engineered
PEBS g:;rtiee;s J e C t I V eS ——'f T

* Improve current THC models to
— Account for different types of waters and pores

— Account for the porosity changes caused by swelling
phenomena - THCm model

— Account for reactive gases Oy, CO,(,), Hy(g

« Test THCm model with lab and in situ tests

— NFPRO and FEBEX tests

« FEBEX mock-up and in situ tests

* Heating and hydration tests

* Interface tests: Canister/bentonite & concrete-bentonite
— PEBS tests

» Corrosion tests

» Concrete-bentonite tests

* New corrosion-concrete tests

=

April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA CORUNA
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& Objectives r =

« Study the long-term prediction ability of current
THMC models

— Integrated analysis of water uptake, temperatures,
& chemical concentration data from different space
and time scales

— Natural analogs

— Update the numerical simulation of the long-term
geochemical evolution of the EBS

. i
April 25th & 26th, 2012 Regulatory Authority Workshop g UV ERSIDADE DA CORUNA

Coupled

THCmM
models
for the

EBS

== :
April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA CORUNA
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| Long-term
. Performance of

resstiz.  THCm model descrlptlon A

Flow processes
» Saturated-unsaturated medium
Two-phase flow
— Liquid (water, solutes, gases)
— Gas
o Air
o Vapor
0 Other gases:O,), COyq), Hyg
Evaporation and condensation
Non-isothermal
— Temperature dependence of
hydrodynamic parameters
Coupled Onsager processes
— Chemical osmosis
— Thermal osmosis /

I

= y
April 25th & 26th, 2012 Regulatory Authority Workshop 2>~ !\\VERSIDADE DA CORUNA

1 Long-term
4 Performance of

s THCmM model description A

Thermal processes
« Conduction
« Convection
» Evaporation (heater/bentonite) and
condensation

.~ y
April 25th & 26th, 2012 Regulatory Authority Workshop =2~ UNIVERSIDADE DA CORUNA
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rmance o'

mesie® " THCm model description A

Solute transport processes
» Advection
« Dispersion
* Molecular diffusion

April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORURA

Geochemical system

Primary species

Agqueous
complexes

Minerals &
gases

Exchangeable
cations

Steal canister corrosion

Fe(s)+2H,0 — Fe** +20H™ +H,(g)

April 25th
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PEBS

April 25th & 26th, 2012

g-term

2= THCm model description £

Systems

Geochemical system

Na* + X-K < K* + X-Na 0.138
Na* + 0.5Ca-X, < 0.5Ca?* + Na-X 0.292
Na* + 0.5Mg-X, < 0.5Mg?* + Na-X 0.280
Na* + 0.5Fe-X, < 0.5Fe?* + Na-X 0.5
Na* + X-H < H* + X-Na 3.16-10°
SOH,* < SOH + H* -5.8
SO + H* & SOH 7.9
SOFe* + H* & SOH + Fe?* 5.0
Regulatory Authority Workshop % UNIVERSIDADE DA CORURIA

4
PEBS

g-term

&= THCm model description Bl

Systems

Porewater chemical composition

Primary species Bentonite Granite
Ca* 3.101-102 1.522-10*
Cr 2.756-10™ 3.949.10™
Fe* 6.583-10° 1.791-10°8
pH 6.435 7.825
HCOs 1.689:107 5.049-10
K* 1.507-107 5.371-10°
Mg** 3.473-10% 1.604-10™
Na* 1.841-10" 4.350-107
Eh (V) -0.059 -0.188
SiOx(aq) 3.761-10™ 3.761-10™

— Bentonite porewater is more mineralized than granite water

April 25th & 26th, 2012

Regulatory Authority Workshop

:“-“‘ I--“..‘, UNIVERSIDADE DA CORUNA
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Long-term
. Performance of

reesiie.  [HCmM model description —74 ]

Mechanical processes
— Equilibrium equation

V- (Ao '+ Ap?d)+Apgk =0

— Bentonite swelling
— State surface approach of Lloret & Alonso (1985)

e=A+BIncg'+ClIn(y + p?)+ DInc'In(y + p?)

. i
April 25th & 26th, 2012 Regulatory Authority Workshop g UV ERSIDADE DA CORUNA

Long-term
' Performance of

reesiic.  [HCmM model description —74 i

Multiple porosity structure of bentonite

1 Intraaggregate pores
- (micropores 50 A)

Interaggregate pores sl
(macropores 50-200 A)

aggregate @

“ Detail of one agaregate,
consist of various particles
I
Pip: intraaggregate pores
100 A
R Interlayer pores
ﬂ

——— —
n

particles

————— (2-10 A)
—
Schematic representation of the Ejf : : :
arrangement of aggregates Detail of one particle, consist of 8
TOT layers
Pia: interaggregates pores F: elemental layer

Eif: interlayer space
Pin: micro-pores internal a particle

schematic representation of types of pores (Touret et al., 1990)

<5 :
April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA CORUNA
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Long-term
. Performance of

reesiie.  [HCmM model description 7; £

Dual porosity conceptual model:
macro- and micro-porous domains

K
Smectite (92 wt%) and accessory
minerals, 54% of total volume
mi .
Vt < > Micro-
porous
VM< me 28.2% of total volume domain
> : AR
Main non-smectite minerals (8 wit%)
4.7% of total volume
| 25 . Macro-
V;m{ 12.8% of total volume
domain
g i
f™  is17.5%
.~ A -
April 25th & 26th, 2012 Regulatory Authority Workshop =g~ UNIVERSIDADE DA CORUNA

THMC model testing: mock-up test

Extend the THC(m) model of the FEBEX mock up test
from 7 to 14 years (Zheng & Samper JPCE 2008)

Confining structure

Rentonite barrier

Geotextile

6.000

, 16250790 4 go5 /

[ s ..]. o]

RNNE AR ERRRERR

TTo |«
TR LA AT
— ) Control and data
/ / _ \/ _ acquisition systems
Hydration Confining aatars Bento_nlte . _ .
tanks structure barrier  (Dimensions in meters)
April 25th & 26th, 2012 Regulatory Authority Workshop il U!VIVEMIVAUL UA LURUNA
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THMC model testing: mock-up test
Extend the THC(m) model of the FEBEX mock up test

from 7 to 14 years (Zheng & Samper JPCE 2008)

2400 Base model
"""""""""""""""" Thermal osmosis
3 2000 B e ————
% . _ — — — —
£ - THMC &
5 1600 .
g , .
osSmosis
B 1200 -
=}
g
£
=}
© 800
400 : : : ‘ \\\\JCummmwe
0 2000 4000 6000 8000 10000 12000 water
Time (day) uptake
<& measured data - - - - scenario 1
= =scenario 2 scenario 3
i b i
April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA CORUNA

THMC model testing: mock-up test
Extend the THC(m) model of the FEBEX mock up test

from 7 to 14 years

2000 -

1800

1600

1400

1200 -

1000
800 «{

600

& Measured water
inlet CIEMAT

Water intlet in the mock up (l)

400

200

0

—Modeling results Nl

Comparing
predictions with
data for
7 <t<14 years
for water inflow

0 1000

2000 3000 4000 5000
Time (days)
.
April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA

6000

CORUNA
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THMC model testing: mock-up test
Extend the THC(m) model of the FEBEX mock up test

from 7 to 14 years

120

r:_bE_ 100
z 80 1
:E
ﬁ Sensor V_A3_4
% % i Sensor V_Ad_4
4 Sensor V_AG_4 s
a0 4 Sensor V_A7_4 Comparlng
Sensor v_84 4 predictions with
. Sensor V_B6_4 data for
e 7 <t< 14 years
w—Nodelling results
. RH@r=0.70m
0 1000 2000 3000 4000 5000 6000
Time (days)
. . S |\ IVERSIDADE DA CORUA
April 25th & 26th, 2012 Regulatory Authority Workshop -

THMC model testing: mock-up test
Extend the THC(m) model of the FEBEX mock up test

from 7 to 14 years

&
g
g 60 Ll SensorV_A3_3
E 7 SensorV_A4 3
F . Sensor V_AB_3 Com pan ng
B a0 x + SensorV_A7_3 L &
K A predictions with
L A il data for
SensorV_K/_3
—Modelling results 7 - t - 14 years
i RH@r=0.55m
0 1000 2000 3000 4000 5000 6000
Time (days)
. = UNIVERSIDADE DA CORUNA
April 25th & 26th, 2012 Regulatory Authority Workshop A
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THMC model testing: mock-up test
Extend the THC(m) model of the FEBEX mock up test

from 7 to 14 years

120
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=
(=]

E
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- 4
g
:
_§ 60
E
Z .
g T 2 O OO SO ' A6 Comparlng
5 ¢ Sensor V_A7_2 predictions with
= SensarV_R4_ 7 d f

PR N S R S N Sensor v 06 2 ata for

semar 612 7 <t< 14 years
. — RH@r=0.37m
0 1000 2000 3000 4000 5000 6000
Time (days)
. , === |\IVERSIDADE DA CORURA
April 25th & 26th, 2012 Regulatory Authority Workshop b

THMC model testing: mock-up test

« Water uptake data are
well predicted
» Discrepancies in relative
humidity in the inner part
could be due to model
limitations
— 2D axysymmetric versus 3D
axysymmetric model which
accounts for hot and dry
areas
— Single versus dual porosity for

bentonite
— Overheating episode

1
[+ 1
I
X X e S U U S — -

= .
April 25th & 26th, 2012 Regulatory Authority Workshop =z UNIVERSIDADE DA CORUNA
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THMC model testing: in situ test

[
60 61,62 (63 B4, B5 66 6 8 sol 70

[l !
HEATER #1 pef== UEATER #2 |...-.-......-. Py
ol
CONCRETE LINER CABLE
PLUG | I I | CHANNEL
Installation (1997)

V3P ALEA Y § Y - Dismantl i ng (2002)

3

April 25th & 26th, 2012 Regulatory Authority Workshop e U1V coUAUE DA '

THMC model testing: in situ test

Time evolution of porosity
0.48

----- t=0 |
=— = {=400days |

046 — — — — — - = =— t=1000days . - — _— _ _ _ 4 - - = R
-_— = = t=1827 days f
— = 1930 days 7

Porosity (%)

Radial distance (m)

.~ y
April 25th & 26th, 2012 Regulatory Authority Workshop =2~ UNIVERSIDADE DA CORUNA
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THMC model testing: in situ test

Mechanisms for porosity change
« Swelling (NC)
* Mineral dissolution/precipitation (C)

16 0.4
Non-chemically changed porosity :
----- chemically changed porosity |
12 — | | \
‘ ‘ — 0.2
S g . reactions — =
;‘ ! - e @ @5 b b Gb b ab B e - ‘ ?
= heater 1 L= —0 =
LZ) 4 ,’\ | %_
= 7 | |
Pl ,I ‘ ! <l
' | I O 2
0 < g i —-0.
L_/ swelling |
| | | I
] I I I |
4 ‘ ‘ ‘ 0.4
0.4 0.6 0.8 1 1.2
Radial distance (m)
= o
April 25th & 26th, 2012 Regulatory Authority Workshop =g~ UNIVERSIDADE DA CORUNA

THMC model testing: in situ test
Water content data

32 ‘ ‘
+ + + data in section 29 | i
- o o < data in section 28
é o o O data in section 19 ! THcm
— 28 - base model e - E ****** ‘
GCJ @ e» e» e» model without osmosis and swelling a |
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8 model with k;=2.6x10-" -
— !
o 24 - |
o ““THC
- heater 1
g [ [
) 20-—————w=— —— _Jp~to - - - - - - — [
= |
e
GEJ | |
= [ [
s 16--——7 E*i_'j:" ***** T |
a + 4 [ [ [
[ [ [ [
12 \ ! ! |
0.4 0.6 0.8 1 1.2
Radial distance (m)
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April 25th & 26th, 2012 Regulatory Authority Workshop i UNIVERSIDADE DA CORUNA

127




THMC model testing: in situ test

Chemical data: ClI
— THC versus THCm model
— Sensitive to initial concentrations

0.4

I

| A A A inferred aqueous etract data s29

| O O O inferred aqueous etract data s19
\ AA model C;=0.16 mol/L

- e en e» e » Model C|=024 mol/L

— e = = model without swelling

|
|
|
\ |
03 | - Zi - e o e o model C|=008 mol/L
|
|
|

CIl- (mol/L)
o
N
Jore8y

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Radial distance (m)
April 25th & 26th, 2012 Regulatory Authority Workshop AT VYA R U

THMC model testing: in situ test

Chemical data: Mg, Na, sulfate, bicarbonate
— Sensitive to initial concentrations

! ! a4 4 ainferred aqueous etract data s29 0.3
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THMC model testing: in situ test

* Chemical osmosis is not relevant

« Water contents are sensitive to thermal
OSMOSIs

« Computed concentrations deviate from
measured data at the heater—bentonite and
bentonite—granite interfaces because the
model fails to account properly for the
volume change of bentonite

. i
April 25th & 26th, 2012 Regulatory Authority Workshop g UV ERSIDADE DA CORUNA

THMC model testing: CT test

%‘ ‘& 02
= SR e
I = |heating| _
. y T 2=0138m
Plane heater ———— %
A
Thermoouples —L |
Grpededday—1— = bentonite
A
— Z=0m
Porous stone
Porous stone
Water suppl '
PRIy o = £ = 1 _
’ | Sy i z=oo02m
| 15.00 | 350 | hyeration]
! >
220

Dimensionsin centimeters

(Zheng et al., 2010; J Hydrol)

April 25th & 26th, 2012 Regulatory Authority Workshop




THMC model testing: CT test

« Changes in porosity due to swelling are
important
« Changes in the spatial distribution of

temperatures affect:
— The evaporation/condensation pattern
— Concentration of chemical species

 Water content is sensitive to thermal osmosis
« pH is buffered by surface
protonation/deprotonation

« There are uncertainties in
— The initial chemical composition of the bentonite
porewater
— The initial amount of sulphate minerals

ST i
April 25th & 26th, 2012 Regulatory Authority Workshop g UV ERSIDADE DA CORUNA

THMC model testing: dual porosity

Permeation test
» Long tails of breakthrough curves

* Dual and single continuum models: DCM &
SCM

Stainles steel cell

L
O- Ring
25 Compa(:ted Porous stainless
min Clay | steel filter
- >
50 mm
Injectior
point l

HPLC Granitic
Pump water
P=40 bar

April 25th & 26th,
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THMC model testing: dual porosity

CI- breakthrough curves for single & dual porosity models
Solute transfer between
1 macro- and micro-porous
] domains controls the long
] | : tails of breakthrough
0.1 curves
g | B
£ o001
= ]
0.001 <
0.0001 ‘ ; \ \ 1 1 \
0 200 400 600 800 1000 1200 1400 1600
Time (days)
O data DCM - - -sCM
. . === |\IVERSIDADE DA CORUA
April 25th & 26th, 2012 Regulatory Authority Workshop A

THMC model testing: dual porosity

1.4E-01 T
« DCM outperforms -
S .C M ] . % 8.0E-02
- Difficulties in 5 oocez
parameterization are
overcome by 1 ‘ |
i Relying On a 00800 0 2(;0 4(30 6(‘)0 860 1(;00 12‘00 14‘00 1600
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@ Integrated data analysis _7; EE

 Integrated analysis of laboratory and in situ tests at
different space and time scales

CT CELLS (L =0.12 m) CG CELLS (L = 0.60 m)

“'*.4 UNIVEL

Bl
W erormanceor :
» <= Integrated data analysis [ ]

 Integrated analysis of laboratory and in situ tests at
different space and time scales

IN SITU TEST (R = 0.6) MOCK-UP TEST (R = 0.6)
s s ot NN s o les s g5 se sl g gl
1| ‘ HEATEIR#: rl{ElATERl#Z:] ------------ )
LINER (\:\}.\BL;




® ZE |ntegrated data analysis 1 [

PEBS Systems

* Methodology Time
— Revise and filter data K
— Transform in dimensionless variables tD — zt
9ol

Distance Time * rp: dimensionless distance
» r;: distance to the hydration boundary
ro= rl t = K t * L: bentonite thickness
D — E D maI_Z * K hydraulic conductivity
* a: bentonite compressibility
* Bp :dimensionless water content
Water uptake Water content eiD:initiaI water content
y 4\/ P G- 9| * O, saturated water content
D= —~o. . ~ D~ A~ A * Tp: dimensionless temperature
7D ’ LAO esat B 9| * T,: temperature in the hydration boundary
» T,:temperature in the heater boundary
Temperature Concentration ¢y dimensionless concentration
s T _Tb c—c, *  Cy: concentration in the hydration boundary
D~ T _-T Ch=— *  ¢; concentration in the bentonite
h™ 'b C, —C,
: ; :‘" UNIVERSIDADE DA CORUNA
April 25th & 26th, 2012 Regulatory Authority Workshop -

® == |ntegrated data analysis _7; B

PEBS /s
* Methodology Concentration

— Revise and filter data C—C
) ) ) ) _ b
— Transform in dimensionless variables CD =

* rp: dimensionless distance

Distance Time * r;: distance to the hydration boundary
r= I t = K t + L: bentonite thickness
D — E D ,Ogdl_z + K: hydraulic conductivity
e a: bentonite compressibility
* ©Bp :dimensionless water content
Water uptake Water content 6, :initial water content
4\ G- 9| + B, saturated water content
VD = A HD = + Tp: dimensionless temperature
aD"LAO Hsat _9i + T,: temperature in the hydration boundary
] + Ty: temperature in the heater boundary
Temperature Concentration +  ¢p: dimensionless concentration
T _Tb c—cC * C,: concentration in the hydration
T, = Cp=—2 boundary
=T G —G + ¢ concentration in the bentonite
April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORUNA
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rri
PEBS s/t

» Water uptake: dimensionless data

e Radial flow

e Parallel flow

q
. Y
April 25th & 26th, 2012 Regulatory Authority Workshop =g~ UNIVERSIDADE DA CORUNA
' Il-;;?;:r:“nanmnf :
m=r  |ntegrated data analysis [/
PEBS Systems ELRATOM
» Water uptake: raw data
CT and CG cells and mock up tests
1.00E+04
1.00E+03
MOCK UP
=) 1.00E+02 -
=
O 1.00E+01
E
& 1.00E+00 CT-22 €123
]
E 1.00E-01L
2
-
[i+]
£ 1.00E-02
=
3
© 1.00E-03
1.00E-04 -
1.00E-05 T T i
1604 1E03 1E02 1E01 1E+00 1.E+01 1.E+02 1.E+03 1.E+04
Time (d)
<= -
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» Water uptake: dimensionless data

CT and CG cells and mock up test

1.00E+00
@
-
=
o
=
g 100E01
m
=
@
2
o
S 1.00E-02
£
= 1
(]
A
[ \;:;'—
2 1.00F-03 S
=
: F
E
a |

®
1.00E-08 1.00E-06 1.00E-04 1.00E-02 1.00E+00
Dimensionless time
.~ A -
April 25th & 26th, 2012 Regulatory Authority Workshop =g~ UNIVERSIDADE DA CORUNA
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PE Bs Systems

» Water uptake: dimensionless data

120 CT and CG cells and mock up test Discrepancy:
o M due to radial —
gLoo)  sLarge cells —%— parallel flow ?
g .ooL_(parallel flow)
2 U
g *Mock up
3 060 - *cr221 o (radial flow)
E +CT-23
o ® MOCK UP
g 040 - ® CGO.5 N
3 © CG0.5b
g 020 0 CG2 —
8 ©CG7.5
0.00 | |

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Dimensionless time

\
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» \Water content data

CT, CG cells and mock up and In situ tests

1.00 o)

A ¥ -~

0.80 \U\:\R\ Se

; T,
0.60 \&-\ B
0.40 \ﬂ\ﬁ =

0.20 2 - e :
m \]\“D

Dimensionless water content

0.00 1 ﬁ'z
—t—In situ {td=0.023) N
-0.20 —O=1G2 (td=0.026)
=~ Mockup (td=0.027)
-0.40 : -
0 0.2 0.4 0.6 0.8 1
Hydration Di ionl dist Heating
| Imensionless aistance
eCauses of differences: Parallel Radial

e Geometry 3
e Initial flooding of the mock up test which E I:i} ﬁ
induced a larger initial water content Heating Hydration

e Temperature gradients

April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORUA
' ;n:?;:r:“nanm of < 7 -
ssie " Integrated data analysis (I

 Chemical data: CI-
¢ CT23 (td=0.014) —~CG0.5(td=0.0073)
100.00 | =-e=CG1 (td=0.0150) =o~CG2 (td=0.025)
~o-CG7.5 (td=0.094)  =In situ (td=0.05)
=~In situ (td=0.05) =~In situ (td=0.05)
10.00

Cl-(mol /1)

1.00 -

Dimensionless
o
=
o

0.01

0 0.2 0.4 0.6 0.8 1
Hydration Di ionl dist Heating
— Imensionless distance ——

. "
eCauses of differences: Parallel Radia

e Geometry
e Temperature gradients I;'> ﬁ |
e Hydration water T Heating Hydration

e Initial hydration of the mock up tests i
April 25th & 26th, 2012 Regulatory Authority Workshop w>~ ""'VERSIDADE DA CORUNA
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Data from the different tests cannot be scaled-

up due to differences in:
+ Geometry

« Radial

« Parallel
+ Method of bentonite hydration
* Temperature gradient
* Chemistry of hydration water

N

April 25th & 26th, 2012 Regulatory Authority Workshop i~ UNIVERSIDADE DA CORUNA
WL oormence o | | 7 -
HEDN o Natural Analogs w4

« Evaluation of natural analogues in terms of their
usefulness for the validation of long-term extrapolation

» Very few specific references to natural analogs studies have
been found in PA studies

» More frequent in the detailed documents supporting the main
PA reports) and in general they have had a limited role in the
overall evaluation of safety

» Main uses of natural analogs in PA

« Conceptual model development by providing useful information
for the understanding of specific key processes

* Model and geochemical database testing

* Increasing confidence in extrapolating results from lab and field
experiments to the repository

» Natural analogs are not found to be well-defined in terms of
boundary and initial conditions and model parameters.

| Their use as a tool for long-term predictions in PEBS project
is highly questionabl

<= .
April 25th & 26th, 2012 Regulatory Authority Workshop =z UNIVERSIDADE DA CORUNA
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® & Long-term simulation 7 B

SF REPOSITORY IN GRANITE

Coupled thermal-hydrodynamic and geochemical
calculations of mass balance and fluxes in the NF
during and after the saturation phase

Coupled modelling of canister corrosion and bentonite
porewater interactions. Reactive diffusion of corrosion

products.

April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORUNA
® &&= Long-term simulation 7 B
Spanish reference concept

Canist Bentonite
anister
l Efz Granite
‘ | [ | | | [ | | | | | | | | |
0.35 0.45 1.2 1.4 25m

Granite
(host
formation)

Compacted
bentonite

Canister

"

April 25th & 26th, 2012 Regulatory Authority Workshop =i UNIVERSIDADE DA CORUNA
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W oormenceor Disposal galleries

Engineered

PEBS &7, Length 500 m
Spaci I 50
Conceptual model ghacngga ey SO

Spacing canisters 2,5 m
Water flow Total flow rate = 4.59 L/y per gallery

iliiiiiii‘ e iliiiiiii‘ iliiiiiii‘
I Y ; e N I Y
; . = NIVERSIDADE DA CORUFIA
April 25th & 26th, 2012 Regulatory Authority Workshop =

Performance of

rees i 2D axisymmetric model !

ioieg Y203

N
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;Bs Numerical model —7— [
» Reactive transport model to predict the long
term (during 300 000 years) hydrochemical
evolution of the porewater composition in the

near field of a repository in granite
— Advection in granite, diffusion in bentonite
— Multicomponent reactive transport

o Chemical reactions

0 12 components

O 7 minerals

0 5 exchange species

0 4 Surface sorption species

« The model is isothermal and starts after
bentonite has reached full water saturation
« Solve with COREZ2P V4 (Samper et al., 2009)

April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORUNA
WL eromance o . L . -
pes:zr.  Spatial distribution of —7—

porosity changes at - Porosity in
t= 0.3 Ma bentonite
0 ] decreases due to
magnetite

- precipitation
* The largest

)
(@)] o .
c 004 decrease is at
é ) | ; . the canister—
% Canister Bentonite Granite bentonite
(@] . .
5 -0.08 — interface and is
o
equal to 0.1
012 4 | | | | |
0 0.4 0.8 1.2 1.6 2

Radial distance (m)

<= .
April 25th & 26th, 2012 Regulatory Authority Workshop =z UNIVERSIDADE DA CORUNA
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PEBS

Spatial distribution of CI-
at different times

Chloride diffuses from

depth of 6 m after 0.3 Ma

0.3 -
_ _ bentonite into granite
L) Granite « Reaches a penetration
\
?
0.2 - N
—~ Q N
= c Iy
o 8 |\
S c I
— 0] |
L a4 \
) N
0.17 N 104y
goo;\\
3105y \ 2105 y\\\\\
0 — — \‘ ______ e |
0 5

Radial distance (m)

April 25th & 26th, 2012 Regulatory Authority Workshop
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Systems

Spatial distribution of
Fe at different times

0.0006 -

4
PEBS

\ Granite

0.0004 - —

Fe2* (mol/L)
Bentonite

0.0002 -

Fe in bentonite and
granite increase at the
beginning of the
simulation due to
canister corrosion
High concentrations
remain in bentonite for
a long time, allowing
for iron to diffuse into
granite up to a radial
distance of 7 m.

Radial distance (m)

e,

April 25th & 26th, 2012 Regulatory Authority Workshop -

UNIVERSIDADE DA CORUNA
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Spatial distribution of
pH at different times

9.5
Granite
| 900y
3105y — .
r ////
S\ 2105y 7
7 - c \\ o
- - 4
g 10y
6.5 T
0 5

Radial distance (m)

April 25th & 26th, 2012 Regulatory Authority Workshop

bzﬁ UNIVERSIDADE DA CORUNA

Initial pH in
granite (8.0) is
larger than that
in bentonite (6.4)

* Initially, protons
diffuse from
bentonite into
granite

« Later, corrosion
causes a steady
increase of pH in
bentonite.

* The largest pH in
bentonite is 9.25
after 0.3 Ma

ngngngng m

' Performance of
Engineered

P E B S Barrier
Systems

pH in bentonite: sensitivity -~
to surface complexation

12

- e e - — - -
-~a

10 7

/
'
-
- _ _ . ho proton surface complex

_/ —— with proton surface complex
6j T T T 1117 T T T T [
100 1000 10000 100000
Time (year)

April 25th & 26th, 2012 Regulatory Authority Workshop

:-“‘ I--“..‘. UNIVERSIDADE DA CORUNA

A high pH of almost
12 is calculated
when proton surface
complexation is
ignored

pH remains below 9
due to proton
surface
complexation
Proton surface
complexation is
highly effective in
buffering pH of
bentonite
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s Conclusions 7 4
A significant progress on THCm models for the
EBS has been achieved

« Bentonite swelling & thermal osmosis are
relevant for bentonite hydration and solute
transport

* Model improvements & extensions

— Bentonite-concrete & bentonite-canister
interfaces

« Data from the different tests cannot be scaled-
up due to differences in geometry, hydration
conditions, temperature gradient and chemistry
of hydration water

April 25th & 26th, 2012 Regulatory Authority Workshop % UNIVERSIDADE DA CORUNA
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Work Package 3
“Coupled thermo-hydro-mechanical modelling of
the bentonite buffer”

Antonio Gens & Benoit Garitte, CIMNE

Long-term
. Performance of
Engineered
Barrier
P E BS Systems
26 April 2012 PEBS Workshop Saint Ursanne, Switzerland

P e or 7 -
Barrier °
s Outline =

U Objectives

U THM modelling: HE-E test

O Incorporation of new features and some modelling results
O Double structure model

Threshold gradient

Thermo-osmosis

Osmotic/flow — chemistry coupling

©C 00O

Water density

26 April 2012 PEBS Workshop 2
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U Objectives
a
a

©C 0 0O0O0

26 April 2012 PEBS Workshop 3

Long-term
' Performance of

s \WP3 (start date: 1/3/2010) [ M

Objectives

The overall objectives of this Work Package are

e to perform coupled HM, THM, and THMC analyses to provide a sound basis for the interpretation
of the various tests planned in the frame of the PEBS WP2,

e to develop new or improved models as demanded by the calibration of computation results with
the actual measured data, and

e to use the data and improved models for extrapolation to long-term evolution of the repository
taking into account the scenarios defined in PEBS WP1 and to investigate model uncertainty
and its impact on long-term prediction, thus providing input to PEBS WP4.

Description of work

All the process level modeling work is included in WP3. The Work Package is structured into five
different tasks:

Task 3.1: HM modeling of the Mont Terri Engineered Barrier (EB) Experiment
Task 3.2: THM modeling for the planned heater test HE-E

Task 3.3: THM modeling of bentonite buffer

Task 3.4: Modeling of THM-C experiments on bentonite buffer

Task 3.5: Extrapolation to repository long term evolution

The specific objectives and work descriptions are described in the respective task descriptions 3.1
-3.5.
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U Objective: HM modelling of the Mont Terri Engineered Barrier (EB) Experiment

U The HM modelling will aim at providing a satisfactory scientific representation
and a sound basis for interpretation of

O The EB hydration phase (2D)

QO The final state of the barrier including dismantling effects (comparison
with dismantling observations)

Deliverables

Deliver- . ’ Organisation in Date of
Description/Deliverable name :
able no. charge completion
D3.1-1 Eﬂy%c::w;a and interpretation of the EB experiment ENRESA/CIMNE Month 36
D3.1-2 D3.1-2 Interpretgtwon of the final state of the EB ENRESA/CIMNE Month 45
experiment barrier
26 April 2012 PEBS Workshop 5

U .
PEBS 5, WP3.2 _% -

U Objective: THM modelling of the planned heater test HE-E
0 THM modelling will focus on:
QO Scoping calculations for the design of the HE-E test
O Predictive modelling of the HE-E

O Development/validation of constitutive models and selection of
parameters for the EB materials and the Opalinus clay

O Interpretative modelling of the HE-E test

Deliverables
Deliver: Description/Deliverable name Organisation/in Daleiof
able no. P charge completion
NAGRA/
D3.2-1 Design and predictive modeling of the HE-E test TK Consult month 18
CIMMNE/GRS
NAGRA/
D3.2-2 | Modeling and interpretation of the HE-E test TK Consult month 36
CIMNE/GRS
26 April 2012 PEBS Workshop 6
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U Objective: THM modelling of the bentonite buffer

U Tasks
O Long term THM modelling of the mock up test
O Long term THM modelling of CIEMAT cell tests

QO Incorporation of new processes

Deliverables

Deliver- Description/Deliverable name Organisation in Date Qf
| able no. charge completion

D3.3-1 THM yalldatlon modeling of selected WP2 NAGRA/ R
experiments TK Consult
Report on the modeling with initially available Clay

D3.3-2 e b (e month 18
Modeling and interpretation of the FEBEX mock-

D3.3-3 up test and of the long-term THM tests CIMNE month 42

26 April 2012 PEBS Workshop

B botrormance of
WP3.5 -

U Objective: Formulation of a model for long term predictions
U Features
O Double structure model

O Threshold gradient
O Thermo-osmosis
O Osmotic/flow — chemistry coupling
O Water density
Deliverables
Deliver- o . Organisation Date of
Description/Deliverable name . ;
able no. in charge completion
Report on integration of available data for
D3.5-1 bentonites from different scales and scaling laws uDC ot
and extrapolation for long-term analyses for clay
barriers
D3.5.2 Formul_anon of a model suitable for long term CIMNE month 24
predictions
D3 5.3 Report on ang-tgrm THC(m) predictions of a uDC month 30
HLW repository in granite
Extrapolation of the models developed to the
D3.5-4 repository long-term evolution and evaluation of GRS plus all month 45
uncertainties
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Q
U THM modelling: HE-E test
a

©C 0 0O0O0

26 April 2012 PEBS Workshop 9
Long-term
' Performance of
" HE-E: predictive modelling
r -—
PEBS 57, preaictive modeliin
LD1||
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@ H(Host rock)
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oe
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EURATO!
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Gallery 98
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Intermediary remarks

U (Design) and predictive modelling were done with a basic model

U This simple model allows to get insights on on-going processes and is a useful
tool to understand the set of measurements

U Two kinds of discrepancies between the model and the measurements are
associated to:

O Differences between the experiment geometry and the implemented
boundary value problem

O Inadequate/“not fully describing” constitutive laws for the material
behaviour

26 April 2012 PEBS Workshop 19
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O Incorporation of new features and some modelling results
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(] Two structural levels are
considered: macrostructure and
microstructure

] The stress variables are:

O Net total stress:
o — Ua5ij
O Suction:
S=U, —U, (matric)
S, =S+S,
(total = matric + osmotic)

» Gens & Alonso (CGJ, 1992). Conceptual foundation

» Alonso, Vaunat & Gens (EG, 1999). First mathematical formulation

» Sanchez, Gens, Guimaraes & Olivella (IINAMG, 2005). Formulation based on
generalised plasticity

» Sanchez, Gens, Guimaraes & Olivella (C&G, 2008). Numerical implementation
26 é@gb?rq%hms PEBS Workshop 21
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U Constitutive model for a double structure material: Evolution of the microfabric

Saturated

o= (I)M + ¢m
k= k( M )
26 April 2012 PEBS Workshop 22
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Double structure model 7 B

U Constitutive model for a double structure

material: Evolution of the microfabric

CAPILLARY
WATER

AGGREGATE

ELEMENTARY
PARTICLE

(Sanchez et al., 2005)

ARRANGEMENT

Expansion
accumulates
upon cycles

Compression
laccumulates

:upon cycles

PEBS Workshop

fo
oE
%
- | Equilibrium state
as for a large number
of cycles
g, | y P /B
I I
} “oase
Macroporosity Micropores
develops as a invade
result of drying macropores

23

26 April 2012
N D b t t del
PEBS &, ouple structure moael [
O Interaction between structural levels
» Loading/unloading direction
O Neutral line: Fo i p+s— Py =0 Generalised plasticity formulation
¢ Drying criterion:  z..
i _g AR SY (Sanchez et al., 2005)
¢ Wetting criterion: . .
c Ny >0
* Neutral loading: & A, = [3“
|Constant suction and Lode angle plane |

@ Current State

Current state  Image point

Flow rule

NEN L = N (p*,J*.8,9)
—
// (p1J767s) : LC
\\ distance

from LC

o (Wetting) \F

NL

Ps
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Double structure model 7 B

PEBS &ciens
FEBEX mock up
- -
m— DATA PC CONTROL PC
e 0 |55 .
===,
o HS232C -
Back-up SERIAL
COMMUNICATION
RS232C
SERIAL
N2 Pressure line COMMUNICATION DAS HELIOS
Pressure
O” n control
. Power and signal 1/0s
| Signal 1/0s |
ighing Wejghing| | == y ==y 4 4 ==
BACKFILLING MATERIAL
Pressurized water line
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O Mock up test: water inflow
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Time (days) Time (days)
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O Incorporation of new features and some modelling results
o
QO Threshold gradient
o
o
o
26 April 2012 PEBS Workshop 29
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q A
a =-Ky
J= V[£+ z]
i
J-J
ql = _KI < 3] O>J
>
J
J.  Critical Gradient = 1500
Jo  Threshold Gradient = 50
J=||
k /J-J\"
Generalized Darcy's Law q=—— < 3 °> (VP -p g)
Tl
26 April 2012 PEBS Workshop 30
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Threshold gradient

Radial Section 200000
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.5 : Hot Section
120000 z=1.25m
O 7 r=0.80m
o i
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© 80000 — F=0.60m
o .
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Experimental Data
Permeability Minimum hydraulic gradient
determination to get measurable flows
1.E-13
= 1000 i
- |
. N L 800 - < o
[ '% 1
o~ 1
i S, 600 - o :
£ 154 ] O
E S 400 - :
§ © .
§e) 200 - o :
[ ] Mea%urements M(:del f O :
(Dry density between 1.74 and 1.55 Mg/m’) ‘ ‘ ‘ ‘
LE-15 4 ‘ ‘ ‘ ‘ ‘ 1.3 14 15 1.6 2 1.7
0 5000 10000 15000 20000 25000 30000 -
Hydraulic gradient Dry denSIty (glcm )
(Febex Il report, 2004) (Villar & Gémez, 2006)
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O Incorporation of new features and some modelling results

PEBS 3cicn

d

d
)
o
o
Q
O
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Thermo-osmosis
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0 Coupled processes and coupled phenomena

Gradients
Flow Hydraulic Head Chemlca! Temperature
Concentration
Fluid Darc_:y S Law_ Chemical Osmosis Thermo Osmosis
(Hydraulic Conduction)
. . Fick’s Law Soret Effect
Solutes Ultra Filtration (Diffusion) (Thermal Diffusion)
Thermo Filtration Fourier’s Law
Heat (Isothermal Heat Transfer) Dufour Effect (Thermal Conduction)
26 April 2012 PEBS Workshop 37
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U Thermo Osmosis
) =" +06'q, +6/Su
q, =-Ky (VB —p9) -K; VT

K, = 2.7310%m?/KI/s

(Soler, 1999 ; Djeran, 1993)
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O

© 0 0O

Osmotic/flow — chemistry coupling
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O Coupled processes and coupled phenomena

Gradients
Flow Hydraulic Head Chemlca! Temperature
Concentration

Fluid Darc_:y S Law_ Chemical Osmosis Thermo Osmosis

(Hydraulic Conduction)

. - Fick’s Law Soret Effect

Solutes Ultra Filtration (Diffusion) (Thermal Diffusion)

Thermo Filtration Fourier’s Law
Heat (Isothermal Heat Transfer) Dufour Effect (Thermal Conduction)
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d Double structure chemomechanical model

Q) = Prewd  ggt_d0e = g e dp- e id g,
o

a

m
_ i exchangeab le cation concentration _a .
Bm—Z:BmXi X, = g = zi:xi_l ; 0<x <1
1

Chemical effects occur only in the microstructure

CAPILLARY M
WATER

Waier ircleciiles Electronegative clay particle

AGGREGA1

ELEMEN
PARTICL
ARRANG

Clay particle
Cl tic
Tl
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BNE Osmotic flow -

O Formulation for osmotic flow and hyperfiltration

QO Liquid flux

N
Ji= ﬂ po ks, So = RTZCi Osmotic suction
water mass flow as a osmotic flow i=1

result of Darcy flow

O Solute flux
J; A Dy Ve~ pDy Ve +¢,(-pk Vi + piok Vs, )
h moleculardiffusion  mechanical advection

Fick Law dispersion

=-pD,\Ve —¢ o (1-0)kVh +C ook Vs,

O Micro-macro chemical transfer

» There is a delay for transferring the chemical variable from
the macrostructure to the microstructure

dt//mzﬂ

dt [WM _l/jm] WUn =S, 1,

26 April 2012 PEBS Workshop 44
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Osmotic flow

r =

EURATOM

Load
Solution ‘

-%\F,_EF Pulse generator

AR SO B o

BN eets L A
Power (1| [2] Oscilloscope
supply —l [_
Multi-
meter PC [ Analyzer

Na-bentonite sample
1st stage: loading to 100 kPa
2nd stage: KCI solution 4.0M

Modelling a chemomechanical oedometer test

(Santamarina & Fam, 1995; Fam & Santamarina, 1996)
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O Water density
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QO Constitutive model for a double structure material

O Water density:
CAPILLARY

WATER » Macrostructure water: constant
density = 1.0 Mg/m?3

AGGREGATE , ,
» Microstructure water: density

varying with suction

ELEMENTARY
PARTICLE
ARRANGEMENT

(Sanchez et al., 2005)
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BNE Water density M4

U A general THM formulation
MASS BALANCE OF SOLID

Do Doy Doy _(@=0)Dps (v s L
Dt Dt | Dt  p. Dt + (L= 0y —bn) (2 +&0n

MASS BALANCE OF WATER

%(pwswj(l)i)—'_v'(jwj)@: fjW | M m

MOMENTUM BALANCE FOR THE MEDIUM

V-o+b=0

0 .. i .
E(Esps (1_¢)+ EIIOISI¢+ Egpgsg¢)+v'(lc +Jes + e +JEg) = fQ
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U Mass balance of microstructure and macrostructure water density

Microstructure

2 @un¥p)S ) + V(1) + T =0

Macrostructure

. Particle
(12-14 layers)

Most of water is on the external
surface of the particles

Aggregate ——=

s | 7_7_,
& i iy e
1{_&:}5{--3/ — Inter-aggregate pore
— Clay layer
External water

7

0

ot

_(prSde)M )+V'(jwM )_FW - fjw

0% <RH<16% = escee Interlayer water
Particles with Particle

interlayer water (6-7 layers)

Particles without

s ﬂ 5 a Inter-layer pore
e (Intra-particle pora)

16 % < RH <50 %

=y [y -]

5 : 1 -;,l Intra-aggregate pore
; j _L = i/_ _ _(!nlef—part'rcle pore)
(Cases,1992) - idessins 3
50 % <RH <90 % e in lliﬁl:;::;?;:face
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U Microstructural water density

J _
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W;

i

Py =

26

%(SWm¢m)+V '(jwm)+rw =0

'

WJ-

A;

int, J

j Sint,j M W

20N,

14
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J=1

2%

w

- j
; P, 0

Theoretical water density in the

interlayer space

Theoretical interlayer water content

Interlayer water density
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U Microstructural water density: MX-80 sucton | Layers
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Water layers j P2, (Mg/m?) 003 |100| 00 | 00 | 032 | 032 | 020
010 |100| 00 | o0 | o020 | oeo | 020
1 1.32
10 |oes| 0o | oo | 033 | 033 | 023
2 TAF 28 |oge| oo | 0o | 033 | 033 | 033
3 1 16 6.9 0.95 0.0 0.22 0.50 0.28 0.0
150 (089 | 00 | 015 | 070 | 015 | o0
4 1.14
260 |082| 00 | 023 | oe0 | 017 | o0
330 |o78| 00 | 030 | o0s0 | 020 | oo
MEm T 560 (066 010 | 030 | os0 | 010 | 00
107.0 0.45 0.18 0.64 0.18 0.0 0.0
1.0E402 § —
E 14
= —
g o e I a n 2
] E)
- o g 2 e
1.0E+00 § | 1 > ~o e
G} _ (b) a e
S T~
10801 4 - : : - T 1 = 2 v “b-._,.___‘.
50 10.0 150 200 250 30 02 04 08 08 10 “'r; -..‘
Water content (%) Degree of saturation =
-
Q
E‘ 141
(Jacinto, 2010) &
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Summary

U Some predictive modelling results of the HE-E (\WP3.2) have been presented.

U These modelling results (W3.2) and those from the EB experiment (WP3.1)
and from the FEBEX mock up (WP3.3) will be improved by incorporating some
new features

O Double structure model

O Threshold gradient

O Thermo-osmosis

O Osmotic/flow — chemistry coupling
O Water density

U The parameters of these new features will be calibrated on an independent
(considering one process at a time) (WP3.3) basis from existing and new
(WP2) laboratory data. The mutual influence of each of the new processes will
be assessed.

O Long term predictions will be carried out using the updated model (WP3.5)
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