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Foreword

Most countries using nuclear power face the problem of safe disposal of the radioactive wastes.
Although for highly radioactive wastes (spent fuel, high-level waste, and some types of long-lived
radioactive waste) a repository is still pending, there is international consensus that the preferred
solution is disposal in deep geological repositories (DGR). Therefore, during the past 45 years
many types of geological media have been studied around the world regarding its suitability to host
such a repository.

Currently the three most favored DGR host-rock media are crystalline rocks, evaporitic / salt rocks,
and argillaceous / ”clay” rocks. Besides, a volcanic / tuffaceous rock-sequence was also held suita-
ble to host a DGR.

For more than 30 years, both the USA and Germany have studied rock salt as a medium to host a
repository for high-level radioactive waste. In both countries deep-geological repositories for both
radioactive and chemical-toxic wastes are safely operating, and a thorough knowledge and a sound
expertise have been acquired. Hence, the German and U.S. financial and intellectual investments in
rock-salt repositories are unique, state-of-the-art global assets.

Recent developments in Germany and the USA have renewed efforts in salt repository investiga-
tions and related studies. Both the German rock salt repository program and the U.S. waste man-
agement program currently face challenges that may adversely affect their respective current state-
of-the-art core capabilities in rock salt repository science and technology. Therefore, it seems con-
gruously that Germany and the U.S. renewed joint efforts in salt repository investigations.

There was a desire on both sides

o to renew collaborations and cooperation on overall salt repository science and technology,

o to coordinate a potential research agenda of mutual interest,

o to leverage collective efforts for the benefit of their respective programs, and

o to form a basis for providing an attractive, cost-effective insurance against the premature loss of
virtually irreplaceable scientific expertise and institutional memory.

It was felt that appropriately coordinated, closer collaborations between the principal scientists and
investigators of both countries representing the expertise in deep geological disposal science and
technology in salt could provide a joint remedy to these challenges. This was the motivation to or-
ganize a joint workshop to map out a potential research agenda and to renew working relationships
at the institutional and individual levels.

Representatives of institutions in both countries met at the workshop in Canton, Mississippi USA.
The workshop was a joint undertaking of Sandia National Laboratories, DBE TECHNOLOGY
GmbH and the Project Management Agency Karlsruhe in the Karlsruhe Institute of Technology,
and was kindly hosted by Mississippi State University (CAVS) and Sandia National Laboratories
(Please see the website address in the reference list).

Besides seventeen U.S. invited attendees from academia, industry, and the State of Mississippi,
fifteen representatives/scientists of U.S. organizations and sixteen German representatives from
eight different German organizations involved in the radioactive waste management programs were
attending. These key investigators in salt repository science and engineering presented material
pertinent to the state-of-the-art in R&D. Predicated on these presentations and other material, par-



ticipants identified several potential coordinated research areas and agreed in principle to pursue
such research individually or in concert with others.

As the German/U.S. salt repository programs move forward in their respective countries, the intent
Is to maximize individual resources for the mutual benefit of each program. The workshop basical-
ly reinitiated previous collaborative research activities that had been waning for about ten years.

It was agreed to collect the excellent presentations and to publish it in proceedings, not only to doc-
ument the outcomes of this event, but also to make this information accessible to a larger communi-
ty and spread among concerned scientists ideas or proposals for still open RD&D issues.

We greatly acknowledge the contributions of all participants.

Frank D. Hansen
Enrique Biurrun
Walter Steininger
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OVERVIEW OF GERMAN R&D ACTIVITIES

Walter Steininger
Karlsruhe Institute of Technology (KIT)
Project Management Agency Karlsruhe
Water Technology and Waste Management (PTKA-WTE)

Since the 2009-General Elections the Federal Government is formed by a coalition between
the Christian Democrats and the Liberal Party. In their coalition agreement nuclear topics are
explicitly mentioned: “ The responsible use of nuclear energy necessitates safe final storage
for radioactive waste. Thisiswhy we will immediately lift the moratorium on exploration at
the Gorleben salt dome in order that exploration can be continued in an open-minded fash-
ion. We want an international peer review group to investigate whether Gorleben meets the
latest international standards. The entire process will be conducted in a public and transpar-
ent fashion.” And further” Thisiswhy we are prepared to extend the operating life of Ger-

many’ s nuclear power plants on condition that strict German and international safety standards
are met.”

Nuclear energy is regarded as a bridging technology till the renewables can produce enough
energy. No nuclear power plants are to be built. Yet, 17 reactors at 12 nuclear power plants
(NPP) are in operation with an total output power of about 135 TWh in 2009. Still nearly 25
% of the total electricity production is contributed by the German NPP. The lifetime of the
NPPs, till determined by the limited electrical output and fixed in the Atomic Energy Act
(AEA), is a matter of discussions and will be on the agenda for the Government’s planned
energy concept. This concept will address all energy issues in a broader scope against the
background of fossil energy shortage, change and challenges in national and international
energy supply, and climatic change.

With regard to disposal of heat generating waste, afinal decision about the rock type that will
finally host the repository is still pending. Nevertheless, in Germany, rock salt still is the fa-
vorite rock type. This opinion is supported not only by the results of decade-long successful
R&D that lead to a sound base of knowledge about the features of this host rock, but is also
supported by years of experience in mining and the operation of salt mines, and the techno-
logical state-of-the-art in disposal technology. What is more, up to now there are no indica-
tions that this material is not suitable- to accommodate the repository. Therefore, the stop of
the Gorleben moratorium and the decision to resume the exploration work is a very positive
development. This is accompanied by making a preliminary safety analysis during the next
two years to have all the necessary information available for the final evaluation of the suit-
ability of the site.

With regard to R&D in the field of HLW disposal, the 5" Energy Research Program of the
Federal Government “Innovation and New Technology” is the general and overall frame. The
Ministry of Economics and Technology (BMWi), the Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (BMU) and the Ministry of Education and Research
(BMBF) use this Program for their particular responsibilities and competences. BMBF - as a
partner associate of BMWi - is funding primarily basic research conducted by the national
research scientific-technical and biological-medical centres that constitute the Helmholtz-
Association. Research on waste disposal is carried out in the national research centres
Karlsruhe and Jilich.
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Non-site specific R&D projects are funded by BMWi on the basis of its Research Concept
that comprises two main topical areas. Repository concepts and repository subsections, and
Data and tools for safety analysis. The priorities for R&D activities are firstly rock salt, sec-
ondly argillaceous rocks and thirdly - on a minor scale - crystalline rocks. This rock type
R& D prioritization emphasizes on the one hand the different levels of advancement in knowl-
edge about these rock types, respectively, their significance as potential host rocks. On the
other hand, it mirrors the conceptual and geological reasoning concerning the selection of
potential host rock types.

Besides R&D on rock salt, and based upon the 2001 decision of the then Federal Government,
argillaceous rock and crystalline rock still are under investigation if only with different inten-
sity. Most of these activities are integrated in international programs and activities in under-
ground research laboratories in Switzerland (crystalline, argillaceous rocks), France (argilla-
ceous rocks) or Sweden (crystalline rock). During the last years the knowledge increased sub-
stantially. The project results achieved so far alow a better and more qualified estimation and
evaluation of the pros and cons of HLW disposal esp. in argillaceous rock. Besides substantial
progress in developing a deeper understanding of this host rock, essential progress in concept
design has been made. The activities in crystalline are mainly concentrated on the behavior of
the engineered barrier system.

Although, for disposal in rock salt a lot of know-how is available, technologies have been
developed, conceptual progress has been made, and scientific expertise has been developed
and accumulated, a number of projects were started. These key projects were performed and
successfully finished and contributed to further improve the knowledge on rock salt behav-
iour, engineering and conceptual questions, and to improve the toolbox for safety analyses.
Some of these projects are key for the use in future safety assessment (safety case) exercises.

All R&D activities are related to three areas: national cooperation, international cooperation,
and the participation in the European Framework Programs. This triangle offers the unique
chances for acquiring competence, for getting external expertise and offer expertise, to bear
the burden of expensive large projects by cost sharing, and by offering the chance for educa-
tion and training. What is more, there is an important contribution in communication with the
public.

The German R&D activities are mirrored both by this triangle and the subject areas and topics
of BMWi’s Research Concept. The main goal for all thisR&D effortsis lately to demonstrate
the safety of the disposal system. Thisis areal challenge, because it requires a multidiscipli-
nary and interdisciplinary approach. Issues like materia behaviour, modelling, conceptual and
engineering must be addressed. The processes occurring in the system in space and time must
be understood to be integrated in safety evaluations of the system, etc.(A lot of projects cover-
ing these areas are currently performed.)

To tackle this chalenges national and international cooperation in bilateral, multilateral pro-
jects, is and will be indispensable. For Germany this always played an important role during
the decades of research which is documented by several cooperation agreements, the in-
volvement of German scientist in many international projects, in initiatives (e.g. Technology
Platform Geological Disposal of Radioactive Wastes) and projects within the Framework
Programs of the European Commission.
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To summarize, it can be stated: the status of knowledge on HLW disposal in rock salt is well
advanced, techniques (e.g. for shaft and drift emplacement as well as for borehole emplace-
ment of spent fuel) are developed, instruments and tools for modeling and safety analysis
were substantially further developed and are about to be applied in a safety case.

The status achieved and questions to be answered yet are mirrored in BMWi“s Research Con-
cept. This is also reflected by the rock type dependent prioritization (SALT, claystone, crys-
talline). In the last years knowledge on other host rock types increased substantialy. How-
ever, R&D will continuously contribute to enlarge the scientific-technological know-how and
provide the necessary basis for future decision making and R&D activities. Within this frame
international cooperation plays an important part.
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R&D focal points and R&D topics

A Repository concepts and repository
subsection

B Data and tools for safety analyses

C Nuclear materials safeguards
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ACHIEVIEMIENTS
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Development of the German disposal concept “Direct Disposal” (1985 — 1995)

= Techniques for handling, transportation, and
disposal were tested, their feasibility was shown.

» Direct Disposal is the only legal disposal option.

» Large-scale in-situ projects (technology development),
laboratory experiments and modeling (all activities with
international cooperation), e.g. Brine Migration Test,
HAW-project, MHV-project, Dam construction project,
BAMBUS-project. Additionally accompanying R&D.

Despite drawbacks and standstills, projects were initiated driven by the
requirements to identify open questions, to define R&D solutions,
and to support and to foster future decisions

= Development of an advanced safety proof concept for a HLW — repository in rock salt

=  Optimizing the direct disposal concept by developing the technology for vertical borehole
emplacement

= Development of a reference concept for a generic German deep geologic repository in clay

= Further development of sophisticated models and computer software

= |mproving the understanding of systems behavior

US-German Workshop on Salt Repository Research, Design, and Operation Project Management Agency Karlsruhe
s May 25-27, 2010, Jackson, MS Water Technology and Waste Disposal (PTKA-WTE)
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= identify parameters of potential host rocks in addition to rock salt (Coalition agreement 1990)
= develop and test investigation methods and demonstrate their applicability transfer data to
other sites

= exchange experiences and develop international standards
= consider the state of the art
= maintain flexibility with different host rock options

m|nagra,
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Svensk Kirmbrinsiehantering AR

@ Federal Ministry
* | of Economics

and Technology

Rosatom

USA
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Implementation-oriented R&D on all remaining key aspects to establish a sound
scientific and technical basis for demonstrating the technologies and safety of
geological disposal to underpin the development of a common European view
on the main issues

Studies on relevant near field processes, understanding of the repository environment, bedrock
and pathways to biosphere, developments of robust PA/SA methodologies (modelling tools),
engineering studies and demonstration of repository designs, In situ characterisation of host
rocks in generic & site specific URLSs, investigation of governance and societal issues related to
public acceptance

EBS

US-German Workshop on Salt Repository Research, Design, and Operation Project Management Agency Karlsruhe
= May 25-27, 2010, Jackson, MS Water Technology and Waste Disposal (PTKA-WTE)
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SUMMARY

AT
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= A lot of know-how, technological, and scientific expertise has been accumulated
during the past decades
= practical experience and skills from salt mining and disposal of chemotoxic
wastes
» The status of knowledge on HLW disposal in rock salt is well advanced
» Techniques for shaft and drift emplacement are principally available
= Borehole emplacement of spent fuel is developed
» Instruments and tools for modeling and safety analysis were substantially
further developed and are about to be applied
mm) Knowledge for building a repository in rock salt is at hand

» The status achieved is mirrored in BMWi’s research concept

» R&D-priorities are rock type dependent (SALT, claystone, crystalline)

= Knowledge on other host rock types increased

= R&D will continuously contribute to enlarge the scientific-technological know-how

and provide the necessary basis for future decision making and R&D activities
= International cooperation plays an important part in BMWi’s R&D concept

US-German Workshop on Salt Repository Research, Design, and Operation Project Management Agency Karlsruhe
May 25-27, 2010, Jackson, MS Water Technology and Waste Disposal (PTKA-WTE)
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A BRIEF CHRONOLOGY OF SANDIA
ACTIVITIES SUPPORTING SALT SCIENCE

Andrew Orréll
Director of Nuclear Energy Programs
Sandia National Laboratories
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A Brief Chronology of Sandia
Activities Supporting Salt Science

US-German Salt Workshop
Jackson, Mississippi, USA

Andrew Orrell
Director of Nuclear Energy Programs
Sandia National Laboratories

May 25 - 28, 2010

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin company, for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2014-3288P
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The WIPP Scientific Advisor Role
since mid-70’s



Waste Isolation Pilot Plant
Chronology 1975-2009
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Isometric View




Starting in the Lab to In-Situ...
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Major Tests in the WIPP
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Heated Axisymmetric Pillar Test
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Materials Interface Interactions Tests
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Thermal-Mechanical Test



Waste Package Performance Tests (Room B)



Waste Package Performance Tests (Room J)



Reports
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SAND92-1921C

Submitted for presentation at the Workshop on
In Situ Tests on Radioactive Waste Forms and Engineered Barriers
Corsendonk, Belgium, October 1992

SUMMARY OF THE WIPP MATERIALS INTERFACE
INTERACTIONS TEST - METAL CORROSION

N. Robert Sorensen and Martin A. Molecke
Sandia National Laboratories”
Albuquerque, NM 87185 USA
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Compliance Certification Application
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Other Salt Programs
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STRATEGIC PETROLEUM
RESERVE FACILITY

This slide contains OUO — Please contact
Sandia National Laboratoriesfor a
complete copy

Strategic Petroleum Reserve

America’s emergency crude oil is stored in salt
caverns along the Gulf Coast at depths up to
5,000 feet. Since 1977 Sandia has provided the
Department of Energy with scientific and
engineering assistance on the Strategic Petroleum

| Reserve, including helping DOE evaluate and

choose additional storage sites when SPR
capacity was increased to one billion barrels.
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Active Continuously Since 1977

62 caverns at four sites holding 727
million barrels of oil

Sandia s the lead for underground
geomechanical and oil process
engineering R&D

500+ journal articles, conference
papers, Sandia Reports, and letter
reports

Impacts: For example, Sandia
developed the CAVEMAN tools to
integrate cavern data continuously.
This tool has shown well leakage
before standard tools have.

CAVEMAN has influence state
regulation in Kansas, Texas and
Louisiana

Sandia’s Strategic Petroleum
Reserve (SPR) Program

Bayou Choctaw Dome, LA
One of the 4 SPR Storage Sites
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Geologic Characterization of SPR Salt Domes Sites

This slide contains OUO — Please contact
Sandia National Laboratories for a This slide contains OUO — Please contact This slide contains OUO — Please contact
complete copy Sandia National Laboratoriesfor a Sandia National Laboratories for a
complete copy complete copy

1. Obtain Existing Well Logs 2. Define Caprock 3. Map boundary sediments

and fault traces

This slide contains OUO — Please contact
Sandia National Laboratories for a
complete copy

This slide contains OUO — Please contact
Sandia National Laboratories for a
complete copy

4. Construct 3-D Model of Dome
and Surrounding Geology

5. Incorporate 2-D or 3-D Seismic Imaging
Of the Dome and Surrounding Geology



Salt Simulations
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Concluding Remarks

« Whether for SPR or WIPP, Sandia has been at the
forefront of salt research for 5 decades.

 Our work in thermal-mechanical experiments and
research benefited greatly from past collaborations
with our German colleagues...

 and with new tools and new capabilities, we look
forward to renewing our collaborations with the
German research programs.



Vielen Dank!



Backup



Aerial View of WIPP (1999)
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Figure 14. Locations of Existing Natural Gas Underground Storage Fields in the United States, 2008

Source: Energy Information Administration (EIA), Form EIA-191A, “Annual Underground Gas Storage Report.”
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Newly Excavated Test Drift



WIPP Disposal Room Evolution
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SAFETY CASE APPROACHES -
AN AMERICAN PERSPECTIVE

Clifford Hansen
Sandia National Laboratories
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Safety Case Approaches

An American Perspective
May 25, 2010

Clifford Hansen
Sandia National Laboratories

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,

for the United States Department of Energy’s National Nuclear Security Administration
under contract DE-AC04-94AL85000. SAND2014-3261P

M)

Sandia
National
Laboratories
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Outline

« Safety Case vs. Safety Assessment
 PAMINA project
e Points to consider

M)

Sandia
National
Laboratories
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Safety Case (IAEA 20006)

* A collection of arguments and evidence to
demonstrate the safety of a facility

* Developed in concert with the facility as scientific
understanding advances

e Includes:
— Pre- and post-closure safety assessments
— Descriptions of barriers and their performance
— Supporting evidence (e.g., geologic analogues)
 Acknowledges unresolved issues

* Somewhat site and design independent for acommon
geologic environment

Sandia
National
Laboratories
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Post-Closure Safety Assessment

e Systematic analysis of:
—the hazards associated with the facility and

—the ability of the site and the design of the facility
to provide for the safety functions and meet
technical requirements

e Quantifies performance and associated
uncertainties

« Compares to relevant safety standards

« Safety assessments are site and design specific
e Constructed to address regulatory requirements

Sandia
National
Laboratories
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Examples

« Safety Case: Compliance Certification Application
for the Waste Isolation Pilot Plant (and
applications for recertification)

« Safety Assessment: 1996 (and 2004 and 2009)
Performance Assessment for the WIPP

e Suggests an action: Begin to compile the
(general) safety case for disposal in salt

Sandia
National
Laboratories
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he PAMINA Project

Jorg Monig
PAMINA Final Workshop
Schloss Hohenkammer, 28.09.2009



IP PAMINA — General information

* Performance Assessment Methodologies in
Application to Guide the Development of the Safety
Case

e October 1, 2006 — September 30, 2009
e WWW.Ip-pamina.eu

Germany: GRS, BGR, DBETec, FZK, TUC Netherlands: NRG
Francel: ANDRA, CEA, IRSN, Univ. Lyon Czech Republic: NRI
Spain: Enresa, UPV, UDC, Amphos 21 Finland: Posiva, VTT
UK: NDA, Galson Sciences Sweden: SSM, Facilia
Belgium: ONDRAF, SCKCEN, Bel-V EC: JRC Petten

Switzerland: NAGRA, AF-Colenco

PAMINA Final Workshop, Schloss @ Sandia

National
57 Hohenkammer, 28.-30.09.2009 Laboratories


http://www.ip-pamina.eu/�
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PAMINA General Objectives

« promote a common understanding of the technigues and
methods for performance assessments and the development of
a safety case within the European countries

— notable differences in methodologies to demonstrate the
safety of a repository owing to specific national regulations
as well as the geological and technical framework

« adaptation to the state of the scientific and technical
knowledge

— improvement of integrated performance assessment
methodologies and tools

e innovation in a couple of topics

PAMINA Final Workshop, Schloss @ Sandia

National
Hohenkammer, 28.-30.09.2009 Laboratories
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A Few PAMINA Observations

 Approaches to safety assessments are more
common than different

— Safety functions / indicators
or
— Barrier capabilities / performance

* There are important differences
— Stylized scenario analysis
— Fully probabilistic analysis

Sandia
National
Laboratories
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Points to Consider

* Role of Safety Indicators and Safety Functions

— Safety Indicators are quantities compared to regulatory
standards

— Safety Functions are those features, events and
processes which contribute to safety of the repository

« Safety indicators support judgments about
compliance

e Safety functions evince understanding of the system
and its robustness

« Common ground here for technical collaboration

Sandia
National
Laboratories
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Points to Consider (cont.)

e Treatment of human intrusion
— ‘most speculative potential disruption’ 40 CFR 191
— In the U.S. analysis circumscribed by regulation

— Quite different for WIPP and for Yucca Mountain
 WIPP — probabilistic treatment

* Yucca Mtn — separate scenario with separate protection
standard

— New regulatory criteria (e.g., 10 CFR 194) will be needed for
a future repository

* Need for safety case developers to communicate with those
drafting regulatory guidance

» Discussions will be organized around national regulations

M)

Sandia
National
Laboratories
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Summary

* Opportunities for collaboration

— Compile safety case for disposal in salt
— Develop safety functions and safety indicators

e Scenario development will likely remain a
national discussion

M)

Sandia
National
Laboratories
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Towards a German Safety Case — The ISIBEL Project

Jorg Ménig
Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH,
Theodor-Heuss-Str. 4, D-38122 Braunschweig, Germany

Abstract
Introduction

The research project ISIBEL aims at developing a novel approach to prove safety for a high-
level waste repository in a salt formation, to refine the safety concept and to identify open scientific
issues and and to define necessary R&D work. The yardstick for the work is the ability to develop a
safety case according to the state-of-the-art.

The project is funded by the German Ministry of Economics (BMWi) and it is concertedly
executed by DBE Technology (DBETec), Bundesanstalt fiir Geowissenschaften und Rohstoffe
(BGR) and Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS). The first project phase covered
October 2005 to March 2010; the follow-up project has just started. The work was split into
specific work packages. Several individuals were involved from each project partner who are not
explicitly mentioned here but contributed significantly to the results. Even though each work
package was carried out by a lead contractor, all results were discussed jointly within the project
team. The presentation summarises the main findings and common conclusions of the first project
phase [1], which are partly published in English [2].

The Fundamentals

In Germany, rock salt formations are regarded as suitable for hosting a HLW repository.
Owing to the specific objectives of the research project ISIBEL, boundary conditions were chosen
that match as closely as possible the current understanding of geological features and processes at
salt domes in Northern Germany and the technical developments with respect to repository design
options.

The amount of waste to be disposed off results from the present status of the German Atomic
Act, i.e. the decision to phase-out nuclear energy production. The different wastes from
reprocessing spent fuel elements are disposed off in thin-walled stainless steel casks having
440 mm diameter and a length of about 1.441 mm. In total 3767 canisters with high-level vitrified
waste (CSD-V), 6902 canisters with compacted technological waste (CSD-C) and 560 canisters
with medium level vitrified waste (CSD-B) are to be disposed off. Two different disposal options
were considered for spent fuel, drift disposal in thick-walled POLLUX casks (2045 casks) and
borehole disposal in thin-walled BSK3 casks (6817 casks).

The work in ISIBEL concerns a stylised reference site [3] featuring the geological situation
at the Gorleben site, which has been investigated intensively as a possible site for the HWL
repository. However, the site investigation at Gorleben has not been completed yet. The ISIBEL
reference site is a salt dome of Permian age. The diapirism of the salt dome is virtually completed
and the long-term subrosion rates are very low. The reference site possesses large areas of
homogeneous salt rock of the StaRfurt series (z2HS), which contains only very small amount of
solution. The anhydrite layer of the Leine series is fractured into isolated blocks, which have no
hydraulic connection. This implies that the release of radionuclides via the main anhydrite, often
regarded as an all-encompassing reference scenario in the past, is irrelevant for the safety
assessment.

The repository concept was developed by DBETec [4]. It is based on the German reference
concept of 1998 and includes new waste types, such as the thin-walled stainless steel canister for
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spent fuel rods (BSK3) and a more detailed design of geotechnical barriers, i.e. the shaft and drift
seals. The repository layout features two shafts and an infrastruture area located in salt formations
of the Leine series at a depth of about 840 m. Two access drifts that are 300 m apart connect the
infrastructure area with the disposal areas, which are fully situated in the Stalfurt rock salt z2HS.
The access drifts embrace the disposal areas and they are connected by cross-cuts, from which the
disposal galleries are accessible. In order to accommodate the waste several disposal areas for spent
fuel, one for CSD-V canisters and one for CSD-C canisters are required.

Upon repository closure high performance shaft and drift seals with dedicated hydraulic
properties will be built. The drift seals are located in the Stalfurt rock salt at the transition zone to
the salt of the Leine Series in order to seal off the disposal areas from the infrastructure area. These
geotechnical barriers have to meet specific requirements that can be derived from the tasks and
functions of the respective component within the safety concept. In this context, the focus is on
demonstrating safe containment during undisturbed repository development. The shaft and drift
seals are to be placed and designed in such a way that brine intrusion to the waste via the shaft and
the drifts that are backfilled with crushed salt and a subsequent forcing out of contaminated
solutions via the same pathway will not occur. Additional requirements may arise from the relevant
release scenarios determined in the scenario analysis. The mine workings will be backfilled with
crushed salt. Owing to the salt creep the remaining void volume will decrease gradually by and by.

Elements of the Concept to Demonstrate Safety

A concept for a safety assessment was developed and applied for the very first time which
takes full account of the advantages of the final disposal of HLW in rock salt and thus of its safe
containment. Consequently, the long-term safety assessment focuses on the systematic
demonstration of the safe long-term containment of the waste by demonstrating the integrity of the
geotechnical barriers and of the geological main barrier. The evaluation of radionuclide releases is
carried out on a complementary basis for those evolutions of the final repository for which an
impairment of the integrity of the barrier system resulting in the creation of a continuous pathway
for radionuclides cannot be ruled out. The assessment whether these evolutions are to be
considered as likely, little likely, very unlikely or whether they can even be excluded is the result of
the scenario analysis.

Integrity of the Geological Barrier

The assessment of the integrity of the salt barrier is primarily based on the results obtained
from mechanical and thermo-mechanical model calculations, e.g. using the finite elements method,
which accurately describe the physical processes in the rock that are to be expected in the long
term. As part of a holistic approach, geological and geo-engineering explorations, laboratory
analyses of petrophysical properties, geotechnical in-situ measurements and surveys, on-site
observations, and mining experience from comparable geologic media and mines are to be taken
into account in addition to purely numerical calculations [5]. Generally, large-scale three-
dimensional predictive models are to be used, depending on the objective.

The functionality and integrity of the salt barrier is considered to be mathematically proven
if the formation of pathways can be ruled out from a geomechanical point of view. For salt rock
areas capable of creep, two criteria may be applied according to current scientific knowledge [6]:

o Dilatancy criterion: The integrity of the barrier is ensured if no damage in the rock mass
occurs. Comprehensive laboratory analyses of the petrophysical properties of rock salt showed
that stress states below the dilatancy limit do not cause any damages, not even in the long term,
which means that for stress states in this range, the impermeability of the salt rock is ensured.
Only stress states above the dilatancy limit cause a loosening of the microstructure, which in
turn leads to the gradual formation of a network of microfissures if such conditions persist.
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) Brine pressure criterion: The integrity is ensured if the lowest main compressive stress does
not drop below the value of the hydrostatic pressure to be assumed at the corresponding depth.
This pressure is calculated from a hypothetical column of liquid that extends to the surface.
Usually, the liquid is assumed to be a brine solution with a density of 1.2 kg/l.

Practical application of these two criteria, which initially were assumed to be equally
important, showed that as a rule (primarily intact outer fringe area), conditions enabling the
intrusion of brines from the overburden or the surrounding rock are only possible if the dilatancy
criterion is not met.

Integrity of the Geotechnical Barriers

The demonstration of the integrity of the geotechnical barriers, such as the drift and shaft
seals, involves the consideration of the integrity of the barrier structure itself and of the hydraulic
properties and their corresponding evolution over time of the barrier structure, the excavation
damage zone (EDZ) and the contact zone between both [7]. The requirements on the hydraulic
resistance of the barriers are determined by the calculations on radionuclide transport carried out in
the long-term safety analysis.

The proof of the integrity of the barrier structure is based on three components, i.e. the proof
of the structural and mechanical stability of the barrier structure, the proof of limited fractures and
the proof of the long-term chemical durability. Possible impacts on the barrier structure, as derived
in the scenario development, have to be taken into account. Furthermore, is has to be demonstrated
that the seals can be built as specified.

The requirements on the hydraulic resistance as well as on the design life of the shaft and
drift seals are directly correlated with the compaction behaviour of the crushed salt backfill
material. In-situ experiments and analogies suggest that it is possible to achieve complete
containment. However, the processes taking place can currently not be described in full detail. The
most important parameters that determine the behaviour of the crushed salt backfill are the
geometric values porosity and grain size, which is generally specified through the grain-size
distribution curve, the compaction rate, the stress level and the stress state, the temperature, the
moisture content or saturation, and the mineralogical composition. Usually, several parameters
influence the physical effect of the material behaviour to be described. In the case of thermal
conductivity, the factors are the porosity and the degree of saturation in the pores, and possibly the
stress level. Thus, when describing the material behaviour, these parameters need to be taken into
account. Currently it is possible to provide a detailed description of the material behaviour and thus
of the compaction behaviour down to a residual porosity of 10%; for porosities below 10%,
however, there is still need for further research in order to be able to carry out substantiated
predictive calculations.

Scenario Development

The identification and subsequent quantitative analysis and evaluation of scenarios, each of
which represents one of the possible future developments of the final repository system, are
essential components of the long-term safety assessment of a final repository. The individual
scenarios are characterised by features, events, and processes (in short FEP) that may influence the
future evolution of the final repository system. Salt rock has one integral characteristic that
distinguishes it from other types of rock analyzed worldwide as potential host rocks. As salt is an
impermeable type of rock with only a few brine inclusions of macroscopic relevance, high-level
radioactive waste emplaced in salt can only come into contact with large amounts of brines under
very specific circumstances. However, the presence of ample brine quantities is the central
characteristic that may lead to a release of radionuclides from the waste and to the transport of
these nuclides into the biosphere. Thus, experience in scenario development and FEP identification
made in other countries can only be transferred to a limited extent.
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Based on the geological situation at the reference site, the repository concept and the
different types of waste, a FEP catalogue for a final repository for HLW in a salt diapir was
systematically compiled for the very first time in the ISIBEL project. Different methodical
approaches were pursued and finally consolidated in order to contribute towards the completeness
of the FEP catalogue. The different methodical approaches each have their advantages as well as
inherent disadvantages. One approach had the goal of identifying all the FEPs that, principally,
may have an impact on the geological evolution at the reference site or on the geosphere of the
final repository system, as well as their potential consequences on the waste emplaced. This
method may be designated as a 'bottom-up' approach. Another methodical approach for the
development of scenarios to be assessed and for the identification of FEPs to be considered focused
on the issue of if and how brines could be able to come into contact with the waste. Based on this
top-down approach, conceivable scenarios were identified that could lead to the failure of one or
more geological or geotechnical barriers. The starting point of these considerations was that as a
consequence of such sequences of events, radionuclides might be released from the waste and even
be transported into the biosphere. In a second step, all FEPs that play a role in these scenarios were
identified and described. The main difficulty of this method is to prove that the list of scenarios is
complete and that all relevant FEPs have been identified. As a result it was concluded that for
scenarios concerning a final repository in a salt formation, a procedure which suitably combines
elements of a bottom-up approach with those of a top-down approach seems to be the most
appropriate.

In a final repository in salt rock, the waste emplaced can only come into contact with brines
from the overburden and surrounding rock if one or more barriers have failed. Due to the choice of
the site and the design and layout of the final repository mine with its geotechnical barriers, a
failure of the geological barrier or of the geotechnical barriers can only occur under specific
boundary conditions. Although the probability that such events occur is generally very low, these
events cannot be completely ruled out. Therefore, they need to be taken into account when defining
the scenarios. A detailed understanding of the conditional probabilities of occurrence of the
individual FEPs and of their interdependencies and interactions is therefore required for the safety
assessment of the scenarios. Pertinent information has been included, therefore, in the descriptions
of FEP in the FEP catalogue.

Starting with the identification of FEP that may impair the barriers that provide effective
containment and considering the likelihood of their occurrence and of their individual
characteristics, scenarios are developed by taking the interdependencies of FEP and their
chronological sequence into account. This method has been successfully employed to derive the
reference scenario. Owing to the many different pieces of information, which result mainly from
the consideration of the FEP interdependencies, this method is very elaborate. In principle,
however, it provides the opportunity to develop scenarios in a transparent and traceable way.
Regarding the clarity of the method applied for the development of scenarios, further testing of the
procedures and their descriptions is required.

Proof of Safe Containment

One methodological challenge is to demonstrate the safe containment of the radioactive
waste within the isolating rock zone (IRZ). This complements the demonstration of the integrity of
the geological and the geotechnical barriers. A method has been developed in ISIBEL [8] which
allows the qualitative and quantitative evaluation of radionuclide transport processes for those
scenarios, where a continuous pathway for solutions from the waste to the biosphere is existent. It
includes the numerical evaluation whether radionuclide releases from the isolating rock zone are
radiologically insignificant. The method involves an applicable definition of the IRZ as well as the
definition of suitable indicators.

The isolating rock zone lies within that part of a salt dome which is not affected by
geological processes, such as subrosion or erosion, at the given time. Within the IRZ all mine
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workings have sufficient distance to geological strata which could develop pathways to
groundwater bearing formations

The qualitative and quantitative evaluation of solution and radionuclide transport processes
yields a staged assessment. Complete containment is regarded as the most stringent form of safe
containment. Complete containment is given when no contact between intruding solution and waste
occurs or when no radionuclides are released from the IRZ, respectively. In order to demonstrate
safe containment, a radiological pettiness index (RPI) has been defined, which is a dimensionless
number calculated as follows. Annual radionuclide fluxes from the IRZ are taken up in a defined
low volume of groundwater yielding a calculated radionuclide concentration. By applying a
generic, rather conservative biosphere model potential radiation exposures are calculated from this
radionuclide concentration. The RPI is then calculated by relating these calculated potential
exposures to a limit value of 0.1 mSv/a. As long as the RPI is below 1, the radionuclide releases
from the IRZ can safely be considered to be radiologically insignificant.

Conclusions

In the research project ISIBEL, for the first time, a consistent concept for the safety
assessment was developed that takes full account of the advantages inherent in the disposal of high-
level radioactive waste in salt formations. This concept focuses on the systematic demonstration
that safe containment of the emplaced waste is achieved. The demonstration is based on proving
the integrity of both the geological barrier as well as the geotechnical barriers in the likely
evolutions of the repository system. It is complemented by the assessment of system evolutions for
which an impairment of the integrity of the barrier system, and thus the formation of a continuous
pathway for radionuclide formation cannot be excluded. Whether such evolutions are to be
regarded as being likely, little likely or even unlikely is the result of a scenario development. A
comprehensive FEP catalogue for a final repository for HLW has been compiled for the first time.
It forms the basis for a transparent and traceable identification of scenarios, each of which
represents one of the possible future evolutions of the repository system. Finally, a scheme has
been developed which allows assessing that radionuclide releases from the isolating rock zone are
insignificant. In addition to this, the methods and documents to demonstrate operational safety and
compliance with the non-radiological protection goals in the post-closure phase were considered. It
is expected that the results from the research project ISIBEL provide the basis for future safety
cases for a HLW repository in a salt formation in Germany.
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The ISIBEL project

Objectives
refinement of safety concept for HLW disposal in rock salt

development of a novel approach to demonstrate safety
identification of necessary R&D

Project partners

Bundesanstalt fur Geowissenschaften und Rohstoffe, Hannover
DBE Technology, Peine

Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH

Research project
funded by German Ministry of Economics (BMWi)
duration: Oct. 2005 — Mar 2010, second phase started Apr 2010

yardstick
ability to develop a safety case according to state-of-the-art
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Fundamentals

Waste amount and characteristics
amount according to present status of German Atomic Act (phase-out decision)
spent fuel
— 2045 POLLUX casks or 6817 BSK3 casks
vitrified waste from reprocessing
— 3767 CSD-V
— 6902 CSD-C + 560 CSD-B

Geology

available knowledge concerning salt domes in Northern Germany potentially
suitable (stylized site model)

Repository concept
based on reference repository concept of 1998

including new waste types (BSK3) and more detailed design of geotechnical
barriers

7US/GERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA



Stylized site model

Features

73JS/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA

homogeneous salt regions
in main StalRfurt rock salt

hardly any presence of
solution

main anhydrite fractured in
isolated blocks

salt diapirism virtually
completed

low long-term subrosion
rates



Schematic repository layout
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Schematic repository layout

. : -
Infrastructure area wih two shafts 7 | .
located in Leine salt facies (z3) e BSK CSD-V cSD-C
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repository void volume is backfilled with crushed salt

repository void volume will fade away due to salt creep
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Functional requirements to demonstrate safety

demonstration period 1 Mio. years >
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New approach to demonstrate safety

proof of
safe containment

proof of integrity
geological barrier

proof of integrity
geotechnical barriers

normal evolution

7®JS/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA

scenario analysis

assessment of

radionuclide releases

AN
v

consequence analysis
of release scenarios

altered evolutions




Concept to demonstrate safety

proof of integrity

: : v
/ geological barrier
/ * temperature criterion
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design of » dilatancy criterion > Integrity of geological
mine workings barrier

repository design
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Concept to demonstrate safety

proof of integrity
geological barrier

/ * temperature criterion

* hydrofrac criterion
design of » dilatancy criterion

mine workings

integrity of
geological barrier

forecast backfilling

/ compaction

sufficiently compacted
backfilling

/

design of
shaft and drift seals

T\\

repository design

integrity of
shaft and drift seals

safe

proof of integrity containment

geotechnical barriers
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Integrity of geotechnical barriers

Proof of integrity of geotechnical barrier

I |
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2 > resistance of barrier structure
S5
2 T T T
]
| -
Proof of stability of ] Proof of limited Proof of chemical
barrier structure fractures long-term durability

barrier structure

t 1t 1

possible impacts
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Development of Scenarios

Development of a comprehensive FEP catalogue
combined top-down and bottom-up approach to identify relevant FEP

assumed barrier

failure
qualitative analysis of
system behaviour
identification of
contributing FEPs
o effects from heat
site-specific producing waste
FEP list e interglacials and
glacials
possible salt
IFEPs / specific FEPs 1 \
NEA-FEP experience from salt mining site specific data
data base in Northern Germany Gorleben

8US/GERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA
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Development of Scenarios

Development of a comprehensive FEP catalogue
combined bottom-up and top-down approach to identify relevant FEP
systematic description of each FEP
detrimental effects of containment relevant barriers?
time frame of action

time

8US/GERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA



Development of Scenarios

Development of a comprehensive FEP catalogue

combined bottom-up and top-down approach to identify relevant FEP

systematic description of each FEP
detrimental effects of containment relevant barriers
time frame of action

interaction with other FEPs
waste can.

— actuating FEPs < resulting FEPs corrosion

— affecting FEPs < affected FEPs

conditional probability of occurence

actuates

gas
production

laffects

fluid
pressure

— probable / less probable / not to be regarded / boundary condition

unresolved issues
realised in database format

82JS/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA
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Development of Scenarios

Reference scenario
selection of all probable FEPs from FEP database
selection of FEPs with detrimental effects on containment relevant barriers
selection/consideration of actuating and resulting as well as influencing FEPs
consideration of time frame of action
consideration of probable characteristics of FEPs

Altered evolution scenarios
same principal procedure
inclusion of less probable FEPs and less likely characteristics of probable FEPs

83JS/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA
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Safe Containment in the IRZ

Staged approach to proof safe containment of radionuclides in the IRZ
Definition of isolating rock zone necessary (duty of implementer)

Formation of a continuous pathway from the waste to the biosphere for solutions
evaluation of transport processes quantitatively and qualitatively
measures?

Impact of radionuclide release from IRZ
release of radionuclides is sufficiently low
measures?

84S/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA 16



Isolating rock zone

The isolating rock zone lies within
that part of a salt dome which is not
5’4 affected by subrosion or erosion
salt wash surface . )
At the end of processes at the given time
demonstrati‘n period

)

Within the IRZ all mine workings
have sufficient distance to
geological strata which could

\

possible range \ develop pathways to groundwater

for IRZ bearing formations

blocked anhydrite
stratum

8% S/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA 17



Evaluation of transport processes

Indicators used:

* amount of solution released from IRZ after 108 a [m3]
e start of solution release [a]

* start of radionuclide mobilisation [a]

e start of radionuclide release from disposal area [a]

* end of salt creep, i.e. of convergence process [a]

I RZ * dominating transport pathway for radionuclides

very illustrative, flexibly applicable (grading of safe containment)

no complete quantification possible

8®JS/IGERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA 18



Radiological pettiness index

activity fluxes [Bg/al dose conversion factors

$ 3
> S -DCF,

RP| =
W'KRG|
T 1

500m*/a jnspection level: 0,1 mSv/a

-
iy T
=) p

safety relevance, comparison with radiation exposure in biosphere

stylised scenario is used
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Safe Containment

no contact
between
waste and
solution

®» norelease ™
from IRZ

RPI<1
diffusive q _
transport RGNS
of RN transport

of RN

RPI>1

safe containment
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Conclusions

A novel concept to demonstrate safety has been developed, tested and shown to be
applicable for the disposal of HLW in a repository in rock salt

primary focus is to proof the safe containment of the waste within IRZ
integrity of geological and geotechnical barriers important aspect
proof compliance with safety requirements for possible radionuclide releases

Methods have been developed and tested
for developing scenarios (based on a comprehensive FEP catalogue)
for proving integrity of geological and geotechnical barriers
for addressing uncertainties comprehensively in the Safety Case
for calculating radiological consequences of radionuclide releases from the IRZ
for evaluating non-radiological consequences

Necessary R&D has been identified

Tools are at hand which are suitable to develop a Safety Case for the Gorleben Site

8YUS/GERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA 21
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FROM RELEASE SCENARIO TO SAFE CONFINEMENT
- EVOLUTION OF THE SAFETY CASE FOR HLW DISPOSAL IN ROCK SALT

Klaus-Jirgen Rohlig, TU Clausthal, J. Krone, DBE TECHNOLOGY GmbH

In the 80ies and 90ies post-closure safety demonstrations were focused on numerical compli-
ance with radiological protection objectives. Despite of the fact that confinement is the ulti-
mate objective of disposal, modelling was focused on release and migration as well ason ra-
diological considerations. Moreover, in some cases the linkage to the factual bases of assess-
ment (site investigation and R& D results, design devel opment etc.) was rather loose — pa-
rameter values and assumptions underlying the calculations were not always justified. Lack of
confidence in this approach as well as backlashes of a number of national programs have lead
to contemporary demonstration methods often described as “ Safety Case”. A Safety Case
takes aholistic view on site investigation, R&D, the safety concept, repository layout and
engineering, and the safety assessment in which assessment cal culations form one (central) of
multiple lines of evidence. Many Safety Cases utilize — in various ways — the concept of
“Safety Functions” which establish the linkages between the above mentioned components
but are also an important tool for scenario development.

Similarly to the international practise at that time, early German safety assessments for
HLW/SNF disposal in rock salt were, despite of the (postulated) objective of confining the
radionuclides, focussed on calculating releases e.g. via anhydrite veins. The realism of the
underlying scenarios was often not questioned, while the normal or expected evolution (con-
finement) was not further addressed in safety assessments. Over the years, a number of factors
including

- investigation results from the Gorleben site indicating the weak factual basis of release
scenarios and

- regulatory developments focussing on the requirement to confine the radionuclides by
geologic and geotechnical barriers

have lead to an evolution of the assessment approach. E.g. the primary goal of the approach
followed in the ISIBEL project isto demonstrate safe confinement as undisturbed evolution
by evidencing the integrity of the geologic and geotechnical barriers. The question about po-
tential disturbances of thisintegrity leads — via scenario development — to disturbed evolu-
tions (rel ease scenarios) for which — as a secondary goal — compliance has to be demon-
strated.

The ISIBEL FEP database (the first FEP database for HLW/SNF disposal in rock salt) was
designed to aid this demonstration. In order to increase the confidence in the database, it un-
derwent an external review by independent experts in which advice for further improvements
was provided.

Future R& D has to be focused on the performance of geotechnical barriers, in particular on
the compaction behavior of salt grit (backfill material) and the demonstration of the long-term
integrity of seals. Since the latter have to be designed in order to prevent early brine intrusions
and to protect the backfill material aslong as compaction is still insufficient, thereisarela
tionship between the two issues which has to be explored by means of scenarios development
and safety assessment.
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to Safe Confinement
Evolution of the Safety Case for HLW disposal in Rock Salt

Klaus-Jirgen Rohlig, Institute of Disposal research
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Outline

= International developments:

- Demonstrating compliance for the post-closure phase
in the 80ies and 90ies

- The Safety Case
- Safety functions
= Developments in Germany:

- Demonstrating compliance ... in the 80ies and 90ies :
Early German safety assessments for disposal in rock salt

- R&D, Gorleben site investigation

- Site selection (AKENd), the concept of a “confining rock zone”
and regulation development

- The ISIBEL demonstration concept
- The ISIBEL FEP catalogue
= Conclusions & outlook

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Demonstrating compliance for the post-closure phase in the
80ies and 90ies

= Numerical compliance with dose / risk / release criteria of particular
interest

= Safety assessment focused on modeling release and migration

= Linkage with site characterization, science, design development, R&D
rather loose
(input parameters for SA sometimes rather claimed than derived / justified)

» Questions / problems:

- Despite of considerable national and international efforts
(the “...VALs” and the “...COINS"):
“Groundwater problems cannot be validated”
(Konikow & Bredehoeft 1992)

- Predictability of biosphere (and upper aquifers)

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Timescales and predictability

Elements to be represented

Changes acting on these elements
<@— Geological change ——p

- Climatic change -
<@— Ecological change —p
4 ........ anannns -« Human activities =
human intrusion <@¢—— Individual habits ~——>
100 — . ‘
Predictability of changes
10°'000 —

into the future

1'000'000 — l ?

years —

© OECD/NEA
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Demonstrating compliance for the post-closure phase in the
80ies and 90ies

= Numerical compliance with dose / risk / release criteria of particular
Interest

= Safety assessment focused on modeling release and migration

= |inkage with site characterization, science, design development, R&D
rather loose
(input parameters for SA sometimes rather claimed than derived / justified)

» Questions / problems:

- Despite of considerable national and international efforts
(the “...VALs” and the “...COINSs"):
“Groundwater problems cannot be validated”
(Konikow & Bredehoeft 1992)

- Predictability of biosphere (and upper aquifers)

- More fundamentally: Is there a contradiction (or inconsistency ):
protection objective (confinement) vs. criteria (release-orientated)

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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International developments: The Safety Case

= The Konikow paper as one of the bases
for criticizing the assessment approaches in general

= At the same time: acceptance problems and backlashes
for some major programmes (France, UK, Canada, Germany)

" Lessons learnt:

1. Establish better linkages between components of evidence
(site investigation, R&D, safety concept, repository layout & engineering,
safety assessment)

2. Establish decision process which is better structured and transparent
3. Better stakeholder information / involvement

» The concept “Safety Case” evolves in national programmes and internationally
- Integration aspect (linkage of arguments) - Lesson no. 1

- Dynamic aspect (SC as evolving basis for decisions in stepwise repository
development) - Lesson no. 2

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Safety functions ...

= ... are expressions of the objectives of disposal

= ... establish linkages between safety case components and involved
disciplines (“lingua franca”) — example France (Dossier 2005):

- "limiting water circulation®

"limiting the release of radionuclides and immobilising them in the
repository"

- "delay and attenuate radionuclide migration"

= ... give rise to definition of scenarios = next slide

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement

102



Safety functions ...

= ... give rise to definition of scenarios — example France:

- Normal evolution
(functions as intended, diffusion-dominated migration)

- "limiting water circulation* - seal failure scenario (altered evolution)

- "limiting the release of radionuclides and immobilising them in the
repository“ - failure of thermal waste containers (altered evolution)

- "delay and attenuate radionuclide migration®
- intrusive borehole (altered evolution)

- "generalised failure of all safety functions®
- severely degraded evolution (altered evolution)

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Definitions (SR-Can, SKB)

= A safety function is a role through which a repository component
contributes to safety.

= A safety function indicator is a measurable or calculable property of a
repository component that indicates the extent to which a safety function is
fulfilled.

= A safety function indicator criterion is a quantitative limit such that if the
safety function indicator to which it relates fulfils the criterion, the
corresponding safety function is maintained.

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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High-level functions (IAEA WS-R-4) and components

Isolation from

Attenuate / delay
migration

: Stability
biosphere, :
: (mechanical, :
Function reduce . Contain waste
o hydraulic,
likelihood of .
: : chemical)
human intrusion
_ Host rock
Granite
Overburden Host rock
Host rock : .
Indurated [Canister] — limite
Host rock e
clay Overburden In time!
/_\
Host rock Host rock \
Rock salt Host rock .
Overburden

‘ Geologic component \

Host rock

Host rock
Overburden

‘Host rock

[Overburden]




Examples of lower-level safety functions &
corresponding indicators (SR-Can)

Canister
C3. Withstand shear load
Rupture limit > shear stress
Buffer

Bu2. Filter colloids
Density > 1,650 kg/m?®
Bu4. Damp rock shear
Density < 2,050 kg/m?

Color coding:
Functions with contribution to canister functions C1 (red), C2 (green), C3 (blue)
or to retardation (yellow)

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Demonstrating compliance ... in the 80ies and 90ies :
Early German safety assessments for disposal in rock salt

= Carried out in national studies (SAE 1984, PSE 1985, SAM 1989, SEK
1996) and EU projects (PAGIS 1989, PACOMA 1991, EVEREST 1997,
SPA 2000)

= Confinement identified as objective of disposal in rock salt is postulated
but not addressed in assessment calculations:

- Focus on flow and migration in repository mine and overburden

- Considerable effort re. hydrogeological modeling of Gorleben erosion
channel, also via participation in NEA validation projects (e.g.
INTRAVAL)

- Emphasis on development of assessment tools rather than on linkage
to site investigation and R&D results

- regulatory background: dose criterion & recommended 10,000 a
timeframe

- underlying scenario - next slide

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Developments in Germany: R&D, Gorleben site investigation

= Details about salt geology

= Demonstration methods to show integrity of salt barrier

= Understanding of salt compaction

= Engineering-based demonstration concepts for drift and shaft seals

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Details about salt geology (Gorleben)

= Sources
- Deep drillings investigating salt dome
- Seismics
- Drilling samples: geochemistry, petrography
- Shafts Gorleben 1 and Gorleben 2
- Underground exploration area (mine) EB 1

- Geophysical (e.g. electro-magnetic reflection measurements EMR) and
geochemical investigations from underground

= Results
- New high-resolution stratigraphic characterization

- Large homogeneous volumes in Z2 (old rock salt - Stal3furt), extension of
fracture systems limited

- Z2 almost without brine inclusions (only some cm? at a time) - “brine pockets”
(release scenarios) do not exist

- Main anhydrite Z3HA broken into isolated blocks - no continuous pathway
- Uplift of salt dome almost finished
- Low subrosion rates in the long run (some 102 mm/a)

»Geologic integrity of the main barrier
» Drift excavation preserving barrier possible

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Developments in Germany: Site selection (AKEnd) and the
concept of a “confining rock zone”

= “Part of the geological barrier which at normal development of the
repository and together with the technical and geotechnical barriers has to
ensure the confinement of the waste for the isolation period”

= Must consist of rock types to which a field hydraulic conductivity of less
than 1010 m/s can be assigned

= At least 100 m thick

= Depth between 300 m and 1500 m
= Sufficient lateral extension

= No risk from rock burst

= No findings or data which give rise to doubts whether the requirements
regarding field hydraulic conductivity, thickness and extent can be fulfilled
over a period of time in the order of magnitude of one million years

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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AKENd and the conseguences

= Granite Is practically no longer an option (no granite sites in Germany
which have potential to fulfill criteria)

= Implications for development of Safety Requirements (BMU 2009)
- Safety Case concept mirrored in requirements
- Confining rock zone required
- 1 million year assessment timeframe

- Possibility to demonstrate numerical compliance not in the biosphere
but at the boundary of isolating rock zone (feasible???)

= Still debated:

- Confining rock zone concept and associated performance (function)
indicators (guideline development)

- ... and some other regulatory issues less relevant for this presentation

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement



The ISIBEL demonstration concept

Demonstration: Assessment
safe confinement of releases
Primary Complementary

Integrity demonstration
Geologic barrier

Scenario Assessment of
Integrity demonstration development [ ] release scenarios

Geotechnical barriers

Undisturbed evolution
Disturbed evolution

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Safe confinement: functions, demonstration and linkage to design

k"] Demonstrating integrity of
geologic barrier
sTemperature criterion
Dilatancy criterion
*Hydrofrac criterion

Mine layout 4 iy
geologic barrier

Prognosis _
| Backfill SN Backfill | Safe
/ compaction compaction confiment

> | Integrity of drift /
Seal concept / and shaft seals

Repository layout

<

Demonstrating
integrity of drift
and shaft seals

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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The ISIBEL FEP catalogue as a tool
to aid confinement demonstration

= Joint GRS-BGR-DBE TEC development
= Aims:
- to produce the first FEP catalogue for HLW/SNF disposal in rock salt
- to establish a product addressing FEP interactions
- to link FEPs to function “safe confinement”
- to establish a reviewable product

= Independent review (TUC, FZJ, FZK, PANGEO)
- QA — independent views
- Involve additional disciplines
- Methodology similar to NEA reviews, but adapted to subject

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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The ISIBEL FEP cataloge: selected entries

= General: Name, number, definition, link to NEA FEP, ...
= Conditional probability
= Influencing and influenced FEPs (linkage to interaction matrix)

= Influence on confining barriers

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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The ISIBEL FEP catalogue: selected review findings

= Catalogue as important achievement (methodology, confidence building)
= Review itself as contributor to future improvement acknowledged
= Planned implementation into NEA FEP database strongly encouraged

= Potential misunderstandings concerning site-specific character (or
otherwise) — need to clarify to what extent catalogue is applicable to
Gorleben (some FEP-specific comments on this issue)

= Review team acknowledges orientation on confinement, encourages
further focus on confining rock zone

= Recommendations concerning documentation

= Comments on lack of balance re. several entries — some important
literature not accounted for, some statements too apodictic

= Choosing NEA “IFEPs” as starting point is not helpful

= And of course: Many comments concerning single FEPs

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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Conclusions & outlook

= Considerable evolution over the last decade concerning development and
demonstration of safe confinement in rock salt:

- Site investigation results
- Concept development
- Safety assessment

= This evolution occurred parallel to, and consistent with, the development
of the safety case concepit.

= |t has the potential to make the strengths of the rock salt option visible.

" Future R&D:
- Compaction behavior of salt grit (backfill)
- Demonstration of long-term integrity of seals
... (Relationship between the two — scenarios & assessment)

Rohlig (Institute of Disposal Research)
Krone (DBE Tec) From Release Scenario to Safe Confinement
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DISPOSAL OF HIGH-LEVEL RADIOACTIVE WASTE IN
BEDDED SALT IN THE UNITED STATES

Tom Pfeifle and Frank Hansen
Sandia National Laboratories

Abstract

The performance of heat-generating high-level radioactive waste disposed in bedded
salt within the United States is evaluated. Models based on applicable features, events, and
processes are used to develop a post-closure performance assessment. Experience of Sandia
National Laboratories at the Waste Isolation Pilot Plant repository was used to develop adis-
posal strategy that shows promise should a salt repository be considered as a disposal aterna-
tivein the United States. Disposal of high-level radioactive waste in salt is attractive because
the material is essentially impermeable and self-sealing, chemical conditions are reducing,
and the United States has many salt deposits throughout the continent. Over arelatively short
time, closure of the disposal rooms encapsul ates the waste. Summarized advanced multi-
physics modeling illustrate this basic behavior. Hence, a salt repository can readily achieve
required containment with ample margin of safety. The studies summarized in this paper de-
monstrate that heat generation within the salt disposal horizon islikely to improve long-term
performance beyond the excellent performance exhibited at the Waste |solation Pilot Plant
under ambient conditions. Although the analysis uses key aspects of long-term performance
standards prescribed for existing repositories, likely changes to the standards would not de-
tract from the ability of salt to isolate high-level radioactive waste.
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Objective of Current Study

124

To evaluate the
generating high-

nerformance of heat-
evel radioactive waste

disposed in a hypothetical repository

constructed In a

bedded salt within the

United States and compare results with
the regulatory standards for the Waste
Isolation Pilot Plant (Hansen et al, 2010%).

* Hansen, et al., 2010, “Disposal of High-Lev

el Radioactive Waste in Bedded Salt in the United States,”

SAND2010-XXXX, prepared by Sandia National Laboratories, Albuguerque, NM.

US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @

Sandia
National
Laboratories



Qutline

® Motivation

® Background on Radioactive Waste
Disposal in Salt

®* Laws, Agency Responsibilities, and
Regulatory Environment

® Performance Evaluation Methodology
® Features, Events & Processes (FEPS)

® Concept of Operations for a Repository in
Bedded Salt

® Performance Assessment
® Path Forward/Future Program Needs

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
125 Laboratories



Motivation

® A License Application (LA) for construction of a
repository at Yucca Mountain (YM) has been
submitted by the US Department of Energy
(DOE) and docketed by the US Nuclear
Regulatory Commission (NRC).

® In March 2010, DOE filed a motion to withdraw
the LA and the Obama administration
recommended eliminating further funding of YM.

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

126 Laboratories



Consequence of YM LA Decision
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®* Blue Ribbon Commission (BRC) was formed by
DOE in January 2010. It will

®* Provide recommendations for managing the back-end of
nuclear fuel cycle

® |ssue an interim report due in 18 months and a final report
due in 24 months

® US Nuclear Waste Policy Act (NWPA) of 1982, as
amended in 1987 (designating Yucca Mountain),
would need to be changed to accommodate
BRC recommendations.

® Sandia is conducting R&D activities to inform
anticipated discussions of future geologic
repositories.

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

Laboratories



Why Salt?

® Salt was recommended by the US National
Academies of Science & Engineering in 1957

¢ Salt has positive attributes for waste disposal

¢ Salt formations are plentiful and are widely
distributed around the US

® Salt has been well characterized both within the
US and Internationally (i.e., for waste disposal &
for underground storage)

® Waste Isolation Pilot Plant (WIPP), a geologic
repository for the disposal of US defense
transuranic (TRU) waste in bedded salt, has been
certified and has been operating for 10 years

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
128 Laboratories



Attributes and Distribution
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SALT ATTRIBUTES

® Easily mined
® Deforms plastically
® Fractures self-heal
® High thermal conductivity
® Very low permeability
and porosity
® Has existed underground for millions of years

® Deposits are often in stable tectonic regions and exist
In many locations with geographic distribution in the
U.S.

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ LNaal}:?rg’?tlmes



Applicable Laws/Responsibilities

®* NWPA of 1982, as amended in 1987 — assigned
responsibilities for radioactive waste disposal.

— DOE is to site, construct, operate & close a repository for
used nuclear fuel* (UNF) and high-level waste (HLW)

— Environmental Protection Agency (EPA) is to set public
health and safety standards for releases of radioactive
materials from a repository

— NRC is to promulgate regulations governing construction,
operation, and closure of a repository and license a facility

®* WIPP Land Withdrawal Act of 1992

— DOE is to take ownership of a 4-mile square site from the
Department of Interior for purposes of construction, operation
& closure of a TRU and hazardous waste repository

— EPA is to promulgate regulations and issue criteria for the
Initial certification and 5-yr re-certification of WIPP compliance

* Used nuclear fuel has supplanted spent nuclear fuel as the preferred terminology in US

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
130 Laboratories



Regulatory Framework

®* EPA Regulations

— 40 CFR Part 191 Environmental Radiation Protection Standards for
Management and Disposal of Spent Nuclear Fuel, High-Level and
Transuranic Radioactive Wastes

— 40 CFR Part 197 Public Health and Environmental Radiation
Protection Standards for Yucca Mountain, Nevada

— 40 CFR Part 194 Criteria for the Certification and Recertification of
the Waste Isolation Pilot Plant’s Compliance with the 40 CFR Part 191
Disposal Regulations

— 50 Fed Reg 1515 — Authorizes New Mexico Environment
Department to enforce EPA RCRA standards for WIPP
hazardous waste (not required for UNF/HLW facility)

® NRC Regulations

— 10 CFR Part 60, Disposal of High-Level Radioactive Wastes
in Geologic Repositories

— 10 CFR Part 63, Disposal of High-Level Radioactive Wastes
in a Geologic Repository at Yucca Mountain, Nevada

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
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Performance Evaluation Method

® |dentify potentially relevant features, events, &
processes (FEP) that affect long-term
performance of the disposal system

® Screen/Select FEPs to construct scenarios for
use in Performance Assurance (PA)

® Construct scenarios from retained FEPs for
further screening

® Select scenarios to include in PA

® Implement/analyze scenarios in PA and
compare to regulatory standards

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
132 Laboratories



FEPs Evaluation

® Current study started with WIPP FEPs

- WIPP originally examined ~1500 FEPs based
on Internationally-accepted databases

—~240 FEPs considered with ~90 retained,;
others screened out based on Regulatory,
Probability or Consequence arguments

® Adjusted WIPP FEPs based on assumptions for
a UNF/HLW repository related to:

— Salt Site
— Repository Design
- Waste Characteristics

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
133 Laboratories



Salt Site Assumptions
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® In contrast to WIPP, very little brine will reach
the waste package

— Disturbed rock zone (DRZ) will be smaller
and will heal faster because of higher
temperatures, thus releasing less brine

—Thermal pulse will further dry a halo
surrounding waste

® Site Is assumed to reside In an area where rate
of inadvertent human intrusion would be
similar to that at WIPP

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ LNaal}:?rg’?tlmes



Repository Assumptions

® Size (footprint) is based on quantity of waste and
thermal loading considerations

- For PWR repository, size is set to accommodate
109,300 metric tonne heavy metal

- For HLW repository, size is set to accommodate
16,423 glass canisters

® No credit is taken for engineered barrier system
that would otherwise delay or attenuate releases

- FEPs related to performance of waste package
and waste form as flow and transport barriers
are excluded.

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
135 Laboratories



Waste Assumptions

® UNF/HLW does not contain any cellulosics CPR

- Hypothetical gas-generating process of
microbial consumption will not occur

® Either UNF from a PWR or HLW in borosilicate
glass is disposed in the repository, but not a
mixture of both

® \Waste does not contain hazardous constituents,
BWR fuel, mixed oxide (MOX) or defense spent
nuclear fuel

— Reasonable assumption given UNF consists
of more PWR than other waste types

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
136 Laboratories



Conceptual Repository Layout*

_ SR AU, - N » Waste canisters are placed
. | horizontally

N N N NN N N N | . .

i A e b 5 | | « Canisters covered with

795 9GBS 95 98 9% 95 4K 9% mine run salt for shielding

9 S 98 I 9N N :

I 3 2P B % B 5 % % * Placement of waste begins
> b 9 % % 9 B at one edge of a repository
-3 VI - 8
SR RRRRR R and progresses to the

i [j/‘z_/?.:?/?...-?/?./?. 2 2t H

EEREEREE REEEREEREEEREER]

| other edge staying ahead

M of the thermal pulse

» Narrow room and alcove
widths and low extraction is
desirable

* Mining layout is developed
on the basis of thermal
loading & mining experience

* SRS (Washington Savannah River Company) Washington Safety Management Solutions, Sandia
National Laboratory and Los Alamos National Laboratory, September 2008, A Generic Salt @ Sandia

US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 gal}mg’?clmes
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Thermomechanical Modeling

Coupled thermomechanical modeling is used to establish spacing of
alcoves to limit maximum salt and waste package temperatures

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

138 Laboratories



Crushed Salt Modeling

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

139 Laboratories



WIPP PA Scenarios
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Nominal Case
« Diffusive transport to

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

Accessible Environment
(AE)

Intrusion Case

Releases to AE along
Interbeds

Releases to AE through
shaft to surface/aquifers
Direct releases to
surface during
drilling

Future releases to AE up
cemented intrusion

borehole after
degradation of seals

Laboratories



PA Scenarios — Current Study

Nominal Case

 Diffusive transport does not contribute to releases based on
WIPP PA and is therefore ignored

Intrusion Case

Emplacement of either UNF HLW or PWR, but no mixture of both
Canisters are placed horizontally

Releases occur during surface drilling through cuttings only for
horizontal canisters

« Spallings are not considered because there will be no gas
generation

 Movement of substantial amounts of contaminated brine from
the repository into the borehole is not considered because
repository is assumed to be dry.

AE is assumed to be directly above repository

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National

141 Laboratories
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Conclusions of Study
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o Salt could make an excellent medium for hosting
a repository for heat-generating HLW/UNL.
« Ability of salt to contain HLW/UNL is similar to or
better than the ability of salt to contain
transuranic waste under ambient conditions.
e Improvements result from
- UNF/HLW does not contain biodegradables that
can generate gas
— UNF/HLW produces heat that heals fractures
and promotes rapid waste encasement and leads
to drier environment.

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ LNaal}:?rg’?tlmes



Path Forward?

1. International Advisory Council on Salt (US, Germany, ?)
I. Consider Proof of Principle In Situ Test to acquire data (temperature,
deformation, brine/vapor movement, crushed salt reconsolidation, material
corrosion) to verify hot, dry repository assumptions and validate High
Performance Computing (HPC) models and calculations

» Test Layout? Location (Germany, Other)?
ii.Consider Laboratory Testing at Elevated Temperature
 Crushed salt reconsolidation and thermal properties at different porosities

« Intact salt creep deformation mechanisms and microfracture
evolution/devolution (healing under dry conditions)

o Other?
2. Benchmark HPC models/calculations using US/Sierra

Mechanics & German Codes?

I. Thermomechanical
ii. Other relevant coupled processes

3. Concurrence on PA & Performance Confirmation Methods

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
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Release Limits for the WIPP (Table 1, Appendix A, 40 CFR part 191)

Radionuclide Release limit L, per 1000 MTHM* or other
unit of waste (10° curies of TRU for WIPP)
Americium-241 or —243 100
Carbon-14 100
Cesium-135 or —137 1,000
lodine-129 100
Neptunium-237 100
Plutonium-238, -239,-240, or —242 100
Radium-226 100
Strontium-90 1,000
Technetium-99 10,000
Thorium-230 or —232 10
Tin-126 1,000
Uranium-233, -234, -235, -236, or -238 100
Any other alpha-emitting radionuclide with a half-life 100
greater than 20 years
Any other radionuclide with a half-live greater than 20 1,000

years that does not emit alpha particles

* Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of heavy metal
(MWd/MTHM) and 40,000 MWd/MTHM.
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The EPA Normalized Release Unit

 The “quantity calculated according to Table 1” is the “EPA
normalized release,” calculated as:

6
R-Y [1><10 curlesj

where

Qi = 10,000-year cumulative release (in curies) of
radionuclide |

Li = the Table 1 release limit (in curies) for
radionuclide |

C = the total transuranic inventory (in curies)
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Releases of PWR Radionuclides

PWR Horizontal

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
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Releases of HLW Radionuclides

HLW Horizontal

Sandia
US — German Workshop on Salt Repository Research, Design, and Operation, May 25-27, 2010 @ National
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Releases of HLW Radionuclides

WIPP

Sandia
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Outline

« U.S. Spent Nuclear Fuel (SNF) Inventory for Disposition
* Inventory for Generic Salt Repository Study

 Decay Heat Impacts on Storage Requirements

« Surface Faclilities Concepts
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Unigue Challenges in the United States

 Highest Nuclear-Generated
Electricity Capacity in the World

 Largest Spent Nuclear Fuel
Annual Discharge Rate ~2,100 to
2,400 MT/yr

 Largest Inventory of Spent
Nuclear Fuel
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Spent Nuclear Fuel (SNF) Inventory

« SNF Data thru April 2005 Obtained

« Current Inventory Estimated at Dec 2009

— Nuclear Energy Institute (NEI) estimate method

 Future Inventory Depends Upon:

— Climate Change
Initiatives
— Fuel Cycle Selection

—

MTU (Cumulative,

Average Initial

MTU Enrichment Average Burnup
PWR BWR Totals PWR BWR PWR BWR
41,067 | 22,128 | 63,195 3.72 3.07 39,322 32,698

800000

700000 -

600000

500000 +

400000

300000 +

200000 -

100000

1960

1980

2000

2020

2040
Year

2060

2080

2100

2120

4 No Replacement
® Maintain Current
200 GWe
400 GWe
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Alternative Fuel Cycles

US-DOE is Studying Alternative Fuel Cycles in Three Categories

Once-Through (Open)

r ‘. Electricity, process heat

Reactor q Geologic disposal of used fuel
Ore recovery, refining and Fuel
enrichment
Modified Open * ‘ Electricity, process heat
q Geologic disposal of spent
Reactor fuel (after at least one
‘ reburn)
Ore recovery, refining and Fuel _ q Geologic disposal of process
enrichment waste

Fuel treatment

Full Recycle (Fully Closed) *

l ‘ Electricity, process heat

Reactor

' Geologic disposal of process
Fuel _ waste

Separation
*A specific fuel cycle strategy may include more than one fuel design, reactor design, or fuel treatment process.

—-

Ore recovery, refining and
enrichment




Key Generic Salt Repository Assumptions

Assumes Deployment of Current Reprocessing Technology

Waste is generated by recycling LWR SNF
— Pu and U recovery for use in single pass MOX fuel (modified open cycle)
— Single glass HLW form (with Cs, Sr, Np, Am, Cm) from recycling facility
— Secondary waste from recycling facility and repository operations
— Direct disposal of SNF was not considered
Recycling rates assumed are:
— 800MT/yr in years 1-10,
— 1,500MT/yr in years 11-20, and
— 3,000MT/yr thereafter
Non-site-specific generic salt location

No requirement to retrieve waste
— Departure from current U.S. regulations for geologic disposal of HLW
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Waste Inventory For the Study

Co-Disposal of HLW, Intermediate (GTCC) and LLW Waste Considered

40 year Life Cycle Inventory
—from 83,000 MT of SNF

100 year Life Cycle Inventory
—from 263,000 MT of SNF

Waste Package Count

Waste Package Type Case 1 Case 2 Case 3
Vitrified HLW  HLW+ GTCC HLW + GTCC

+LLW
HLW Canisters -RH 20,750 20,750 20,750
GTCC Hulls & Hardware - RH - 7,990 7,990
Standard Waste Box - CH 80 38,000 38,000
55-gal. drums - CH - 16,650 22,080
B-25 LLW disposal box - CH - 115,250
High Integrity Containers - CH - 23,650
Engineered Box -RH 5,340 5,340
Engineered Box - CH 2,080 24,010
B-12 LLW disposal box -CH - - 103,750
TOTAL 20,830 90,810 360,820

Waste Package Count

Waste Package Type Case 1 Case 2 Case 3
Vitrified HLW  HLW + GTCC HLW + GTCC

+LLW
HLW Canisters -RH 65,750 65,750 65,750
GTCC Hulls & Hardware - RH - 25,330 25,330
Standard Waste Box - CH 200 108,440 108,440
55-gal. drums - CH - 52,770 66,600
B-25 LLW disposal box - CH 314,570
High Integrity Containers - CH - 74,470
Engineered Box -RH 16,080 16,080
Engineered Box - CH 6,270 70,200
B-12 LL W disposal box -CH - 328,750
TOTAL 65,950 274,640 1,070,190




HLW decay heat limits repository design basis

j Isotope Hz_ilf- HLW Heat Load per Canister (Watts)

T (y:;(ras) Time After Recycling (years)
? 0 2 3 5 15 30 60 100
Sr-90 28.78 2,775 2,645 2,582 2,460 1,933 1,347 654 250
{ Cs-137 30.07 3,189 3,045 2,976 2,842 2,256 1,597 800 318
| Pu-238 87.70 2 2 2 2 2 2 1 1
{ Am-241 432.70 197 196 196 195 192 188 179 168

o Cm-244 18.10 2,215 2,052 1,975 1,829 1,247 702 223 48
| < 3yr Half Life 1,348 328 167 47 1 0 0 0
{ Total (W) 9,726 8,267 7,897 7,375 5,631 3,836 1,857 785
| * 60 GWd/MT spent nuclear fuel, 5-year-cooled, then recycled,
shipped 2 years after recycling
| » 8.4 kW/canister used in thermal analysis
, 1 ~ 650,000 Ci Cs-137 per canister

— 400,000 Ci Sr-90 per canister

20"
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Preliminary 3-D Thermal Analysis

 Preliminary 3-D thermal analysis initiated to:
— Understand thermal front movement to ensure worker safety
— Understand near field / neat term thermal profile better
— Used bounding 60GWd/MT burn-up, 5 year cooled fuel, W/O decay storage

 Both alcove and panel scale finite element and finite volume model grids were
developed

Conclusions

« Thermal front is slow enough to not significantly impact mining and waste
emplacement operations

« Near term near field analysis indicates temperature exceeds preliminary criteria
— Waste Package centerline temperature and salt maximum allowable

Decay storage for 30 years results in acceptable near term /near field thermal
profiles for HLW when recycled by today’s commercially available technology
- Decay storage assumed to occur at the reprocessing facility
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Waste Recelpt and Transfer Facility (WRTF)

WRTFE for Case 1 (Vitrified HLW)

« RH waste processing concept

Both rail and truck receipt of packaged
waste

Remote Handled (RH) waste
transferred to reusable shielded
container

Transported underground

Direct placement on alcove floor
Backfill with run-of-mine crushed salt
to provide shielding

WRTF for Case 3 (HLW+GTCC +LLW)

« CH waste processing concept

Contact Handled (CH) wastes in
addition to RH wastes

Both rail and truck receipt of packaged
waste

Transferred to facility pallet
Transported underground

Placed in access ways to alcoves



Questions

Underground Operations in Next Presentations
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THREE DECADES OF W| PP UNDERGROUND OPERATIONS—
SUCCESSES AND L ESSONS L EARNED

By John D. VandeKraats, P.E.
Manager, WIPP Repository Operations
URS — Washington TRU Solutions LLC

The U.S. Department of Energy’s (DOE) Waste Isolation Pilot Plant (WIPP) has been receiving
and disposing transuranic (TRU) waste in the bedded salt of the Permian basin for more than
eleven years. Asof May 2010 over 67,000 m® of waste has been disposed in over 130,000
containers. This represents about 8,500 over-the-road truck shipments covering over 10,000,000
loaded miles (16M km).

View of WIPP Surface and Underground Facilities

BACKGROUND AND HISTORY

The WIPP story began in the 1950s when the National Academy of Sciences proposed that burial
in salt was a promising method for disposing radioactive wastes. In the 1970s, the U.S. Atomic
Energy Commission chose the areain southeast New Mexico for study and exploratory work.
Salt deposits in the vicinity of the WIPP are well-known and understood due to the presence of
potash mining and petroleum exploration and extraction operations. The salt beds at WIPP are
about a half mile (1 km) thick.
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Three Decades of WIPP Underground Operations — Successes and Lessons-Learned

By 1979 the U.S. Congress had authorized the WIPP as a research and development project for
disposal of defense-generated TRU wastes. The first shaft work began in 1981. Much of the
mine development work since that time has been performed by miners who have come from the
local potash industry. These personnel have proven to be an available and capable |abor pool.

A Site and Preliminary Design Validation (SPDV) program was devel oped to characterize the
site and obtain geotechnical data. The SPDV program was used to confirm that the site was
suitable for permanent disposal of the planned wastes against and complied with established
design criteria. Geotechnical monitoring has continued from the beginning to confirm repository
performance and to ensure operational safety.

From 1982 through 1986 the underground facility was developed using continuous mining
machines and diesel powered haulage equipment. This development included mining of the
main drifts and their attendant cross drifts and a simulated disposal panel consisting of four full-
sized (13 ft. [4 m] x 33 ft. [10 m] x 300 ft. [91 m]) rooms. In addition, experiments were fielded
to investigate the behavior of the site salt deposits including geomechanical response to various
excavation geometries and exposure to simulations of heat generating waste. Other experiments
studied hydrologic properties and still others investigated the concepts for plugging and sealing
the repository.

The results of the validation activities confirmed initial expectations about repository geology
and mining operations. It was confirmed that WIPP salt beds are uniform, continuous and
relatively level across the facility. It was found that excavation using modern continuous mining
equipment could be performed precisely and can be done relatively quickly, easily and
economically. The finished openings are clean and dry and any salt dust generated can be
controlled with water. The natural reflectivity of the salt also helped provide well lit areas.

Geomechanical data collected validated the expectation that the openings creep and close over
time, with the highest response rates observed immediately after excavation (feet per year) and
decaying down to a steady state creep rate over time (inches per year). These geomechanical
data were found to be useful in understanding ground conditions and in determining when and
where to install any ground support needed to preserve opening integrity and ensure operational
safety.

By 1986 studies were sufficiently complete to conclude that the underground facility could be
developed as planned. That same year work commenced on mining the first of eight planned
waste panels (Panel 1). Each was designed to consist of seven rooms where remote handled
(RH) waste canisters could be emplaced in boreholes in the ribs and drums and other contact
handled (CH) containers could subsequently be stacked in the rooms. Thisfirst panel, termed
Panel 1, was completed in 1988. However, the regulatory environment delayed WIPP opening.
Panel 1 stood open and ready from that time until all required permits were acquired and first CH
waste emplacements began in 1999.
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Three Decades of WIPP Underground Operations — Successes and Lessons-Learned

WI PP Disposal Area L ayout

UNDERGROUND OPERATIONS—EXPERIENCE TO DATE

After amost 30 years since the initial excavation began, the WIPP underground repository
continues to be stable and to comply with the original objectives and requirements. The
repository continues to be mined and developed as disposal space is needed. The underground
footprint is essentially unchanged from its original eight-panel design. Excavation performance
has met, and continues to meet, design requirements. Although the original life of the facility
was expected to be only 25 years, start-up delays and modified project priorities have pushed its
expected life well beyond that. Even with these challenges there is confidence that with
continued maintenance the repository will continue to perform adequately and meet desired
extensions.

Geotechnical monitoring continuesin all areas accessible to personnel, not only to confirm long-
term performance, but also to ensure operational safety. This monitoring includes surface
subsidence monitoring and underground geomechanical monitoring (e.g. convergence
monitoring and roof dilation) at literally hundreds of locations, visual observations including
mapping and tracking fractures that develop, and investigations in observation holes. Particular
attention is paid to those areas where local geology (e.g. localized bedding features) may impact
ground conditions.



168

Three Decades of WIPP Underground Operations — Successes and Lessons-Learned

Where openings are comparatively large (tall or wide), convergence rates are typically higher
than in smaller cross sectional openings. Since waste disposal rooms are among the largest and
widest at 13 feet (4 m) high, 33 feet (10 m) wide, and 300 feet (91 m) long, it is not unusua to
have as much as afoot (0.3 m) of convergence in thefirst year after excavation when the ground
responseis highest and three to five inches (8-13 cm) per year thereafter. Although this
convergence is desirable for entombing waste, it is afactor that must be taken into account
during the operational phase. If the rooms are not used in atimely manner, this convergence
would progress to the point that the disposal room clearance is not sufficient to perform waste
handling operations. This lesson was learned early when delays in permitting left Panel 1 ready,
waiting for adecade. Before emplacement operations could begin in these areas, it was
necessary to renovate them by re-excavating the floor and ribs to reestablish the necessary
operational clearances and flat working surfaces.

Example of a Typical Convergence Rate over Time

CONYVERGEMNCE POINTS
WW520-53480

DISPLACEMENT RATE (INCHESMEAR)

D T T T i T T T i T T T T T T
a7 03 03 10 11
YEAR

NOTES:
1. Excavation date: August 2006
2. Reinstalled "C" point after mining October 2007
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Three Decades of WIPP Underground Operations — Successes and Lessons-Learned

Thefirst years of WIPP disposal operations were limited to emplacing CH waste drums and
other containers. In 2006 regulatory approval was granted to begin disposal of RH waste
canisters. Beginning in Panel 4 these canisters have been emplaced in 30 in. (76 cm) diameter
holes drilled 17 ft. (5 m) deep typically every 8 ft. (2.4 m) along the ribs of the disposal rooms.
Computer modeling of this layout was used to predict expected geomechanical response of
drilling these holes. Again, geomechanical monitoring was used to validate the concept and
plan.

Typical Waste Disposal Room

Today, with the repository now receiving both CH and RH waste on aregular basis, disposal
panels are prepared just-in-time, that is, the panel excavation, outfitting, and regulatory
certification are completed a few months before the waste disposal schedul e requires them to be
available. Panelsare fully mined and outfitted with ventilation controls, lighting and
communications systems while the previously completed panel is being filled with waste. Panel
rooms and drifts are mined to a height and width that takes into account the convergence
projected to occur prior to and during waste emplacement. Similar to the rooms, RH boreholes
areonly drilled as needed and these are, likewise, drilled just intime. Just-in-time mining levels
the work-load of both personnel and equipment making it an efficient work method. In addition,
this timing provides younger openings which are more stable and hence require less maintenance
during the disposal cycle. This minimizes the potential for conflicts during waste disposal
operations.
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Some of the main access entries are now nearing 30 years of age. These are openings that must
remain used and useful for the life of the facility. These openings receive regular maintenance
and renovation when necessary. Renovation isrelatively easy and has been donein avariety of
ways. Most commonly the floor isre-leveled by watering and dragging mined salt on the
roadway and occasionally the walls aretrimmed. Asthe roof creeps and expands roof bolts are
put into material yield and may fail. They are replaced as necessary to maintain the integrity of
the ground support. In some cases a continuous miner may be used to excavate the floor or roof
to re-establish operating clearances or remove loose fractured ground.

L ESSONS L EARNED

Although safety is emphasized in the mining industry, by necessity WIPP extends this emphasis
to the underground repository at the levels expected of a DOE nuclear facility. Safety is
emphasized for personnel and extends to the facility and the public through both occupational
and nuclear process rules. WIPP has been awarded “Mine Operator of the Year” honors for 22
of the past 23 years by the New Mexico Mining Association. Thisis based on the fact that WIPP
incident and injury rates (0.17 injuries per 200,000 work-hr. in 2008) rank far below the national
averages for operating mines (3.13 in U.S. non-metal minesin 2008 — Source: U.S. Mine Safety
and Health Administration web site). The lesson to be learned isto set clear safe work
expectations and to train operators on the best methods to achieve them. The WIPP safety
culture emphasizes clear expectations, good communications, operator feedback, recognition of
good performance, and continuous improvement. These concepts are institutionalized and taught
to all employees and contractors beginning with the first classroom training and flow through
procedures and work instructions.

Another lesson learned is the need to consider and, whenever possible, plan for additional
requirements and changing priorities. The original throughput capacity for the facility was to
handle 17 CH and two RH shipments per week. Current throughput rates are about 30 CH and
five RH shipments each week. To accommodate the increase, surface waste handling facilities
were modified and augmented. The increase also impacted the rate that panels were required to
be mined and prepared. The panel completion rate could be increased fairly simply by hiring
more employees and running additional equipment. However, a challenge devel oped due to the
limits of hoist availability and capacity.

The problem was solved by adding an additiona work shift to mine and hoist salt and by
stockpiling or surging excess mined salt underground, and then hoisting it to the surface during a
subsequent late shift. Hoisting on the late shift was found to more efficient due to the ability to
dedicate hoist time to mucking operations. This stockpiling process involves double handling of
aportion of the mined salt and incurs some additional handling cost, but this additional cost was
justified by faster removal of waste from generator sites. The lesson to be drawn from this
experience isto design arepository to be very robust and capable of adaptation should priorities
change.



171

Three Decades of WIPP Underground Operations — Successes and Lessons-Learned

Given that convergence rates and associated deterioration are somewhat higher for larger
openings at WIPP it would have been advantageous if opening sizes would have been
minimized. Although the size of equipment may have little impact if used on the surface it will
require alarge opening in which to operate in the underground if the operating envelope is large.
This has been found to be especially true for large pieces of RH waste handling equipment such
as the Remote-Handled Facility Cask Transfer Car and the large (up to 40 ton) forklifts used at
WIPP. Thelesson learned isto design large pieces of waste handling equipment, as possible, so
asto minimize their operating envelope and, therefore, their potential impact on long-term
underground opening performance.

RH Waste Handling Equipment

Another lesson learned is the need to identify and avoid potential single point failures and, as
possible, to mitigate them in the design stage. Additional equipment and spare parts have been
procured and added to inventories to address identified single point failure situations. However,
the facility itself presents that possibility since waste transportation from surface to the disposal
panelsis currently only possible viathe Waste Shaft and the East 140 drift. To date this has not
been a problem, but as the facility has aged ground control maintenance requirementsin the
underground have increased. If unplanned or major maintenance becomes necessary no
alternative currently exists, but to suspend waste disposal operations in the underground while
performing the maintenance work. WIPP is currently pursuing the possibility of modifying
another main drift to serve as an aternative waste transport route, So openings maintenance can
be performed in the East 140 drift while continuing to transport and emplace waste.
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The mining industry lends another lesson to be considered. In many underground mining
operations aretreat sequence is used to extract the ore. That is, access drifts, mains and any
“first mining” areas are typically excavated in a sequence that progresses from the shafts to the
ore body edge, end of apanel, or to the lease boundary. Then the maximum amount of oreis
mined or “second mining” commences at the extremity and progresses by “retreating” back
toward the main access and shafts. Thisis advantageous for several reasons. Typicaly, the
mining face, where the mining is taking place, isimmediately adjacent to a solid barrier or pillar
where stability isbest. Also, this better ensures pillar stability near the shafts. The ore can be
transported back safely through mainsin the relatively solid pillars to the shafts where it can be
hoisted out of the mine. The ground that has been mined need not be re-entered, accessed, or
maintained further. This ensures safety of personnel and minimizes maintenance requirements.

This retreat process has been employed at the WIPP in the waste disposal process. By design, in
each disposal panel, waste is emplaced in the room furthest from the mains first and when it is
filled it is closed to access and removed from the ventilation system. Then the processis
repeated in the adjacent room. This sequence of retreating out of a panel continues until the
panel isfilled and closed. Although the retreat processis used in panels, the WIPP long-term
plan requires the panelsto be filled in arotational sequence around the main entries, which are
then filled on retreat. This has some theoretical advantages, but these are far outwei ghed by
challenging operational ventilation configurations and the additional maintenance and renovation
work required by the existing sequence. A lesson learned might be that if the original design had
allowed for the panels located furthest from the shaftsto be filled first and their mains to be
subsequently filled and closed, costs associated with long term maintenance of the aging mains
may have been substantially reduced over the life of the project.

A final lesson isto simply conclude that the WIPP repository continues to be stable and to
comply with the original objectives and requirements despite the challenges encountered in
mining as well as those associated with operations and changing project direction. Salt has
proven itself an excellent medium for permanent disposal of radioactive waste. The WIPP
continues its mission today and will continue to operate safely and compliantly to dispose of the
nation’s waste.
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Three Decades of WIPP
Underground Operations

Successes and Lessons Learned

John VandeKraats
URS Washington TRU Solutions

Waste Isolation Pilot Plant — Carlsbad, NM



WIPP Successes - Statistics
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67,000 m3 of TRU waste disposed

130,000 Contact-Handled (CH) and
Remote-Handled (RH) containers

8,500 over-the-road shipments
10,000,000 loaded miles (16M km)

11 years of safe disposal operation



WIPP Layout



Underground Operations Timeline

1950s — Salt a promising method for disposal
1970s — Southeast NM considered for site
1979 — Congress authorizes WIPP

1981 — First shaft work begun

1982-86 — Development and validation

1988 — Facility ready for waste

1999 — Permits in place, 1st CH waste receipt

2006 — 1st RH waste recelipt
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Underground Ops — Experience to Date

30 years underground
Underground continues to comply with objectives
Life extensions due to delays and modified priorities

Eight panel footprint remains unchanged
Geotechnical monitoring essential
Vigilant ground control maintenance

Just-in-time mining principle followed
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WIPP Underground Footprint




Typical Waste Disposal Room



RH Waste Handling Equipment



| essons Learned

Safety, safety, safety

22 Mine Operator of the Year awards
Continuous improvement

Plan for additional requirements
Throughput from 17CH/2RH to 30CH/5RH a week

Expect changing priorities
Budget

Facility modifications
Life extension

Minimize equipment design envelope
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| essons Learned

Mitigate potential single point failures

Spare parts
Transport path

Retreat processes for emplacement

Stay on target with objectives

Compliance
Safety
Maintenance
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WIPP Continues its Mission . . .

11
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Remote Handled waste
shipping casks are
received in a horizontal
position at WIPP

Rotationgf:I

%Rotaﬂon

Waste canisters are pulled
from the shipping cask
behind shield doors and
placed into a shielded facility
cask for handling

In the underground, the facility
cask is removed from the hoist
and transported to a disposal
room by a 41-ton fork lift

Emplacement
Experience
at WIPP

Large, complex, heavy and
hard to maintain equipment

RH waste in the canister is
emplaced in boreholes pre-
drilled into the walls of disposal
rooms, and a concrete shield
plug is inserted afterwards



RH & CH Waste Compete for Disposal Resources
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Early concepts at
WIPP included
thermally hot
canisters placed
vertically in the
floor

> 18 W/m?

» Coupons, brine,
temperature monitored

» Peak temperatures
never reached



If WIPP could “do i1t over”

e Basic waste handling concept
— Unload/transport shielded waste in single horizontal orientation
— Eliminate RH placement in walls or vertically in floor

— Emplace RH on floor, unshielded, and backfill with run-of-mine salt to
provide shielding (reduce handling and mechanical complexity)

— Accept that “retrieval” of thermally hot and highly radioactive waste
will be the same next month or 100 years in the future

* Basic mining approach N
— Minimal mining / p
e Single pass when possible AR,
e Angled entries [ R o
* Narrow entries\ 4
— Minimum roof support . /
* Just-in-time mining \
e Maintain Mains N\ y

— Mine and emplace in N
same region of repository -

| .
]
/

.-“ f”f HULLE & HARDWARE ™,

/" WASTE CaninISTER
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Use Standard Mining Industry Equipment

e Load-Haul-Dump (LHD)
 Continuous miner

e Bolter

* Transporter

 Probe hole drill

e Hoists and conveyances

e Single model fleet
minimize spares inventory
e Ventilation separation with

standardized bulkhead,
airlock, and overcast
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Minimize Custom Equipment

Minimize “specialty” one-of-a- Minimize vertical reach
kind equipment requirements
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Underground Openings

e Disposal alcoves, rooms and panels: 3.5 m wide X 3 m high
— Single pass mining
— Good standup time without supplementary support
— Provides headroom for ventilation after secondary waste is emplaced

 Mains (common access drifts): 7 m wide by 3 m high
— Minimize excavation fraction
— Wide enough to accommodate traffic
— Mining occurs on 2 shifts per day

e Shafts (6)

— Salt removal (+ personnel access)
— Air intake (+ personnel access)

— 2 Exhaust Shafts (no access)
e Repository size = very large fans
e HEPA filtration at surface capable
e 2 ventilation circuits (construction + disposal)

— 2 Waste Shafts

e Eliminate single-point failure (heavy loads = frequent maintenance)
194
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MULTIPLE CONTAINER SIZES

40-year* | 100-year
Container Description life cycle | life cycle
High-Level-Waste canister 20,750 65,750
Canisters Hulls & hardware - RH 7,990 25,330
Standard waste box - CH 38,000 108,440
Engineered waste box - CH 24,010 70,200
Engineered waste box - RH 5,340 16,080
B-25 Box (LLW) 115,250 | 314,570
Boxes B-12 Box (LLW) 103,750 | 328,750
55-gallon drums - CH 22,080 66,600
Drums 55-gallon shielded drums (HIP) 23,650 74,470

* All waste from reprocessing entire US commercial power plant fleet (2010)
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RH and CH Emplacement Concept

Part of a disposal panel

Salt Pillar
Advance alcove mining

Retreat waste emplacement

\ Disposal room

>

m deep alcoves

>
ngled entries

>

Ining and waste
emplacement in
adjoining rooms

o J T
-

ROM salt blown

in for shielding :

® —
-

GTCC hulls/hardware !
® U
|. @ I



Thermal Calculation Spacing

but how far apart should canisters be?

cknowledgement:

aniel J. Clayton



Thermal modeling concept (alcove scale)

» Waste configuration
o 8.4 kW
0.6 m diameter
e 2.7 m length

*m  » Properties of intact salt
used for both crushed

salt backfill and drift

(Assumes instant
reconsolidation)

6.4m

198



Side View Alcove 1st Year
100°F Isotherm (purple)



Thermal modeling framework (panel scale)

» Canisters on 12 m centers
» Same thermal properties as in alcove model
» Assumed placement: 1 canister per day

225 m

265 m
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Plan View Panel 5 Years
100°F Isotherm (purple)



Salt Temperatures (high thermal loading)



Salt Temperatures (medium thermal loading)

Same average heat load — just
spread out more smoothly
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Recommended Disposal Panel Layout
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Recommended Shaft Layout
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Recommended Repository Layout
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236 canisters/panel over 40 years = ~540 per year (~2/day)



Q&A

Is Reversibility or
Retrievability from Salt
Important?
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GERMAN CONCEPTS TO DISPOSE OF NUCLEAR WASTE
THE WAY AHEAD

E. Biurrun*, W. Steininger**
* DBE TECHNOLOGY GmbH, Eschenstralle 55, D-31224 Peine, Germany
** Projekttrager Karlsruhe, Wassertechnologie und Entsorgung
76344 Eggenstein-Leopoldshafen, Germany

INTRODUCTION

In the early seventies of the 20" century, in view of the rapid expansion of nuclear power for electrici-
ty generation in Germany, the selection of a site for an integrated nuclear waste management center
(NEZ in the German acronym) was a major issue for the Federal Government there. In line with the
ambitious energy policy at that time, which anticipated among others a large number of nuclear power
plants and a closed fuel cycle, the NEZ was to centralize all the facilities of the back-end of the nucle-
ar fuel cycle at a single location.

The site should on the one hand be capable to host an industrial-size reprocessing plant and its ancil-
lary facilities, which implied requirements in regard to infrastructure, distance to the power plants,
availability of qualified personnel, etc. On the other hand the location had to be above or in the imme-
diate vicinity of a suitable site, which then would host the repository for all kinds of radioactive waste,
but especially for the heat-generating HLW which resulted from the spent fuel reprocessing. Corre-
spondingly, the site suitability studies were to pay special attention to the site’s capability to host a
repository.

At a previous time the decision had been made that disposal of all kinds of waste was to be carried out
in deep geological repositories, and that in particular heat generating waste was to be disposed of in a
salt formation, because there are a large number of such formations, potentially suitable to host a
repository, under the Northern German plains. Because salt and potash mining has been carried out in
Germany for longer than a century, plenty of knowledge on the geology of the salt formations exists,
and long experience in constructing and operating mines was available. However, the preference of
this host rock limited geographically possible repository locations basically to the two northernmost
states, namely Lower Saxony and the much smaller Schleswig-Holstein.

THE GORLEBEN SITE SELECTION

The German Federal Government, represented by the then Ministry for Research and Technology
contracted in 1973 the company ‘“Kernbrennstoff-Wiederaufbereitungs-Gesellschaft” (KEWA) to
carry out a site selection for the NEZ. In the framework of this KEWA-Study /1/ a site selection pro-
cess in three phases was carried out, considering all the territory of the then Federal Republic of Ger-
many (West Germany only at that time).

In the first phase an outline review with regional studies and preliminary evaluations of candidate
areas was carried out, the “Landkreise” (Rural Districts) being the smallest considered unit. In the
second phase regional studies were conducted, aimed a identifying and setting up a ranking of most
promising site areas. The Gorleben site was excluded at this early stage from further consideration
because the rural district of Liichow-Dannenberg, to which Gorleben belongs, was at that time a re-
mote, pristine area. Correspondingly, it was included in a map of recreation areas as important for
local tourism and this was one of the exclusion criteria used.
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The second phase rendered a total of 10 candidate areas where the NEZ could be sited. The geologi-
cal, hydrological, and meteorological data and information used in these two phases were taken from
existing sources, i.e. no dedicated site survey was carried out. Finally, in a third phase a specialist
evaluation by expert organizations and specialized companies was carried out, taking into account
existing planning information. An important source was a geological study /2/ conducted by the com-
pany KBB GmbH (Hanover) with an inventory and evaluation of salt domes in Northern Germany.

At the end of phase 3 a ranking of four candidate sites was presented, all of them in Northern Germa-
ny since sites there were deemed in principle better suited than those in the south. They were: 1
Borger (salt dome Wahn); 2 Ahlden (salt dome Lichtenhorst); 3 Fallberg (salt dome Weesen-Luterloh)
in Lower Saxony and 4 Litau (salt dome Juliusburg) in the federal state Schleswig Holstein. This later
one was not considered any further due to its location too close to the border of what then was the
German Democratic Republic (East Germany). In later phases the work of KEWA focused on detailed
studies of the candidate sites. Additionally, the Gorleben site was included in such studies in 1976, as
meanwhile the exclusion criteria “recreation area” had been discarded. In its interim report /3/ KEWA
clearly stated that the Gorleben site was the most favorable one from all considered sites.

The Government of Lower Saxony in its role as the host state for the integrated waste management
center carried out in the following time a site selection of its own based on the previous work of KE-
WA for the federal government. A project team with members of all concerned ministries in Lower
Saxony, the IMAK (in German the acronym for Joint Ministries Committee), was assigned this task in
1976 and carried out a site selection process in three phases. An important condition was that the NEZ
should be built at a site determined by the deep geological repository. The selection criteria, published
in the minutes of a meeting of the Environment Committee of State Parliament /4/, correspond to
criteria still used at present.

In the first phase 140 sites were considered and a first set of 23 selected for further analysis. Exclusion
criteria were then applied and 13 sites chosen for continued consideration. The selection process then
focused in aspects as safety and environment, site geology, site location and infrastructure and eco-
nomical aspects. At the end of phase 3 four site remained; the mentioned salt domes of Wahn, and
Lichtenhorst, Gorleben and a further site Mariagliick (salt dome Hofer). The IMAK submitted the
result to the cabinet of ministers in Lower Saxony for its consideration in December 1976. In a fourth
phase finally Gorleben was selected.

o The salt dome Wahn was discarded because it is partially located under a training ground of
the federal army,

o The salt dome Lichtenhorst because it is in a priority and reserve area for water supply to
Lower Saxony’s capital city of Hanover

o The salt dome Hofer because it had already been used for mining.

On February 22, 1977, finally, the German Federal Government confirmed the selection of Gorleben
by the Government of Lower Saxony as the site for the NEZ and thus for the deep geological reposi-
tory. This decision was later confirmed by the Heads of Governments of the federal states and of the
Federal Republic of Germany.
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Fig. 1. Gorleben site

DEVELOPMENT OF THE GORLEBEN SITE AND REPOSITORY TECHNOLOGY

The council of the heads of government of the Federal Republic of Germany and of the Federal States
in a ground-breaking decision of September 28, 1979 /5/ established the basis for the German waste
management concept. The council welcomed the decision by Lower Saxony, to permit the construc-
tion of a repository at Gorleben in case the site exploration and the exploration mine development
prove the suitability of the site for waste disposal. Therefore, the site exploration and exploration mine
development was to be swiftly carried out.

Site survey from the surface started shortly thereafter, and led to drilling of a large number of explora-
tion boreholes down to a depth of about 270 m, aimed at obtaining information on the overburden and
on the layers immediately above the salt. Furthermore, a large number of hydrogeological wells were
drilled in the surroundings of the dome to study the hydrogeological conditions in the area. Explora-
tion from the surface included detailed, precision leveling of the area on top and around the salt dome,
seismic survey, and an extensive program of evidence collection and preservation to determine the
environmental situation of the area prior to the development of the repository facility. Finally, four
deep drilling well were sank into the flank area of the repository down to more than 2000 meter, and
provided valuable information on the salt structure necessary for the planning of the exploration mine.
Two further shaft exploration boreholes were sank at the selected positions for the two access shafts
that were later sunk there.

In 1983 all the data from the surface exploration required for a preliminary site suitability evaluation
was available. In an extensive interim report by the responsible governmental bodies, the German
Geologic Survey BGR and the then Federal Institute for Physics and Metrology, paved the way for the
underground survey by stating the presumed suitability of the site to host a repository. In view of the
excellent surface survey results, which strongly supported the presumed site suitability, the
exploration mine was designed and constructed so that important and costly elements as the access
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shafts and the surface and underground infrastructure could later be used as part of the repository
without major alterations and refurbishment. By that means, transformation of the exploration mine
into a repository after licensing could be rapidly carried out optimizing the use of economic resources.

After some preparatory work, construction of the exploration mine by DBE started in 1986 with the
excavation of two shafts in the central part of the salt dome. After 1996 the infrastructure rooms at the
exploration mine level of 840 m were swiftly excavated and equipped. Thereafter, the excavation of drifts
and galleries around the “Erkundungsbereich 1~ (EB1 Exploration area 1) was started. After a change in
the Federal Government in 1998 there was a change in the waste management policy that lead finally to
the nuclear phase-out decision and the moratorium of the site exploration since November 2000. Until
this time, some 400,000 m? of void space had been excavated in the framework of the exploration mine
construction. Figure 2 displays the current status of underground mine construction.

Figure 2: Gorleben site underground facilities

The Moratorium that was to last as a minimum for three years and as a maximum for 10 years was
adduced to provide time for studying issues the new Federal Government wanted to have resolved before
continuing site development. In spite that the issued had been resolved by 2005 and the results published
in a report, the Moratorium was not lifted and the exploration was not continued.

In spite that the Gorleben site had been selected by elected government bodies fully in line with
democratic legitimacy principles, and after investing 1.3 billion Euros over 20 years in the site
development, the Ministry of the Environment designated in 1999 a commission to develop a set of
criteria and a procedure for selecting a new repository site starting from scratch. The results of the so-
called AKEnd commission were published in 2002, but implementation failed since there was no
agreement inside the Federal Government and with the Federal States about conducting a new repository
site selection, and therefore the necessary legal basis was not passed by parliament. In 2005 a new
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coalition government was inaugurated, but the parties in the coalition failed to reach an agreement on the
future development of the Gorleben repository project. A new policy is only currently becoming possible
after the inauguration of a new administration in October 20009.

Concurrent with the site development, the technology for waste disposal has been developed to technical
maturity and demonstrated in 1:1 scale. Among others a pilot conditioning plant in which the spent fuel
and the vitrified HLW will be discharged from the interim storage casks and loaded into the final disposal
cask or container was designed and built at Gorleben, adjacent to the repository site (see Fig 1, on the
upper left corner). The facility is currently fully operational but has not been yet hot commissioned since
the repository development has suffered substantial delay. At the same site also an interim storage facility
for HLW and spent fuel with a capacity of up to about 4000 tons of heavy metal was build and is
currently in operation to provide time for the decay heat of the waste to decrease before disposal. The
facility currently contains some 1200 tons of HLW in the process of aging.

The technology for the shaft transportation of heavy casks containing spent fuel or vitrified HLW down
to the disposal level was also developed and demonstrated, as it was not state-of-the-art before.
Furthermore, a rail bound waste handling and transportation system was developed and tested, including
all ways and means needed underground for the drift disposal operations (the reference concept for direct
disposal of sf), including the waste emplacement machine. In more recent times, in a further series of
equipment design and demonstration projects, an optimized concept for the borehole disposal of spent
fuel and vitrified HLW has been developed. The equipment was intensively tested in a series of
demonstration tests, so that currently two alternative emplacement technologies exist that can principally
be used for a
repository in a salt
formation. In a sepa-
rate paper presented
to this conference the
equipment  develop-
ment program is com-
prehensively dealt
with /6/ and therefore
these matters are not
repeated here. An
example of the
machinery developed
for sf direct disposal
in drifts is shown in
Figure 3.

Figure 3: Equipment testing and demonstration facility

In addition significant attention has been given within the RD&D program to issues like repository
performance assessment and safety case. Among others it is worthwhile to specially mention the ISIBEL
Project. In this project with participation of scientist and experts from the German Geologic Survey BGR,
the German Gesellschaft fur Anlagen- und Reaktorsicherheit GRS, the Institute of Nuclear Waste
Management INE of the Karlsruhe Institute of Technology, from DBE TECHNOLOGY as well as from
university researchers, a comprehensive, novel safety case concept for a repository in a salt formation has
been developed /7/. With this, in principle also state-of-the-art scientific instruments for demonstrating
the long-term safety of a repository in salt are available.

THE WAY AHEAD

In view of the above, and in spite of the politically motivated stop of site exploration in the past ten years,
it is clear that with the Gorleben repository project Germany still has in place one of the most advanced
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repository programs. Currently, with the construction of the Konrad deep geological repository for non
heat generating waste valuable experience is being obtained in the country on the industrial aspects of
geological repository construction. Already in the year 2000-agreement achieved between the
Government and the electricity utilities to phase out nuclear power use past there are some important
statements dealing with Gorleben

* The Government confirmed that up to that time there are no scientific findings pointing at the
non-suitability of the Gorleben dome to host a repository for heat generating waste.

+ Data acquisition from the installed monitoring devices and some needed work were continued as
necessary to secure the site later use as a repository.

In addition, the agreement implies that after clarifying the open questions, which happened before 2005,
survey at Gorleben will continue and that at the latest in 2010. Correspondingly, and irrespectively of
what the future of nuclear power use in Germany might be the way forward is now finally open.

The German administrative procedures prescribed by the Nuclear Energy Act to license a deep
repository, the “Planfesstellungsverfahren” (Plan approval procedure), does not anticipate active public
participation until near the end of the process. In spite of the very proactive support of the village of
Gorleben to the repository project, public acceptance needs to be improved to the extent possible.
Obviously, ways and means need to be implemented to ensure that at least the population without a
completely rejecting attitude has a stake in the future work. In spite that a formal framework for such
public involvement is not part of German law, strong efforts need to be made to achieve the widest
possible degree of consensus within the local population. At the same time it is necessary to remain aware
that a certain minority will keep strongly opposing the repository project, regardless of the actions taken.

After the 2009 elections the new Federal Government, communicated in the coalition agreement to lift
the moratorium on exploration and to continue with exploration, accompanied and supported by several
activities:

+  Apreliminary safety case is intended to be performed,

+ A peer-reviewed by independent, international experts to ensure the program is steadily
conducted according to the best international practices and in line with the most advanced state-
of-the-art.

+ A public review commission is established with the widest possible participation of all
stakeholders in the Gorleben region and beyond, to serve as vehicle to inform the public on
comprehensive and timely basis. Furthermore, the needs and interests of the stakeholders shall be
accounted for as far as possible in the review work.

+ An actualization of the Gorleben repository conceptual design shall be carried out in the near
future, in order to serve as guide for the underground exploration work.

With this, it appears now possible that a statement either confirming or rejecting the suitability of
Gorleben to host the German repository for heat generating was can be achieved within a few years:
This development is very promising after years of standstill.
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— Site Selection - Gorleben

In the early 70’ Germany developed a concept for
an Integrated Waste Management Center (NEZ):

» A SF reprocessing plant co-located with
» An HLW repository
In 1973/1974 NEZ site selection was a major issue

Before it had been decided that all radioactive
waste was to go to deep geological repositories

And heat generating waste was to be disposed of in
a salt formation
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— Site Selection - Gorleben

In 1973 the Federal Government contracted the
“Kernbrennstoff-Wiederaufbereitungs-Ges.” (KEWA)
to carry out a site selection for the NEZ,

» In three phases
» Considering all the territory of West Germany

—-10 candidate areas were identified

> Gorleben was excluded because itis in
Luchow-Dannenberg, a recreation area
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— Site Selection - Gorleben

The Government of Lower Saxony, the NEZ host state, In
carried out thereafter a site selection of its own

» By aproject team set up to this aim in 1976

» In tree phases

» The selection criteria, published in 1977, correspond to
criteria still used today

» Leading to four sites being identified for a final selection

. Wahn
Lichtenhorst

. Gorleben, and

= Hofer (Mariagliuck)
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— Site Selection - Gorleben

Lower Saxony’s Government finally selected Gorleben
(December 1976)

» The Wahn salt dome was discarded because it is
partially located under an army training ground

» The Lichtenhorst dome because it is in a priority
and reserve area for water supply to Hanover

» The Hofer salt dome because it had already been
used for mining

On February 22, 1977, the German Federal Government
confirmed Gorleben as the site for the NEZ and for the
repository.
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— Site and Technology Development - Milestones

22.02.1977 Site designation Gorleben
R (Nukleares Entsorgungszentrum/NEZ)

April 1979 Start of surface site characterization
1980/1981 Four deep boreholes (1002 / 1003 / 1004 / 1005)

Mai 1983  Comprehensive suitability statement
by PTB

Sept. 1986 Ground-breaking Shaft 1

Oct. 1996 Communication between Shaft Gorleben 1
and Gorleben 2 (840-m-Sohle) established:
Thereafter excavation of infrastructure area
and characterization of Exploration Area 1

01.10.2000 Site characterization interrupted. Thereafter
stand-by operation only

2 03.03.2010 Germany announces to the IAEA Board of
Governors that site exploration will continue
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— Site and technology Development - Exploration Mine
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— Site and technology Development — Surface Survey
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— Site and technology Development — Underground Survey

Dr. E. Biurrun US-D Workshop
226 Jackson MS. May 25-27, 2010




— Gorleben - Underground
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— Site and Technology Development

Concurrently with site development, the technology for
waste disposal was developed and demonstrated

» A pilot conditioning plant was designed and built

» Two Interim storage facilities for ~ 4000 THM were
commissioned

» The technology for SF and HLW shaft hoisting to the
disposal level was developed and demonstrated

» The full underground waste handling and disposal
system was developed and tested

» In recent times an optimized alternative for HLW and SF
borehole disposal was demonstrated (follows)
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— Site and technology Development — Conditioning Plant
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— Site and technology Development — Waste Disposal
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— Site and technology Development — Waste Disposal
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— The Present — Site Development and Repository Construction ——
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— The Present — Site Development and Repository Construction ——

1965 - 1976

1975
1982

09/92 - 03/93
14.06.00 /
17.07.01

01.08.01

05.06.02
2002-2008
2010

2014

Iron ore production approx. 7 mil. t;
Deposit: ~ 1.4 billion t
Preliminary survey as candidate site

Site Suitability statement and License
Application submitted

Public hearing (75 hearing days)
Consensus Agreement

- Finishing licensing procedure

- Withdrawal immediate enforcement

Radiation Protection Ordinance
amendment

License application amendment
LICENSE GRANTED
LITIGATION

REPOSITORY CONSTRUCTION
DISPOSAL START
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— The Present — Site Development and Repository Construction ——

Shaft 2
Shaft 2

= 40 km Drifts
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— The Present — Site Development and Repository Construction ——
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— The Present —Site Development and Repository Construction
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— The Present —Repository Closure
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—— The Present — Repository Closure

1970 Bartensleben mine selected as repository
1971 Start of trial disposal (LLW)
1974 Approval of repository construction

1981/1986 1stand 2nd permanent operation licenses

10/1990  Morsleben repository a Federal Facility
under BfS, operated by DBE

1991 Disposal stop, refurbishment
1994 Disposal restarted

09/1998 Waste acceptance interrupted
05/1999 Waste disposal terminated

11/2000  Advanced backfilling - repository closure
to follow

2010 Public hearing

2012 License for closure ?
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— The Present — Repository Closure
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—— The Present — Repository Closure

Central Area Eastern Field
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— The Present — Repository Closure
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— The Present — Repository Closure
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— The Present — Repository Closure
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— The Present — Repository Closure
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— The Way Ahead

Fortunately, significant progress has been achieved in
recent times in all German repository projects:

» The Konrad deep geological repository (LILW) is under
construction and swiftly progressing

» Konrad will join the WIPP as the second operating
geological repository at around 2014

» The public hearing for closure of the Morsleben LILW
repository will be carried out later this year

» On March 3, 2010 Germany informed the IAEA that
exploration of the Gorleben site is being reassumed

» Survey results for site suitability statement (positive or
negative) shall be available at around 2014

» A preliminary safety case for Gorleben is being initiated,
aimed at delivering a site suitability statement by 2012
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— The Way Ahead — Gorleben Repository ?
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OPTIMIZATION OF THE DIRECT DISPOSAL CONCEPT BY VERTICAL
BOREHOLE EMPLACEMENT OF SF ELEMENTS

W. Bollingerfehr, W. Filbert
DBE TECHNOLOGY GmbH, Eschenstrale 55, D-31224 Peine, Germany

INTRODUCTION

In 1963, the predecessor of the Federal Institute for Geosciences and Natural Resources (Bundesan-
stalt fur Geowissenschaften und Rohstoffe - BGR) issued a recommendation to dispose of the result-
ing radioactive waste in Germany in rock salt formations. After a three-stage, intensive site selection
procedure by the Federal Government and the Federal State of Lower-Saxony during which more than
140 sites were assessed, the Gorleben site was selected in 1977 as the national center for reprocessing,
conditioning, and disposal of radioactive waste. From 1979 on, a comprehensive surface survey pro-
gram was carried out to characterize the salt dome and the surrounding area which had never been
impaired by mining activities. In view of the very promising surface exploration results which strong-
ly suggested the suitability of the site to host a repository, DBE (German acronym for “German Com-
pany for the Construction and Operation of Waste Repositories”) started the excavation of a large-
scale exploration mine on behalf of the Federal Government in 1986.

Design and construction of the exploration mine was carried out in such a way that all important
elements, e.g., the access shafts and the surface and underground infrastructure, could later be used as
part of the repository without major alterations and refurbishments. If the suitability of the site is
confirmed and a respective license issued, transformation of the site exploration facility into a reposi-
tory mine can rapidly be carried out.

A reference concept for the disposal of high-level radioactive waste (HLW) and spent fuel (SF) was
developed accordingly. It comprises the direct disposal of SF in horizontal drifts and the final disposal
of waste from SF reprocessing in vertical boreholes in a salt mine (Fig. 1).

Figure 1: Reference concept (left) and simplified geological map of the Gorleben salt dome (right)

Irrespective of the technical achievements, a moratorium on the underground exploration of the
Gorleben site was issued in 2000 due to political decisions taken by the Federal Government back
then. Exploration has not resumed since then. However, after the Federal elections of 2009, the newly
formed Federal Government has recently expressed its intention to complete the underground explora
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tion of the site without further delay. It is assumed that completion of the Gorleben exploration could
be achieved within five years. Two more years will then be required to evaluate the exploration results
and to draw up the final suitability statement for the site. If the suitability of the Gorleben salt dome is
then confirmed, the licensing procedure can be initiated.

Concurrent with site exploration from the surface and subsequent construction of the exploration
mine, a large-scale R&D program was carried out to develop the technologies required for the safe
operation of a future repository. According to the regulatory framework in Germany, license applica-
tion for a radioactive waste repository requires the demonstration that all facilities and equipment
needed for the disposal operation can be provided and safely operated. Consequently, the develop-
ment of safety relevant repository equipment has been an important part of the repository-related
R&D work for the past decades. The objective is to have the science and technology to license and
later operate a repository available when needed.

A first equipment demonstration program in the early nineties concentrated on the direct disposal of
SF. The so-called POLLUX® concept was developed as an alternative to the previous concept of SF
reprocessing and disposal of vitrified HLW. In regard to SF, the POLLUX® concept anticipates the
packaging of fuel rods of up to ten spent PWR fuel assemblies (about 5 tHM) into a self-shielding
cask with a gross weight of about 65 metric tons. Together with the weight of the transport cart and
ancillary equipment, this requires shaft hoisting equipment for a payload of 85 metric tons. One main
aspect of the first equipment demonstration program, therefore, was to convincingly show that the
shaft hoisting of such payloads was feasible and could be realized in compliance with nuclear safety
requirements. In addition to this, the other relevant handling procedures and equipment needed for the
direct disposal of SF were also included in the demonstration program.

In addition to the development of equipment for an eventual repository operation, all technical facili-
ties that are necessary for the implementation of the POLLUX® concept, apart from the repository,
have been built to prove the feasibility of this concept, i.e. interim storage facilities for casks contain-
ing SF, a pilot conditioning plant, and a special POLLUX® cask for final disposal.

BSK 3 CONCEPT

For the past few years, alternative technical approaches for the emplacement of vitrified HLW and SF
have been investigated in order to harmonize and optimize future disposal operations. Among others,
borehole emplacement was also considered for consolidated SF. After initial promising studies, the
German industry decided to develop a new disposal canister to support the further development of a
borehole concept. The new canister was named “BSK 3” according to the acronym for the German
word for fuel rod canister (Brennstabkokille) and can contain the fuel rods of 3 PWR fuel elements or
9 BWR fuel assemblies /1/. The corresponding BSK 3 concept, jointly developed by GNS and DBE
TECHNOLOGY GmbH (DBE TEC)?, still relies on the separation of fuel rods from the structural
parts of the fuel assemblies, but - different to the POLLUX® reference concept - fuel rods are packed
into a BSK 3 canister which has the same diameter as an HLW canister.

After the new BSK 3 disposal concept had been developed in a series of paper studies, it was decided
to carry out a comprehensive demonstration program to confirm the expected advantages. The main
expectations were:

! For statutory reasons, all R&D work after 2000 was assigned to DBE TECHNOLOGY GmbH, a subsidiary of
DBE mbH, the German Company for the Construction and Operation of Repositories for Waste, Ltd.
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+ Improved control of the heat transfer to the host rock by combining the emplacement of heat-
generating packages (SF and vitrified HLW) and waste with negligible heat generation also desig-
nated for borehole disposal according to the reference concept

+ Reduced areal extension of the repository by three-dimensional utilization of the host rock, at the
same time reducing the exploration effort

+ Reduction of potential gas problems due to significantly reduced amount of metal when using
unshielded containers

+ Complete isolation of the waste in the impermeable host rock by the converging salt is an im-
portant safety feature of a salt repository. As the void around the BSK 3 canisters in the borehole is
small, isolation can be attained within less than a year whereas enclosure of the POLLUX® casks
may take several decades.

+ Reduction of the variety of container and cask systems required due to the fact that the SF canister
has the same external diameter as the vitrified HLW canister. The BSK 3 concept will lead to an
emplacement technology that is harmonized and standardized to a large extent and will use essen-
tially the same equipment for hoisting and transport for all packages designated for disposal in a
repository for HLW and SF.

+ Earlier disposal and/or higher specific thermal loads of the waste with a potential to reduce the
intermediate storage periods to less than 10 years as was estimated by GNS due to the lower HM
content of the unshielded containers compared with the POLLUX® cask.

Technical approach for transport and emplacement of BSK 3

In view of these advantages, an R&D project to develop and test the systems and components for the
transport, handling, and disposal of BSK 3 canisters was launched with financial support from the
German Federal Government and the German nuclear industry. The main objective was to demon-
strate the functionality and reliability of the equipment and to obtain the data and information required
for licensing this new back-end technology. In the context of the EURATOM 6th Framework Pro-
gram, the project was also embedded into ESDRED (Integrated Project Engineering Studies and
Demonstration of Repository Designs), a comprehensive effort with thirteen partner organizations
from nine European countries financially supported by the European Commission./2/

The system for handling and emplacing BSK 3 canisters was developed by DBE TEC in cooperation
with GNS and equipment manufacturers and comprises: 1) a transfer cask which provides appropriate
shielding during transport and emplacement, 2) a transport unit consisting of a mining locomotive and
transport cart, and 3) an emplacement device. Fig 2 shows the components of the entire transport and
emplacement system in an underground emplacement drift.
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Figure 2: Outline of the BSK 3 disposal system

The BSK 3 canister will be inserted into a transfer cask in a hot cell at the surface, e.g. at the condi-
tioning plant, shipped to the repository, hoisted to underground on a transport cart, and towed into the
disposal drift. The emplacement device, positioned above the emplacement borehole, carries out the
emplacement operation as described in detail below. For the demonstration tests, a BSK 3 canister
mock-up with the geometry and weight of the original canister but without SF content was used. The
transfer cask was designed to provide mechanical strength and gamma and neutron radiation protec-
tion to allow workers to approach the cask in case equipment repair becomes necessary. The transfer
cask body is a thick-walled cylinder made of nodular graphite cast iron (GJS). Neutron moderation
and shielding is provided by polyethylene. Two locks made of stainless steel are bolted to the cask
body. The flat slide latches integrated into the locks run in slide bars. When in locked position, the flat
slide latch is kept in place by two locking bolts set into the sidewalls. The transfer cask is not fitted
with a mechanism to operate the locks. Lock opening and closing is carried out at the base of the
transfer cask by the borehole lock mechanism and at the top by the emplacement device (shielding
cover). The emplacement device is equipped with all components necessary for safe transfer cask
handling and BSK 3 canister emplacement.

In the course of an emplacement sequence, the BSK 3 canister is transported inside a transfer cask on
a transport cart to its designated position in an emplacement drift. The transfer cask is then lifted off
the transport cart by the emplacement device and turned into an upright position after the transport
cart has been removed. In the next step, the cask is lowered onto the borehole lock and locked in
position. A shielding cover is lowered onto the upper transfer cask lock before the top of the cask can
be opened and a grab can take hold of the BSK 3 canister. The lock at the transfer cask bottom and the
borehole lock are opened simultaneously, and the BSK 3 canister — held by the canister grab — is
lowered into the borehole. The canister grab is then removed and the transfer cask and the borehole
lock closed. After turning the transfer cask back into horizontal position, the transport cart is hauled
again into the emplacement device and the transfer cask is placed on the cart. Finally, the transport
cart with the transfer cask is driven out of the emplacement drift and back to the surface for reloading.
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The demonstration and test program for the BSK 3 system

All full-scale demonstration tests were performed in a former turbine hall of a power station in
Landesbergen near Hanover in the Northern German state of Lower-Saxony. Within less than 2 years,
all components had been designed in detail, manufactured, and delivered to the test site and had been
evaluated and approved by external experts. The components of the emplacement system were as-
sembled on a platform 10 m above the ground floor. A 10-m-long vertical steel metal casing simulat-
ed the emplacement borehole. For the test program, the BSK 3 canister was lowered into the “bore-
hole” by the grab of the emplacement device and, unlike in a real repository, removed again thereafter
for the next test run. Fig. 3 shows a photo of the test site with all the components required for trans-
porting and emplacing BSK 3 canisters.

Shielding cover with Control cabin

canister grab inside
Transfer cask

with BSK 3 inside

Mining locomotive

Transport cart

Canister lifting gear with 330 m hoisting cable and
service and safety brakes

Figure 3: BSK 3 full scale test stand with components (photo of the Test Site in Landesbergen, Germa-
ny)

The demonstration program started in July 2008 and continued until July 2009. It comprised demon-
stration tests, simulation tests, and tests to identify potential operating failures and to develop preven-
tive and corrective measures. Furthermore, backfilling tests were carried out. As the aim was to de-
velop an emplacement technology for all types of radioactive waste, additional transport and em-
placement tests with HLW canister dummies were carried out as well.

Results of demonstration tests

The demonstration tests comprised all the process steps, starting with the acceptance of the BSK 3
canister and concluding with the emplacement of the canister into the vertical borehole. In total, more
than 1,000 complete emplacement operations had been carried out by the end of the test program. The
entire system and each component proved to be safe, reliable, and robust. The masses involved in the
BSK 3 concept are slightly lower than those in the POLLUX® concept. It can thus be assumed that all
shaft transport and hoisting devices developed for the POLLUX® concept are applicable for the
BSK 3 concept as well.
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Simulation tests and test of operational disturbances

Several technical and safety-related features were tested additionally. To simulate more realistic con-
ditions within the borehole, the BSK 3 dummy was lowered on a salt layer covering the head of a
previously "emplaced" canister. The challenge was to safely open the grab after the canister had been
emplaced, even if the canister was not in a strictly upright position. It was demonstrated that the grab
of the emplacement device could safely be unhooked from the canister in all cases although the canis-
ter was not in a strictly vertical position but touching the wall of the borehole (Fig. 4).

Figure 4: Opening of the grab in the borehole

After one borehole has been filled, the emplacement device will be transported to the next borehole by
means of the transport cart. This process was also simulated at the full-scale test facility

In case of derailing, the transport cart loaded with the transfer cask needs to be set back onto the rails
by means of conventional equipment. Corresponding demonstration tests were carried out successful-

ly.

Additional emplacement tests with HLW canister dummies

The full-scale demonstration program was extended by additional tests with HLW dummies. The idea
was to demonstrate the technical feasibility of handling HLW canisters with the same equipment as
was used for BSK 3 canisters. For this purpose, a so-called triple pack was designed and fabricated; a
steel envelop containing three HLW dummies with almost the same outer diameter and the same
height as the BSK 3. A further series of emplacement processes (110) was successfully performed
with this triple pack, confirming the reliability of the emplacement system for this type of canisters as
well.

Demonstration tests regarding the technology for backfilling emplacement boreholes

From the point of view of radiation protection and with regard to thermal aspects, the gap between
BSK 3 and the borehole wall needs to be backfilled, even in the area close to the borehole cellar. In a
repository in salt, crushed salt will be used as backfill material. The objective of this additional
demonstration test was to develop the corresponding technology and to investigate whether the space
around the BSK 3 could be completely filled or not; just to confirm existing assumptions. A prototype
backfill-canister was fabricated and the crushed salt inserted into the borehole. The max. grain size of
the crushed salt was 8 mm. The test showed that the space between BSK 3 canister and borehole wall
can be completely filled. This is of particular importance for the degree of accuracy of safety assess-
ments.



253

US-German Workshop on Salt Repository Research, Design and Operation
May 25-27, 2010
Canton, Mississippi, USA

CONCLUSIONS AND OUTLOOK

Several years after the demonstration test of all the elements of the German reference concept for
spent fuel disposal (POLLUX concept) had been concluded, a new, alternative system was developed
and tested comprehensively. The reliability of the handling technologies for the BSK 3 concept has
been confirmed in aboveground “cold” full-scale demonstration tests as well. From a technical point
of view, both concepts are now ready for testing underground to simulate typical “mining conditions”
with higher temperatures and a dustier environment.

While the operational handling technology for the disposal with the POLLUX® and the BSK 3 con-
cept have been tested at full scale aboveground, the testing of the related conditioning technologies is
still pending.
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— German Reference Disposal Concept

German Reference Concept
for the Direct Disposal of HLW
and Spent Fuel in Rock Salt

* Deep geological disposal (depth: 870 m)

* Emplacement of HLW in boreholes Transmission of the German repository
and spent fuel casks in drifts reference concept into a simplified
« Backfill material: crushed salt geological mapping of the Gorleben salt

dome

Bollingerfehr - 05/.2010
Jackson, May 2010
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— POLLUX Transport and Emplacement Demonstration Programme -

Shaft transport with payloads up to 85 t Emplacement technique

In-situ heater experiment (10 years) Handling experiment with neutron sources

Bollingerfehr - 05/.2010
Jackson, May 2010
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= Advantages of Borehole Emplacement Concept

@lmprovement of heat transfer from waste canister to the host
rock (rock salt) due to close contact

@Compared with the POLLUX emplacement concept a faster
process (creeping of host rock) to achieve the complete
enclosure of the waste canister by the host rock

@Reduction of required footprint of the repository by using the
host rock in three dimensions

@Economical benefit by saving container and operating costs

@Reduction of potential gas generation (corrosion) due to
reduction of metallic material mass

Bollingerfehr - 05/.2010
Jackson, May 2010
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—— Optimization of Spent Fuel Direct Disposal

Challenge: How to harmonise and optimise the transport
and emplacement technology for both categories
of waste (vitrified waste and spent fuel)?

Approach: Development of one single technology
applicable for the handling and emplacement of
both categories of waste

Bollingerfehr - 05/.2010
Jackson, May 2010
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— Waste Canister Types

BSK 3
Mass: 5.20t

HAW
0.50t

BSK 3-Dummy

CDS C
0.85t

Bollingerfehr - 05/.2010
Jackson, May 2010
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— New Borehole Emplacement System

Main components of equipment to transport and emplace BSK 3 canister
In a geological repository in rock salt

Bollingerfehr - 05/.2010
Jackson, May 2010
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—— Industrial Demonstrator at

Emplacement device

(70 tonnes) with flap frame
and swivel device for transfer
cask handling

Canister lifting gear with 330 m hoisting cable
and special service and safety brakes

Landesbergen

Shielding cover with
canister grab inside

Transfer cask
with BSK 3 inside

Transport cart

Mining locomotive

Bollingerfehr - 05/.2010
Jackson, May 2010



—— Objectives of Demonstration Programme

@Demonstration at an industrial scale of the technical feasibility of
the transportation and emplacement of BSK 3 canisters into
deep vertical boreholes

@Investigation of the safety and reliablility of the BSK 3
emplacement system

@Demonstration of safe management of operational disturbances
@Performance of simulation and backfilling tests

@Derive conclusions and recommendations for the application of
the BSK 3 emplacement system in a repository

Bollingerfehr - 05/.2010

Jackson, May 2010 10
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— Video

Bollingerfehr - 05/.2010

Jackson, May 2010 1
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— Grand Opening on September 9, 2008

Bollingerfehr - 05/.2010

Jackson, May 2010 12
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— Demonstration of Emplacement Device Transportation

movement of emplacement device by
means of transport cart and locomotive

Bollingerfehr - 05/.2010

Jackson, May 2010 13
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— Demonstration Tests with HLW Triple Pack

HLW Triple Pack
(3 HLW dummies in steel envelope)

@ mass and geometric dimensions
like BSK 3

single HLW dummy

Bollingerfehr - 05/.2010

Jackson, May 2010 14
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— Backfilling Tests

crushec remaining small triangular space
(BSK 3 leaning against borehole wall)

/ d salt

=
| BsK3 430
backfilling process
| (view on BSK 3 through a
_ window)
® 600
Test stand
» 585

sketch of backfilling system

Bollingerfehr - 05/.2010 15
Jackson, May 2010
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—— Main Achievements

* Development and fabrication of the BSK 3 transport and
emplacement system

» External experts confirmed compliance of all technical
documents with German mining regulations and Atomic Energy
Act

« Confirmation of safety and reliability of the individual components
by means of endurance test (>1000 emplacement sequences)

* Demonstration of safe management of operational disturbances
 Demonstration of HLW canister (triple pack) emplacement

« Demonstration of backfilling technique for vertical boreholes

Bollingerfehr - 05/.2010

Jackson, May 2010 16



— Summary and Outlook

@0ne single transport and emplacement system for spent fuel and
vitrified waste canisters developed

@Demonstration tests at an industrial scale showed reliability of
each component and of entire system

@AIll components operated as designed

@Entire system for transport, emplacement and backfilling of SF
and HLW available for industrial application

Future step:

@Confirmation of system reliability and safety in repository
environment (salt mine)

Bollingerfehr - 05/.2010 17
Jackson, May 2010
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GROUNDWATER AND TRANSPORT MODELLING USING THE
CODES D3F AND R3T

Jorg Monig, Anke Schneider, Klaus-Peter Kroéhn
Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Braunschweig, Germany

Abstract
The codes d3f and r3t

The d3f (distributed density-driven flow) software package was developed at six
universities in the years 1995 to 1999 within the framework of a project, funded by the German
Ministry of Education and Research (BMBF), with the aim to enable the calculation of density-
driven groundwater flow in large, hydrogeologically complex model areas for long periods of time
[2]. Groundwater flow with relevant density impacts occurs not only in the overburden of salt
formations, but also in coastal areas.

a3f is suited for the two- and three-dimensional modeling of flow through porous or
equivalently porous media assuming a confined aquifer system of fluid-saturated porous medium in
which both the porous medium and the fluid are incompressible. Advection, diffusion and
dispersion are regarded as transport processes. Fluid density and viscosity are functions of the salt
concentration and temperature. Salt concentrations can be considered up to saturation. The
hydrogeology of the model area may show strong heterogeneities and anisotropies. The model area
may contain sources and sinks.

Flow and transport equations are solved in a coupled manner on the basis of the UG
software (Unstructured Grids, Heidelberg University) which works with triangular and
tetrahedronal as well as quadrilateral and hexahedral meshes. Discretization is performed by means
of a finite volume method while an upwind algorithm may be selected. The equation system is
solved with a multigrid algorithm in combination with a BiCGStab method. Grid refinement and
time-step sizes are controlled by a-posteriori error estimators.

The r3t (radionuclides, reaction, retardation, and transport) code was developed from 1998
to 2003 within a project funded by the German Ministry of Economics and Labor (BMWA) [3].
The overall objective of the r3t project was the development of a computer code to simulate
pollutant transport which meets the following demands: simulation of two- and three-dimensional
transport through porous or equivalently porous media, consideration of advection, diffusion,
dispersion and interaction processes which are relevant to long-term safety analysis, applicability
for radionuclide migration as well as for chemotoxic pollutants. Transport modeling with r3t is
based on the velocity field resulting from d3f simulations.

For radionuclides the decay is considered within decay chains. The individual interaction
processes which affect the pollutants transport are modeled as follows:. equilibrium and kinetically
controlled sorption, both linear (Henry) and nonlinear (Langmuir, Freundlich), respectively;
precipitation and diffusion into immobile pore water; complexation; colloidal transport and matrix
diffusion via effective parameters. The code was completed by anisotropical, element-specific
diffusion and by element-specific porosity. r3t simulations may be coupled with the geochemical
code PHREEQC.

The codes can be run on LINUX PCs, workstations, clusters as well as on massively
paralel computers and have graphical pre- and post-processors. Within the framework of a project
funded by the German Ministry of Economics (BMWi), the development of some new features of
d3f and r3t are in progress, such as modeling phreatic surfaces, fractures and heat transport.
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Applications

Several test cases and applications were performed within other BMWi-funded projects.
Only some examples are to be mentioned here. One of the first test cases was the simulation of an
experiment performed of the Rijksinstituut voor Volksgezondheid en Milieuhygiene (RIVM), the
Netherlands [10]. Here, NaCl-brines of different concentrations were injected into a box filled with
glass balls and fresh water. The salt concentrations were measured by 16 electrodes. The results of
the simulation of the experiment L2D01, where a brine with a concentration of 3.84 g/kg was
injected into two ports in the bottom of the box, are shown here. The propagation of the salt could
be reproduced very well by d3f-simulations [1].

Another example modeled was he field site Cape Cod, Massachusetts. About 59 years of
land disposal of sewage effluent resulted in contamination of the aquifer with zinc (Zn). Extensive
measurement campaigns and field-tests were undertaken during the last years of operation of the
sewage plant and for the first years after closure [6], [7], [8]. Modeling zinc transport at Cape Cod
appears to be amost challenging task. A key process to explain the characteristic form of the zinc
plume is the pH-dependent sorption of zinc. The pH-value is defined as the negative common
logarithm of the proton concentration. Here, the protons are assumed to be transported like a tracer.
It is generally agreed that the sorption of zinc is proportional to the pH-value of the groundwater. A
correlation between the pH-value and a referring Kg-value can be derived from an adsorption
isotherm. The development of the zinc plume and the pH-distributions until closure of the sewage
plant after 59 years of operation was simulated [4].

The comparison of the 2d models clearly shows that the pH-value dependent retardation of
zinc is captured in the rit-model. This applies for the time during plant operation as well as for the
subsequent period. The model simulated even the drastic increase of the zinc concentration after
closure of the sewage plant causing the drop of the pH-value. While the 3d model has only an
arguable value for interpreting the situation at Cape Cod, it clearly shows the ability of r3t to
capture the pH-dependent transport behavior of zinc evenin 3d.

In Germany, flow and transport in the overburden of the Gorleben salt dome are
investigated for more than 20 years. d3f was used to simulate the density driven groundwater flow
based on a 2d hydrogeol ogically complex model provided by the German Federal Institute for
Geosciences and Natural Resources (BGR) as avertical cross section [9]. The model has alength
of 16.370 km and a depth of 395 m. Here, three hydrological units are distinguished, aquifers
consisting mainly on several types of sands and aquicludes and aquitards with large clay fractions.
The permeabilities vary from 10 to 10 m2. The main flow is directed from south to north.

Using the resulting flow field, the transport of 28 radionuclides relevant for a German
repository was simulated using r3t. It was assumed, that these nuclides enter into the overburden at
apoint located in the center of the salt dome. The objective was to investigate the preferred
pathways and transport times of different radionuclides with respect to their sorption properties.
Theresultsfor Cs-135, 1-129 and Np-237 are presented. While the Ky-values of iodine are
extremely small, cesium and neptunium are strongly sorbed on clay, whereas the sorption of
cesium on sandy materials is much stronger. Consequently, the simulation results show large
differences. While cesium is hardly spreaded, theiodine is transported through the lower aquitard
in the northern part, driven by gravitation. Neptunium, in contrast, passes through the aquifer above
owing to its lower sorption on sand. Accordingly, the transport times of the nuclides considered
vary over more than two orders of magnitude [5].

As a 3d example the overburden of the salt dome of Héfer in northern Germany was
modeled in 2003 [10]. Depending on the amount of data, two aquifers, one aquiclude and one
aquitard, could be distinguished. The general flow direction is from north-east to south-west.

The simulations were performed with d3f on a hexahedron grid with about 1 million nodes.
As expected, the salinity is spreading to the south-west. One can see that the regulatory limits for
salinity of potable water are never reached, since the higher velocities in the second aquifer leads to
ahigh dilution,. The resulting velocity field shows a large convection cell in the upstream-direction
of the salt dome.
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With the objective to test the implementation of the heat transport equations, our project

partners at the university of Frankfurt performed simulations with 134 millions of grid elements on
more than 2000 processors of a parallel computer —with surprising results.
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Overview

state of code development
flow code d3f
transport code r3t

examples
ongoing developments



General Information

flow code d>f
distributed density-driven flow

development since 1995

developed in a BMBF-funded project
at the universities of Stuttgart/Heidelberg, Erlangen, Freiburg, Bonn,
Hannover and ETH Zuerich

transport code r3t
radionuclides, reaction, retardation, and transport

development since 1998

developed in a BMWA-funded project
at the universities of Heidelberg, Freiburg, Bonn and ETH Zuerich
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Motivation

2d/3d, large, hydrogeologically complex areas, long time periods

(equivalent) porous media
heterogeneous, anisotropic layers
permeabilities may vary over some orders of magnitude

salt concentrations up to saturation

New Features
(development stage)

fractured media
heat transport
phreatic flow
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Properties of d3f

advection, diffusion, dispersion
salt and heat transport

fluid density and viscosity
depending on
concentration and temperature

completely coupled equations
(no Boussinesqg-approximation)
permeabillity:

constant, function or stochastic

user-defined functions (initial and
boundary conditions, parameters)

Properties of rst

sorption
equilibrium

kinetically controlled sorption
(linear and non-linear)

smart K -concept: complexation
colloidal transport

precipitation

Immobile porewater

element dependent porosities
element dependent diffusion

anisotropical diffusion
contaminant dependent decay
coupled with PHREEQC



Numerics

finite volume discretization

grids
unstructured
tetrahedral and hexahedral elements, prisms for thin layers
adaptive in space and time (a-posteriori error estimators)

upwind strategies
linear multigrid solver, BICGStab, toolbox: ug (Uni Frankfurt)
operator splitting (radioactive decay)

Interactive, graphical pre- and postprocessors
toolbox: Grape

completely parallelized:
LINUX-PC, UNIX-workstations, clusters, massively parallel computers
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adaptive grid

concentration grid

RIVM experiment
2-d vertical test equipment
artificial porous medium
bottom: injection of brine
top: outflow
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Sewage Treatment Facility at Cape Cod, Massachusetts, USA

sewage facility open from
1936 to 1995

contamination with sewage
effluent for 60 years

after shut down no further
pollution

potential flow + groundwater
recharge

transport of Zn with pH-
dependent sorption

(Kent, 1999)
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Flow- and Transport Model
NNW SSE
groundwater recharge

=511 mm/y (measured)
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Adsorption Isotherme
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Zn-Concentration and pH-Values

pH
5.7

7.0



Comparison of r3t Results with USGS Simulations
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Comparison between rit-Simulations and Measurements
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Zn-Concentration 61 years after implementation
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the Gorleben salt dome

hydrogeological cross-section of the model domain, vertically exaggerated
source: Schelkes, BGR, 1995

292



hydrogeological model

173 kPa
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flow and salt transport (d3f)
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salt concentration and flow field at the steady state (d3f)

relative

concentration:
c,=1=2

Cops = 0.26
kg/kg
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transport of Cs-135 (r3t)
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distribution for different radionuclides after 10 mio years

1.0E-5 1.0E-1 1.0E-6

0.0 [Bg/m?] 0.0 [Bg/m3] 0.0 [Bg/m?]

Cs-135 1-129 Np-237

half-life [a]

2.0 -10° 1.57 -107 2.144-10°

K,-value [m3/kg]

sand 0.07 0.002 0.01
silt, clay 0.4 0.002 0.3
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Hofer Salt Dome, 3D Model

aquifer 1

aquiclude aquifer 2

tertiary

Data: Kali & Salz, Kassel,
Niederséchsisches Landesamt flir Bodenforschung (NLfB), Hannover
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Hofer salt dome: vertical cross section
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Hofer salt dome
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Hofer salt dome, velocity field

first aquifer second aquifer
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Hofer Salt Dome

convection cell
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fractures - dimensional adaptivity

representation of fractures
equi-dimensional representation

correct
requires high net resolution

lower dimensional representation
neglecting effects

less computational effort
provided by Sabine Stichel,
Goethe University of Frankfurt

approach
equi-dimensional representation in fine grids
lower dimensional representation in coarse grids

criteria to select approach automatically (development stage)
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computational power

academic example:

initially cubic domain of
higher density

due to salinity and
temperature

Model specifications
~ 134 million elements
2048 processors
~ 18 h computing time
~ 2.6 TB of data

provided by Michael Lampe, Goethe University of Frankfurt



ongoing developments

phreatic surface

fractured media — fracture networks
heat transport

advancing of solvers and postprocessor
GlS-interface
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Thank you for your attention!
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THERMOHALINE FLOWSIN FRACTURED POROUSMEDIA

P. Frolcovic, J. Geiser, A. Grillo, K. Johannsen, M. Lampe, D.
Logaschenko, S. Stichel, G. Wittum
Johann Wolfgang Goethe-Universitét Frankfurt



308



THERMOHALINE
IN FRACTURED P
MEDIA

FLows
OROUS

P. Frolkovic, J. Geiser, A. Grillo, K. Johannsen, M. Lampe,

D. Logaschenko, S. Stichel,

n cooperation with

S. Attinger, E. Fein, J. Flugge, A. Fuc|

G. Wittum

ns, W. Kinzelbach,

J. Monig, F. Radu, A. Rubel, A. Sc

GABRIEL WITTUM
G-CSC

UNIVERSITY OF FRANKFURT AN

neider, R. Stork

'] 'é L “J—‘

A
W

,',]
Yy
M



GABRIEL WiTTUM
G-CSC
UNIVERSITY OF FRANKFURT

- - r » w
I Y Y reet s
[ S =

-
——

-y P
s



* MurLTisCALE MODELING <> NUMERICS
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AUTOMOTIVE SIMULATION

e Crash simulation

(Porsche, Daimler)

e Optimization of fuel injection (Porsche)

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




DisTRIBUTED DENSITY DRIVEN FLOW

D3F

e Saltwater intrusion

¢ Upcoming

e Flow around saltdomes

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




D3F

¢ Distributed Density Driven Flow

Solver for
d(np(c)) N
5 V - (p(c)?) = @Qp(c),
d(np(c)c) . B
5 -V - (p(e) (e — DVe)) = Q(c)

+ b.c;with 7= —K/u(c)(Vp — p(c)g).

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




D3F

e complicated domains w. unstructured grids (cug)

is
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D3F

¢ TFull density dependent non-linear dispersion

o fully parallel and adaptive

; A
GABRIEL WiTTUM ;l
G-CSC
UNIVERSITY OF FRANKFURT




D3F PARALLEL EFFICIENCY

e Uniform refinement P h UKN NITH# TIT[s§ Ss[#]  Es
1 1/8 147.074 19 37.31 1 1.0

8 1/16 1.082.498 23 45.83 54 0.67

weak scahng 64 1/32 8.414978 35 5412 24 0.37
512 1/64 66.602.498 22 58.54 282 0.55

e Adaptive refinement

. h UKN TNLS[s] TADAPT[s] TLB[s] TMIG[
weak Scahng 116 21.016 523  1.93 097 357
132 102280  224. 132 399 13.2
1132 433.908  657. 446 M2 418
1/64 1.750.708  2708.  160. 279 108,

e lang, S., Wittum, G.: Large scale density driven flow simulations using
parallel unstructured grid adaptation and local multigrid methods.

Concurrency Computat., 17, 11, 1415 - 1440, Oct. 2005.
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R3T

e RRRT: Package solving systems of up to 160
coupled convection-diffusion reaction equations

RRRT: Radionuclides
RRRT: Reactions
RRRT: Retardation

RRRT: Transp ort

GABRIEL WITTUM e i
G-CSC AR\
UNIVERSITY OF FRANKFURT s ™




VALIDATION

e Fxtensive validation

Especially designed experiments (saltpool)

Johannsen, K., Kinzelbach, W., Oswald, S., Wittum, G.: The saltpool benchmark problem -
numerical simulation of saltwater upconing in a porous medium, Advances in Water
Resources, 25 (3) (2002) pp. 335-348.

Field cases measured (Cape Cod, E. Fein)
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NEwW WORK

e Thermohaline flows

e fractured media

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




THERMOHALINE FLOWS

e Solvin 3/01‘ .
5 6LV - (Frap) = 0.
O(pyws) ~
¢f (‘;t | V . (pfwsqf -+ Jd) — O,
DS 05, ~
GrpsO f L+ (1—¢5)pO 5 TV I —fswda) =0,
with q; = —%(Vp—pfg) (Onsager)
Jo = —¢ppsDVws — ¢fﬂfD%Vp — Qs DSws(1 — ws)VO,
k DQhg,
Jr = —ﬁbfPfDvas—@PfDQ;pr— Lrr — ¢zpy @%éw VoO.
GABRIEL WiTTUM :
G-CSC

UNIVERSITY OF FRANKFURT TN



THERMOHALINE FLOWS

Solving 95
oF ;tf -V (pray) = 0,
O(prws R
Q5f (p(‘;t ) | V (pwaQf+Jd) — O,
DSy oS, - B
¢f10f@ Dt ! (1 o ¢f)107”@ at ! v ) (JT o luS’de) o 07

Alfio Grillo, Michael Lampe, Gabriel Wittum: Modelling and
Simulation of temperature-density-driven flow and thermodiffusion in
porous media. Journal of Porous Media, 2010 to appear.

GABRIEL WiTTUM : 4
G-CSC TSR
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THERMOHALINE FLOWS

e opposite effects of temperature and salt
concentration

Temperature 1

salt water |

e connection of mass flux with temperature
gradient (Soret effect)

e connechion of heat flux with concentration
gradient (Dufour effect)

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




EXAMPLE

e Moving parcel, benchmark problem from
Oldenburg, Pruess, 1999 (2d)

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




THERMOHALINE FLOWS

¢ negative buoyancy

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




THERMOHALINE FLOWS

¢ positive buoyancy

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




FRACTURED MEDIA

e Low dimensional formulation

Multiphase tlow

R. Helmig; O. Kolditz; V. Reichenberger; ...

¢ Multiscale modeling and numerics:
Dynamic coupling between micro and
macroscales

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




FLow iIN FRACTURED M EDIA

e low dimensional <> full dimensional

& &

Representation of fractures:

1. Polyhedral faces + pointwise thickness

2. expand to volume

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




FLow iIN FRACTURED M EDIA

¢ Problem: Multigrid refinement ’

. . . A
coarse gnd: low dimensional *

fine grid: full dimensional

GABRIEL WITTUM AN ;1
G-CSC L gy :"f_:f\_\,
UNIVERSITY OF FRANKFURT NN




FLow iIN FRACTURED MEDIA

° Geome‘rry

d /
<—»
mitial rep exp ansion correction
"é ..\;...‘u...
GABRIEL WiTTUM ] :
G-CSC

UNIVERSITY OF FRANKFURT TN



FLow iIN FRACTURED MEDIA

¢ Grid follows the anisotropic direction rectangularly

successful treatment of anisotropy possible: ARTE
Fuchs, W., 2003

GABRIEL WITTUM e i
G-CSC AR\
UNIVERSITY OF FRANKFURT s ™



Low DIMENSIONAL MIODEL

¢ Density driven flow model
average across fracture
1 6/2
Fitay)i= [ Flt.oy.)d
€ J—¢/2

+transmission conditions

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




TRANSMISSION CONDITIONS

e Tull dimensional:

Continuity of normal tluxes of fluid and brine

Ky (Opy B K, ( Opm,
e L (2 = plegtan) = —plem) =2 (22— plen)sn
0 dcy 0 0Cm

Continuity of pressure and concentration

Pf = Pm, and cy=cpy

GABRIEL WITTUM e i
G-CSC AN
UNIVERSITY OF FRANKFURT : N




TRANSMISSION CONDITIONS

e Low dimensional

the auxiliary vector tields

Qa c= ppW Qo — p/']om and P, = Cala T+ Joz;

K,
qa = _—[vPoz — pa<ca)g]7 / IOPB - ppW
. I P =
with W PP
Ja = — ( Da) VCOé
PP+ ca

are continous across the fracture interfaces

Qy, = Q. and  Pp) =P

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




HENRY'S PROBLEM (2D)

flux = 0

flux = 0

hydrostatic pressure

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT




HENRY'S PROBLEM

e Parameters

Symbol Quantity Value Unit
Dy Diffusion coefficient 18.8571-107° m? s~
D,, = ¢, Dy | Diffusion coefficient in the medium 6.6-107° m? s~1
Dy = ¢y Dy | Diffusion coefficient in the fracture 13.2-107° m? s71]
g Gravity 9.81 [m s72]
K Permeability of the medium 1.019368 - 10~° [m?]
Ky Permeability of the fracture 1.019368 - 10~° [m?]
Om Porosity of the medium 0.35 -
o Porosity of the fracture 0.7 -
[ Viscosity 1073 kg m~! s71
Pw Density of water 1-103 (kg m™3]
Ps Density of brine 1.025 - 103 (kg m™?]
al, Transversal dispersivity length 0 [m]
al, Longitudinal dispersivity length 0 [m]

GABRIEL WITTUM

G-CSC

UNIVERSITY OF FRANKFURT
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HENRY-PROBLEM W. FRACTURE
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HENRY-PROBLEM W. FRACTURE
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HENRY-PROBLEM W. FRACTURE
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HENRY-PROBLEM W. FRACTURE
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HENRY-PROBLEM W. FRACTURE

¢ Low dimensional representation works fine
for thin fractures.

e fFor 1arger fractures (24 mm!) vortices may

exist in the fracture changing the flow
considerably

GABRIEL WITTUM
G-CSC
UNIVERSITY OF FRANKFURT
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In the Salado Formation

Richard L. Beauheim
Distinguished Member of Technical Staff
Sandia National Laboratories

US-German Workshop on Salt Repository
Research, Design, and Operation

Jackson, MS, USA
May 25, 2010

for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. National .
This research is funded by WIPP programs administered by the Office of Environmental Management (EM) Laboratories

of the U.S. Department of Energy SAND2010-3264A

Sandia is a multi program laboratory operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, @ Sandia

345



WIPP Stratigraphy
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Questions to be Addressed about Salado

* Brine inflow—how much brine might enter the repository after
itis closed?

« DRZ/EDZ—how extensive will the damaged zone around the
excavations be, and how will rock properties be altered?

» Gas threshold pressure—if gas is generated in the repository,
what pressure must it reach before it can flow into the rock?

* Fracture pressure—at what pressure will the repository host
rocks fracture, and will the fractures be horizontal or vertical?

* Brine chemistry—what is the chemistry of the brine(s) that
might enter the repository, and what can we infer about its
origin(s) and mobility?

 Transport—can radionuclides (in brine or gas) be transported
away from the repository in the Salado?

Sandia
National
Laboratories




Experimental Programs

* Permeability testing—addresses brine inflow,
DRZ, and transport

« Room Q—addresses brine inflow, DRZ, and
transport

e Simulated DHLW heater experiments—addresses
brine inflow to HLW boreholes

e Gas threshold pressure testing

e Coupled permeability testing and hydraulic
fracturing

e Brine chemistry—also addresses transport

Sandia
National
Laboratories




Underground Stratigraphy

Distance from Clay G (m)

o » Salado stratigraphy consists
£ Y ER e primarily of relatively pure halite,
3 i o o o O I argillaceous and/or polyhalitic halite,
and anhydrite beds underlain by clay

_ seams
o i ol i I e Individual beds can be traced over
T T sy Experimental ROOM 2z . .
_____ : __ the area of the repository in

iz excavations and/or core
e S s * No disruptions in bedding over a
TEs= @ FFE meter scale have been found
S s B « Identify geologic variability relevant
to hydraulic properties

» Determine representative hydraulic
properties for each important rock
s o o nn] L bpe e
“““““ Mhologic symools ghven in Figurs 1., Laboratories

Ma{) . .
Clays Units Salado Formation Lithology
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Development of Specialized Equipment for Low-K Testing

0.894
- 0.279

FLOOR T

7'
s  Guard zones to reduce pressure

e differential across packers
Ly o  Maximize tool volume to
I s S minimize fluid volume

» Radial LVDT’s to measure

aa borehole deformation

LVDT #R-11 9.296

s wotz - o  Axial LVDT to measure borehole

S
I [ .
w
£ elongation
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PORT
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LVDT #A-01 ———
1 10.06
NOTE: MEASUREMENTS IN METERS Sandia
FROM FLOOR BEFORE PACKER INFLATION. National

* ESTIMATED POSITION AFTER PACKER INFLATION. I_aboratones




Equipment Design to Maximize Measurement Sensitivity
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Test Locations

1379 m (4523 ft)
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Rooms L4 and 7 Testing
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Testing for Pressure-Dependent Permeability

*Perform constant-
pressure withdrawal
test followed by
constant-pressure
Injection tests at 3
successively higher
pressures

*Test showed that
permeability
iIncreased with test
pressure

Sandia
National
Laboratories




Permeability Testing Results

 Anhydrite permeability outside the DRZ ranges
from ~1020 to 1018 m?

 The permeability of pure halite outside the DRZ is
too small to measure (<1022 m?)
e Impure halite permeability is <102° m?

* Testing at different pressures (L4P52-B) showed
that permeability of anhydrite interbeds is
pressure-dependent

 DRZ for permeability seems to be ~2.5 m thick in
floor, more in roof

e Depressurization extends tens of meters from
rooms

Sandia
National
Laboratories




Room Q

e The Room Q experiment was designed to evaluate
brine inflow to the repository and geomechanical
effects on hydraulic properties

« Room Q was bored into an undisturbed area to the
west of existing WIPP excavations

e Room Q is a 109-m-long cylindrical excavation, 2.9
m in diameter

Sandia
National
Laboratories




Room Q Entryway
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Room Q Cross Section

MuU-8
MuU-7

[ " ]
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Monitoring Locations Around Room Q

» Before excavating Room Q,
15 boreholes were drilled to
terminate in a plane 22.9 m
along the length of the room

« 3 arrays of 5 boreholes
terminated ~2.4, 3.3, 4.5, 7.6,
and 13.6 m from the
centerline of the room,
vertically above and below
and horizontally north of the
room

 The ends of the boreholes
were isolated with packers to
allow pressure monitoring
and hydraulic testing

Sandia
National
Laboratories




Response 4.4 m from Room Q

* Permeability
and pressure
clear before
mining

* Pressure

reduced by
mining

Sandia
National
Laboratories




Summary of Room Q Observations

» After Room Q was finally sealed (>600 days after
mining), inflow averaged ~200 mL/day

* No clear evidence of permeability or pore
pressure in 6 of 12 halite intervals before mining
of Room Q); all showed such evidence after mining

e Pore pressure reductions were observed in all
boreholes except one

e Pore pressures were reduced by:
o Stress relief
e Flow to Room Q

e Pore connectivity (permeability) was increased in
boreholes closest to Room Q

Sandia
National
Laboratories




Salado Hydraulic Test Results--Permeability
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Salado Hydraulic Test Results--Pressure

Formation Pore Pressure (MPa)
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DHLW Experiments

* 470 and 1500 W heaters were placed in 0.8-m-
diameter vertical boreholes to simulate the heat
generation from defense high level waste

« 4.3 kg of brine were collected in 441 days from the
holes with 470 W heaters

« 36 to 38 kg of brine were collected in 600 days
from the holes with 1500 W heaters

* Fluid inclusions migrated toward the boreholes

Sandia
National
Laboratories




Coupled Permeability Tests and Hydraulic Fracturing

* Perform permeability tests before and after
hydraulic fracturing of anhydrite interbeds
* Objectives

 Determine pressure at which fracturing occurs, both
when stress field is disturbed and undisturbed

« Determine if pre-existing fractures open, or new
fractures form

 Determine if fractures stay confined to interbeds
 Determine whether or not stress field is isotropic

« Compare interbed permeabilities close (MB139) and
far (MB140) from excavations

« Determine how hydraulic fracturing affects

permeability Sandia
Laboratories



Permeability and Hydraulic Fracturing Results

« MB139 fractured at a pressure of ~19 MPa and
MB 140 fractured at a pressure of ~22 MPa—both
were affected by the nearby excavations

e Once initiated, fracture propagation pressures
were only 12-13 MPa

* Pre- and post-fracturing permeability tests showed:

 Flow was not radial because of asymmetric stress
field below Room C1

 Permeability and flow dimension increased as a
result of fracturing, and were more pressure-
dependent than before

Sandia
National
Laboratories




Gas Threshold Pressure

» Gas threshold pressure is the pressure at which gas first
enters a brine-saturated medium. It corresponds to the
point on a capillary pressure curve at full wetting-phase
saturation.

e Gas threshold pressure is the only two-phase property
that can be measured in the field

e Literature data show a correlation between permeability
and gas threshold pressure

 Based on this correlation and the observed permeability
range of WIPP anhydrite interbeds, gas threshold
pressures could be as high as 7 MPa. This raised the
possibility that hydraulic fracturing might occur before
gas could enter the interbeds.

Sandia
National
Laboratories




Gas Threshold Pressure Testing

e Start with a brine-saturated system at equilibrium
e Exchange gas for brine, maintaining pressure

e Allow pressure to stabilize

 Inject gas at a constant mass rate

 Threshold pressure is reached when the pressure
buildup deviates from the wellbore-storage line,
Indicating movement into the formation

* The test can also be repeated at a different
Injection rate to improve resolution of the threshold
pressure estimate

Sandia
National
Laboratories




Conclusions from Gas Threshold Pressure Testing

 Threshold pressure of MB139 is less than 1 MPa

» Gas will be able to enter anhydrite interbeds at
pressures well below the hydraulic fracturing
pressure

Sandia
National
Laboratories




Summary of Salado Hydrology Investigations

 Anhydrite beds are fractured and have more
permeability than other Salado lithologies

* Argillaceous halite may have some permeability
where undisturbed by excavation effects

e Pure halite appears to have no permeability
except within the DRZ

e Pore pressures are approximately lithostatic
where undisturbed by excavations

* Brine inflow to a closed, unheated repository will
be minor

 More brine inflow would occur to a repository
with heat-generating waste

Sandia
National
Laboratories



Summary of Salado Hydrology Investigations (2)

e Hydraulic fracturing increases anhydrite
permeability and makes it more pressure-
dependent

e Gas threshold pressure of anhydrite interbeds is
below the fracturing pressure

e Gas generated within the repository will be able to
dissipate through anhydrite interbeds without
fracturing the rock

 Differences in brine chemistry in nearby boreholes
show that Salado brine is not mobile—
radionuclides will not be transported away from the
repository

Sandia
National
Laboratories




Remaining Questions/Issues

» Factors affecting brine flow to heat sources are incompletely
understood

* How can we characterize the undisturbed saturation state in
anhydrite interbeds?

— Fully brine saturated?
— Partially gas saturated?
* How can we characterize the saturation state in the DRZ/EDZ?

« How do we quantify the relationship between repository
pressure and fracture dilation and permeability?

« How do we understand/predict gas/brine transport through
fractured anhydrite?

* In situ measurement of gas threshold pressure needs
refinement

Sandia
National
Laboratories
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ADVANCED CONCEPTSFOR GROUNDWATER FLOW
INDYNAMIC STRESSFIELDS

Sean McKenna, Joe Bishop, Mike Stone
Sandia National Laboratories
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igh strain rate fracturing
— Crack propagation
— Borehole failure (Coupled fluid-mechanics modeling)

— Cellular automata models of heterogeneous fault
zones

— Multi-physics modeling of HLW repositories
e Summary
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in direction)
— Lots of realizations to capture statistical behavior

e Particle methods (“meshless”)
— Assume a continuum exists at all times and locations
e Meshed based approaches (fractures form along
element boundaries)

— Maintains continuum within each subdomain as fractures
form

— Resulting fracture network is a function of mesh

4 )
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FOCKS (pervasive tracturing

— Discretize material with Voronoi polygons (mesh-
based approach)

— Propagate fractures along polygon edges

— Maintain cohesion between polygon faces until
normal stresses exceed cohesive forces

— Stress field still calculated in detached subdomains

Bishop, 2009, Simulating the pervasive fracture of materials and structures using
randomly close packed Voronoi tessellations, Journal of Computational Mechanics



Time = 0.00000
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Time = 0.000000
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20.001 m/s
T L
'L

20.0001 m/s

Crack patterns are qualitatively similar but distinctly different.
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— Downward stress added at top center of beam
— Beam is supported on both ends of the bottom

382



383

R2

R3

Variations in Voronoi
mesh within material
create variations in
resulting fracture
location

Results of three
realizations of the
mesh for the same
experiment
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Material surroundading norenoie rractures

— Initial models considered only mechanical forces
to create fracture propagation

— Recent work: Coupling of fluid migration and
pressures into the fracture propagation model
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— Solid mechanics calculations (Voronoi elements)
provides apertures to the fluid calculations

— Fluid calculations solves for pressure and flow rate
at the fracture network nodes — pressures are
returned to the mechanics calculation

e Fluid flow uses cubic-law equations with
plece-wise constant apertures

387



Bottom movie shows fracture
propagation with fluid coupling
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segquestration
* First Step:

— Pressure redistribution within a heterogeneous
fault zone experiencing compressive stress

— Examine impacts of heterogeneity pattern on
pressure redistribution events (size and timing)
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Miller and Nur, 2000, Permeability as a toggle switch in £uid-controlled crustal Processes, EPSL
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Time =500 yrs Time = 1000 yrs Time = 1500 yrs Time = 2000 yrs

Uncorrelated
Pressure (MPa)

controlling
episodic pressure

redistribution —
. . -c Q
within a 3 s
heterogeneous < 2
fault zone. 5 2
O a

Cellular automata model used to dynamically
redistribute pressure under uniform stress regime.
Pressure maps (top) comparing uncorrelated and
isotropically correlated rock compressibility at four
times. Magnitude distributions (right) of all pressure
redistribution events (clusters) up to 2500 years
comparing both models.
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eFramework for coupled multiphysics
ey simulation in a massively parallel
o environment

eScalability from 1 to thousands
of processors on a variety of
platforms

eLaunching point for fully
integrated THCM with
adaptive solution control

1 ENCORE
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Discretization Near the Storage Horizon

Extent of the Disturbed Rock Zone
Massively Parallel
Coupled THMC Analysis

*10,000 yr calculation
*Two-phase flow

*Non-linear material response
*Species transport

*HLW heat generation

Saturation Contours
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media for fracture propagation

— Coupling of fluid pressures into dynamic mechanics
models significantly impacts results (borehole failure)

— Spatial correlation of material properties added to CA
models of episodic pressure redistribution in
heterogeneous faults

— Fully coupled THMC simulation capability for HLW
repositories is under development

396
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THE NEXT GENERATION OF COMPUTING FOR WASTE
DISPOSAL AND REPOSITORY ANALYSES

Sean McKenna
Sandia National Laboratories

I ntroduction

Initsrole of providing technical leadership in programs such as Y ucca Mountain
and the Waste I solation Pilot Plant, Sandia has developed a robust methodol ogy for
performance assessment derived from critical parameter and process uncertainty.
Sustaining this technical leadership will require integration of higher fidelity multi-
physics models into the performance assessment approach that can further reduce
uncertainties and provide greater confidence in performance margins.

Recent advances in massively parallel computing research have yielded platforms
and codes capable of previously unfathomable levels of computational complexity and
scale. Single physics models containing tens of millions of variables are now run
routinely on machines throughout the DOE complex. However, in many engineering
applications, these advances have highlighted limitations in the fidelity of the physics
embodied in the underlying models. Predictive simulation of geologic repositoriesto
enable engineering decision making and system performance assessments would benefit
from orders of magnitude increasesin fidelity of the underlying multi-scale physics.
Tightly coupled Thermal-Hydrological-Mechanical-Chemica (THMC) simulation
capabilities spanning the vast time and length scales characteristic of geologic repository
applications are required to assess their long-term integrity.

Recent investmentsin the ASC SIERRA Mechanics code suite have supplied the
basic building blocks for realizing this multi-physics capability for repository systems
engineering. These pieces are being assembled under an existing Enabling Predictive
Simulation LDRD to demonstrate an adaptive framework for addressing the disparate
time and length scales associated with geomechanics problems such as storage and
resource extraction. While this effort represents a substantial commitment toward
supporting the geosciences community, it is important to note that it addresses only a
portion of the repository systems technology needs. Such a capability is needed to
provide the technical underpinnings of a performance assessment code designed to
predict behavior over geologic time and length scales.

SIERRA Mechanics
The development of the SIERRA M echanics code suite has been funded by the

DOE ASC program for over ten years. The goal is the devel opment of massively parallel
multi-physics capabilities to support the Sandia engineering sciences mission. SIERRA
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M echanics was designed and developed to run on the latest and most sophisticated
massively parallel computing hardware; spanning the hardware compute space from a
single workstation to compute systems with 1000’ s of processors. The foundation of
SIERRA Mechanicsisthe SIERRA toolkit which provides finite element application
code services such as: (1) mesh and field data management, both parallel and distributed,
(2) transfer operators for mapping field variables from one mechanics application to
another, (3) a solution controller for code coupling, and (4) included third party libraries
(e.g. solver libraries, MPI communications package, etc.).

The SIERRA Mechanics code suite is comprised of application codes that address
specific physics regimes. The two SIERRA Mechanics codes which are used in the
THMC coupling are Ariaand Adagio. The suite of physics currently supported by Aria
includes the incompressible Navier-Stokes equations, energy transport equation,

species transport equations, as well as generalized scalar, vector and tensor transport
eguations. The saturated porous flow capability is arecent addition to Ariaand
multiphase porous flow is under development. Aria also has some basic geochemistry
functionality available through existing chemistry packages such as Chemeq and Cantera.
The mechanics portion of the THMC coupling is handled by Adagio which solvesfor the
guasistatic, large deformation, large strain behavior of nonlinear solidsin three-
dimensions. Adagio has some discriminating technology that has been developed at
Sandiafor solving solid mechanics problems. This technology involves the use of matrix-
free iterative solution algorithms that allow extremely large and highly nonlinear
problems to be solved efficiently. This technology also lendsitself to effective and
scalable implementation on MP computers. The THMC coupling is done through a
solution controller within SIERRA Mechanics called Arpeggio.

Generic Salt Repository Demonstration Calculation

A scoping study has been recently completed [1] of a generic salt repository for
disposal of wastes generated by a conventional nuclear spent fuel recycling facility.
Disposal in salt was the original recommendation by the National Academy of Sciencein
1957 for permanent isolation of heat producing radioactive waste from the biosphere. The
scoping study proposed an efficient disposal strategy in which a series of panels are
constructed underground. Each panel consists of individual rooms each containing many
alcoves. The disposal strategy assumes placement of one waste package at the end of
each alcove to be covered by crushed salt backfill for radiation-shielding of personnel
accessing adjacent alcoves. The configuration is shown in Figure 1. The backfill
effectively insulates the waste package, locally increasing waste package and near field
repository temperatures. The thermal output for each of the vitrified borosilicate glass
waste canistersis 8,400 W with decay to approximately 30% original power output at 50
years.

A three-dimensional finite element model of a single storage alcove and haulage
way was developed utilizing planes of symmetry through the alcove and haulage way.
The thermal model (which contained 904736 nodes and 864927 €l ements) extended
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above and below the storage horizon much further than the geomechanics model (which
contained 294698 nodes and 279537 elements) due to the desire to correctly capture the
thermal diffusion away from the heat source. The two different domains and mesh
discretizations utilized the field transfer operators in the SIERRA toolkit to pass
interpolated nodal temperature and displacement data between Ariaand Adagio. The
coupling of the solutions, which were run on 96 processors, was accomplished using the
Arpeggio controller.
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Figure 1. Generic salt repository configuration modeled in current study

Some of the discriminating features of these thermal/mechanical analysesinclude
the use of thermal contact surfaces to model the effect of room closure on the thermal
conduction that occurs as the room surfaces deform and come into contact. The
mechanical effect of the large deformation is also captured through the use contact
surfaces in the mechanical calculation. In addition, the effect of thermal radiation
between heated surfaces within the alcove and haulage way is modeled using the
capability within Ariato recompute the radiation view factors as the surfaces deform. The
mechanical response of the salt is modeled using a power law secondary creep model
with an Arrhenius term to account for increases in creep strain rate due to temperature.
The compaction behavior of the crushed salt backfill is modeled with a nonlinear
pressure vs. volume strain relationship. The thermal properties of the crushed salt backfill
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were those corresponding to uncompacted salt. This assumption produces higher waste
and salt temperatures than would be cal culated assuming the crushed salt to have intact
salt thermal properties.

A deformed mesh plot with contours of temperature is shown in Figure 2 at 27
years after waste emplacement. The haulage way and alcove are almost completely
closed by 27 years. The need for the large deformation, large strain mechanics
formulation is clearly shown by the magnitude of the deformation. The maximum
temperature in the waste canister is 622 C which occurs at 2.27 years. The maximum
temperature at the canister/salt interface is 408 C occurring at 4.0 years. Figure 3 shows a
color fringe plot of porosity in the crushed salt backfill at atime of 27 years. The crush
salt backfill develops a non-uniform porosity with most of the compaction occurring near
the roof of the alcove. This variation of compaction of the backfill from higher at the roof
to lower near the floor isin qualitative agreement with measurements of porosity in the
backfill made in the Bambus 11 project [2]. The minimum porosity is 0.124 which is
substantially reduced from the initial emplaced value of 0.42.

Figure 2. Colored fringe plot of temperature in the deformed
salt repository at 27 years.
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Figure 3. Color fringe plot of porosity in the crushed salt
backfill at 27 years. Initial porosity was 0.42.

Gap Assessment for High Fidelity Multi-Physics Geologic M odeling

The ASC investment in platform and code technology through SIERRA
Mechanics offers an excellent starting point toward revolutionizing the computational
modeling of geologic repositories. In order to capitalize on this opportunity, new
capabilities must be developed in the core areas of constitutive modeling for geologic
materials, probabilistic methods incorporating inherent heterogeneity, and robust
techniques for coupling and solving models of inseparable physical phenomena.

Constitutive Models

The current suite of constitutive models needs to be updated to incorporate new
models and capabilities as aresult of the multiphysics coupling. In addition, there will be
aneed to develop new models as the codes are applied to new classes of subsurface
problems, different materials, and higher temperatures and pressures than were originally
envisioned. The inclusion of damage and failure of the rock will become very important
aswe look at coupling flow in the subsurface.

Pressure and temperature conditions in subsurface repository environments
combined with higher salinity pore fluids, corrosive gases, and potential biological
activity regquire complex treatments for predictions of rock, waste, fluid and chemical
interaction. Thereisaclear need for a quantitative “partial equilibrium” approach for
predictions that couple the appropriate kinetic and transport descriptions to enable afull
description of geochemical-biological activity across relevant length and time scales.
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Probabilistic Modeling Techniques

Geologic materials are inherently heterogeneous and highly spatially variable.
Faults and fracture are examples of geologic features that can have a profound effect on
the motion of fluids and the mechanics of the region. The true spatial distribution of
transport properties, for example, can not be uniquely determined with the sparse
information taken from a few well logs. Geostatistical representation of properties,
conditioned on available data, is one approach that should be developed as a seamless
piece of the Sierratoolkit available to the user.

Likewise, methods and techniques are necessary for quantifying the uncertainty in
flow responses due to uncertainty in geologic formation properties. Conventiona
approaches involving Monte Carlo sampling of numerous realizations of rock attributes
and subsequent flow modeling using these realizations is computationally expensive.
Another approach researched at SNL isthe reformulation of flow equationsin the form of
stochastic partial different equations (PDES). Continued development of these tools to
address uncertainty, both local and spatially correlated, should be harnessed as an integral
part of aleading edge simulation tool.

M ulti-Physics Coupling Techniques

Geosystem simulation requires accurate models of alarge array of coupled,
subsurface processes acting on many scales. Efficient and robust coupling algorithms are
essential to enabling the new multiphysics capability envisioned for advanced repository
engineering. We have several promising approaches that need to be investigated.

A key ingredient in our approachesis to couple modules for multiphase heat and
mass flow, mechanics, and chemistry. Successful coupling of flow and geochemistry over
length scales from pore-scale (microns in geochemistry) to regional scale (kmin
mechanics) remains a problem-dependent art in the few models that have attempted this
problem. The ability to use different grids, each suitable for its particular physics module
(flow, geochemistry, or mechanics), facilitates numerically resolving phenomena
particular to that set of physics. The grid transfer technology in SIERRA needs to be
extended to allow transfer between partially overlapping grids composed of
heterogeneous el ement types.

Thereis also aneed to devel op sub-time integration, enabling time resolution of
phenomena with disparate time scales. Thiswould allow user-defined nonlinear solution
control of segregated methods, including the option of afully coupled solution. This
enables unfettered exploration of segregation schemes initially for choosing efficient
strategies for different kinds of multiphysics problems. It is also necessary to provide
fully and partially coupled Newton schemes applicable to the full system or a segregated
subset.
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Generic Salt Repository Analysis

Showcasing SIERRA Mechanics

The Next Generation of Computing for
Waste Disposal and Repository Analyses

Sandia National Laboratories
September, 2009
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for the United States Department of Energy’s National Nuclear Security Administration
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SIERRA Mechanics represents enabling
capability for repository simulation

Current SOA integrates single physics codes to achieve
coarse spatial and time scale simulation...

SIERRA leverages 10 years of
ASC development providing:

» Framework for coupled multiphysics
simulation in a massively parallel
environment

 Scalability from 1 to thousands of
processors on a variety of platforms

 Launching point for fully integrated
THCM with adaptive solution
control
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Sample Demonstration: Coupled Thermal-
Mechanical Simulation of Generic Salt Repository

Sample Geometry:

study

« Vitrified borosilicate glass high level waste
canister with output 8.4 kW

TR TR T T

Technical challenges:

» Configuration based on a 2008 Savannah Rive : : ?&'

* High Thermal Gradients />

_ 7
« Temperature dependent material S

properties

_ Alcove Detail
» Large Deformation Salt Creep

behavior

« Contact modeling with heat
conduction and load transfer

e Long duration simulation to room
closure
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Sierra Mechanics Simulation of Alcove Closure

» Three-dimensional fully coupled thermal/mechanical
analysis

» Massively Parallel Calculation - 96 processors

 Dissimilar meshes and domains for thermal and
structural mechanics

» Contact surfaces used for both thermal and structural
problems

Salt

LCrushed salt backfill

Thermal Analysis Features:
» 904736 nodes / 864927 elements

 Contact surfaces used to accommodate heat
conduction between contacting surfaces (alcove

Structural Analysis Features:

 Quasistatic analysis with 294698 nodes / 279537
elements

 Large deformation, large strain formulation

» Nonlinear power law secondary creep model for salt

and haulage way) * Volumetric compaction model for the crushed salt
« Re-computation of radiation view factors for « Contact surfaces defined to allow arbitrary roof, rib,
deforming heated room surfaces and floor contact

» Temperature dependent material properties
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Analysis Results

Maximum salt temperature 407 C (canister/salt interface)
*Haulage way floor/ceiling contact at 21 years

*Closure modes are different for haulage way and alcove

*Full closure predicted by 27 years

*Minimum crushed salt porosity at 27 years 12.4% (original 42%)

Repository Temperature Contours Crushed Salt Backfill Porosity Contours
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THCM development needs

Constitutive Models
« Geomaterial constitutive models for multiphysics coupling

» Coupled kinetic and transport descriptions for geochemical-
biological activity across relevant length and time scales

« Computational and experimental investigation of repository
phenomena

Multi-Physics Coupling Techniques

* Efficient and robust coupling algorithms for subsurface
processes across many scales

» Grid transfer technology to allow different physics to use
appropriate grids composed of heterogeneous element types

* Integration techniques for disparate time scales

Probabilistic Modeling Techniques

sGeostatistical representation of properties conditioned on
available data within SIERRA framework

«Continue to research and develop methods for quantifying
uncertainty in flow responses due to uncertainty in geologic
properties

410
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RESEARCH ON GEOCHEMICAL ASPECTSOF NUCLEAR WASTE DISPOSAL

Horst Geckeis
Institut fir Nukleare Entsorgung, Karlsruher Institut fur Technologie, Postfach 3640,
76021 Karlsruhe, (E-mail: geckeis@ine.fzk.de)

Introduction

The investigation of chemical and geochemical aspects of nuclear waste disposal must be
discussed for the performance assessment within the ,safety case’ for any geological nuclear
waste disposal project. The importance of ‘chemical scenarios', where radionuclide release
and retention in repository barriers via aguatic pathways are taken into account, depends on
the respective disposal concept and the relevance of water intrusion scenarios. Nuclear waste
disposal in rock salt is considered to offer specific advantages. High heat conductivity offers
the possibility to construct a compact repository for heat producing waste. High plasticity
minimizes the probability of water access to emplacement caverns through factures due to the
pronounced self healing capabilities of rock salt. In general, one can deduce that probability
of water access to the waste for the ,expected evolution® of a repository in rock salt
formations is low. The challenge of furnishing scientific proof of a nuclear waste repository
safety isthe long time scales of hundred thousands of years which have to be considered. This
requires the examination of even less likely scenarios, which tentatively could lead to
radionuclide release by limited water access through residual permeabilities in backfill
material, or plugs and sealings or from fluid inclusions present in the host rock. Furthermore,
pathways for water access can be created by human intrusion after closure of the repository.

Chemical aspects of the safety case for nuclear waste disposal

Radionuclide release from a repository and the potential radiation dose for the population can
be estimated for each considered scenario by applying an appropriate transport model.
Chemical and geochemical data represent important input parameters. The implementation of
site independent and site specific chemical data and parameters into performance assessment
considerations is schematically shown in the figure below. A multitude of chemical and
geochemical reactions can lead to both radionuclide mobilization and retention in a repository
system. After corrosion of waste container walls corrosion of the waste form starts. Corrosion
and radionuclide release rates are then quantified as , source term’. Underlying reactions are,
however, very complex. Radionuclide dissolution in the repository near field is controlled by
radiolysis, coupled redox reactions and secondary phase formation. Notably the long-lived
radiotoxic transuranium elements, Pu, Am, Np undergo retention through precipitation of
secondary solid phases. Reduction of redox sensitive long-lived radionuclides such as U, Pu,
Np, Se and Tc are currently intensely investigated [1]. Container corrosion and the
concomitant evolution of hydrogen overpressure creates low redox potentials and thus in
general low solubilities for those radionuclides and low spent fuel corrosion rates.
Understanding of redox reactions has very much improved during the last years (e.g. [2]) and
respective reliable thermodynamic data on solubilities and complexation reactions with
groundwater ligands become increasingly available (e.g. [3]).
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Siteindependentdata Site specific data HostRock
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Chemical and geochemical aspects in performance assessment [4].

Radionuclide retention has been long time almost exclusively considered as surface sorption
phenomenon represented by a solid-liquid distribution factor Kd. This view has turned out to
be much too simple. Detailed chemical, spectroscopic and modeling studies have
demonstrated that various mechanisms are responsible for sorption reactions, which vary
depending on the given geochemica milieu. Advanced mechanistic sorption model
approaches allow for some systems, e.g. radionuclide sorption in clay rock [5], prediction of
so caled ‘smart Kd-values as a function of different ground- and porewater chemistries.
Furthermore, it has turned out that mineralization reactions such as formation of solid-
solutions become active retention mechanisms in various repository barriers (e.g. radionuclide
interaction with cementitious phases and calcite as a major constituent of sedimentary rock).
In many cases thermodynamic data for such phases are not yet available and their derivation
is presently subject of international research projects (e.g. [6]). Structural incorporation into
mineral phasesis believed to play a major role as a chemical barrier in the near- and far field
of a nuclear waste repository. Mobilization of notably the polyvalent actinide ions by colloid
formation has also been a focus of recent investigations and still represents a matter of
discussion. Obviously polymeric and colloidal species have to be considered as relevant
species in solubility studies [7]. They increase the maximum actinide concentration in
solution under given chemical conditions. However, stability of colloidal species and their
mobility rendering them as possible transport vectors for radionuclides appear to be low under
highly saline conditions[8].

Conclusions

Reliable data being appropriate to allow predictions on radionuclide behaviour over long time
scales cannot be obtained by simple extrapolation of phenomenological data. A fundamental
molecular understanding of processes can be achieved by appling state-of-the-art
spectroscopic and theoretical tools and methods. Data have to be in addition validated in up
scaling field experiments and if possible by natural analogue investigations. Recent research
activities have in genera revealed various additional chemical barrier functions in a
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repository system, which can efficiently hold back radionuclides even if water accesses the
waste. Radionuclide interaction with corroding container material, plug and seal constituents,
and retention by mineralization reactions are currently investigated and have to be quantified
In ongoing research activities.
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Chemistry/geochemical aspects in nuclear waste disposal

- are to be discussed in the ,safety case’ of any geological nuclear waste
disposal project!

- become relevant, if water comes into the game!

- Water intrusion scenario for the ,expected evolution® of a repository have
different relevance depending on the disposal concept

(clay rock~granite >rock salt)
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Components of the ,Safety Case'

Chemical and geochemical aspects e s e
ite independent data Site specific data Host Rock
-Thermodynamic data -Geomechanics -Rock salt
-Sorption Data -Rock mechanics 4= -Clay rock

-RN speciation -Gag=Ryekalllics -Granite

Processes Near field barriers Far field barriers
-Dissolution/Precipitation -Waste matrix -Host rock
-Solid/liquid interface reactions -Container -Matrix
-Redox reactions -Buffer -EDZ
-Complexation -Backfill -Fractures

-Radiolysis -Plugs -Over-/underlying rock

-Gas formation

-Colloid formation
-Microbiology l

Processmodelling/
Transport modelling

v

Performance assessment
Safety Case (GRS, FZD, FZJ, KIT, 2008)

20.06.2010 Horst Geckeis, Jackson, Mai, 2010 Institute for Nuclear Waste Disposal

417



Chemical and geochemical aspects

Karlsruhe Institute of Technology

Dissolution and solubility constraints

Redox reactions: determining geochemical behaviour of actinides and fission
products

Colloids: enhancing radionuclide solubility and mobility?

Radionuclide retention in repository barriers

Geochemical research needs and benefits
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Geochemistry Research in Nuclear Waste Disposal

Karlsruhe Institute of Technology
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ot Ox2 dispersion §
0
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D, = Diffusion
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Dissolution and solubility constraints

ih I I Karlsruhea Institute of Technol
- Solubility of actinides (20 years ago) - e st of Tl
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(From CEC Report EUR 12237 en (1989): CHEMVAL Project Stage 1: Verification of speciation models)
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Dissolution and solubility constraints

- Solubility of Actinides (today) - ks st of oty
- 1=0.1 M (NaCl); 25°C - Oxidising Conditions
) — ~ 5.5 GBg/L Pu-239 (Radiolysis, Oxygen)
3 \Nanw)
= -4
o I
E 5
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S -7
-8
-9
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-11
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log Tt (Fe-corrosion,
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Neck, Fanghanel et al. FZK-INE 001/01

20.06.2010 Horst Geckeis, Jackson, Mai, 2010 Institute for Nuclear Waste Disposal
421



Dissolution and solubility constraints

Karlsruhe Institute of Technology

PITZER parameters for An(lll) species in the system An(lll)-Na-Mg-Ca-Cl-H,0 (from [97KON/FAN], [98NEC/FAN]and
presentwork) are based on auxiliary data and parameters for other ions from Harvie, Moller and Weare [84HAR/MOL].

Binary parameters Ternary parameters
i k BOy  BD, Co j 0, Viik
An3* Cl- 0.5856 5.60 -0.016 Na* 0.10 0
Ca2*(Mg2*) 0.20 0
AnCI? Cl- 0.593 3.15 -0.006 Na* 0 0
Ca2* (Mg?*) -0014 0
AnCl,* Cl- 0.516 1.75 0.010 Na* 0 0
Ca?*(Mg?") -0.196 0
AnOH?* Cl- 0.055 181 0 Na* 0 0
Ca?*(Mg?") 0 0.04 p.W.
An(OH),* Cl- (-0.414) O 0 Na* 0 0
-0.13 CaZ* (Mg?*) 0.29 0.07 p.W.
An(OH), K*(Na*) 0.00 0 0 cl 0 0 p.W.
Ca?*(Mg?) 0 0 0 Cl- 0 0 p.w.*
CaJAn(OH)3J%* Cl 0.21 1.6 0 Caz* 0 0 p.w.
Caz[An(OH)4** CI- 0.70 4.3 0 Caz* 0 0 p.w.
Cas[An(OH)®* CI- 0.37 4.3 0 Ca?t 0 0 p.W.
A
An(OH)s(aq) Cl (-02) O p.w.
Na* (-0.2) -0.17 p.w.
Ca?* (Mg?) 0* p.w. *

* Strong interaction with Ca2* must be expressed in terms of ternary Ca-An(lll)-OH complex formation

20.06.2010 Horst Geckeis, Jackson, Mai, 2010 Institute for Nuclear Waste Disposal
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Chemical and geochemical aspects

Karlsruhe Institute of Technology

Dissolution and solubility constraints

Redox reactions: determining geochemical behaviour of actinides and fission
products

Colloids: enhancing radionuclide solubility and mobility?

Radionuclide retention in repository barriers

Geochemical research needs and benefits
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Redox reactions of radionuclides
- Redox chemistry of Plutonium - Carrah nsats of ey

Wet chemistry experiments
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Redox reactions of radionuclides

Wet chemistry e
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Redox reactions of radionuclides

- Redox chemistry of Plutonium - Carrah nsats of ey

ruling parameter: 0
Eh (pe) value 29

()

ﬁu(OH)?’(S) - th
instable | |

(D

e e
//’ A A

Significant improvement in understanding and quantification

of Pu-redox chemistry
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Chemical and geochemical aspects

Karlsruhe Institute of Technology

Dissolution and solubility constraints

Redox reactions: determining geochemical behaviour of actinides and fission
products

Colloids: enhancing radionuclide solubility and mobility?

Radionuclide retention in repository barriers

Geochemical research needs and benefits
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Colloids: enhancing radionuclide solubility and mobility?

Leaching of powdered spent-fuel f
[UO,; burn-up: 50 MWd/kg U; y-dose rate: ~ 10 Mrad/h;

20.06.2010
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Colloids: enhancing radionuclide solubility and mobility?

Karlsruhe Institute of Technology

- Field studies -

10000 L

(W.Hauser et al., 2002)
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Colloids: enhancing radionuclide solubility and mobility?

- Laboratory studies - N agglom.

o= ——— ! “sticking factor”

Febex CaCl _-system 5 _
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(Schéafer, Noseck et al. KOLLORADO, 2010)
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Colloids: enhancing radionuclide solubility and mobility?

Thorium(IV) in 0.5 M NaCl (25 °C)

[ [ [ [ [ ' [ ' [ [ ' [

Th* — Th(OH),*" - Thin(OH)y*™"(ag) -> ... Thim(OH),*(coll)

S g
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« Studies on Th(IV) solubility and speciation show evidence of colloidal or polymeric species

[Neck et al., RCA, 90 (2002) 485]
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Chemical and geochemical aspects

Karlsruhe Institute of Technology

Dissolution and solubility constraints

Redox reactions: determining geochemical behaviour of actinides and fission
products

Colloids: enhancing radionuclide solubility and mobility?

Radionuclide retention in repository barriers

Geochemical research needs and benefits
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

Simplified scheme of chemical processes in the repository near-field

Groundwater components
Ca?*, Na*, Mg?*, K*, Al3*
H,SiO,, CO,2, HPO,2, SO,%, CI, F-

OoCI’ :
H,0, [
‘OH I
Dissolution of >
the waste form ? K
Nuclear Co- @

Waste form Precipitates |

Redoxfront

Pu, Am, Sr, Cs... D
Fission/act. products/ |
actinides |
U(OH),
Pu(OH),
} Np(OH)4
[

precipitates Tc(OH),

Oxidizing
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Colloid formatlonK

Co-precipitates

Corrosion-

products

(acc. to Grambow
et al. 2000)
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

e Radionuclide release from spent nuclear fuel

10 mm

< > Influence of corroding Fe
Fuel pellet Spent Fuel Pellet K 9 + F der; 5.5 M NaCl bri
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TR 1 L 1
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Fraction of inventory B. GRAMBOW, A. LOIDA et al., Scientific Reports FZKA 6420 (2000)
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

e Effect of Br- on Sr release rate in presence of H,

Study in presence o
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

Effect of container corrosion on redox in the near field
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Radionuclide retention in repository barriers

Corroding Fe-container as chemical barrier e it of ety
- Formation of Green Rust: [Fe(ll),Fe(lll),(OH),,].[CO4/SO,/OH - X H,0] -

Fully oxidized
GRyasosa SUSPENSiONS

Partly oxidized Riee.
supernatant solutions

Np(V/IV) redox borderline

NpO,(coll, hyd) acc. to Neck, Altmaier

Samplesin contactO

-15 k ﬁ
‘ 25“0‘
=20 1 | | 1 | 1

0 2 4 6 8 10 12 14 .y
pH B. Christiansen et al. (2010)

D. Bach et al. (2010)
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Radionuclide retention in repository barriers

Corroding Fe-container as chemical barrier Kot et of gy
- Formation of Green Rust: [Fe(Il),Fe(lll),(OH),,].[CO4/SO,/OH - X H,O] -
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Radionuclide retention in repository barriers

Retention of An(lIl) in cement/brine solution systems Kariu Istuts of echnalogy
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Radionuclide retention in repository barriers

)

Retention of An(lll) in cement/brine solution systems
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

Retention of An(lll) in cement/brine solution systems

LEOs pH, ~9->11
: 7-Ca-4m ® umm Mg-Ca-Na-Cl-solution /
1.E-05 ¢ P CacCl, rich brine in
: ® m equilibrium with
+, 1.E-06 F = |Z-Ca-3m | brucite, gypsum, hydrotalcite
E . ooomm (...
~1.E-07
g A pH., ~ 8.5
) ' A a MgCl, rich solution in
: a * [imwgon] | eauilibrium with
[ f Mg-oxychloride, gypsum
A
1.E-09 (...)
: A
1.E-10 O W

1.E-12 1.E-11 1.E-10 1.E-09 1.E-08 1.E-07
C(aqg) / mol L

(Latzenkirchen et al., 9th Int'l Conf. Radioactive Waste
Management and Environmental Remediation, 4621,pp. 1-7)
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

spectroscopy —theory — batch experiments — sorption modelling 2 P.A
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Radionuclide retention in repository barriers

Karlsruhe Institute of Technology

Retention of An(lll) in cement/brine solution systems

LEOs pH, ~9->11
: 7-Ca-4m ® umm Mg-Ca-Na-Cl-solution /
1.E-05 ¢ P CacCl, rich brine in
: ® m equilibrium with
+, 1.E-06 F = |Z-Ca-3m | brucite, gypsum, hydrotalcite
E . ooomm (...
~1.E-07
g A pH., ~ 8.5
) ' A a MgCl, rich solution in
: a * [imwgon] | eauilibrium with
[ f Mg-oxychloride, gypsum
A
1.E-09 (...)
: A
1.E-10 O W

1.E-12 1.E-11 1.E-10 1.E-09 1.E-08 1.E-07
C(aqg) / mol L

(Latzenkirchen et al., 9th Int'l Conf. Radioactive Waste
Management and Environmental Remediation, 4621,pp. 1-7)
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Research benefits and needs

Karlsruhe Institute of Technology

- Knowledge on geochemical processes in nuclear waste disposal has
significantly evolved.

- Thermodynamic data for many relevant radionuclides available
(also for high ionic strength conditions)

- Significant progress in understanding surface sorption processes
(molecular understanding of processes and sorption data availability)

- Chemical/geochemical research has proven that retention mechanisms
other than solubility and surface sorption are active in repository systems
(e.g. redox, solid solution formation).

20.06.2010 Horst Geckeis, Jackson,Mai, 2010 Institute for Nuclear Waste Disposal
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Research benefits and needs

Karlsruhe Institute of Technology

- Filling gaps in thermodynamic data (e.g. complexation with borate
see Borkowski, Reed, 2009)

-,Mobile' fission and activation products: 29I, 14C, 3°Cl, "°Se, %°Tc
- Impact of microbial activities ?

- How to treat high temperatures ?
(only for the case of the unlikely case of early container failure)

- Mechanistic description of sorption in highly saline solutions
- Quantification of solid solution formation

- Improving tools for coupled reactive transport modelling

20.06.2010 Horst Geckeis, Jackson, Mai, 2010 Institute for Nuclear Waste Disposal
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AN ENGINEERING APPROACH FOR A SAFETY CONCEPT FOR THE
DISPOSAL OF HLW IN SALT

N. Muller-Hoeppe
DBE TECHNOLOGY GmbH, Eschenstrale 55, D-31224 Peine, Germany

INTRODUCTION

When closing a final repository in rock salt, geotechnical barriers are installed to supplement the tight
geological barrier in order to seal the access routes into the repository mine. These geotechnical barri-
ers — shaft and drift seals — play a significant role in long-term repository safety. Shaft and drift seals
are considered to be geotechnical structures. Therefore, they have to be designed in accordance with
the technical guidelines in force. Technical guidelines usually describe the state of the art in technolo-
gy and may be looked at as the minimum requirements in the case of an HLW repository. Additional
requirements may go beyond the scope of technical standards as an HLW final repository is consid-
ered to be a structure with a high hazard potential. As a common European Standard (Eurocodes) in
civil engineering has been implemented recently, it must be taken into account when designing the
shaft and drift seals of a final repository in rock salt. The results of this engineering approach for a
safety concept are discussed in this paper.

OVERVIEW OF EUROPEAN STANDARDS (STRUCTURAL EUROCODES)

In May 2010, the European Standard (EN) in civil engineering (Structural Eurocodes) replaced na-
tional guidelines in the member states of the European Union as well as in Iceland, Norway, and
Switzerland. Due to this, EN plays a significant role in the licensing of construction works even of an
HLW repository. The Structural Eurocodes presently comprise the following standards:

EN 1990 Eurocode: Basis of structural design

EN 1991 Eurocode 1:  Actions on structures

EN 1992 Eurocode 2:  Design of concrete structures

EN 1993 Eurocode 3:  Design of steel structures

EN 1994 Eurocode 4:  Design of composite steel and concrete structures
EN 1995 Eurocode 5:  Design of timber structures

EN 1996 Eurocode 6:  Design of masonry structures

EN 1997 Eurocode 7:  Geotechnical design

EN 1998 Eurocode 8:  Design of structures for earthquake resistance
EN 1999 Eurocode 9:  Design of aluminium structures

In the context of an HLW repository in a deep geological formation, EN 1990 /1/ and EN 1997 are of
special interest. EN 1990 establishes principles and requirements for the safety, serviceability, and
durability of structures, describes the basis for their design and verification and gives guidelines for
related aspects of structural reliability. It is intended to be used in conjunction with EN 1991 to EN
1999 for the structural design of buildings and civil engineering works including geotechnical aspects,
structural fire design, situations involving earthquakes, execution, and temporary structures. A fun-
damental advantage

of EN 1990 is its applicability for the design of structures where other materials or other actions out-
side the scope of EN 1991 to EN 1999 are involved. Some basic requirements of EN 1990 are listed
below:
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A structure shall be designed to have adequate structural resistance, serviceability, and durability
during its intended working life and — with an appropriate degree of reliability — sustain all actions
and influences likely to occur and remain fit for the use for which it is required. Considering national
German guidelines as well, tightness and hydraulic resistivity are also required when designing struc-
tures which are installed to serve as a barrier. In the context of EN, the term reliability is related to the
probability of failure whereas different levels of reliability are required in case a safety function or a
serviceability function fails. Quantitatively, the probability to loose a safety function is required to be
below

10™*/working life and 10°%/a. The failure probability related to the loss of a serviceability function,
however, begins at 10™/working life and 10°%/a depending on the expected amount of economical loss.

The degree of reliability required for safety functions is related to the individual residual risk Rl < 10°
®/a that is quantitatively defined in some countries (e.g. Sweden and the United Kingdom) and implies
qualitatively that the individual risk to be killed by failure of a structure (loss of a safety function) is
small compared to the common individual risk of death.

In general, the reliability methods described in EN rely on a risk-based approach using
(semi)probabilistic methods to prove safety and serviceability functions. When designing structures in
practice, the partial factor method is applied which leads to procedures that are very similar to those
of the former deterministic approach (providing continuity to successive versions of standards). With-
in the scope of EN 1990, adequate reliability required for structures is achieved by design based on
reliable data, by suitable execution, and by quality management measures.

APPLICATION OF RELIABILITY METHODS TO THE DESIGN GEOTECHNICAL
BARRIERS OF AN HLW REPOSITORY

When designing a geotechnical barrier (e.g. a shaft seal) in agreement with EN and the level of
reliability defined therein, the probability that the geotechnical barrier does not fulfil its safety
function is below 10"/ working life. Thus, a system of two independent geotechnical barriers installed
in series (e.g. shaft and drift seal) shows a failure probability p; of < 10°®/working lives. Applying the
EN approach to geotechnical barriers installed in series forms a sound basis for scenario classification
of an HLW repository in rock salt. Assuming a tight geological barrier, two effective geotechnical
barriers describe the undisturbed repository evolution, one effective geotechnical barrier is related to
disturbed repository evolution and zero effective geotechnical barriers is excluded because of low
probability.

METHODS TO PROVE STRUCTURAL RELIABILITY OF AN INDIVIDUAL
BARRIER

When designing a structure in civil engineering, structural safety and reliability is usually demonstrated
by calculation. This approach is applied if generally accepted design criteria, verified modelling tools,
validated models, and a method to manage uncertainties are available. Alternatively, the design-assisted-
by-testing method may be used, e.g. if modelling tools or validated models are not available. In some
cases, design may be based on a combination of tests and calculations /2/.

The latter procedure was applied to all examples of geotechnical barriers constructed so far. In the case of
the ERAM drift seals, for instance, structural resistivity was demonstrated by calculation and flow
resistance was
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demonstrated based on principle by testing a comparable structure — the so-called Asse seal — which is
also made of salt concrete /3/. The Asse flow barriers are made of magnesium oxychloride concrete.
Again, structural resistivity was demonstrated by calculation and flow resistance by a combination of
calculation and testing (prototype testing and geotechnical measurements in situ) /4//5/. In the case of the
Salzdetfurth Shaft Il Seal, structural resistivity was demonstrated by testing as well as by using flow
resistance. The validation of the models was a by-product /6/.

Looking in more detail at the demonstration of the integrity of a geotechnical barrier, it has to be stated
first that a shaft or drift seal in rock salt consists of three hydraulically effective elements that act in
parallel and may have different hydraulic properties, i.e. the sealing body, the interface between the
sealing body and the EDZ, and the EDZ itself. Regarding structural resistivity, several elements have
different safety functions but act together as a unit, e.g. abutment (limiting deformations) and a separate
sealing element (limiting flow rate). Adequate safety function has to be demonstrated for every individual
component. To illustrate this issue, the individual assessments necessary to demonstrated adequate safety
functions of the shaft seal elements, including gravel abutments and a bentonite sealing element in the
center, (Fig. 1) are shown in Fig. 2. The design requirements (design criteria) of the shaft seal
(Salzdetfurth Shaft Il Seal) are listed below:

+ Hydraulic conductivity (average): ki< 5-10" m/s

+ Swelling Pressure (NaCl brine): P > 1 MPa
+ Long-term durability

Figure 1: Schematic test arrangement of the experimental shaft in-situ experiment
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Radionuclide transport ,long-term SA*

I Requirements met

Requirements . . . .
Demonstration of safety function — geotechnical barrier

I I

Demonstration of adequate
flow resistance

I T R R .

Demonstration of adequate structural resistivity

Flow Flow Flow Mechanical Limited Limited Erosion Durability /
resistance resistance resistance stabilty , ,  crack deformation resistance long-term
sealing interface EDZ evolution stability

body

~. | I |

Combination of actions

l l

Actions — Actions —
Chemical I Mechanical per5|st_em! accu_ienpal /
: : . transient seismic
actions actions actions . :
design design
situations situations

Figure 2: Components of the assessment to demonstrate adequate safety function of the shaft seals

Exemplarily, an assessment for the bentonite sealing body to demonstrate its safety function is de-
scribed below. Hydraulic conductivity and permeability depends significantly on the dry density of
the bentonite achieved when installing the sealing element. Using a mixture of bentonite powder and
pellets, a dry density of 1.60 — 1.75 t/m3 is obtained during the construction process and verified by
guality control measures. When calculating the hydraulic conductivity in accordance with EN 1990
using experimental laboratory data, ki = 3.7 - 10™ m/s is proven when using the 5% fractile for the
characteristic value X, and k; = 1.3 - 10™*® m/s when using the 95% level of confidence for X,. Calcu-
lating the design value directly yields k¢ = 1.5 - 10™ m/s (ps < 0.1%), see annex D in /1//7/. All these
values meet the design criterion of k; < 5 - 10™ m/s.

The experimental shaft in situ experiment showed an average hydraulic conductivity of k; = 4.4 -10™"*
m/s. The swelling pressure pq Wwas measured in the range of 1 — 1.2 MPa and long-term durability was
shown by the natural analogue of salt clay. Comparison of calculation results and findings from the
dismantled seal showed good agreement of the saturation front in the bentonite sealing body. Close to
the interface to the host rock, however, it looks like saturation originates from the interface or the
EDZ. This effect might be a result of an increased hydraulic conductivity of the EDZ /6//7/.

Nevertheless, it can be concluded that in the case of the Salzdetfurth Shaft Il Seal, the demonstration
of structural reliability is at an advanced state, however, due to the design-assisted-by-testing method,
the validity is limited due to the initial, boundary, and load conditions of testing. The main uncertainty
at present is assessing the state of the EDZ because the healing process of the EDZ is uncertain and
high pore pressure may increase permeability (again). Thus, meeting the fluid pressure criterion psyig

< Prot IN
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the EDZ is important because pauig = Pt May initiate the widening of grain boundaries /8/ as well as
cracks and micro-fissures. In addition, the need for a partial safety factor Ap is still an open question.

CONCLUDING REMARKS

If the geological barrier is tight and the safety function of two independent seals installed in series is
successfully demonstrated in accordance with the EN, scenario classification becomes simple and
transparent. Furthermore, when comparing safety case and EN procedures it becomes evident that they
are very similar (Tab. 3). The demonstration of adequate safety function of a geotechnical barrier is more
or less an inner loop of the safety case for an HLW-repository.

Table 3: Comparison of safety case and EN procedures

FEP, system concept Identification of structural system*), actions and design situations

Safety concept, assessment cases | Combination of actions considering different design situations

Safety assessment Determining state variables (effect of actions) considering rele-
vant combinations and design situations

Analysis of consequences Comparison of state variables (effect of actions) and design crite-
ria, statement on safety function

Analysis of what-if cases, robust Reliability analysis**)
safety statement

*) Safety concept is included  **) Not considered explicitly

Thus, applying EN to an HLW repository in rock salt helps to link “long-term safety assessment” and the
demonstration of adequate safety function of geotechnical barriers, to derive and apply suitable technical
specifications and procedures and indicates issues that cannot reliably be proven at present. Additionally,
meeting the EN requirements is fundamental for licensing civil engineering works in Europe and the EN
are an excellent tool to identify the most urgent R&D in geotechnical barrier design. In this respect,
studies focusing on different working lives of geotechnical barriers according to EN (several decades at
the maximum) and working lives required in long-term safety assessment are fundamental as well as
coupling the risk-based engineering approach to demonstrate adequate safety function with the dose-
based approach to demonstrate radiological safety.
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_Introduction and History

1975: CEC decided on an action programme in the field of construction, based on article
95 of the Treaty. The objective was the elimination of technical obstacles to trade
and harmonisation of technical specifications.

1980: First generation of European codes for the design of construction works, which in a
first stage served as alternative to the national rules in the Member States and (—
to replace them ultimately)

1989: Preparation and publication of the Eurocodes was transferred to CEN in order to
provide them with the future status of European Standard (EN).

2002: The European Standard was given the status of a national standard at latest.

2010: Conflicting national standards must be withdrawn at latest.

EN play a signifcant role in licensing construction works of an HLW-repository

www.dbe-technology.de
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_Scope

EN 1990 establishes principles and requirements for the safety, serviceability, and
durability of structures, describes the basis for their design and verification and gives
guidelines for related aspects of structural reliability.

EN 1990 is intended to be used in conjunction with EN 1991 to 1999 for the structural
design of buildings and civil engineering works, including geotechnical aspects, ...

— E.g. EN 1997: Geotechnical design

EN 1990 is applicable for the design of where other materials or other actions outside the
scope of EN 1991 to EN 1999 are involved.

Note:

For the design of special construction works (e.g. nuclear installations, dams, etc.), other provisions than
those in EN 1990 to EN 1999 might be necessary.

www.dbe-technology.de
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_Basic Requirements

Target:

A structure shall be designed to guarantee

= structural resistance
= serviceabiliy
= durability

= tightness (national German guideline, not EN)

during its intended working life with an adequate level of reliability.

Rating reliability quantatively: safety function
Probability of failure p; 100t | 1002 | 1003 | 1004 | 100> | 10% | 100"
Reliability index 3 1,28 | 2,32 | 3,09 | 3,72 | 4,27 | 4,75 | 5,20

serviceability function

www.dbe-technology.de
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_For Comparison: Occupational Risk

Occupational risk Mean value of deaths per
year
Logger, logging 1.0-1003
Forest enterprises 9.0-10%4
Construction worker 5,0-10°04
Chemical industry 1.5.1004
Mechanical industry 1.0-10°04
Miner in Germany 1.0-1004
Office work 50.10%

The data are restricted to Western Europe and North America

Residual risk: RI < 10% /a (e. g. Schweden, Great Britain,...)

www.dbe-technology.de
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_Reliability Methods

Risk based approach
(Semi)probabilistic concept to prove safety function

In practice: Partial factor method

>~ w e

Procedures are very similar to the former deterministic concept to prove safety function

provided that

1. Based on data (not on expert judgement!)
2. Quality management: Organisational and technical measures

3. Assignment of qualified and experienced personnel

www.dbe-technology.de
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Reliability Methods

Deterministic methods

Historical methods
Empirical methods

Y

Calibration

Probabilistic methods

First order reliability method

Full probabilistic

method a

(Level 1) (Level 1)
Calibration Calibration
Semi-probabilistic
methods
(Level 1)
method ¢
_methode b

www.dbe-technology.de
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= Application to Geotechnical Barriers of an HLW-Repository =

One geotechnical barrier

= Failure probability: p;< 10/ working life

A system of two independent geotechnical barriers
= Failure probability: p; < 108 / working lives
— 2 effective geotechnical barriers — undisturbed evolution

— 1 effective geotechnical barrier — disturbed evolution
— 0 effective geotechnical barrier — excluded, because of low probability

Application of EN to geotechnical barriers of an HLW-repository forms a
sound basis for scenario classification.

www.dbe-technology.de
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=— Methods to Prove Structural Reliability

= By calculation

— Design criteria, modeling tools, validated models, and a method to manage uncertainty
are available

= Design assisted by testing

— |f modeling tools resp. validated models are not available

Host rock
Interface
- Hydraulically
- e effective
¥ body elements of seal

acting in parallel

>20m

www.dbe-technology.de
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= Examples

ERAM drift seals:
= Structural resistivity is proven by calculation
= Flow resistance is proven by testing (in principle)

ASSE flow barriers:
= Structural resistivity is proven by calculation

= Flow resistance is proven by a combination of calculation and testing (in situ-tests,
prototype, geotechnical measurements)

Salzdetfurth Shaft Il seal:
= Structural resistivity is proven by testing
= Flow resistance is proven by testing
— Validation of models as a by-product

www.dbe-technology.de
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_Shaft Seal — Proof of Safety Function

Radionuclide transport ,long-term SA*

Requirements

|

I Requirements met

|

Proof of safety function — geotechnical barrier

Proof of flow resistance Proof of structural resistivity
l_:IOW Flow Flow Mechanical Limited Limited Erosion Durability /
resstgnce resistance resistance stability , ,  crack deformation  resistance long-term
sealing interface EDZ evolution stability
body I I
Combination of actions
Actions — Actions —
Chemical Hydraulic Mechanical pfrgsritizm / acscé?serm?l /
actions actions actions : :
design design
situations situations
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= Example: Experimental Shaft Salzdetfurth
Schematic test arrangement

upper concrete abutment

upper filter layer
grain size 0-3 mm

upper bentonite seal

grain size 1-3 mm
pressure chamber
grain size 1-3 mm

lower bentonite seal
grain size 0-3 mm

lower filter layer

lower gravel abutment

www.dbe-technology.de

Design requirements (design criteria)

ki < 5 100 m/s
Pgo = 1 MPa (NaCl-brine)

Long-term durability

NaCl-brine

111

<4mm Saturated e

rocksat & ___________"™

bentonite
unsaturated

Mller-Hoeppe, !)];E TE c
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Sealing Body of Shaft Seal

» Mixture of bentonite powder and pellets

 Dry density reliably achieved during construction process

1,60 -1,75 t/m3

» Quality control by technical measures

powder

Source: K+S

www.dbe-technology.de
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_Sealing Body - Bentonite

Source: DIXON

Experimental data k; Expermintal data
[m/s] In k;
(normalized)
3-1013 -28,83
3101 -28,83
21013 -29,24
1-1018 -29,93
9.10™ -30,04
61014 -30,44
5.101 -30,63
4.101 -30,85
4.101 -30,85
3-10™ -31,14
2-1014 31,54
Mean value m, = 7,6 - 10-4 -30,21
Standard deviation, s, 0,9226
Variation coefficient, v, 0,0305

X, 5%-fractile

ki=3,7-10% m/s

X, 95%-level of confidence

ki=13-10%m/s

X, ULS design value (p< 0,1%)

ki=15-10%2m/s

Characteristic resp. design values of hydraulic conductivity

Experimental data in the range of 1,60 g/cm?® < p, < 1,75 g/cm3

design criterion: 5 - 10-% m/s

www.dbe-technology.de
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_Interface: Sealing Body — Rock Salt

Source: DIXON

Design criterion: p, > 1 MPa — plausibility check

www.dbe-technology.de
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= Experimental Shaft — Saturation of Bentonite Seal

Dismantled seal Calculation results
pressure chamber saturation
0.0
Bentonite 1-3 mm 0,2mm
0.2
Bentonite 0-3 mm
04 saturation [%]
. 50+
0.6 4510 50
humidity sensor
— 40 to 45
E o8
= 350 40
o
% 1.0 0103 lower seal bound
2510 30 centre after 7 MPa brine pressure phase ounaary
20t0 25
12 1510 20
10to 15 - -
L4 - Results of in situ-test
16 ki=4,4-10" m/s<5- 1010 m/s
Pgo ~ 1-1.2 MPa > 1 MPa
0 0,5 1 15
_ Long-term durability: natural analogue
radius [m]

www.dbe-technology.de

Mller-Hoeppe, i’ﬁl; TE c

466 US-German Workshop, Jackson, MS, 2010 DBE TECHNOLOGY GmbH



470

= Safety Function of Geotechnical Barriers — Status of Proof =

Salzdetfurth Shaft Il seal:

= Advanced state of proof of structural reliability

= Validity is restricted due to initial, boundary, and loading conditions of testing

= |nitial, boundary, and loading conditions might be comparable to Gorleben shaft seals
= Main uncertainty: Assessing state of EDZ

= Healing of EDZ is uncertain
— High pore pressure may increase permeability (again)

— Meeting the fluid pressure criterion in the EDZ is important

Widening of grain boundaries —

Privid = Prot

Partial safety factor Ap?

Source: IfG
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Mller-Hoeppe, J)!?E TE C

US-German Workshop, Jackson, MS, 2010 DBE TECHNOLOGY GmbH




= Safety Function of Geotechnical Barriers —Conclusion =——=
Application of EN shows
» Proof of safety function is well developed for several seal designs

» Considering sealing body and interface common mode failure is excluded
by using different seal designs

Performance of EDZ is uncertain (= not sufficiently reliable)
Uncertainty is mainly coupled to the stress state of the EDZ

Common mode “failure” cannot be excluded reliably at present

vV V YV V

EDZ is the weakest spot of a shaft or tunnel seal

Consequence: Better understanding of EDZ is decisive to show and to
Improve safety function of a shaft or tunnel seal. If safety function of 2
iIndependent seals is successfully proved scenario classification becomes
simple and transparent.

www.dbe-technology.de
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_Comparison: Safety Case and EN Procedures

Identifcation of structural system®),
FEP, system concept actions and design situations
\2
Safety concept, Combination of actions considering
assessment cases different design situations
\! \!
Determining state variables (effect of
Safety assessment actions) considering relevant
J combinations and design situations
\!
Comparison of state variables (effect of
Analysis of consequences actions) and design criteria, statement on
safety function
\!
Analysis of what-if cases, robust safety Reliability analysis**)
statement

*) Safety concept is included* Not considered explicitly
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_Engineering Approach — Summary and Conclusions

Applying EN to an HLW —repository in rock salt helps

» to link “long-term SA” and the proof of safety function of geotechnical
barriers

» to derive and apply adequate technical specifications and procedures

» to indicate issues that cannot reliably be proven at present

Agreeing with EN is fundamental for licensing

EN is an excellent tool to identify the most urgent R&D

Next steps

» Investigations to check to consequences of different working lives for
geotechnical barriers required in “long-term SA” and EN

» Coupling of the risk based engineering approach to prove safety function
and the dose based approach to prove radiological safety

www.dbe-technology.de

Mller-Hoeppe, J)!?E TE C
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Thank you
for your attention!
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BACKFILL COMPACTION AND EDZ RECOVERY

Tilmann Rothfuchs, Klaus Wieczorek
Gesellschaft fir Anlagen- und Reaktorsicherheit (GRS) mbH, Braunschweig, Germany

Abstract

Most concepts for the disposal of radioactive waste in geological salt formations consider
backfilling with crushed salt as a suitable measure to stabilize the underground repository and to
provide long-term sealing of the waste from the biosphere by compaction of the backfill in
conseguence of room convergence.

In Germany, two emplacement concepts have been developed for the disposal of heat
generating waste in a salt repository: First, the drift disposal concept for the direct disposal of
spent nuclear fuel elements which considers the emplacement of self-shielding Pollux-disposal
casks in underground drifts. Immediately after deposition of the casks the empty drift volume is
backfilled with crushed salt. Second, the borehole disposal concept which considers the disposal of
cut spent fuel rods in BSK-3-canisters or vitrified high-level waste from reprocessing of spent fuel
in Cogéma steel canistersin up to 300-m-deep vertical boreholes. To provide for distribution of the
canister weight load into the rock mass, the annulus between waste canisters and borehole wall is
backfilled with crushed salt in case of the borehole disposal concept. In addition, to isolate the
waste canisters from the drift, the remaining empty space of about 30 to 40 m between the top of
the canister stack in the borehole and the drift may also be backfilled.

In contrast to the consideration of atered scenarios in the past, a new approach focusing on
the proof of the safe containment of the waste within an Isolating Rock Zone (IRZ) is currently
pursued in Germany. The radioactive waste is contained inside the IRZ in such a way that it
essentially remains at the site of emplacement and that not more than minimal defined quantities of
material are able/allowed to leave the IRZ [1]. The proper function of the IRZ isjointly guaranteed
by the host rock in this zone and the engineered barrier system (EBS) consisting of technical seals
and salt backfill.

Within the IRZ, the engineered barrier system plays an important role in the proof of long-
term safety of the repository system. The seals in the shafts and connecting drifts are essential
features to avoid an intrusion of brine from the overburden into the mine and especially into the
disposal cell. In case of failure of a seal, another seal takes charge of the safety function within a
multi barrier series arrangement. In the long term, the seal function of the EBS is taken over by the
compacted backfill in the entire mine because atechnical seal may fail due to its limited long term
stability.

The assessment of the seal function of both the technical seal and the backfill in addition to
that of the geological barrier represents an important task in long-term safety anayses. The
credibility of the used models is significantly increased if the modeling results are in reasonable
agreement with measuring results from large-scale field experiments performed under
representative conditions. The TSDE experiment (Thermal Simulation of Drift Emplacement) and
the DEBORA experiments (Development of Borehole Seals for Radioactive Waste) performed at
the Asse mine/Germany within the BAMBUS project [2] were such large-scale simulation
experiments.

In the TSDE experiment representing the direct drift disposal of spent fuel, six simulated
Pollux casks were deposited in two test drifts backfilled with crushed salt. The decay heat of the
spent fuel was simulated by electric heaters in the casks. Heating was kept up with a constant
power over amost nine years from September 1990 until February 1999. The maximum
temperature of 210°C decreased to 170°C at the termination in consequence of backfill
compaction and increasing therma conductivity. Until the end of the heating period, drift
convergence led to a reduction of backfill porosity from initially 35 % to 20 % in the heated area.
For the final confirmation of the achieved backfill compaction the drifts were uncovered after
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termination of the experiment. A detailed determination of the remaining porosity and permeability
distribution in the backfill material was performed during a post-test analysis program [3].

The DEBORA experiment consisted of two single tests smulating different conditionsin a
backfilled HLW disposal borehole. Both experiments were performed at the 800-m level of the
Asse mine in 15 m deep boreholes with a diameter of 0.6 m. In DEBORA 1 the situation in the
annulus between the waste canister stack and the borehole wall was investigated. In DEBORA 2 a
non-lined borehole was used to simulate the seal region above the waste canister stack. The heat
production of the waste canisters was simulated by four peripheral heaters located at a radius of
1.1 m from the borehole. The lower third of both boreholes was backfilled with crushed salt.
Backfill temperature, borehole closure, and resulting backfill pressure were measured at three
levels in the backfilled boreholes. Maximum backfill compaction to a remaining poraosity of about
7% was achieved within atwo years lasting test period.

Reduction of porosity close to that of the sound rock salt was not reached within the
experimental period in both experiments, but are expected in a repository in the long term.
However, data of both tests together with data from accelerated |aboratory tests have been used for
the calibration of congtitutive models used by different institutions. It is important to mention that
larger model uncertainties still exist in the porosity range below 1% due to limitations regarding
the determination of very small porosity which is of specia importance in long term safety
assessments. Respective investigations will therefore be initiated in a new project named
REPOPERM.

Evolution and especially re-compaction of the EDZ was and is still a further important
issue within the German research program because of the above-mentioned new approach of the
safe containment.

Three related projects were performed in the Asse salt mine during the recent 20 years. The
first was the ALOHA project in which the extent and hydraulic properties of an EDZ under the
floor of adrift were investigated [4]. The second was the EC-funded BAMBUS 11 project [3] which
concentrated on EDZ anisotropy and self-sealing; the third project ADDIGAS [5] within the EC-
funded NF-PRO project was completed in 2007 and investigated the effectiveness of EDZ removal
and the subsequent evolution of anew EDZ.

Finaly, the EC project THERESA (2007 - 2009) was performed to extend the geo-
scientific data bases for an in-depth understanding of THM coupled processes and to provide
advanced modeling capabilities for assessing the evolution of the EDZ before and after closure of
the repository.

In situ investigations performed at Asse revealed that, depending on stress conditions and
history, the EDZ can extend one to two metres into the rock salt. Permeability can increase by
several orders of magnitude up to the range of 10™ to 10" m? with the permeability of the
undisturbed salt being below 10%° m? EDZ removal by additional excavation is effective in the
sense that it takes years for anew EDZ to evolve. The long-term evolution of the EDZ, particularly
its re-compaction, however, is to be assessed by numerica simulations on the basis of models
adequately validated with experimental data.

Hence, the focus of the salt group in the THERESA project has been on modeling of rock
salt dilatancy and on re-compaction or healing effects. Since reliable data on these phenomena are
scarce, laboratory experiments with different objectives were performed to produce data for further
model calibration. A benchmark simulation of a laboratory test case was defined and performed
using the calibrated models. Finally, one of the models was used to predict EDZ evolution and re-
compaction around a sealed drift and the results were used as input for the analysis with GRS's
Total System Performance Analysis (TSPA) code module LOPOS.

A special benefit of THERESA was that practically all European institutions that work in
the field of radioactive waste disposal in rock salt were joined in the THERESA project. The
THERESA project partners were BGR, CIMNE, DBE-TEC, FZK, GRS, IfG, NRG and TUC [6].

The shortcomings of characterization and modeling of the EDZ in rock salt, as they present
themselves after THERESA, can be summarized as follows:

e The database for calibration of the models, i.e., the number of available well-defined and
documented experiments, was not sufficient, even though additional laboratory tests for
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THERESA were performed outside the EC funding. Additional experiments will be
indispensable for sound model calibration.

e As a conseguence, the calibration had to be carried out on a weak database and is therefore

incomplete.

e Some models showed weaknesses during test case simulation and need further improvement.
e TSPA modeling was based on only one process-level model, which itself is not sufficiently

calibrated and validated.
On the whole, however, THERESA was a success, as it provides a sound and complete

basis for further investigations, especially with regard to the EDZ in rock salt. This future work,
which is considered indispensable for completion of the EDZ complex, should comprise

Further experimenta investigation with well-defined objectives and boundary conditions to
complete the database on dilatancy and recompaction, including investigation of brine
influence on EDZ recompaction,

Further development of some and extended calibration of al of the process-level models,
including validation of their suitability for in-situ application,

Implementation of time-dependent EDZ permeability functions derived from
comprehensively calibrated models in the TSPA codes, and

Performing reliable predictions of the impact of brine inflow into a repository with realistic
assumptions.
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Overview of Presentation

Status of Research on Backfill Compaction
Results of the TSDE Experiment
Results of the DEBORA Experiment
Plans for ongoing Research: the REPOPERM Project

Status of Research on EDZ Evolution/Recovery
Results of the ALOHA Project
Results of the THERESA Project
Plans for ongoing Research

Conclusions and Outlook
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Asse salt mine

Shaft sinking 1906 -1908
Salt mining 1908 — 1964

Testing of radioactive waste
disposal 1967 — 1978

Underground research laboratory
1978 — 1995 (2003)

Backfilling and closure
1994 — 20207
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Underground Testing at the Asse Mine

Test/Experiment Period
Thermal Simulation of Drift Emplacement (TSDE) 1990 — 2000
Post Test Analysis of the TSDE experiment 2000 — 2004

DEBORA-Project
(Development of Seals for HLW disposal boreholes)

1991 — 1995 (Phase 1)
1996 — 1999 (Phase II)

Formations (ADDIGAS)

Investigation of the Excavation Damaged Zone (ALOHA) 1995 — 1998
ALOHA 2 / BAMBUS Il 1998 — 2003
Advective and Diffusive Gas Transport in Rock Salt 2004 — 2007
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Backfill Compaction
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TSDE Test Field at 800-m Level at the Asse Mine / Germany

Heating Phase
Sept. 1990 — Jan. 1999
8 years 4 months

Uncovering Phase
Aug. 2000 — May 2001

Post-Test Investigations
Aug. 2000 — Dec. 2002

Final Report Available
Summer 2003
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Overview of Codes and Constitutive Models Used in BAMBUS

Institution Code Const. Model Remarks
BGR DJIFE (3D) Heemann (2003) full 3D
DBETEC FLACSP Hein (1991) full 3D
GRS Ansys Zhang (1993) 2D
NRG MARC Hein (1991) full 3D
UPC Code_Bright Olivella-Gens full 3D
FAST-BEST 3D Temperature
FZK ADINA, MAUS Hein (1991) 2D Stress-Strain
3D Temperature
G.3S ANTHYC G.3S 2D Stress-Strain
IfG FLAC?P IfG 2D
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TSDE:

Temperature Evolution (DBETEC)

Comparison of Measured and Predicted Data .
(Improved 3D-Modelling in 2003, Final Report) ™
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Post Test Investigation of TSDE Samples
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o

Zhang's model (1993)
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Post-Test Investigations in the DEBORA Borehole Experiment

+1275  DRIFT FLOOR
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Results of DEBORA
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Results of DEBORA

Porosity/permeability relation obtained from DEBORA confirms older laboratory results
of various investigators reported in Miller-Lyda et al. (1999)
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Conclusions Backfill Compaction

Compaction of dry crushed salt has been investigated in the laboratory and in situ down to
about 1%.

Models available to date allow reasonable simulation in the range down to about 3%

Data below 1% are scarce and suffer of uncertainties regarding reliable determination of
material density/porosities

Only little data from very few experiments at differing test conditions are available for wet
crushed salt

mmm) Project REPOPERM

Assessment of needs to further investigate the
porosity range below 1% with a view to
compliance with safety criteria for the safe
containment within the Isolating Rock Zone

Complete  characterization of DEBORA
reference material with focus on varying water
content

Reliable coupled THM-modeling for assessing
the possible brine inflow into a repository
(including two-phase flow)
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EDZ Evolution/Recovery
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ALOHA / ALOHA 2 1995 - 2003

Objectives

Determine extent and hydraulic properties of the EDZ around different openings at
Asse

Compare hydraulic properties (permeability) to mechanical state (stress state)

Investigate hints to EDZ recovery in situ
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ALOHA / ALOHA 2 Test Sites

ALOHA 2: AHE drift on the 800-m level
ALOHA Test Field on the 875-m level

ALOHA 2: Old chamber on the 532-m level
ALOHA 2: Bulkhead drift on the 700-m level
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ALOHA / ALOHA 2 Results: Permeability Distribution in the Drift Floor
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ALOHA / ALOHA 2 Results: Permeability Reduction around a Cast Steel
Bulkhead emplaced 90 years ago

Modelled Minimum Principal
Stress around the open Dirift

Bulkhead 8.0/15 Open Drift

O O

7.0

15
13

Permeability

10 m? 10 m?[ 10 m?__ 1o ¥ m?El10 Y m?[_110 ¥ m? 10 *°m?

Modelled Minimum Principal
Stress around the Bulkhead

499S/GERMAN Workshop on Salt Repository Research, May 25-28, 2010; Jackson, Mississippi USA

18



ADDIGAS 2004 - 2007

Objectives
Investigate gas diffusion close to an excavation

Investigate Gas and brine permeability close to the excavation as function of
distance to excavation and time since excavation/EDZ removal

Investigate anisotropy of permeability close to the excavation

Test B:
No EDZ
cut-off

AHE Drift
(BAMBUS II)

Tests Aand C: 1 m EDZ cut-off
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ADDIGAS Conclusions (1)

Both the permeability and the diffusivity of the salt below the floor are considerably
higher if the EDZ is not removed

After removal of the EDZ the hydraulic properties of the salt below do not change
significantly within months, meaning EDZ removal is effective for improving seal
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THERESA 2007 — 2009

Overall Objective:
Develop, verify and improve the modeling capabilities of constitutive models and computer
codes for analysis of coupled THMC processes in geological and engineered barriers for
use in Performance Assessment (PA) of the long-term safety of nuclear waste repositories

Work Package 3 (WP3) dealing with rock salt:
Evaluation and improvement of numerical modeling capabilities for assessing the performance
and safety of nuclear waste repositories in rock salt, with particular regard to the long-term
evolution of the EDZ, considering thermal-hydraulic-mechanical (THM) processes.

WP3 partners:
Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) as work package coordinator,
Bundesanstalt flir Geowissenschaften und Rohstoffe (BGR),
DBE TECHNOLOGY GmbH (DBE TEC),
Forschungszentrum Karlsruhe (FZK), Institut fir Gebirgsmechanik (IfG),
Technische Universitat Clausthal (TUC),
Centre International de Métodes Numerics en Enginyeria (CIMNE),
Nuclear Research and consultancy Group (NRG) with University of Utrecht (UU) as contractor.
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THERESA WP3 Work Program

Evaluation of the capabilities and/or development needs of the numerical modeling
codes used by the participating teams and compilation of data relevant for model
calibration/improvement

Implementation of constitutive models in the computer codes and testing of the
calibrated models

Definition and benchmark simulation of a test case with measured data from a
laboratory test involving coupled THM processes

Integration of the results of the process-level codes in a TSPA code and
calculation of arepository reference case

Involved codes

Continuous medium and dilatancy concept: JIFE, CODE_BRIGHT, ADINA,
FLACSP, FLAC

Microphysical model for crack healing implemented in MARC
Discrete element method: PFC3P
TSPA code module: LOPOS
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THERESA WP3: Main Results

Several approaches for modeling the THM behavior of rock salt were documented,
Improved, calibrated and tested successfully

The database for the THM behavior of rock salt was (slightly) broadened

Time-dependent EDZ permeability was implemented in a TSPA code for the
first time, and first calculations concerning the significance of the EDZ around a
drift seal in case of a brine intrusion via the shaft were performed
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Conclusions Regarding EDZ Evolution

The database for calibration of the models, i.e., the number of available well-
defined and documented experimentsnot sufficient, so far

As a consequence, model calibration had to be carried out on a weak database
and is therefore incomplete

Some models showed still weaknesses during test case simulation and need
further improvement

Outlook

Further experimental investigation with well-defined objectives and boundary
conditions to complete the database on dilatancy and recompaction, including
iInvestigation of brine influence and pore pressure on EDZ recompaction

Extended calibration of the process-level model implemented in CODE_BRIGHT

Implementation of time-dependent EDZ permeability functions (“dry” and “wet”
case) derived from comprehensively calibrated models in the TSPA code module
LOPOS

Perform reliable predictions of the impact of brine inflow into a repository with
realistic assumptions
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Seal Purposes

) N\

P X AN
e Mining * Repositories

— Prevent water 4sssm) — Prevent water
from entering from entering

— Prevent flood <) — Prevent waste-
waters from contaminated
exiting water from exiting

— Gas containment — Gas containment

(abandoned — (waste panels)
areas)
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| Seals in Mines
O\

XN AN

e Operating Mines
— Shaft liners and keys
— Ventilation stopings
— Panel bulkheads
— Water dams and bulkheads
— Borehole pillars

e Closed Mines
— Shaft seals




Seal Design

N N BN
* Objective:
—“an engineered system in a mined opening that

plugs the opening and restores near-ambient
permeabillity within the surrounding rock”

 In other words — something that both plugs a hole
and makes the rock around the hole nearly as tight
as it was before mining
— Engineered systems (waste casks, backfills,
and drift and shaft seals) are required until the
geological-salt barrier encloses the waste
material over time.
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PILLAR SHORTLY AFTER MINING (3 m Tall)



AFTER 10 INCHES (0.25 M) OF CLOSURE
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15 INCHES (0.35 m) OF CLOSURE



~36 INCHES (~1 m) OF CLOSURE



80 INCHES (2 m) OF CLOSURE



2 FEET (0.6 m) OF ROOM HEIGHT REMAINING
STARTED AT 9 FEET (3 m)
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Total Closure



Roof Sag over 35-foot wide room (11 m wide)
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Severe roof sag and floor heave

Originally a 9-foot (3 m) tall opening



Seal Materials
P X AN

e Engineering Specification < Science Expectation

— Sufficient strength — Age-related deterioration of
 Creep loading strength or tightness
 Non-uniform deformation — Geochemical compatibility

— Adequate permeability « Host rock

— Constructability « Waste and brine

— Redundancy — Sorbtive or buffering
« Number of seals capacity

e Combinations of seal
materials
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Disturbed Rock Zone (DRZ)

o Definition —  Examples
— Rock around a mined opening — Cracks and fissures
whose properties were altered — Slabs and separations
as a consequence of mining — Grain-boundary loosening
the opening

— Microfracturing

— Primarily “permeability
enhancement related to
damage-induced porosity
Increases”
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Options for Fixing the DRZ

>\\,\
X AN

e Remove damaged rock at seal location

e Use stiff liner to avoid DRZ: installed soon
after mining

o Grout DRZ porosity; permeability reduction
* Delay seal’s function until DRZ heals




o Seal Materials
PN AXDA
e Geochemically compatible cement-based

— Class H cement and Class C fly ash
— Silica and calcium sulfate additives
— Low salt-water to cementitious solids (w/c = 0.32)

— Slightly expansive and lower heat-of-hydration to
reduce thermal cracking

 Re-compacted or re-consolidated crushed
salt
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Deformation of Salt

v Creep is Isochoric

é Specimen shape
changes but volume
remains constant

é Creep is Unavoidable

v Damage is Dilatant

é Microfracturing causes
volume increase

¢ Damage is Preventable

v Both Processes are

522

Pre-test Post-test Time-Dependent



Engineering Approach Dilation

) \\/\
X AN




SC|ence Suggests Something Else
= \ DA

3000

@ Triaxial Compression Data
B Triaxial Extension Data

2000 -

1000 -

Cayuta Natural Rock Salt

0 2500 5000 7500 10000

1 (Psi)
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Revised Criterion



D

AN

Triaxial Extension Dominates

) N\
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RESPEC DILATION (RD)

e CRITERION

D(—'jLT

cos(y) — D, sin(y)



Liner Concept:
= Install stiff liner soon after mining
* Prevent DRZ from forming

* Plug the liner for permanent seal
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Confining Stress on Liner (15 years)



~l

530

Depth (ft)

-3000

DRZ Vertical Profile Following Excavation

(Liner CL 3144 feet)
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Depth (ft)
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—+—Liner Placement (0.5 years)

Liner 0.25 Years (0.75

years)
Liner 0.5years (1.0 year)

Liner 1.0 Years (1.5 years)

Liner 5 Years (5.5 years)

Liner 15 years (15.5years)

-0.09

0 0.09

0.18 0.27

Damage Potential

0.36



Damage & Healing in Salt

Clay Seams Near Bottom of Liner
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Interesting issue for salt mechanics

N N PN
T X AN
 Annual cycles in measured closure rates

* Next two slides from WIPP showing
repeatability and annual cycle
— Blue data points are the same on both slides

— Temperature and humidity effect
e Third slide is from a salt mine where

temperature Is constant; only humidity
changes
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Another Salt Mine
Roof-Floor Closure over Two Years



Performance Assessment Examples

N N PN
XN DA
 Two case histories that might be of interest

to performance assessment, safety
analysis, etc.

— First is In Hutchinson, Kansas 2001
— Second Is near Kanopolis, Kansas 2000




Explosion at 2nd and
Washington

© Hutchinson News



Brine/groundwater geysers
from old “soda ash” wells

© Hutchinson News



Explosion at trailer park - 2
deaths

© Hutchinson News



Evacuation Area

© Hutchinson News



Hutchinson Synopsis

>\\,\
X AN

Natural gas leaked from an underground salt

storage cavern

Leak was through casing — bedded salt, salt
storage caverns, etc. were not a factor

Gas traveled 7 miles through the rock (fractured
dolomite layer) to first explosion and even farther

(9 miles?) to the second explosion.

Gas escaped from dolomite throug
(uncased) solution mining wells dri

The 7-9 mile distance = “geologica

N abandoned
led

barrier”



Another Example

>\\,\
X AN

« Reference Van Sambeek’s paper at 9t
World Salt Symposium, Beijing,
September, 20009.
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 What: Brick factory collapse caused
by bricks falling from the sky

 Where: Acme Brick Factory
Kanopolis, Kansas

e When: October 26, 2000

e Why: ?



N BN

Y AP

Brick Factory Roof Collapsed
Under Weight of Bricks and Wet Sand



Parking Lot at Rear of Factory

>\\,\
X AN




“Minor” Damage to Truck in Parking Lot



Aerial Photo of Brick Factory



Videotaped from about 2.5 km away



Videotaped from about 2.5 km away

> 200
m



Looklng Into 15-m Deep Crater After

P\ Air Stepped Blowing




Water Streams Off Top-of-Shale and Entering Shatft



Exposed Salt Mine Shaft at Bottom of
D Crater (After Clearing Debris)

XN AN
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Air Speed Leaving Shaft for Range of Mine
Pressures



Minutes Until Air Speed Slows to 160 Km per
Hour
vs. Mine Volume and Air Pressure
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Height a Brick Can Be Carried vs. Air Speed
and Plume Angles



Assume:
e 10-deg plume
e 60-m height
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So What Might Have Happened?

Mine shafts filled with permeable
materials in 1947-48

Water permeates down, but air escape
was blocked by saturated fill material

Trapped air was compressed by mine
closure and shaft water

Shatft fill “failled” and compressed air
was suddenly released through the

P PR o B
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Reality Check

Closure Rate 0.25 inlyr

Shaft Leak Rate 1 gpm

1948-1972 Leak Rate 2 gpm

1972-2000 Leak Rate 15 gpm

ft3 m3

Volume of Salt Mined 71,300,000 2,030,000
Creep closure (1905-1948) @ 0.25 in/yr (4,100,000) (120,000)
Water in (1905-1948) @ 1 gpm (3,000,000) (90,000)

Free air volume in 1948 64,200,000 1,830,000
Creep closure (1948-1972) @ 0.25 in/yr (3,300,000) (100,000)
Water in (1948-1972) @ 2 gpm (3,300,000) (100,000)

Compressed air volume in 1972 60,900,000 1,740,000
Creep closure (1972-2000) @ 0.25 in/yr (4,900,000) (140,000)
Water in (1972-2000) @ 15 gpm (29,500,000) (850,000)

Compressed air volume in 2000 26,500,000 750,000
Compressed Air Pressure 1972 0.8 psi 5 kPa
Compressed Air Pressure 2000 19 psi 132 kPa




US-German Workshop on Salt Repository Research, Design, and Operation
May 25-27, 2010
Canton, Mississippi, USA

MONITORING AND PERFORMANCE CONFIRMATION

Frank Hansen
Sandia National Laboratories
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Monitoring and Performance Confirmation

US-German Salt Workshop
Jackson, Mississippi, USA

Frank Hansen
Sandia National Laboratories

May 25 - 28, 2010

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin company, for the U.S. Department of Energy’s
S@ational Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2010-3266P



Introduction

Long-term Science and Monitoring programs support
the Post-closure Safety Case

* Purpose of Long-Term Science and Monitoring
* Yucca Mountain Project (YMP) Analog — for Process

« Waste Isolation Pilot Plant (WIPP) Analog — for
Implementation

« Components of Long-Term Science and Monitoring
o0 Regulatory Requirements for Performance Confirmation
o Influence of International Programs
o Evolution of Technical Basis

564
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Components of Long-Term Science

Regulations Evolution of
10 CFR Part 63 Technical Basis World
Performance  Specific Tests for Process Models . Science and
Confirmation
63.131-134 » Updated Performance Assessment Technology
\ Needs » Other Monitoring
Research and » Reduce Important Uncertainty Programs
Development |«— 7
63.21 « Evolve Scientific Basis » General Literature
Update to SAR / » Inform Performance Confirmation * International
63.24 Exol e e [B Programs
63.44 xplore Mechanistic Processes
63.45

SAR - Safety Analysis Report
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Performance Confirmation Process

Regulatory requirements ( ) for
Long-term Science and Monitoring, which includes
Performance Confirmation

- Long-term Science and Monitoring includes
elective activities

- Performance Confirmation is driven by regulation
- Required for License Application



ONDRAF/NIRAS
Geologic
Disposal
Program

Belgium/US Process Analog

STRATEGIC
CHOICES

BOUNDARY

CONDITIONS | |

Examples:

* Boom Clay

* Ypresian clay

» Waste types

» Concept of
Operations

* Monitoring

Safety and Feasibility Statements

UNITED
STATES
Yucca Mountain
Program

Regulatory
Requirements
(10 CFR 63)
and guidance
(NUREG-
1804)

NWPA
1982/1987

FEPs — Features, Events, and Processes

TSPA — Total System Performance Assessment

Examples:

* Yucca
Mountain

* Waste types

» Concept of
Operations

» Monitoring

|

REQUIREMENTS

Assessment|
Basis |

PNSDB — Post-closure Nuclear Safety Design Basis
NWPA — Nuclear Waste Policy Act
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Performance
Confirmation
Plan

Performance
Confirmation
Test Plans

Test Procedures, Implementing
Documents, and Reporting




Expectations

e Public confidence

e Continuous assessment of evolving science
and technology

- State of knowledge

- Emerging technologies

- International perspective

- Research and development

 Annual reporting
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Implementation

Management
Planning

Project Control

- Test plans

- Reporting requirements
- Developed jointly

- Integrated

- Quality Assurance



YMP Example
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Assessment Process

Repository
Management
Test Plan Needs
Parameter (Resolution
Ranges and Frequency Type)
/ Sensitivities \ ﬂ \
Principal Performance Test Plan Test
1P — > _ _ : j@————  Coordination
Investigator Confirmation .
Office
Implementation
Details
Field Work Package and
— Data Records Test Data Associated Work
Sensitivity Review Control Documents
Assumptions Records
Process Models 1
Review and Literature Review
Evaluation |

l

Review

University Industry Data

Report To Regulator
Includes Data Collected
Versus Expected Bounds,
Subjective Reviews,
Trends




Summary

 Governed by boundary conditions (regulations)

 Long-term science and monitoring has less defined regulatory
drivers

» Sequential, staged, flexible process

 Long-term science and monitoring demonstrates due
diligence

 Continuously refined, consistent with staged repository
program

» Testing and monitoring program

« Change and flexibility facilitated

572
May 2010



WIPP Compliance Monitoring Example

« WIPP Compliance Monitoring Program is based on an analysis of
the performance assessment (PA) parameters and is required by
the regulations

 Monitoring parameters must be assessed and reported to the U.S.
Environmental Protection Agency (EPA) annually

« The EPA compliance monitoring requirements do not deal with
operational releases; this compliance monitoring program
addresses post-closure repository performance

« Each Compliance Monitoring Parameter (COMP) is assessed
against PA expectations

— Impacts on PA conceptual model assumptions, data ranges or
expectations of the modelers

— Alert the project of conditions not accounted for or expected
— Concept uses Trigger Values
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Regulatory Requirements

40 CFR 194.42 (a) The Department shall conduct an
analysis of the effects of disposal system parameters
on the containment of waste in the disposal system
and shall include the results of such analysis in any
compliance application. The results of the analysis
shall be used in developing plans for pre-closure and
post-closure monitoring required pursuant to
paragraphs (c) and (d) of this section.
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Performance Confirmation

« EPA Monitoring requirements constitute performance
confirmation

— Determine list of parameters

— Determine method to assess “significance” of each parameter
using the WIPP PA

— Analyze the parameters

— Determine criteria using the analysis results to determine
monitoring parameters

« The DOE’s analysis that addressed the EPA pre-closure
monitoring requirements was included in the original EPA
compliance application (i.e., licensing application)
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Monitored Parameters

e Dirilling Rate

 Probability of Encountering a Castile Brine Reservoir
« Waste Activity

e Subsidence

« Changes in Culebra Groundwater Flow

« Changein Culebra Groundwater Composition

e Creep Closure

 Extent of Deformation

e [Initiation of Brittle Deformation

 Displacement of Deformation Features
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Results of the Screening

Table 7-2. Potentially Significant Disposal System Parameters

Impure halite effective porosity
Impure halite permeability

Impure halite pore compressibility
Impure halite far-field pore pressure
Anhydrite permeability

Anhydrite pore compressibility
Anhydrite two-phase flow model choice
Salado pore shape

Salado residual brine saturation
Salado residual gas saturation
Salado brine quantity

Salado brine flux

Salado brine spatial distribution
Salado brine composition

Culebra transmissivity

Culebra advective porosity

Culebra fracture spacing

NATURAL PARAMETERS

Culebra diffusional porosity

Culebra longitudinal dispersivity

Climate change index

Culebra groundwater quantity

Culebra groundwater flux

Culebra groundwater spatial distribution
Culebra groundwater composition

Castile brine volume in reservoir

Castile brine reservoir volume selection index
Castile brine reservoir pressure

Castile brine reservoir permeability

Castile brine reservoir rock compressibility
Castile brine compasition

Castile brine flux

Castile brine spatial distribution

Narural iemperature distribution

WASTE AND REPOSITORY PARAMETERS

Closure rates and stresses
Extent of deformation
Initiation of brittle deformation

Displacement of major deformation features

DRZ permeability

DRZ effective porosity

DRZ brine flux

DRZ brine quantity

Waste area residual gas saturation

Waste area residual brine saturation

Brine wicking

Waste area permeability

Backfill porosity

Backfill permeability

Degree of backfill compaction

Backfill reconsolidation

Inundated steel corrosion rate with CO,
Inundated steel corrosion rate without CO,
Inundated microbial degradation rate
Humid microbial degradation rate
B-factor for microbial degradation process

Probability factor for types of microbial degradation

Gas quantity

Gas composition

Choice of oxidation state distribution

Solubility of nine radi lides in Salado brine

Solubility of nine radionuclides in Castile brine

Humic colloid concentration in Salado brine

Humic colloid concentration in Castile brine

Clay shaft seal member permeability

Concrete shaft seal member permeability

Asphalt shaft seal member permeability

Shaft DRZ permeability

Crushed salt seal component permeability (permeability
selection index)

Seal residual gas saturation

Seal residual brinc saturation

Seal pore shape -

Waste- and repository-induced temperature distribution

Salado Ks for dissolved radionuclides

Culebra K,s for six dissolved radionuclides

Salado K s for colloidal radionuclides

HUMAN INITIATED PARAMETERS

Drilling rate _

Waste particle diameter

Effective shear resistance to erosion
Gravity correction factor for spalling
Strength correction factor for spailing
Time between intrusions

Borehole location

Probability of encountering a Castile brine reservoir

Borehole diameter

Borehole permeability

Borehole plugging paitern (probability index)
Change in Salado brine flow

Change in Culebra groundwater flow

Frobability that mining will occur

Mining index for adjusting Culebra transmissivity
Waste activity

Waste tensile strength




Results of the Screening (continued)

Table 7-4. Parameters Related to Significant Disposal System Properties (Continued)

Inundated steel corrosion rate without CO, MEDIUM MEDIUM
Inundaied microbial degradation rate LOW LOwW
Huimid microbial degradation rate Low LOW
Gas quantity MEDIUM MEDIUM
Gas composition LOW LOwW
Choice of oxidation state distribution HIGH HIGH
Solubility of nine radionuclides in Salado brine HIGH HIGH
Solubility of nine radionuclides in Castile brine HIGH HIGH
Humic colivid concentrations in Salado brine HIGH HIGH
Humic colloid concentrations in Castile brine HIGH HIGH
Waste particle diameter HIGH HIGH -
Effective shear resistance to erosion MEDIUM MEDIUM
Waste activity HIGH HIGH
Waste tensile strength MEDIUM MEDIUM
Gravity factor for spalling MEDIUM MEDIUM
Strength factor for spalling LOwW LOW

ENGINEERED BARRIER PROPERTIES

Shaft DRZ permeability MEDIUM MEDIUM
Backfill porosity LOwW LOW
Backfill permeability LOwW Low
Degree of backfill compaction LOW LOW
Backfill reconsolidation LOW LOW
Clay seal member permeability MEDIUM MEDIUM
Conerete seal member permeability MEDIUM MEDIUM
Asphalt seal member permeability MEDIUM MEDIUM
Seal residual gas sataration LOW LOwW
Seal residual brine saturation LOwW LOwW
Seal pore shape LOW LOow
Long-term borehole permeability HIGH HIGH
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Results of the Screening (continued)

Table 7-5. Listing of Parameters That Can Produce Meaningful Data During

Monitoring Period
SALADO PHYSICAL PARAMETERS

Creep closure and stresses Can be measured during operations
Extent of deformation Can be measured during operations
Initiation of brittle deformation Can be measured during operations
Displacement of deformation features Can be ocbserved during operations

SALADO HYDROLOGICAL PARAMETERS
Salado brine composition Can be measured during operations

NON-SALADO HYDROLOGICAL PROPERTIES
Culebra groundwater composition Can be measured for entire period
Castile brine reservoir location Can be ohserved for entire period
Drilling rate Can be observed for entire period
Culebra change in groundwater flow Can be observed for entire period
WASTE RELATED PARAMETERS
Waste activity Can be calculated using measurements made duning waste
characterization
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Trigger Values

 Monitoring results are used to indicate conditions
that are not within the PA data ranges, conceptual
model assumptions or expectations of the modelers
and to alert the project of conditions not accounted

for or expected

 Values and ranges were developed such that
exceedance of identified values, referred to as
“trigger values” (TV), indicate a condition that is
potentially outside PA expectations
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Conclusion

« WIPP Compliance Monitoring Program is based on EPA-
required analysis of PA parameters (40 CFR 194.42)

« Parameters must be assessed and reported to EPA annually

« Each monitored parameter is assessed against PA
expectations:

— Impacts on PA conceptual model assumptions, data ranges
or expectations of the modelers

— Alert the project of conditions not accounted for or expected

— Program uses Trigger Values to alert project of unexpected
conditions
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Collaboration

e Sandiais active partner on MoDeRn
(http://www.modern-fp7.eu/)

 WIPP has successful confirmation monitoring
program

« YMP brought comprehensive rigor to performance
confirmation

e Isthere a need for ajoint over-arching long-term
testing and monitoring strategy?
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Performance Confirmation SAND Report Outline

1. Introduction: Describe Performance Confirmation Program Goals and Objectives:
a) Program Goals
1. Regulatory Needs
2. Performance Assessment Needs
3. Barrier Capability
b) Objectives

1. Model Validation and Confirmation
2. Increase Confidence
3. Public Acceptance
2. Outline Performance Confirmation Program
a) Framework

1. Evaluation Methodology
2. Activity Selection

3. Measurable Parameters
b) Documentation
1. Overarching Plan Strategy
2. Specific Implementing Test Plans
C) Periodic Evaluations
1. Ongoing Science—Internal and External
2. Integration—Long-Term Testing and Monitoring Programs
3. Examples of PC Programs
a) Yucca Mountain
b) WIPP
C) International Programs — Belgium, MoDeRn
4. Concluding Remarks
5. References
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US-German Workshop on Salt Repository Research, Design, and Operation
May 25-27, 2010
Canton, Mississippi, USA

CONSTITUTIVE MODELLING IN ROCK SALT MECHANICS
- FROM PAST TO FUTURE -
WITH SPECIAL RESPECT TO RADIOACTIVE WASTE DISPOSAL

K.-H. Lux
Technische Universitét Clausthal
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Jackson / Mississippi, May 25/26 2010

Constitutive Modelling in Rock Salt Mechanics

— From Past to Future —

With Special Respect to Radioactive Waste Disposal

K.-H. Lux

Thermomechanical Behaviour of
HL-waste Disposal Drifts with Backfill Fluid migration through rock salt mass
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Overview

(1) Past/ Introduction
(2) Pastto Presence

(3) Future / Summary - very simple in chemical
composition and atomic

structure

Rock Salt — a material

- but very complex in
- geotectonic structure
as well as in

- physico-chemical
behaviour and related
properties

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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Overview Constitutive Modelling -1970 — Past (1)

(1) Past/ Introduction

Solution Mining in Cavern Roof Cavern Pillar
Ancient China Stability Stability

Analytical Continuum Mechanics
restricted to
Analogy Mechanics - simple geometric boundaries

- simple constitutive models (el-pl-vi)

for centuries:
Empiricism /
Individual Experience

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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Constitutive Modelling 1970-1985 — Past (2)

Advanced Lab Test Possibilities

Advanced Simulation Tools

/ (computer aided design)

i AT ' PR |
4 L . o P / S :
—— O OO T
: : \\ i < N .
B , - I

i
{
i
|
i

£

= Constitutive Laws in the Framework of Continuum Mechanics?

R

Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics



Constitutive Modelling — Time-dependent Behaviour — Past (3)

(a) Empirical Approach "
& t)=m-a-o -t"* Boresi / Deere (1963) g
&t)=m-a.o) -T'-t"* Lomenick / Bradshaw (1969) g
& (t)=b-2% oy . T > Thoms / Char / Bergeron (1973) 0 “—
(e )=a"oy (el )" Menzel / Schreiner (1977 1=
e\e )= v oo \E enze chreiner ( ) S %Z‘

_ _ E 2%

(b) Phenomenological Approach (model rheologic) _CI=J <@ =

s (1 Gy, 1 S 3 E
& (t)= Z( -exp(— ki -tj]+ .o, Langer / Hofrichter (1969) g c O
i1 \ 3" ki ki 31w o X O
( ) 1 el 1 £ £ £
&g )= -(1— L .3.G (0)]+— ¥er Lux / Rokahr (1982)
T |:3'77K(6) Oy ‘ 3'77M(O-’T) ! % % %
 @© @©
. . ppyp
(c) Phenomenological Approach (structure rheologic) O O O
cC C C
& :a‘exp(—&j-sinh(b-av) dislocation glide Carter / Heard (1970) v_
R-T «—
& =a-exp[—%j-ac dislocation climb Carter / Heard (1970), Wallner (1979)

& (t):{b-mexp(—m~t)-exp(—f—{r}ra-exp(—r\?—‘_rﬂﬂ\? McVetty, Langer, Hunsche (1980)

v o el -2 ) () s a el =2 ) (F) 2 el -2 ), -expf =22 |-sinn( D/ Fx= %
& =9 exp( R-TJ(GJ +a, exp( R-TJ(G) +2 {bl exp( R-T}Lbz exp( R-TH smh(D< G >J

Munson / Dawson (1981)

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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Scientific Methodology

Path to Secured Knowledge

collection of data

development of models

performance of computer aided simulations
collection of more data

- realisation that data and modelling do not
fit together completely

This way we always try to complete our
knowledge.

George v. Coyne, 2000 »Wanderer Giber dem Nebelmeer*
from Caspar David Friedrich (ca. 1818)

We can only hope each day to come closer
to truth by our scientific work.

Who are those people trying to lighten the darkness?

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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Overview 1985-2010 — Past to Presence (1)

(2) Past to Presence

Prof. Vouille Prof. Lux Prof. Kern
Prof. Thoms Dr. Horseman \ prof. Rokahr Prof. Langer Chabannes
Prof. Wallner Crotogino
\ ] Prof. Hardy
Fiedelman ... American-German
\\ CX) O/ Cooperation in Old Days (1984)
d) ! (example)

First Conference on the Mechanical Behaviour of Salt, 1981

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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Historical Overview — Past to Presence (2)

Significant steps of development in
mechanical structure analysis in rock
salt mass:

for centuries: empirical approach
(trial and error)

1965/1985: model (analogy)
mechanical approach
(Dreyer / Hofer)

1975/1985: analytical approach (CM)
(Langer, Serata)

since 1980: numerical approach (CM)
(FEM, FDM)

1980: continuum mechanics
approach / CM

1990: inclusion of elements of _
Continuum Damage Mechanics
into CM

— CM/CDM (modelling /
simulation of damage
processes as well as damage
reduction (healing?) processes)

2000: coupling of processes M/T/H/C
> 2010: ? evaluation of coupled processes
? demonstration of reliability

Salt Rock Mechanic Conferences =
Documents of Involvement

1. Conference 1981,
Penn State University

2. Conference 1984,
Hannover

3. Conference 1993,
Paliseau

4. Conference 1996,
Montreal

5. Conference 1999,
Bukarest

6. Conference 2007,
Hannover
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1. Conference on the Mechanical Behaviour of Salt (1981)

Content

Part 1. Laboratory Studies

Part 2: Field Studies

Part 3: Analysis and Design Studies
Part 4. General Aspects
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2. Conference on the Mechanical Behaviour of Salt (1984)

Content

Part 1. Mineralogy / Structural Studies
Part 2. Laboratory Investigations

Part 3: Field Measurements

Part 4. Constitutive Modelling

Part 5: Numerical Calculations

Part 6. General Aspects
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3. Conference on the Mechanical Behaviour of Salt (1993)

Content

Part 1: Viscoplasticity and Hardening

Durup, G. & Xu, J.: Comparative Study of Certain Constitutive Laws used to Describe
the Rheological Deformation of Salts —

Part 2. Texture & Structure
Part 3: Damage and Healing

Part 4. Coupled Processes & Hydro-chemical
Effects

Part 5. Crushed Salt Behaviour
Part 6: Solution Mining — Storage Caverns
Part 7. Salt & Potash Mining

Part 8: Numerical Modelling of Underground
Structures
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3. Conference on the Mechanical Behaviour of Salt (1993)

Durup, G. & Xu, J.: Comparative Study of Certain Constitutive Laws used to Describe the
Rheological Deformation of Salts

Evaluation of Constitutive Models Geotechnical Construction — Salt Cavity

Axial displacement (10E-4 m)

TTT 1]

1 —&— Experimental data /
15 —— |emaitre /
——a— Norton-Hoff
T fee / GG
. Munson-Dawson Geothermal le;nperar.uxc: 52.5 °C
| Ewﬂ‘ﬁ'*’”}f
O % % & ® 100 120 W0 160 18 20 Comparison of simulated cavern
] Time (days) convergences using different behaviour laws
Operation History @,
36 &
Pressure in bars K
| = 32 | é_“ f .
o ::Lmu 1o 12045 days L: 28 ‘l;: Q_O :,0“ .
3. Plith=286 - - ’ i E 2 -? = 0“_9_'0;_ i
| / = W
\ Pmax= 210 ; e ~
= -
\ 8 16 | J_x—'
/\ f ﬂ ﬂ ﬂ n A '\ A [\ Z 12 | ,""— I Lemaitre
TAATARTAT AN IR
. ~ Transient Power o
| i wi me parameters as for Lcmmtrchs-_‘_l_aw)
l.. U U U U L U U J .~Pmin= 60 | a #‘m_—ﬂ—
] ! | | ] ] Z 4 5 [ 18 107
Q 500 1000 1500 2000 2%00 3000 3500 4000 4500 5000 5500 6000 rIHE idags.\

Time in days
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4. Conference on the Mechanical Behaviour of Salt (1996)

Content

Part 1: Laboratory and In-situ Testing
Part 2: Micromechanical Studies

Part 3: Damage, Fracture and Failure
Part 4. Constitutive Modelling

Part 5: Crushed Salt Behaviour

Part 6: Numerical Modelling

Part 7. Mining Applications

Part 8: Storage and Disposal Projects
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5. Conference on the Mechanical Behaviour of Salt (1999)

Content

Part 1: Laboratory and In-situ Testing
Part 2. Coupled Effects and Permeability
Part 3. Creep/ Damage and Dilatancy
Part 4. Constitutive Modelling

Part 5: Crushed Salt Behaviour

Part 6: Numerical Modelling

Part 7. Storage and Disposal Projects
Part 8: Mining Application

Part 9: Case Studies

Part 10: Salt Pillars and Cavities

Further Development since 1999 until 20077
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Development Between 5. Conference (1999) and 6. Conference (2007) — Constitutive Modelling (1)

between

from Macro-Processes

1999 /5. Conference

and

Q
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2007 / 6. Conference

= 2 Important Improvements
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Development Between 5. and 6. Conference — Constitutive Modelling (2)

() Introduction of Elements of
CDM in CM in Rock Salt
Mechanics

between

0
‘a%&?.x
W

1999 /5. Conference

R RN
BN

BT
RO

7 o
Gz

6% 4

:“".

—_———

A=l -y expltay - o)

I

ng (MPa)

[2F
B ko) -a, onl-a o)
2

s
0 — 3 : 5- \
7 ) P Failure Strength 2007 / 6. Conference

Vergleichsspannui
a = @

from Macro-Processes

Minim alspannung (MP a)
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From CM to CDM — Rock Salt Behaviour during Deformation (schematic)

Development of physical
properties is used for
monitoring and determination
of Damage

| - compaction
Il - damage (micro)
Il - rupture (macro)

Short-term behaviour of salt
rocks, Schulze (2001)

Continuum Mechanics:

E,v:Gy,m, 17y AN ...

Continuum Damage Mechanics:
D¢, =04 2K

vol

M=H
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Development Between 5. and 6. Conference— Constitutive Modelling (3)

(Il) Coupling of Processes T-M-H-C
especially TM-H

between

.x_
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2007 / 6. Conference

from Macro-Processes
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Physical Modelling Based on Advanced Laboratory Investigations 2010

Investigation
Understanding
Modelling
Simulation
Evaluation

l

Reliable Prognosis?

O—< I -+

Lab Testing Facilities at TU Clausthal ~ Examples for

»

for Investigation of Coupled Processes coupled processes —
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Dilatanz (-)

Damage Related to Short Term Tests
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Damage Related to Long Term Creep Tests

Creep Phases: (I) Transient Creep, (ll) Stationary Creep, , (IV) Creep Failure
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Lab Investigations — Physical Modelling
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Constitutive Law (1/2) — CM / CDM

Modellansatz || . = ;¢ 4 ¢

Dilatanzgrenze

Fo = \/E—U(OE)'ﬁ(GWH)

F%> 0 oder F# >0 I

Schéadigungsrate

[EXE

keine weitere
Schadigung

Damage of Rock Fabric

micro-/macrofissurisation
— dilatancy / destrengthening
— damage

Damage Intensity Factor:

1.Vp

D=1-
1-¢, Vo

Dz‘g

vol ‘

zusatzliche Kriechrate in geschadigten Bereichen

-d _ .ds -dz
‘9ij _‘gij +€ij —3.3'

Implementation of Damage D as well
as Damage-induced Creep in the
Constitutive Model LUBBY?2

< Fds>a1 Fdz 3
F* ds <F*> dz
. ko

3" (1_ D)a2 ao_ij

(L-D)* ooy

R
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Conference on the Mechanical Behaviour of Salt (2007)(c/1)

Back-formation of Damage

h
é-'-‘=—8vo.-( Loen, by 1j_aQ

i fc  fsl fh) oo,
=~ h
e, S O (L S
axial stress radial stress fCl' fC2 fSl. fsz fh

0.01

0.1

Secondary porosity — H Damage intensity - M

0.001 A

dilatancy [-]
damage [-]

0.0001 4 ; 0.001 -
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

time [d] time [d]
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Constitutive Law (2/2) — CM / CDM

Modellansatz & = £8 4 ole

Recreation of Rock Fabric Quality
- fissure closure
- fissure sealing

<j - fissure healing

.G, ,-(1-D
g_ﬁp=§ 71 ¢ ko)1= D) .
2| Mo

1 } s,
7

Dilatanzgrenze B
F* =33, —n(0,)- Blos,0) |

I11ZZi1ZZZi1ZZ111ZZi1ZZ111ZZ11ZZZi1ZZ111ZZi1ZZZ::ZZ:::ZZ::ZI:::ZZ::,?
F9> 0 oder F? >0

Verheilungsgrenze

Fh=20'3+ 2 In 80y
3 3a a,

D>0undF">0 I

Verheilungsrate

~h
oD+ 4 b 1
fcl- fc2  fsl- fs2  fh

Schadigungsrate D=0
{ =8 = a | kemgl V\_/eltere
< - >+< < >} Schédigung
ST AR und
s (1-D)* Verheilung
v

— Reduction of Damage (Healing)

Implementation of
Reduction of Damage
(Healing) in the
Constitutive Model
LUBBY2

zusatzliche Kriechrate in geschadigten Bereichen

<Fds>al <Fdz>a1
i s F7/ ", \F/ Q"

S B VI ER S V) E

ij — “ij ij

zusatzliche Kriechrate in geschadigten Bereichen

é‘h:—g . i.':‘h_l’_L_i_i
” ol el fs1  fh
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Advanced Constitutive Models with Respect to Damage / Healing 1995-2005

Phenomenological Approach (model rheologic)

Phenomenological Approach (structure rheologic)

LB -vp -d -h
gij _gij +Eij +gij +gij

MEEN

(1-D)*

D=a,- damage process

' F" I 1 . _
D=-D- L ling / healing pr
[ fol- fo2 | fsl-fs2 fh] sealing / healing process

y 1 Gy (o) ] [ 1 1 ] . &9
&P = -5 —— e |+ S+ s |+H(f) | -4 - —=
: (Z'UK(GV) ' nK(GV) ' 2:Gy ' 2'77M(O-va) ' ( ) 0o
with
2
O,
Ael | = 4 -Agl,
‘ | ( W—O'3)2 1,0

de d
dies = PF (o-ok: 1 Tokt1 031 € ges ) é‘dam (ddam ’ 0-3)' Fh (q)’ O3 Tokt)' (‘;:r
with

de, b 1 ( QJ. b-Aa-c”
=—-—V,-exp| ——— |-sinh
d M r R-T M-k T
A

. scr . . . ge . 1
Eut =bap — b —bw b = L Evol =(A1(O'3)+ A2(0'3)'eXp(A3(O'3)'UDn ))'UDH
4 _0G* o 8G° (o,

Eedt %}-Cl-Do-exp(cg-D)-[sinh{2 2 DC)fe )D

i = 0o, S
o2 )| o Hes o)

ij O—u
with
XS

Hou / Lux (respectively Lux / Wolters) — TUC

(elastic-viscous)

] Minkley — IfG

(elastic-plastic-viscous)

Hunsche / Hampel — BGR
(CDM — Composite-Dilatancy-Model)

Gunther / Salzer — IfG
(strain-softening / strain-hardening)

Munson / Dawson — Fossum

source: Comparison of advanced constitutive models for the mechanical behaviour
of rock salt - results from a joint research project, I. Modeling of deformation

processes and benchmark calculations. Proc. of the Sixth Conf. on the Mechanical

Behaviour of Salt (Saltmech 6), Hannover, Mai 2007.

(MDCF — Multimechanism Deformation Coupled Fracture)
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6. Conference on the Mechanical Behaviour of Salt (2007)

Content

Part 1. THM-Processes in Salt Rocks — Observations at Laboratory and
In-situ Scales

Part 2: Constitutive Models for the Mechanical Behaviour of Rock Salt

Part 3: Deformation Processes at Very Large Temporal and Spatial Scales
— Geological Systems

Part 4. THM-Processes in Crushed Salt Backfill
of Final Repositories — Observations at
Laboratory and In-situ Scales, Modelling

Part 5: THMC-Processes in Backfill Materials —
Laboratory Observations and Modelling

Part 6: Studies of Mining and Mine Abandonment

Part 7. Cavern Design for Gas Storage and
Solution Mining

Part 8: Abandonment of Caverns
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6. Conference on the Mechanical Behaviour of Salt (2007) and Presence (a)

Some Selected Contributions / Activities with Respect to Constitutive
Modelling

* Gas Storage in Salt Cavities

* Salt Cavern Abandonment

* Disposal of Chemotoxic Waste in Brine-filled Salt Cavities

Behaviour of Geotechnical Barriers in Underground Repositories
(Technical Construction «» Rock Salt Mass / EDZ)

Modelling of Strain Softening and Dilatancy in the Mining System of the
Southern Flank of the Asse Il Salt Mine

Investigations on Damage and Healing of Rock Salt

Evaluation of In-situ Tests

= Physical Modelling of Coupled Processes
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Rock Salt Mass — Coupling of Processes = THMC

acc. to Ghoreychi et al. (1993)
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Rock Salt Mass — Coupling of Processes T-H-M-C = THM-C

R

Processes

Activity

1 Solution Mining CH
2 Saisonal Storage M
3 HP-Storage MT
4 CAE-Storage MT

5 Cavern Abandonment MH

Mechanlcal

S

') 8,9
Activity Processes
6 Waste Disposal in (THHM

brine-filled Cavities
7 Rad Waste Disposal TM/THC

8 Rad Waste Repository THM/THC
in Rock Salt — Closure

9 Rad Waste Repository THM-C
in Rock Salt — Accident
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THMC with Respect to Salt Cavern Storage Design

High-Performance Storage of Natural Gas
Storage of Liquified Natural Gas
Compressed Air Energy Storage

(KBB Underground Technologies)
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Cavern Abandonment — Hydro-Mechanical Modelling

Lab test experience Flow related to Darcy

N\

\ 250
4.5 VA4
4 P‘*Nu’\ A LXA L I L. b M, T 200
v N "YVM AR A
A
3.5 v WY 3 A\QWW,\W/CWW. il V 1aso
g s / E
: AR :
® 25 : 100 =
2 / / | g
g 2 mmt\’nwn v M,{m w”\‘ vy o
a =]
T50 =
5 \/////
1 ,
N__ To
0.5 .
0 T T T T -50
0 1000 2000 3000 4000 5000 6000 7000 8000
time [min]

— axial rressure —confining pressure —fluid pressure —fluid volume

. . Basic mechanisms
Infiltration phase

Physical Model

infiltration with connected ¢ > infiltration with single unconnected
micro-fracs macro-fracs

1.00E-04
g 1.00E-05 A 4’3 MPa /
§ 1.00E-06 -| e
g 20MPa — -
% 1.00E-07 +
Salt rock sample with infiltration of liquid 5 *

% 1.00E-08 - —

_ApH T: ﬂ -AK 1.00E-09

_\7inf =a- exp(b . ApFI ) B ApFI \L: IB . A¢S 0 05 1 sigmin:i . 2 25 3

pressure-dependent representation of the average rate of infiltration v,
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Cavern Abandonment — Hydro-Mechanical Modelling T—M — H — (C)

General Demands

* Mechanical Stability

e Tightness

» Acceptable surface subsidence

 Environmental safe abandonment

Salt Cavern — Rock Mass Behaviour after Abandonment

still impermeable salt rock mass

Further __ /
infiltration front ﬁ
developing? ? 5

—— 1 infiltration front (x,t)

?rigof) é

infiltration
rate specific infiltration volume

time-dependent
pressure increase
(infiltration process,
convergence process)

impermeable salt
rock mass

) MISES3

(1) Calculates the stress
field in the rock mass
surrounding the cavern as
well as the rock mass
convergence regarding the
actual boundary conditions

t)
Mechanical Hydraulic
process process

Before hydraulic

(actual internal pressure)

breakthrough

Transfer of the actual stress field in
the rock mass and the actual
internal pressure in the cavern

(t‘+At) INFIL

(1) Calculates the time-dependent
propagation of the infiltration front
and the secondary permeability
considering the actual stress field in
the rock mass

(2) Calculates the increase of
internal pressure in the cavern due
to rock mass convergence

(3) Calculates the decrease of
internal pressure in the cavern due
to the loss of fluid induced by the
infiltration process

t >t + At

Transfer of the
actual potential field

After breaktrough
I

() MISES3

(1) Calculates the stress
field in the rock mass
surrounding the cavern as
well as the rock mass
convergence regarding the
actual boundary conditions
(actual internal pressure)

(2) Calculates the potential
field which occurs between
the cavern and the porous
cap rock at given
permeability and the actual
potential difference

4

)  M3STROM

Calculates (after hydraulic

Transfer of the efflux
volume caused by the
Darcy-flow

breaktrough) the efflux rate out of
the cavern considering the actual
permeability and the actual
potential field

Mechanical
process

Hydraulic
process

Transfer of the actual stress field in
the rock mass and the actual
internal pressure in the cavern

t, >, + At

(t, +At) INFIL

(2) Calculates the increase of
internal pressure in the cavern due
to rock mass convergence

(3) Calculates the decrease of
internal pressure in the cavern due
to the loss of fluid induced by

the Darcy-
flow process
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THMC with Respect to Chemotoxic Waste Disposal in Abandoned Salt Cavities (1)

Main Steps in a Waste Disposal Cavity‘s Life Time

Explanation

1

Brine-filled Cavity, Cavern
Sump

2/3/4 Waste Disposal (suspension)

Solidification in-situ via

- Consolidation due to Gravity,

- Compaction due to
Convergence of Salt Rock
Mass,

- Solidification due to Chemical
Processes =

- Brine-filled Pore Space?

- Pore Pressure Build-up?

- Waste Properties versus
Time — Deformability /
Permeability?

Safe Cavern Closure =
Behaviour in Long-Term?
Pressure-forced Infiltration of
Brine / Gas into Rock Salt
Mass?

Brine Propagation?

Brine / Gas Entry Pressure?

R
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THMC with Respect to Chemotoxic Waste Disposal in Abandoned Salt Cavities (2)

Coupling of Processes:
T T 1T —Ap. T=8-AK
{3 s s ey e s ey Pes 1=/ Salt Rock Mass
N\ A\ . . . . . _ApFl \L: IB . A¢S s x:\:x
1\ 1\ ! 0 NN\ N\ . Thes
AN >\ NN\ \\\\ \ -E ‘L:> Pr T ll.lﬁ".:m:{:\\k D
ITHNNON N\ \ -nT=p, 7T Waste ——
t\ 1 \\\\ INOWUW N NN NN
IEAEANAONNRR \\ —An= A¢° = AK®
:\ "\ ‘ \\ RN | pore pressure > fluid threshold pressure
! ) ! iddruck am Kavernendach [MPa] x10% 1
1 ' 1 A 1 1
1 1 1 \ 1 1
1 1 i 1 1 1 '
T 1 E(xt)=? =3
T TM/ gIn(x,t)=277 F\
1 /7H Kxt)=2 71
T iO(X,t =7 1 - History
1 f T i f T e 3' s‘ig_:lv:7489 (FISH symbal)
1 ) T f f T Lg]jtelﬂw <> 1.22024001
38 Dachdruck (FISH symbal)
ii T T T i 1 Linestyls
7.2804000 <> 1.036+001
i 1 ! 1 1 1
i 1 ! 1 1 1 nre
T 1 T T 7 7

Standzeit [a] x10°4

_ _ Infiltration of Contaminated
Pore-fluid Flow in Waste due to Rock Salt Mass Convergence Pore Fluid in Rock Salt Mass
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Geotechnical Barriers / Physical Modelling and Numerical Simulation

permeables
Hillswiderlager
Dichtelement |

| |

3.

fluid pressure

> O fo) 9.9 2t Bentonitformsteine %
() .,(> ‘¢,v.” () .r‘ :
Versatz )
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Naturfiltersteine

== Naturwerksteine =47

statisches Widerlager |

Mehrausbruch / aufgelockerte Zone

Betrachtetes Element

Streckenkontur vor Dammeinbau

7

FEMGY 7.0-84 @ TU CLAUSTHAL

Model: 5SDH-3
DALT: NTIME:
Modal STRESSES SIGMA-#
Max = .B7BE-1
Min = -.749E-2

. Brine / Fluid
q_i Pressure

Geotechnical
Barrier
Construction

24 MAR 2006 12:03:19 1cl?_dam_0-0,08

Backfill
Material

FEMGY 7.0-04 @ TU CLAUSTHAL

Model: SDH-3

DAZ2E: NTIME: 46

Nodal STRESSES SIGMA-H
Maw = .438

Min = -.165E-1

L

24 MAR 2006 12:08:35 1c26_dam_0-0,4

« Reduction of Pathways — EDZ / Damage

In-situ Test Sondershausen (Eberth, 2007)
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Modelling of Strain Softening and Dilatancy in a Mining System

Tragwiderstand in MPa

1950 1960 1970 1980 1990 2000 2010

Stability of Southern Flank of the Asse Il Salt Mine
Prognosis of Load Bearing Behaviour (Kamlot et al., 2007)

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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THMC with Respect to Rad Waste Disposal in Salt Rock Mass

Prognosis of Load Bearing Behaviour of Backfilled Disposal Drift with special Respect to Heat Generation
(Rothfuchs et al., 2004)

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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Recent Activities in Rock Salt Mass

Solution S@t7

L

\ Mjnldg

surface

500

max p; =
?

General Demands

roof configuration
—L

Stosr\\ ge in Salt N Radioactive Waste Disposal
} M w acc_pdtable surface |n Salt Mines
h supsidence

15001 fhvironmental safe

abandonment

min pi=?
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Constitutive Modelling — Essential Part of Geotechnical Design

Physical Modelling Numerical Simulation / Proof of
Safety
performance of calculations
site-exploration, lab tests, in situ (hardware, software), discretization,
1 tests 3 numerical accuracy,

| documentation of results
rock mechanic . )
4 sensitivity analysis
simulation model ‘

proof of safety, cavern design and

physical model of relevant recommendations (geometry,
2a rock mass area L 5 cavern pressures, operation times,
\ monitoring)
constitutive models . .
rock mass structure R Monltorlng
CM/CDM
primary stressfield rock (sample) parameters © monitoring during construction
p”m?gymrr?grlé{ﬂfgs rock mass parameters \
monitoring during operation

- sonar / laser survey

2b calculation model for simulation 7 - documentation and analysis of
of load-bearing behaviour mechanical status
eometry (load cases . Abandonment
gexcavazo(n, operation) assessment criteria
h/m-modelling and simulation
; limit values incl. safet ;
impacts (Ioaéj_l_cases dF, mar?ins (siress, Yy of long-term behaviour
deformation) \
0 cavern sealing

(a) Classic Design Concept — CM (b) Modifications for Advanced Design Concept — CDM

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics

625



Constitutive Modelling — Recent Activities

() EU-Research Project THERESA

THERESA = Coupled Thermal-Hydrological-Mechanical-Chemical (THMC) Processes for
Repository Safety Assessment

Benchmark of Physical Modelling / Numerical Simulation

(I) German Joint Research Project — Constitutive Modelling

Phase 1: 2004 — 2006: Modelling of the Mechanical Behaviour of Rock Salt. Comparison of
Advanced Constitutive Models and Methodologies.

Phase 2: 2007 — 2010: Comparison of Advanced Constitutive Models and Methodologies
based on 3D-Simulations regarding the Long-term Bahaviour of a Real Mine Structure in
Rock Salt

Phase 3: ? (Comparison of Advanced Constitutive Models and Methodologies based on
Numerical Simulations regarding the Thermo-mechanical Behaviour as well as the Sealing /
Healing Behaviour of Rock Salt)

Benchmark of Constitutive Modelling / Numerical Simulation

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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(I) EU-Research Project THERESA

FLAC3D 3.10 Job Title: Triaxial test 2, normal size (h=190mm, d=100mm, 11,25°-section, Steelplates h=

4 35 Step 8015318 Model Perspective @
. . 18:10:54 Thu Jul 23 2009
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Center: Rotation:
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axial stress I 7
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| —
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[
1
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N
o

H
]
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0 — "\‘1—/ Eyolume Measured GRS
Evolume (Flac) TUC
\ \ /

€/adial Measured GRS \ ii:
2] 8radial TUC L 5 : =

radial stress L IJ

>~
-3 T T T T T T T T 0

0 1 2 3 4 5 6 7 8 9

Time (day) TU-Clausthal
Deponietechnik und Geomechanik

FLAC3D 3.10 Job Title: Triaxial test 2, normal size (h=190mm, d=100mm, 11,25°-section, Steelplates h= FLAC3D 3.10 Job Title: Triaxial test 2, normal size (h=190mm, d=100mm, 11,25°-section, Steelplates h=

Step 30151 Model Perspective Step 7384571 Model Perspective
15:54:31 Thu Jul 16 2009 14:28:25 Tue Jul 21 2009 @

Center: Rotation: . Center: Rotation:
: X: 0000 X25%e002  X: 0000
Y o0 V42060012 Y: 0000 ] 2
;0. Z:1.526e-001 Z: 0.000 ’
Mag: 1 Outflow Dist:8.486e-001  Mag: 156 Tr
Ang: 22500 Ang: 22500

Block Group 35mm Grid

H“xksa" Magfac = 1.000e+000 ST
steel Lnestyle —— T TOEET
SESREREa: . Flow Vectors !
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:
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filter b i
sheet Top view of A
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with thin
Inflow permeable

Pgas = 0.4 MPa filter sheets

TU-Clausthal
o " TU-Clausthal
Deponietechnik und Geomechanik Deponietechnik und Geomechanik
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(I) German Joint Research Project — Constitutive Modelling

| P(x.y,2)=(0,0,100)

Modellregionen
90960 Elemente

Stoffparameter

& r—==—====-- 1
‘ 1 1
1 1
3 | | 1

100 m —_—

}_{ GAUEE TEUTECH

P(x,y,2)=(0,0,-700) \ P(x,y,2)=(745,0,-700)
Punkta: x =340m,y=0m, z=+100 m (T flache tiber mitte)
omw
Plastische Zugdeformation Plastische Scherdeformation Aktuelle einaxiale Druckfestigkeit

,,,,,,,,,,,,

-0,05 - - -

s
2

Vertikalverschiebung zdisp [m]

L] o
01B+4 0 - -——=== 1= ! L
— | T ! \
| | ]
——
| | | |
| | | | L
o2l 4 L______ o _____
’ —— INE | | | |
e R
Tuc | | | |
025 1 1 ‘ ! ! ! ! ‘ ‘
0 10 20 30 40 50 60 70 80 EY 100

Zeit[a]
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Overview Future (1)

(3) Future / Summary

First simple answer:

| don’t know — as less as you may do —

Second more complex answer:
We can try to follow our own business and extrapolate presence

processes in future ...

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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Physical Modelling / Numerical Simulation of Processes in the Nearfield

Level 1: Process level

M—>M/T>T/Ho>H/IC—C

geogenic system

Improvement of Scientific
State of the Art with Respect

- THMC — Analysis of physico-chemical processes in the Nearfield

Improvement of Understanding as well as
Physical Modelling / Numerical Simulation of
Complex Geotechnical Processes

geogenic system
forward 108yr = ?

farfleld

back 10%yr = ? nearﬂeld
impacts M ITC) _, @
mining / waste
technogenic
@ system
very low / no — =
permeability probability of occurrence of FEP's (impacts on geosystem)

to Safety

high — ordinary development = complete isolation
low — case scenario — admissible release

R

Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics
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General Development — Future (2)

Empirical Approach

— Analogy Mechanics g,

From Past Analytical Mechanics
EJ to Presence
Physical Modelling / Numerical
into Future Simulation of Single Processes

Improvement of Physical
~ Modelling / Numerical Simulation

of Coupled Processes
T-H-M-C

Documentation of Reliability

Numerical Prognosis ¢« In situ Behaviour
?

Improvement of Public Acceptance ) Science and Technology meet Public
? — 5 (or even need?)

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics



Future Development with Respect to Rad Waste Disposal (1)

What do we miss
... but would like to have most?

Public Acceptance

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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Future Development with Respect to Rad Waste Disposal (2)

What do we (think to) have?

What would we like to have?

Public Acceptance

Guarantee of Safety

(technical-scientific)
(as along dynamic process)

Reliable Physical Modelling =
Constitutive Models are
Essential Part of Safety Case

Demonstration of
Reliability and Safety?

The (A) Way to get Public Acceptance

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
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Future Development with Respect to Rad Waste Disposal (3)

What can — should — perhaps must — we do?

Precondition Information Intention
and
Communication
(in a complex field)

e =

Technical-scient.ific Acceptance Dialogue Public Acceptance
(as a dynamic process) based on Confidence, Transparency,
based on Fair Proceeding (political)

Guarantee of Safety

Improvement of Reliable I
Physical Modelling =
Constitutive Models are Participation wssp- Persons Concerned
Essential Part of Safety Case Become Actors Considering
. S Public Monitoring Regional Mannerisms
Demonstration of Reliability
and Safety? e \ u
u national international Updated Management Structures

Reliability of Science and Technology for Rad Waste Disposal

% Univ. Prof. Dr.-Ing. habil. K.-H. Lux
Professorship for Waste Disposal and Geomechanics




Thank you for your Attention

T
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PN %

Welcome to Clausthal University
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US-German Workshop on Salt Repository Research, Design, and Operation
May 25-27, 2010
Canton, Mississippi, USA
EVOLUTION OF DAMAGE AND HEALING IN THE EDZ

Otto Schulze
Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR), Hannover
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Evolution of damage and healing in the EDZ

Otto Schulze, Federal Institute of Geosciences and Natural Resources (BGR)

0. Introduction - some information about BGR
1. Site investigation Gorleben

2. Evolution of damage in the EDZ

3. Evolution of "healing"

4, Summary

Evolution of damage and healing in the EDZ



Federal Institute for
Geosciences and
Natural Resources (BGR)

The BGR Is the central
geoscientific authority
providing advice to the
German Federal Government
In all geo-relevant questions.

BGR is a subordinated agency of the Federal Ministry of Economics
and Technology (BMWi)

http://www.bgr.bund.de http://www.bmwi.de

Evolution of damage and healing in the EDZ
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Main working areas of BGR

Geo - Resources

- Natural gas, petroleum, coal, uranium
- ... mineral resources
- Groundwater

Geo - Safety

- Final disposal of waste
- Geohazards
- Seismology/ nuclear test-ban

Cross Section
- geological basics

Evolution of damage and healing in the EDZ
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Important recent publications

Proceedings of the Investigation of the Gorleben Salt Dome, Germany

6th Conference on the

Mechanical Behavior of Salt Hydrogeology of the Underground Exploration
overburden rock of the Salt Formation

Geology of the
Overburden and

Adjoining Rock

In preparation - part 4:
Geotechnical Exploration

Evolution of damage and healing in the EDZ
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Evolution of damage and healing in the EDZ

Otto Schulze, Federal Institute of Geosciences and Natural Resources (BGR)

0. Introduction - some information about BGR
1. Site investigation Gorleben

2. Evolution of damage in the EDZ

3. Evolution of "healing"

4, Summary

Evolution of damage and healing in the EDZ



Gorleben salt dome - internal structure

repository

host rock formation z2HS
consists of very different
types of rock salt

Evolution of damage and healing in the EDZ
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Site investigation  ?? what will be the main tasks ??
>> there will be many, of course (Federal Office for Radiation Protection, BfS)
>> [ong-term creep of the rock salt is really important,

because rock salt is dominating the structure of the salt formation

- long-term closure of the underground openings by convergence
- stress re-distribution and re-compaction in the EDZ
- self-sealing of the damaged rock salt ... and the compaction of backfill

convergence by creep: source term for pressurization of fluids (... and gases)

1. modeling of creep: BMBF - joint research project
>> SaltMech 6 (2007) ; ARMA (Salt Lake City, June 27-30, 2010)

2. ... dependence of creep on ... macro- and micro-structure ...
>> ... afew remarks on creep of different types of rock salt

Evolution of damage and healing in the EDZ



... rock salt from the Gorleben salt dome - "Stassfurt cycle" (z2)

strain [ % |

Stratigraphic spatial distribution
> layer: of impurities:
temperature:
295 K = 22 °C 6 =14 MPa ',o" z2HS1 (older) ©
41 2 “ * @ — 9
o .
& (few large + widely
" spaced particles
3 c = 12 MPa & @® @ ’f z2HS1 = small influence)
B @@ @® a0
00™® @@@
. @ @@%3%8 % (<) (<] o (<)
e pepEE FEEE
OO ap@e® 72HG ounger W
Mw@o@@ -......-. «® (y g ) & 0o © °°o
@@ (many small
particles inside of
the subgrains
= big influence)
O T T T
0 50 100 150 200

time [ days ]

Za———

Differences in the deformation behavior of various types of natural rock salt
are mainly caused by different types of impurities and their spatial distribution.
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stratigraphy

9 8 7 6 5 4 3 2 1 0 -1

ductile less ductile

Frequency distribution of creep ductility.

mapping of creep behavior
> determination of creep classes (c-cl)

>> (de/dt)* = A* - (de/dt)

ref

BGR - reference creep law
(Norton power law): de/dt ~ o - f(T)

creep class
(c-cl) = round[5 + LOG,(A*)]

>> frequency distribution of creep classes
(c-cl)
... and representative mean value

however:
care for deviations from the general trend

Evolution of damage and healing in the EDZ




(c-cl) in homogenized areas

high ductility

low ductility

elastic behavior

open rooms
backfilled rooms

application of the strategy:

- simplified geologic model

- correlations and mapping

- specified numerical modeling

Evolution of damage and healing in the EDZ
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Evolution of damage and healing in the EDZ

Otto Schulze, Federal Institute of Geosciences and Natural Resources (BGR)

0. Introduction - some information about BGR
1. Site investigation Gorleben

2. Evolution of damage in the EDZ

3. Evolution of "healing"

4, Summary

Evolution of damage and healing in the EDZ



EC - Conference , Luxembourg 2003

Evolution of damage and healing in the EDZ
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Modeling: dilatancy affects ductility

MICro - processes
stresses activate
dislocations

gliding plane 1

gliding direction
pile-up of dislocations
micro-crack formation

The CDM dilatancy concept for rock salt:
Evolution of damage is coupled with

=

(=

deformation by dislocations. 1
non - dilatant deformation dilatancy, damage and failure
transient and (mpacﬁ humidity induced Softenlng: : po_st—

dy state cree and healing creep processes SEMELE METEEE failure fallure'
steady P K / PP deformation behaviour
(As/At)tot = (Ag/At)creep < f((D) y |:h y 6(ddamage ... max? Gmin) * PF

Evolution of damage and healing in the EDZ
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Modeling of dilatancy related effects on ductility

Composite-Dilatancy-Model (CDM) Hampel et al. (2007, 2002)

Eg = P -0 - F - &, coupled processes

écr Creep rate of dry and compacted rock salt

Fh Function for the humidity induced creep

o  Function for the influence of damage on the strain rate

PF Function for the acceleration of the creep rate at failure

O = f(ddam, O'min) damage function depends on damage evolution

d= o, gv ... depends on volumetric strain rate
&y = I Ceff .. dependson r, and deviatoric strain rate
Tog — T
ry (T0:00) = Cpy - \/EO DCH | depends on the state of stress 1, o,
Oo — TDCH

and the dilatancy boundary tpcy

Evolution of damage and healing in the EDZ
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CDM - features: Simulation of a laboratory test with constant strain rate

taking into account the dilatancy related effects

axial stress difference [MPa]

Test conditions :

T = 205 °C

Ae [ At =104 st
only creep + p = 2.5 MPa
creep humidity influence ® = 75 %rh.

creep, humidity +

_ salt type : z3LS
damage influence

o ERA Morsleben
Lesssan "f», (Ostfeld)

experimental data

DD @ @ o §

5 10 15 20
axial strain [%]

VBM2002_EP_01.MCD
Test: 94001_001
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50 ‘
short-term strength test
45 || 1.0E-05 1/s; Asse, z2SP damage energy o
= 40 | T=30°C; p.=1MPa
o
= diff.-stress ! —x 1
— 35 1 | 1
)]
5 30 _ | volume
I
g 25 % - 0.5 MJ/m? e
= . / | l/
s 20 - .. It depends ... | |
%) mean stress
= A YA
> 15 ‘
= v v
S 10 L el T
5 , -
evolution rate of damage energy
0 ‘ 1 1 1 ‘
0 2 4 6 8 10 12 14 16

653

axial strain [%]

Evolution of damage and healing in the EDZ

damage energy
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uniaxial stress [MPa]

654

28

24 -

20 -

16 -

12 -

— 1.0E-06 1/s - 08008_3
— 1.0E-07 1/s - 08010_3

— 1.0E-08 1/s - 05035_3
— 1.0E-08 1/s - 05049 _3

uhiaxial strengfh testing - different strain rates
T=22°C rel. humidity: 20 %rh

2 4 6 8
strain [%)]
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uniaxial stress [MPa]

655

28

24 /‘/‘l/f -

20 /7
o
\\\
16 - , ~ i
12 N |
—— 20 %rh - 05049_3
—— 50 %rh - 08029
8 —— Q-brine - 08032
—— 70 %rh - 08035
I I | I

4 uniaxial strength testing - different rel. humidities
T=22°C strainrate: 1.0E-08 1/s

0 ‘ 1 1 1 ‘ 1 ‘
0 1 2 3 4 5 6 7
strain [%]

Evolution of damage and healing in the EDZ
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stress at failure [MPa]

656

30

28

P I

26

24

22

¢ 5.0E-06 // 20 %rh & 70 %rh
B 1.0E-06 // 20 %rh to 60 %rh

20 A

18 +——

16 -

14

@ 1.0E-06 // brine

@ 1.0E-07 // 20 %rh
@ 1.0E-07 // 50 %rh

= R _

" rock salt with ™. e
instable second %} 7
phase minerals ~ / O) =

(ph)

© 1.0E-07 // brine
O 1.0E-07 // brine

© 1.0E-07 // 70 %rh

12

uniaxial strength and strain
to failure in dependence on

10

different humidity conditions

| | A 1.0E-08// 20 %rh
A 1.0E-08 // 50 %rh
A 1.0E-08 // brine

A 1.0E-08// 70 %rh
\

2 4 6

strain at failure [%]
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log (k / ko)

657

IS

region I
region | region I undisturbed rock salt :

k <102 m?

A
v
r
v

dilatant deformation:
""spontaneous’ interconnection of
pores & cracks —

spontaneous increase in
permeability

region 11
disturbed rock salt :

k=10 m?

dilatant deformation:
interconnections are existing,
cracks widen —»

""moderate increase in
Stormont & Daemen (1992) permeability

-5.08- increasing porosity

German-CBFO Salt repository Workshop, April 25-27, 2001 Carlsbad, NM
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Evolution of damage and healing in the EDZ

Otto Schulze, Federal Institute of Geosciences and Natural Resources (BGR)

0. Introduction - some information about BGR
1. Site investigation Gorleben

2. Evolution of damage in the EDZ

3. Evolution of "healing"

4, Summary

Evolution of damage and healing in the EDZ



Domains of dilatancy and compaction - investigation of "healing

659

octahedral shear stress [MPa]

14

=
N
|

[EEY
o
|

(0]

L

= mean failure strength_BGR-2003 /

= dilatancy boundary_ C+H-1998 /

Uniaxial strength test
A€/At = 1.0E-08 1/s |
T =22 °C; humidity: 22 % rh
6, max — 26 MPa; &, . =11%
AVIV, = g, =2.65 %

— — |

(o))

I

/ X 60((\6\(\ ’ /
e

b

N
l

non-dilatant domain - compaction

4 6 8
mean stress [MPa]
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Isostatic compaction test |
Pio: 3 ... »12 MPa
T=30°C

AVIV,  =¢&,=2.36 %

i —

10 12 14
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porosity [%0]

Compaction behaviour ...

2.3

A N

of pre-damaged rock salt P time dependence

2.2 -

2.1 -

=
oo
|
\

1.4

N\

c @ ¢ b m 0 <O D> [O

p_iso =3 MPa

p_iso =4 MPa

p_iso =6 MPa

p_iso =7 MPa

p_iso =10 MPa
p_iso =12 MPa

p_iso - reduction

damage Piso = 1 MPa o O
Ag, /At ~ 11, 0,) - Ag, [AL

compaction

A8V0|/At = 'B ' (8V0| = 8*V0|) Piso = 3 MPa @

e

e* o residual porosity

Piso = 6 MPa O

e

S0

1.3

10

20

Q\
30 40 50 60 70
time [d]
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porosity [%]

permeability [m?]

2.3
2.2
2.1 A isostatic compaction
2.0 @ isostatic pressure decrease
1.9
1.8
~ R
1.6
\AL
15
1.4
1.3 T i
0 2 4 6 8 10 12 14
p_iso [MPa]
1/3 ~ _
(k/k,) 1-log(p/p,) Walsh (1981)
1.E-13 ‘ ‘
4 isostatic compaction
B isostatic pressure decrease
1.E-14 - I
| |
i

1.E-15 i \"

\ Py
1.E-16 T T \F

0 2 4 6 8 10 12 14
p_iso [MPa]

permeability [m?]

porosity [%]
I
(o]

1.E-13

1E-14

1.E-15

1.E-16
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1.E-16
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—
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1
—
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-
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—Kk - ® - relation, p_c =2 MPa

—k - ® - relation, p_c =5 MPa
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Microstructural study of reconsolidated salt
G.M.Pennock, X. Zhang, C.J. Peach & C.J. Spiers

Proceedings of the Sixth Conference

SEM of dynamically compacted salt
(tampered; width of image: ~ 0.1 mm)

top: initial state, p = 0.90 - p,

bottom: after hydrostatic consolidation,
p=0.97-p,

permeability decreases four orders of
magnitude to less than 1018 m2 ...

... SO far as pressure solution / re-deposition
processes eliminate pore space

F.D. Hansen, SNL

Evolution of damage and healing in the EDZ
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permeability reduction of compacted crushed rock salt

pre-compaction in an Oedometer device at elevated temperature, T = 100 °C
mean grain size: 2 mm (d ., <30 mm) (density < 1.6 g/cm?3)
compaction rate: 6.9-10°1/s to 6.9-107 1/s

hydrostatic stress: 35 MPa after ca. 6 days (incl. 4 d - relaxation sections)
density: 2.06 g/cm3 (porosity: < 5 %)
interim storage: 22 °C and 45 %rh (rather dry condition)

preparation of a cylindrical specimen and permeability testing:
T =30 °C; Pryaro = 38 MPa; 30 days » py,s = 0.5 MPa k=210 m?

humidity treatment in a closed box with saturated NaCl-brine at bottom:
T=22°C; ® ~ 75 %rh; 7 days

hydrostatic re-compaction (l):

T =30 °C; Pryaro = 10 MPa; 30 days » py,s = 0.2 MPa k=1-1016 m?

hydrostatic re-compaction (ll):
T =30 °C; Phygro = 20 MPa down to py 4, =4 MPa » p,,, = 0.2 MPa

» no decay of gas pressure detected ... during two month of observation
Challenge: re-compaction ... dominating processes and modeling !

Evolution of damage and healing in the EDZ
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Evolution of damage and healing in the EDZ

Otto Schulze, Federal Institute of Geosciences and Natural Resources (BGR)

0. Introduction - some information about BGR
1. Site investigation Gorleben

2. Evolution of damage in the EDZ

3. Evolution of "healing" ... humidity !

4. Summary

Evolution of damage and healing in the EDZ
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US-German Workshop on Salt Repository Research, Design, and Operation
May 25-27, 2010
Canton, Mississippi, USA

GEOLOGICAL EXPLORATION AND 3D-MODELLING OF A SALIFEROUSHOST
ROCK FORMATION - GORLEBEN SALT DOME -

J. Hammer, G. Mingerzahn, J. Behlau, S. Fleig, T. Kihnlenz, M. Schramm
Federal Institute for Geosciences and Natural Resources (BGR), Hannover, Germany

Investigations of barrier properties of salt rocks for HRW disposal started in Germany already
at the end of the 1950", at the beginning of the 1960™. At the same time began the collection
and preparation of geological, economic, ecological and social political datafor the site
selection process. These works were highly influenced by studies on salt rocksin the USA
and the evaluation of their suitability as host rocks for radioactive waste (e. g. THEIS 1956,
BLOMEKE et al. 1963, STRUXNESS 1963, BRADSHAW et al. 1963). The main reasons for
selection of salt diapirs as host rocks for HRW in Germany are the very low water
concentrations of the halitic rocks, especially in central parts of diapirs (the Hauptsalz of the
Zechstein 2 in the Gorleben salt dome is characterized by water content variations between
0,014 and 0,017 wt.-%; JocKWER 1981) as well as plastic behaviour and creeping of rock salt
(healing of joints) and high thermal conductivity of rock salt (lower areas for the repository
are required in relation to granitic rocks or claystones). Other important reasons are long-term
stability of underground excavations without support, long experience in salt exploration and
mining as well asrelatively high homogeneity of rock salt in central parts of salt domes.

The Gorleben salt dome was chosen in 1977 on the basis of geological, infrastructural and
social political selection criterias (f. i. 400 — 500 m thickness of rock salt; top of the salt dome
300 — 800 m under floor; missing of thick, industrially relevant potash layers; see HAMMER et
al. 2009) to clarify the suitability as repository for highly radioactive waste in Germany.
Extensive surface geological exploration works were provided to clarify the shape of the salt
structure and the stratigraphy of Zechstein beds and of overburden since 1979. The other
goals of the site investigations from the ground surface were to have afirst idea about the
internal structure of salt dome and to study subrosion processes and the hal okinetic history of
the dome as well asto identify sites for shafts.

The following exploration methods used during surface investigations. seismic profiling, deep
throughout cored exploration boreholes with measurements of orientation of cores,
geophysical measurements in the boreholes (Gamma Ray, Sonic Log, Density Log and
Deviation Log), spatial GPR measurements in boreholes and geochemical investigations of
salt rocks, brines and hydrocarbons. 145 boreholes drilled to investigate the stratigraphy and
hydrology of the Cenozoic cover of the salt dome. 326 observation wells of various depths
constructed and 4 pumping tests of about 3 weeks each provided. A very detailed new
stratigraphic subdivision of Zechstein sediments in Gorleben salt dome devel oped basing on
detailed documentation and lithological investigations of cores from deep exploration
boreholes. 16 seismic profiles carried out and interpreted in 1984/1985 with an overall length
of 156 km. The seismic data enable to build up adetailed picture of the extent and shape of
the salt dome and the geological structure of the overburden. A seismic array, consisting of 6
stations in boreholes installed to detect local seismic activity. Additionally, extensive creep
and strength tests conducted on specimens from borehole cores to study the mechanical
behaviour of rocks as well as sorption and desorption coefficients measured on 38 samples
from the Tertiary and Quarternary cover of the salt dome.
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A preliminary geological model of the internal structure of the salt dome build up the BGR on
the basis of four, up to nearly 2000 m deep exploration boreholes, two pilot shaft boreholes
and 44 salt surface boreholes. This preliminary geological model and preliminary evaluation
of the long-term suitability of Gorleben salt dome represented the basis for decision on
underground exploration in 1983. The underground exploration of the salt dome started in
1986 with sinking of shafts Gorleben 1 and Gorleben 2 at a distance of about 400 m. The
goals to be proved were to investigate the spatial position of host rocks for the emplacement
areas (Hauptsalz of Stal3furt-Formation) and the distribution and interconnection of
Hauptanhydrit blocks within the salt dome as well as the existence and distribution of saline
solutions, gas reservoirs and hydrocarbon condensates within the salt dome. It must be shown,
that there are no flow paths for saline solutions between the planned emplacement area and
the aquifers in overburden basing on exploration data.

The underground exploration must be carried out in away that the integrity of the rock salt
barrier will be preserved. Therefore the disturbance of the potential disposal area by
excavations and drilling activities should be as low as possible. BGR and the Federal Office
for Radiation Protection (BfS) developed the geological and geotechnical underground
exploration program for the site characterization. The principle of the stepwise exploration
realized in the Gorleben salt dome is to permanently optimize the excavation strategy by
geological results. The main exploration methods were exploration boreholes, detailed
geologica mapping of drifts, cross-cuts and other excavations, GPR measurementsin
boreholes and drifts as well as geochemical and mineralogical investigations.

BGR provided complex interpretation of exploration results (BORNEMANN et a. 2008) and
build up a detailed geological 3D-model. A good, very sensitive method for reconstruction of
the internal structure of salt domesis the analysis of bromide distribution in salt rocks basing
on experiences in exploration of the Gorleben salt dome and other salt structures (for the
cavern industry). Basing on the bromide content of core samples or cuttings we are able to fix
vicinity to potash seams. There is a characteristic increase of bromide concentrations in
halites (from 44 — 115 ppm in the Knduelsalz to 177 — 299 ppm) in the Hangendsalz and
Kieseritische Ubergangsschichten near the Stal3furt potash seam (SCHRAMM et al. 2005).
Another, very effective exploration method are ground penetration measurements (GPR),
either in bore holes or in drifts nearly parallel to geological borders, which have to detect.
Using of GPR can get valuable information about the spatial position of characteristic
reflectors as z2/z3 border or Gorleben-Bank within the z3 Orangesalz, which are useful for
modelling.

A detailed geological 3D-model of the Gorleben salt dome was constructed on the basis of
surface and subsurface geophysical data as well as of borehole documentation and mapping of
drifts. The 3D-model isvaluable as instrument for complex interpretation of exploration data,
astool for planning of further geological exploration and as basis for long-term safety
analysis. Geological modelling carried out with the program openGEO®. The model yielded
out by BGR reached a high quality and high degree of detailization in last years. For
illustration, the part of model, describing the transition zone of infrastructure zone of
Gorleben exploration mine to planned emplacement area EB 1 will be shown. The southern
flank of the main anticline with intensively deformed Hauptanhydrit is explored at this
position, which is characterized by boudinage and rotation of Hauptanhydrit blocks.
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The underground exploration of the Gorleben salt dome, stopped in October 2000 by
governmental moratorium, points to the potential suitability of salt dome for disposal of
highly radioactive waste. The results of the geological investigationsin the EB 1 show alarge
area of potentially suitable host rocks (Hauptsalz) in a simple anticline structure. The
exploration hasto be continued in order to clarify finally its suitability.
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Geological exploration and 3D-modelling
of a saliferous host rock formation
- Gorleben salt dome -
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Fields oT workKing

- preparation of basic data, geological attendance in site selection

(f. i. host rock distribution, selection criteria, assessment of suitability)
- Planning and realisation of site exploration

- Evaluation and interpretation of exploration data (3d modeling)

- Salt rock research (geochemistry, bromide distribution, deformation,
subrosion, distribution and composition of hydrocarbons)

Bromide distribution

Kristallbrockensalzi
(22HS3)

; 29

i 7

i i

I I

i I

Hauptsalz (z2HS)

1 2
normierte Bohrkernstrecke [m]
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Geological 3d models — tools for data storage and
planning of geological exploration

- AutoCAD-linked openGEO 3d models based on real coordinates

- 3d models — instruments for interpretation of exploration data

- 3d models — basis for planning of spatial orientation of bore holes
- 3d models — basis for long-term safety analysis
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Geological Exploration of Gorleben salt dome

e salt diapirs — highly suitable medium for HLW disposal

e surface/aboveground exploration of Gorleben salt dome

e Subsurface/underground exploration of Gorleben salt dome

e geological 3D-model of Gorleben salt dome
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Reasons for selection of salt diapirs as

host rocks for HRW (1)
very low water content, especially in central parts of diapirs

plastic behaviour and creeping of salt is responsible for healing
of joints (no inflow of waters from outside the diapir,
“impermeable enclosure*)

Long-term stability of underground excavations (without
support)

high thermal conductivity of rock salt (no heat accumula-tion
or damming, relatively small volumes are required for
disposal)

high homogeneity of cental parts of many diapirs because of
halokinesis (good possibilities for prediction of composition and
properties)



Lithological standard profile of the
Zechstein halite beds (Gorleben)



Lithology of the halite beds (Gorleben)

Stal3furt-Folge (z2) Leine-Folge (z3)
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Reasons for selection of salt diapirs as
host rocks for HRW (2)

long experience in salt exploration and mining (since 1850)

a lot of in-situ and experimental/laboratory data about long-term
behaviour of salt

high stability and isolation properties of salt rocks— all solutions
observed in Gorleben diapir are intrasalinar and of late Permian age
(ca. 250 Mio. a old), no groundwater inflow from outside the diapir

deposition of HRW in clayey or crystalline rocks is often problematic:
water inflow via faults, highly expansive exploration and geotechnical
barriers, low stability of excavations in clayey rocks, evidence of long-
term stablllty and safety is difficult

existence of many salt diapirs in Germany (potentially many
alternatives for selection procedure)



Salt structures in Northern Germany



criterias for selection procedure
Richter-Bernburg & Hofrichter (1964)

> 400 — 500 m thickness of salt formation

» ,nearly* homogeneous rock salt (without thick layers of carnallite or
anhydrite)

»  sufficient extent/size (horizontal extent)

»  top of the salt structure 300 to 800 m under floor

»  lowly permeable overburden (better fixation of borehole tubing)

»  possibilities for disposal of salt solutions from leaching (in case of
HRW disposal in caverns)

» good infrastructure (streets, train)

»  neighbourhood of planned atomic power stations
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Examples of unsuitable salt diapirs

» low extent / size in 1000 m depth — 11 km?2 (Gorleben ca. 45 km?)

> contour / internal structure — not nearly round forms of diapirs (very
complicated internal structure, volumes of host rocks are to small)

»  stage of geological development of salt diapirs (high thickness of salt
rocks in rim synclines, high rates of uprising of salt diapirs)

»  other forms of using the salt diapirs (competition — f. i. mining,
caverns)
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Structure of Gorleben Salt Dome in Comparison with other Salt Domes
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Time scale of exploration

e selection of Gorleben salt dome In 1977

e Exploration since 1979 to prove the suitability
for the storage of radioactive waste

e Exploration from above ground from 1979 to 1985

e Underground exploration from 1985 to 2000
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Geological Exploration of Gorleben salt dome

Exploration methods

e Seismic exploration (if possible 3D)
e Exploration boreholes (totally cored)
e Detailed description of the cores

e Geophysical measurements in the boreholes
(indispensable are: Gamma-Ray, Density-Log, Sonic-Log, Deviation-Log)

e Measurement of orientation of the layers (all 50 to 100 m; if possible Dip-Log)
e Spatial GPR-measurements (if possible)

e Geochemical investigations (qualitative mineral composition, bromine,
rubidium, strontium, 834S, 6180; thermodynamic modelling of brine-rock
Interaction, hydrocarbon analyses and genetic interpretation)

If subrosion of the salt structure has to be examined:

e Several boreholes distributed in the top of the structure
(cored in the caprock and several meters in the saliniferous itself)
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Geological Exploration of Gorleben salt dome

Following answers should be given about

e shape of the salt structure (top, bottom, flanks)

e internal structure
e stratigraphy of Zechstein beds and overburden

e subrosion (long term safety)
e petrographical facies of rocks

e geological map of the top of dome
¢ halokinetic history of the dome

e gas and brine content

e geochemical characterisation of salt rocks and overburden

identification of sites for shafts
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map of exploration boreholes
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Seismic Investigation
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Seismic cross-section
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Stratigraphic table

Zechstein 7
i z/
(Molin-Folge)
Zechstein 6 26
(Friesland-Folge)
Zechstein 5
z5
(Ohre-Folge)
Zechstein 4
z4
(Aller-Folge)
Zechstein 3
. z3
(Leine-Folge)
Zechstein 2 29
(Stal3furt-Folge)
Zechstein 1
z1
(Werra-Folge)
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Stratigraphic table (details)

Zechstein 7 7
(MdlIn-Folge)
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Stratigraphic table (details)

Oberer Stal3furt-Ton
Gebanderter Deckanhydrit
Decksteinsalz
Kalifloz Stal3furt

Kieseritische
Ubergangsschichten
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Stratigraphic table (details)
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Stratigraphic table (details)
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Synthetic
Sequences of
z2, z3 and z4
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Interpretation
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Geological map of the top of
Gorleben salt dome

Stratigraphy:
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Prognhostic geological map of 840 m level

Stratigraphy:
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Geological cross-section of the Gorleben salt dome
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Subrosion at the

Top of Gorleben Salt Dome

Schichten und direkter Auflagerung
von quartérzeitlichen Sedimenten

auf Hut- oder Salzstockgesteinen
(BORNEMANN 1991: Anl. 14,16)

H}D Bereiche mit fehlenden tertiaren

Quartarbasis tiefer als NN -200 m
(BGR-Unterl. ZIRNGAST & ZWIRNER 2003,
i. Vorb.; Projekt Gorleben, Schichtenfolge
und Strukturbau des Deck- u. Nebengebirges,
Anl. 6.4-18)

® 5002 Bohrpunkt mit Bohrungsnummer

Bohrung mit Nachweis einer
®1004(0,3) postelsterzeitlichen Subrosion;
Subrosionsrate: 0,3 mm/Jahr

*3010(-) Bohrung ohne Nachweis einer
postelsterzeitlichen Subrosion
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Subrosion at the Top of Gorleben Salt Dome
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Schacht 1

Underground exploration
of Gorleben Salt Dome

Pilotkonditionierungsanlage

Zwischenlager

Schacht 2

Erkundungsbergwerk

Elbe
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Underground exploration

Main aims that have to be proved.

¢ [s there interconnection between Hauptanhydrit blocks in the
southern border of the exploration area 1 (Zechstein 3/Zechstein 2)
in the central part of the salt dome?

e Do the Hauptsalz member (EB1) occurr salt solutions and gas reservoirs ?

e Are there connections and flow paths for salt solutions between
the exploration area and the aquifer (salt leaching surface) ?

e |s there interconnection between salt solution reservoirs in the
Hauptanhydrit blocks over long distances ?
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Underground exploration

Geological works to be done:

e Exploration boreholes

e Detailed geological mapping

e GPR measurements in boreholes and drifts
e (Geochemical investigation

e Construction of a geological 3D-model
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Standard Bromine Profile Zechstein 2
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Underground exploration - bromine
distribution in bore holes
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Geological Exploration of Gorleben Salt dome

Principle of GPR borehole measurements
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Geological Exploration of Gorleben Salt dome

drift

0 distance [m] 50 100. O

14 |{
T / Radar traces of measurement at the wall

reflector

Example of a 360 degree measurement
from profile meter 100 of a drift survey

Radar traces of
measur ement
at the floor
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Basic data for 3d modelization

digital topology / terrain model

interpreted seismic data

subsurface contour maps

Mapping of drifts

geophysial data

Bore hole data
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Basic data for 3d modelization
- bore hole and core data -

logging data Bromide distribution
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measurements of orientations
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Underground geological exploration

Horizontalschnitt 840
m-Sohle, EB 1
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Boudinage of Hauptanhydrit Gorleben
salt dome
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Boudinage of Hauptanhydrit Gorleben
salt dome

712



Boudinage of Hauptanhydrit/Anhydritmittelsalz
Gorleben salt dome
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Results of geological exploration (1)

No interconnection between anhydrite blocks in the
central part of the salt dome

No significant occurrence of salt solutions and gas
reservoirs In the "Hauptsalz" Formation

Occurrence of salt solutions and gas reservoirs only In
anhydrite-bearing rocks (e.g. "Gorleben Bank™)

No connection and flow paths from salt solution
reservoirs in the salt dome to the aquifer in
overburden (salt leaching surface)

NoO interconnection between salt solution reservoirs
over long distances
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Results of geological exploration (2)

e Between the two shafts the transition from z3 to z2 was
encountered in complicated folds and shear structures

e The central zone of the salt dome consists of "Hauptsalz" in
a simple anticline

e The Hauptsalz (Zechstein 2) with a primarily sedimentary
thickness of 800 m is deformed to a breccia

e If there is intensive folding salt beds react by thinning or
thickening

e Thicker anhydrite horizons are mostly torn into single
iIsolated blocks

e The anhydrite units are often isolated reservoirs for brines,
hydrocarbon gases and condensates because of fracturing



CONCLUSIONS

« The final suitability of the Gorleben salt dome is
evaluated by a stepwise manner.

« Up to now, there are no indications for non-suitability.

« The experiences gained in the first exploration area
(EB1) are determining the further exploration strategy
In the following exploration areas.
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US-German Workshop on Salt Repository Research, Design, and Operation
May 25-27, 2010
Canton, Mississippi, USA
FIELD AND EXPERIMENTAL R&D FOR SALT REPOSITORIES

David Holcomb
Sandia National Laboratories
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Field and Experimental R&D for Salt Repositories

David Holcomb
Sandia National Laboratories

US-German Workshop on Salt Repository
Research, Design and Operation

May 25-27
Canton, MS

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly Sandi
owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Na%uﬁlal
Nuclear Security Administration under contract DE-AC04-94AL85000. .
Y SAND2010-3411C Laboratories



WIPP Layout
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WIPP Site Characterization

Geologic studies Hydrologic testing

Geophysical surveys
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Recent Laboratory and Field Work

 DRZ (Disturbed Rock Zone) Investigations
* True Triax Lab Tests

e Hot Salt Reconsolidation

Sandia
National
722 Laboratories
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Understanding Changes in Permeability
Motivates Investigations

 DRZ (Disturbed Rock Zone) Investigations

— Field studies aim to quantify damage spatial and
temporal variation because damage increases
permeability

— Some influence on closure rates and constitutive
modeling

 High Temperature Salt Consolidation
— Permeability of backfilled, mined salt

— Material properties of backfilled salt control the
closure and sealing properties of the host salt

Sandia
National
Laboratories
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DRZ Criterion in Halite

D “damage” factor, is derived from the dilatancy criterion of Van
Sambeek et al.

This proposed criterion is linear in terms of stress invariants

JJ, 20271, =0.810,, (1)

Eqg. (1) was used to defined a damage factor D

VI, 2

0271,

Where D < 1, No damage is expected

Where D> 1, Damage is expected

Where D > 1, the shear stresses in the salt (J,) are large compared to
the mean stress (l,) resulting in dilatancy ancf damage
@ Sandia
National
Laboratories



S-90 Drift Experimental Configuration

® .
S . e @ 300 kHz, compressional mode PZT-5A
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| Borehole
Borehole geometry in S-90 rib face DRZ <  Signal
B  Transducer

Plan view (schematic)
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Arrival Time Picking Process
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Ultrasonic Velocity with Depth

DRZ

— Non-constant
velocity region,
changing with
depth

Undamaged zone

— Constant
velocity region

728

VP (km/s)

5.0

4.8 -

4.6 -

4.4 -

42 ® ®©

4.0 +

DRZ

O

undamaged

0°% 0090

@ VY U U U

3.8
0.0

1.0

2.0 3.0

4.0 5.0 6.0 7.0

Depth (m)

Sandia
National
Laboratories



Fracture Apertures in Core from S-90 drift
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Fracture Aperture (microns)

From (Bryan et al., 2003)

729

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

11 & WIPP Core QGU 36 |-

m WIPP Core QGU 14

O WIPP Core QGU 39

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |

o s »
1 2 3

B ba. ¢
5 6

4 7

Distance from Rib Face (m)

)

Sandia
National
Laboratories



\

Q

o N

. B

Laboratories

Room Q

oom

Alcove

Location 1

-

730



ROOM CORNER
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Comparison of Laboratory and In Situ Results

e Quasistatic, 3-D stress -vs- in situ creep under
the influence of an evolving 3-D stress state

* Relative effectiveness of creep and quasistatic
stress in generating anisotropic damage

Sandia
National
Laboratories



True Triaxial Testing

Simulate Changing Stress

During Mining
O11 o, = 15 - 30 MPa
c,= 15 MPa

6,= 15> 0 MPa
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Changes in V, for Simulated Drift Mining
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Field vs Lab DRZ Effects on Vp

e Vertical (o,)
—In situ -7 %
—Lab 0 %

—In situ -7 % |
—Lab 0 %

e Perpendicular to drift(oy)
—In situ  -20 %
—Lab -15%

Sandia
National
737 Laboratories
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SUMMARY

e Lab and in situ results differ because of creep
 Time- hours -vs- years

 Different effects of in situ and laboratory 3-D
stress emphasizes the importance of creep Iin
generating anisotropic damage, even in
directions that might be expected to have low
damage (parallel to wall of drift)

Sandia
National
Laboratories



Salt Reconsolidation for Higher
Temperatures

* Available data were acquired under WIPP-
appropriate conditions (< 100 C)

* High level waste will impose higher heat loads
and higher temperatures

e Technological issues in conducting hydrostatic
creep tests at high temperatures on initially low
porosity mined salt

« Water behavior is difficult to simulate in sma