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ABSTRACT

The 6" US/German Workshop on Salt Repository Research, Design, and Operation was held in Dresden.
Germany on September 7-9, 2015. Over seventy participants helped advance the technical basis for salt
disposal of radioactive waste. The number of collaborative efforts continues to grow and to produce
useful documentation, as well as to define the state of the art for research areas. These Proceedings are
divided into Chapters, and a list of authors is included in the Acknowledgement Section. Also in this
document are the Technical Agenda, List of Participants, Biographical Information, Abstracts, and
Presentations. Proceedings of all workshops and other pertinent information are posted on websites
hosted by Sandia National Laboratories and the Nuclear Energy Agency Salt Club.

The US/German workshops provide continuity for long-term research, summarize and publish status of
mature areas, and develop appropriate research by consensus in a workshop environment. As before,
major areas and findings are highlighted, which constitute topical Chapters in these Proceedings. In total,
the scientific breadth is substantial and while not all subject matter is elaborated into chapter format, all
presentations and abstracts are published in this document. In the following Proceedings, six selected
topics are developed in detail.

1. Salt Repository Research Agenda. Building blocks of the research agenda were conceived at the
5™ US/German Workshop on Salt Repository Research, Design, and Operation in 2014 and
reached a mature level for project forecasts in 2015. This contribution identifies future common
research and extensive discussion and referencing provides structural framework to the issues.
Remaining among previous research issues are the minimum stress criterion, granular salt
properties at low porosities, constitutive model development, and other matters of mutual interest
and pertinence to the salt safety case.

2. Geomechanics Issues and Joint Project. The overall goal of the Joint Project, which initiated in
2004, is to further develop tools for demonstrating safe, final disposal of heat-generating
radioactive waste in salt formations. The tools in this particular case include constitutive models,
numerical calculation codes, and modeling procedures. Modeling in the Joint Project has
evaluated proficiency against in situ test results obtained in the Asse mine (domal) and Waste
Isolation Pilot Plant (bedded) salt. The most recent simulations of unheated Room D and heated
Room B are examining large-scale thermomechanical effects on closure. In concert, a large
testing program on Salado Formation bedded salt was completed to avail additional parameter
quantification. In the end, the Joint Project will identify the best available resources for salt
repository design, analysis, operations, and closure.

3. Concrete Drift Seals. Drift seals provide important functions for operations and closure of salt
repositories. In Germany, drift seals made of salt-saturated concrete have been evaluated at full-
scale. These efforts included development of specialty concretes with cement or MgO as the
binding agent and the brine saturated with NaCl or MgCl,, construction experience, and
functionality testing. Investigations of pilot drift seals encompassed the primary elements of drift
seals: construction materials, the excavation damage zone, and the contact zone.

4. Comparison of Bedded and Domal Salt. There is a desire within advanced salt repository
programs to compare and contrast bedded and domal salt as applied to disposal of heat-generating
nuclear waste. Relevant research and application in the United States has concentrated on bedded
salt while similar efforts in Germany emphasized geologic domal salt. At this time, each nation is
once again considering possible repository choices, which presents a need and an opportunity to
compare repository-relevant differentiating characteristics of bedded and domal salt. Differences
and similarities exist for bedded and domal salt and they manifest at different scales when applied
to nuclear waste disposal.
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5. Modular Build and Close. Events in February 2014 at the Waste Isolation Pilot Plant sharpened
the focus of operational safety. One means to mitigate potential risk is to design the underground
workings in such a way as to minimize exposure during operations. Advances in our knowledge
of salt reconsolidation coupled with analogue examples support a concept of sequential sub-unit
certification and closure in large-scale salt repositories. Recent changes to the Waste Isolation
Pilot Plant panel closure and concurrence by the Environmental Protection Agency were based on
recognition that crushed salt panel closures will return to a physical state similar to native salt.
These advances suggest a future salt repository featuring modular design, sequential licensing,
and complete isolation.

6. Underground Research Lab Priorities. Full-scale test results play important roles in licensing and
performance assessment. Salt repository science and engineering has the benefit of several
decades of applicable field experiments—to such an extent that there has not been a defined test
that must be conducted before a safety case can be prepared for salt disposal of heat-generating
nuclear waste. Nonetheless, if an underground facility were to become available, the salt
repository community is capable of defining high-value test priorities. Based on break-out
sessions of this workshop, the consensus for highest priority field testing included large-scale
consolidation and drift-seal demonstration.

Descriptions above comprise the core of the Proceedings of the 6" US/German Workshop on Salt
Repository Research, Design, and Operation. Collaborative efforts continue on virtually all of
these subjects, and several others. For example, a universal salt catalogue for Features, Events,
and Processes continues compilation toward a comprehensive list. Differences and similarities
between bedded and domal salt are being examined by way of modeling, background assembling
of information, and new testing. Emphasis of the ongoing workshops remains on issues pertaining
to salt repository research, design, and operation. The group strives to advance the technical basis
for salt repository systems. Joint publications provide evidence of such advancements, including
shared goals of state-of-the-art co-authored reports and identification of an appropriate research
agenda. Our collaborations provide a forum to evaluate arising issues and support the Nuclear
Energy Agency Salt Club.
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Proceedings of the 6™ US/German Workshop on Salt
Repository Research, Design, and Operation

Meeting Venue: Hotel Pullman Dresden Newa
Dresden, Saxony, Germany

September 7-9, 2015

F. Hansen, Sandia National Laboratories (SNL)

W. Steininger, Project Management Agency Karlsruhe, Water Technology and Waste
Management (PTKA-WTE)

W. Bollingerfehr, DBE TECHNOLOGY GmbH

1 INTRODUCTION

Once again, it is a pleasure to present Proceedings of collaborations between German and United States
(US) scientists on salt repository research, design, and operation. The 6" US/German Workshop on Salt

Mrs. Borak — Welcome Address

The Federal Ministry for Economic Affairs and
Energy has the lead responsibility for project
funding for research on the disposal of radicactive
waste that does not focus on a particular site and 1s
supported by the Project Management Karlruhe to
determine the strategic and technical direction of
the research activities. Dunng the current phase of
the project funding for the next four years, the
Federal Ministry for Economic Affairs and
Energy plans to clanfy conceptual issues
conceming the final disposal in bedded rock salt. In
this context, the continuation of our cooperation
with the United States is particularly valuable.

Repository Research, Design, and
Operation was held in Dresden,
Germany and totalled 73 participants,
including representatives engaged in
salt research from Poland and the
Netherlands. The cross-section of
participants encompassed regulatory
authorities, branches of the US
Department of Energy (DOE),
members of Federal Ministry for
Economic Affairs and Energy in
Germany (BMWi), The State
Authority for Mining, Energy and
Geology, German and US universities
and research companies, and a
particularly appropriate contribution
by the Technical University Freiberg
on their 250th Anniversary. The

ongoing workshops are underwritten by a Memorandum of Understanding between DOE and BMWi and
extend benefit to the Organisation for Economic Co-operation and Development’s (OECD’s) Nuclear
Energy Agency (NEA) Salt Club. The Workshop was initiated by Welcome Addresses from Mrs. U.
Borak on behalf of BMWi and Dr. T. Lautsch of Deutsche Gesellschaft zum Bau und Betrieb von
Endlagern fiir Abfallstoffe GmbH (DBE) (the German Society for the construction and operation of waste
repositories (DBE TEC). The complete addresses are found in Appendix B.
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All previous workshop Proceedings can be found at the NEA website' and the Sandia National
Laboratories (SNL) website>. The current series of workshops was started in 2010, by mutual agreement
between lead salt researchers in Germany, Mississippi State University, and SNL. Since the initial
meeting in Clinton, MS, the workshop locations have alternated between the US and Germany. These
collaborations help ensure documentation of the state of the art, which is tantamount to creating a
knowledge archive. Conduct of the workshops encourages open discussion in a mentoring atmosphere.
These elements combine to illuminate a contemporary state of the industry and thereby identify the most
fruitful salt repository research, development and demonstration. Germany and US salt researchers have
worked together since the 1970s. These Proceedings comprising technical presentations and abstracts, as
well as external, co-authored technical reports are distinctions of mutually beneficial salt repository
progress.

The number of attendees and topics has grown appreciably. An observation made at the Dresden
workshop was that owing to the number of participants and the diversity of subject matter, the venue took
on appearances of a symposium. Thus, coordinators will attempt to return to a workshop/breakout
structure with a more focussed portfolio. The group will continue to document and report on elements that
have history and substantial scientific basis, as a means to preserve that knowledge. Mature issues will be
balanced with elements of arising concerns to render progress on matters of interest on both sides of the
Atlantic Ocean.

2 SALT REPOSITORY RESEARCH AGENDA

2.1 Introduction

The content of this Chapter was developed at the 5™ US/German Workshop on Salt Repository Research,
Design, and Operation held in Santa Fe in 2014. A cross-section of the geomechanics issues was
summarized in the Proceedings of the 5" Workshop and published externally (Hansen and Popp 2015). A
Thesenpapier or discussion paper from which this material is extracted represents a living document,
presenting concise information, data and justification for science and engineering in the framework of the
US/German workshops and collaborations. The authors decided to include a majority of the Thesenpapier
as a Chapter in these 6™ Proceedings, which involved format changes, some shortening and minor text
revision. This Chapter identifies future common research foci, which were formulated in working groups
for specific topics. This working group was heralded “Integrity Analysis” and its identified research is
summarized here.

According to the safety requirements issued by the BMU (German Federal Ministry for the Environment,
Nature Conservation, Building and Nuclear Safety) (BMU 2010), the main safety principle for the final
disposal of radioactive waste is to contain the waste and its contents as quickly as possible and in a
permanently safe way in a containment-providing rock zone (CRZ) during the post-closure phase. In
repository concepts in salt, safe containment must be ensured by the properties of the rock salt in the CRZ
combined with the properties of the geotechnical barrier system. The integrity of the geological barrier is
established against the dilatancy criterion and minimum stress criterion. Effectiveness of drift and shaft
seals is required for the period in which crushed salt backfill develops its full sealing function.

As part of the system analysis, the corresponding integrity analyses of the geological barrier (1) and of the
geotechnical barriers (2) in the reference period are a central element of every safety analysis for a

" NEA website: https://www.oecd-nea.org/rwm/saltclub/

2 US/German Workshop website: http://energy.sandia.gov/energy/nuclear-energy/ne-workshops/usgerman-workshop-on-salt-repository-
research-design-and-operation/
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repository and are thus also necessary for a comparative site assessment within the framework of a
repository site selection process (Figure 2.1).

The corresponding demonstrations can only be carried out by means of numerical model calculations.
Due to the complex boundary conditions (e.g., geologic environment), the resulting models should be
three-dimensional where necessary. This requires a basic understanding of the safety-relevant impacts and
processes as well as their description in a theoretical model including constitutive relations in the form of
material laws that link impacts and consequences. Furthermore, the material parameters necessary for the
application of the models have to be known, and suitable calculation programmes for implementing the
model-based theoretical approaches must be available.

. Site characterization and Waste characterization || Safety and
Basis long term prediction and amount demaonstration concept
Development of a v-.| Operational safety |
; repository design 7 g
Repository concepts v ; .
| Repository layout and optimisation |
J L e -
\.\'.__/ _:_:_._,-.. ¥
| FEP database |
= e
| Scenario analysis |

b J
Integrity analysis
*  Geological barrier
+ Geotechnical barriers
Y
Radiological consequences
(lequid f gas pathway)

Systermn analysis

synthesis | Summary and assessment ] | Recommendations

Figure 2.1. Scheme of the VSG safety demonstration.

For the description of the boundary conditions prevailing during the reference period, the Features,
Events, and Processes (FEP) methodology and the scenario development based thereon (Beuth et al.
2012) have been refined in recent years to procedures that are applicable to the German regulatory
requirements. Within the framework of the already existing US/German cooperation, NEA-FEP data
bases for rock salt are to be developed that differentiate between salt domes and bedded salt formations.

They are directly related to the integrity analyses of the host rock and geotechnical barriers, which are the
central safety assessment focus. However, in the view of the authors, their performance based on the state
of the art in science and technology is challenged as there still are open questions and knowledge deficits.
Uncertainty in the following, three work priorities are identified as necessary research and development
(R&D) work taking into account an intensified US/German cooperation. They also include the R&D
recommendations identified within the scope of the Vorldufige Sicherheitsanalyse fiir den Standort
Gorleben (Preliminary Safety Analysis for the Gorleben Site) (VSG) project (Thomauske et al. 2013).

2.2 Consequence analysis of violating the minimum stress criterion
2.2.1 State of knowledge

There is a high level of knowledge about the mechanical behavior of rock salt, which — based on the
generally accepted criteria, dilatancy and minimum stress criterion — has been used for integrity
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assessments; e.g., in the VSG project. From a scientific point of view, it should be pointed out that there
is no unique term for the dilatancy criterion. Depending on the constitutive law applied, there are different
approaches to this criterion. Furthermore, the minimum stress criterion in its simple form contains such
rough simplifications regarding the underlying flow model, such as interactions of the stress tensor
components with the fluid pressure, that it does not reflect the actual conditions. Merely the fact that it is
employed conservatively justifies its use. Within the scope of a multi-stage Joint Project on the topic
"Vergleich aktueller Stoffgesetze fiir Steinsalz" (Comparison of current constitutive models for rock salt)
(Joint Project I to III 2004-2016, Hampel et al. 2013, 2015), existing constitutive modelling approaches
are compared and examined regarding their suitability for repositories for chemo-toxic and heat-
generating radioactive waste. This research includes different constitutive models (e.g., phenomenological
models or models based on a purely physical description of the deformation processes). In addition to
this, theoretical and technical concepts (some of which have been studied at pilot scale) for the
construction of sealing structures (drift, shaft) are available. Furthermore, the results of studies of
experimental sealing structures in rock salt in the former Asse research mine and in anhydrite for the
Endlager fiir Radioaktive Abfille Morsleben (Repository for RadioactiveWaste Morsleben) (ERAM) are
available, which have been carried out in situ at a scale of 1:1.

These studies showed that the engineering-based model representations underlying these concepts do not
yet simulate conditions adequately, even if some of the results on various experimental structures were
positive. Even though they have not yet been finally validated, these positive results of in situ
investigations on the experimental structures "Asse-Vordamm" and "Pilotstromungsbarriere A1" are part
of the current theoretical state of knowledge which was the basis for the VSG, among others, while the
results of the in situ experiment "Abdichtbauwerk im Steinsalz" (ERAM in situ Test Seal) were the basis
for the long-term safety analyses for the ERAM. (For more details see Chapter 4.)

With regard to the assessment criteria, it turned out that due to the range of the pressure-driven fluid
infiltration, the minimum stress criterion is especially decisive for both the integrity assessment of the
geological barrier (far field) and for the assessments of the geotechnical sealing systems. In VSG, areas in
the rock salt barrier were identified more than 100 m below the salt top, where — according to the models
applied — the minimum stress criterion was violated (Kock et al. 2012) due to thermally-induced stress
redistributions. However, the consequences of a pressure-driven fluid infiltration could not be adequately
assessed (Figure 2.2) because coupled hydro-mechanical modelling was not possible.
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Figure 2.2. Violation of the minimum stress criterion in the salt dome top Gorleben 28 years after
repository closure (Eickemeier et al. 2013).

As noted previously, the minimum stress criterion is based on simplifications and represents a
conservative approach. During the evaluation of this criterion only the magnitudes of the smallest
principal stress component and of the hydrostatic pressure are compared. Due to the assumption of
hydrostatic conditions the flow resistances are not estimated. The minimum stress criterion currently
applied does not include any directional dependence; i.e., the directions of the principal stress components
are not set in relation to the orientation of the fluid impact. If flow processes are taken into account in the
calculations at all, they are mostly based on a porosity model, which is due to the predominantly specific
grain-to-grain contacts representing hydraulically effective connected pore spaces. This approach is not
adequate for rock salt. Taking into account the microstructure of rock salt, the geotechnical approach of a
fractured network seems to be more applicable when conducting the analysis on a micro-level. Depending
on the stress component directions as well as the kinematic constraints, different grain boundaries can
open or close at the same time. If this does not result in a connected network of fractures, this does not
necessarily lead to an increase in permeability, even in case of dilatant behavior. For example, according
to numerical calculations, there should be brine intrusions in some parts of the ERAM but these particular
parts of the repository are dry. In this case, the conservative assumptions applied for the criterion have to
be analysed in more detail (ESK 2013).

During the VSG, the effectiveness of the sealing constructions could not be demonstrated completely
because brine intrusion at the unavoidable contact zone between sealing and abutment elements and the
surrounding rock could not be described (Miiller-Hoeppe et al. 2012) due to lack of knowledge. Using the
engineering-based model representations applied so far, this is also not likely to be successful. In this
case, detailed knowledge is required about the contact zone, which consists of the zone close to the
contour of the sealing construction, the excavation damaged zone (EDZ), and potentially a necessary
improvement of the contact zone by means of injections such as MgO or agents based on sodium silicate,
and about the geometrical and material-specific interactions in order to be able to take into account brine
penetration in a coupled hydraulic-mechanical model. First indicative laboratory data that take into
account brine in the contact and EDZ are currently being provided in the project described by Czaikowski
and co-workers (2015).
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This applies in particular to the assessment of the impact "earthquake" while formally applying the depth-
specific fluid pressure criterion. Due to the short duration of an earthquake, the integrity violations
indicated for the shaft seal probably have no real significance because the fluid does not penetrate to any
significant depth during this short time and the minimum stress criterion is re-established after the
earthquake. These effects would only be relevant if there was permanent damage (Neubert 2014).

Currently, there are various approaches and model concepts that take into account coupled hydro-
mechanical processes and have been used for integrity verifications in commercial projects (e.g., integrity
assessments for caverns, underground material utilisation/underground landfill) or within the scope of
research projects (e.g., VSG):

e Continuum approaches based on porous materials:

0 with coupling of FLAC/TOUGH, e.g., Technische Universitit Clausthal (TUC), GRS
Koln

0 within a software package: e.g., CODE BRIGHT (GRS Braunschweig), OpenGeoSys
Code (UfZ Leipzig, BGR), JIFE (BGR), FLAC (Institut fiir Gebirgsmechanik (IfG), DBE
TEC)

e Discontinuum approach UDEC/3DEC: IfG, DBE TEC

The different approaches have different advantages and disadvantages. For example, TOUGH can take
into account 2-phase flow parameters while the discontinuum approach can simulate single directional
fluid migration in accordance with the effective stress field. Unlike the constitutive laws for rock salt,
these calculation approaches to demonstrate integrity have not yet been compared methodologically nor
have they been sufficiently verified by means of benchmark. Furthermore, there is a considerable need for
their application within the framework of safety analyses because in addition to a conservative assessment
of the stress-based criteria, an assessment of the time-dependent development of the barrier integrity
during the reference period needs to be carried out.

In principle, these calculation approaches are also suitable to assess sealing construction (as shown e.g.,
by the use of CODE BRIGHT during the VSG), however, in addition to modelling issues, there are
significant uncertainties regarding the assessment of the contact zone between sealing construction (dam)
and rock salt, which is considered to be essential for the demonstration of functionality. Additional work
is, thus, required.

2.2.2 Actions

Verification of the representativeness of geomechanical constitutive laws and calculation methods and
their further development, e.g., to assess pressure-induced fluid intrusion or percolation while taking into
account thermal-hydrological-mechanical (THM) processes is needed to demonstrate the integrity of the
geologic barrier or of geotechnical sealing constructions. Based on this, more realistic flow models should
be developed, and the minimum stress and the dilatancy criteria should be developed further. This is a
prerequisite for the analysis of consequences if the minimum stress criterion is violated locally, which
may happen in the early post-closure phase of a repository, e.g., due to a fluid pressure acting from
outside or due to an increase in gas pressure in the repository. In this context, the data base for the dilatant
behavior of rock salt should be expanded with the aim to standardize the various existing approaches to
determine the dilatancy boundary.

This should be done in a cross-institutional collaboration similar to the Joint Project "Vergleich aktueller
Stoffgesetze fiir Steinsalz," taking into account the approaches described above.

In view of a potential site in bedded salt, the knowledge about the mechanical behavior should be
expanded, and a comparison with the behavior of domal rock salt should be carried out. Generally, it is to
be expected that due to the different origins of the rock salts after sedimentation, they will also have
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different creep and stress-strain behaviors. For an assessment of these differences, the data base is not yet
adequate.

Improvement of the existing data base from laboratory and in situ tests to describe the hydro-mechanical
integrity of sealing structures, should focus on

e initial tightness after installation

e development over time during convergence (restitution of the EDZ sealing material
consolidation)

e cffects of improvement measures (injections)
2.2.3 Priority

These are high priority options because they are essential for an integrity assessment based on the current
state of scientific and technical knowledge.

2.2.4 US/German cooperation

Cooperation already exists between TUC and the Lawrence Berkeley National Laboratory. Furthermore,
the SIERRA code used by SNL as well as CODE BRIGHT can be applied for the numerically very
complex THM calculations.

In the USA, focus for the Waste Isolation Pilot Plant (WIPP) repository was on shaft sealing construction
where crushed salt compaction plays an important role. Contemporary circumstances at WIPP have now
focused further attention on reconsolidating granular salt for drift seals. (See Chapter 6 of these
Proceedings.) In addition, the US/German collaborations have vetted relative merit of potential field
testing. (See Chapter 7.)

2.3 Hydraulic and mechanical properties of compacted crushed salt
2.3.1 State of knowledge

The hydraulic and mechanical properties of crushed salt affect the long-term containment of radionuclides
and are, thus, important for the safety of a repository. The results of comprehensive research work in this
field (e.g., REPOPERM Phase 1 (Kréhn et al. 2009)) and the knowledge about the processes gained
therein (Popp et al. 2012) show that the mechanical and hydraulic properties at low porosities of only a
few percent cannot yet be sufficiently quantified. It is known that especially at low porosities,
microstructural processes are effective that are catalysed by moisture (e.g., pressure-solution creep) and
that — by efficiently reducing the porosity — lead to tightness. However, their dependence on time is not
yet sufficiently known (Figure 2.3).
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Figure 2.3. Microstructural processes during compaction of crushed salit.

It is beyond dispute that due to the influence of rock convergence the crushed salt backfill will be
compacted to low porosities. To narrow the time period necessary, a reliable prediction of the long-term
development of the crushed salt backfill based on advanced and calibrated constitutive laws for crushed
salt needs to be made. The existing laws do not meet the requirements for sufficient verification and
calibration. According to the latest findings, this is not only true for moist crushed salt backfill but for dry
crushed salt backfill as well (Krohn et al. 2015). An improvement of the data base requires that especially
experimental long-term studies on a statistically assessable basis and natural analogues be included.

2.3.2 Actions

Due to the scope of the study, which covers laboratory experiments, the characterization of natural or
technical analogues as well as the development of constitutive laws, a number of individual actions are
recommended:

e Further development of geomechanical constitutive laws and calculation methods to describe the
stress-, porosity-, and time-dependent crushed salt compaction taking into account THM
processes. This includes hydro-mechanical interactions (pore pressure build-up in case of delayed
drainage) as well as microstructural processes influenced by moisture (e.g., pressure-solution
creep).

e Long-term compaction tests using possible backfill material under defined stress boundary
conditions to identify hydraulic parameters (e.g., 2-phase flow parameters — a first test has
successfully been carried out within the scope of the R&D project REPOPERM 2). If necessary,
suitable concepts have to be developed further.

e Analysis of natural analogues (e.g., salt piles with a height of several 100 m, Dead Sea sediments
from deposits where no significant porosity can be determined starting at depths of only 30 m
(Warren 2005)).
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e Backfill and Sealing of Underground Repositories for Radioactive Waste in Salt (BAMBUS):
More than 10 years have passed since the follow-up tests were carried out within the scope of
BAMBUS II, and due to convergence, the crushed salt has compacted even further. The fact that
the boundary conditions (e.g., stress state, convergence) are known provides the possibility of
calibrating existing constitutive laws for crushed salt against the current state of the salt by
characterizing the current crushed salt properties.

e Within the scope of the Asse decommissioning activities, IfG will probably carry out a
geomechanical site characterization (stress and permeability measurements) of the Thermal
Simulation of Drift Storage field test and take samples. The aim is to characterize the compacted
crushed salt material again in order to obtain a further reliable reference point for the calibration
of the modelling approaches to be used. So far, no particular research programme has been
specified for the core samples that will be taken so that — after approval by Bundesamt fiir
Strahlenschutz (Federal Loffice of Radiation Protection) (BfS) — the residual sample material
could, for example, be used for investigations of the microstructures.

2.3.3 Priority

e Development of constitutive laws / laboratory investigations / BAMBUS — high. Without
corresponding laboratory investigations, it is not possible to develop constitutive laws; as long-
term large-scale test, the BAMBUS setting is particularly suited for calibration.

e Analogues — medium, because boundary conditions are not always known. However, due to the
limited duration of the lab and field tests, analogues are indispensable for the acceptance of
assumptions.

2.3.4 US/German cooperation

Since BAMBUS II, there has been longstanding knowledge exchange with SNL regarding the general
compaction mechanisms and properties of crushed salt; e.g., joint NEA report (Hansen et al. 2014). In
addition to the development of constitutive laws, it would be possible to plan and carry out experiments
(e.g., mock-up tests of shaft and drift sealing constructions) sharing a joint underground laboratory
(Chapter 7).

2.4 Joint Project: Further development and qualification of the rock
mechanical modelling for the final HLW disposal in rock salt

2.4.1 State of knowledge

As a result of the work regarding the verification and comparison of constitutive laws and the modelling
of the thermo-mechanical behavior of rock salt that has been carried out since 2004, a number of efficient
instruments to demonstrate the integrity of the geomechanical barrier are available at the various
institutions. These tools have been compared and largely validated by back-calculating comprehensive,
systematically completed series of laboratory experiments and various in Situ arrangements, focusing on
the salt properties to be modelled.

In the course of the work, R&D needs have been identified for the following specific issues. In this case,
the focus should be on (I) the further development and qualification of existing constitutive laws and
modelling procedures and (II) on a comparative analysis with a record of their suitability.

2.4.1.1  Deformation behavior at low deviatoric stresses

One process that can lead to a release of radionuclides from the underground repository is convergence of
the underground cavities. Within the scope of the long-term safety analysis, rock mechanical predictions
covering the reference period of 1 million years have, thus, to be made, although the effective deviatoric
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stresses in the repository are then very small. From an experimental point of view, this means that creep
experiments with differential stresses of Ac = 6;—63; < 5 MPa have to be carried out. In situ observations
indicate, however, that the creep rates at room temperature can be expected to be approx. 10™" 1/s (Figure
2.4). Thus, they are several orders of magnitude higher than the rates resulting from the modelling with
constant stress exponent (e.g., n = 5). It is assumed that this is due to a change in the effective
deformation mechanisms. At the same time, the creep behavior at increased temperatures can change,
which could be explained with a change in the activation energy of the dominant deformation
mechanisms. Systematic experimental investigations are not yet available.
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Figure 2.4, Creep of rock salt. a) Expansion of the classic Norton creep approach with n = 4.9 for
the range with small deviatoric stresses (c.+ < 8 MPa) with n = 1. b) Results of creep tests on
WIPP rock salt at different temperatures (model curves according to the material approach by

Giinther Salzer) (Hansen and Popp 2015).

Requirements:

e Triaxial long-term creep tests at low differential stresses and different temperatures with
accompanying microstructural investigations

e Adaptation and further development of constitutive laws for low deviatoric stresses
e Verification through calculations of in situ situations
2.4.1.2  Influence of temperature and stress state on damage recovery

It is generally assumed that long-term change in the stress boundary conditions, e.g., in the near field of
sealing constructions due to drift convergence with pressure build-up caused by creep of the rock salt onto
the backfill, leads to a recovery of damage and restoration of integrity due to crack closure with
subsequent sealing and healing. However, systematic experimental and microstructural investigations for
a further development and validation of existing calculation approaches for an correct assessment and
prediction of the system behavior of sealing structures are not available.

e Systematic deformation tests regarding damage recovery using rock salt samples with defined
pre-damage, with high-resolution measurement of dilatancy at different stress boundary
conditions and temperatures
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e Further development of the material laws based on the test results regarding the influence of
temperature and stress state on the damage recovery of rock salt

e Verification through calculations of in situ situations
2.4.1.3  Deformation behavior under extension loads

The research work carried out so far focused primarily on the damage of rock salt in the compression
direction. However, extension load can have a significant influence on the damage evolution at the
contour of underground cavities and, thus, on the formation of an EDZ. Therefore, the modelling
approaches to simulate tensile stresses implemented in the material laws need to be developed further.
Specific experimental studies have to be carried out to determine the temperature-dependent tensile
strength of undamaged material, followed by tensile tests to investigate the influence of existing damage
on further deformation behavior. Defined pre-damage can be induced in a laboratory test by exceeding the
dilatancy boundary in a triaxial strength test. Additionally, the influence of increased temperature and of
permanently acting tensile stress must be measured. To improve the modelling approaches, the following
investigations should be carried out:

o Tensile strength of intact rock salt — modified direct tension tests
e Temperature influence

e Tests with material with defined pre-damage

e Further uniaxial tension tests under constant loading

e Further development of the material laws for the description of damage, dilatancy, and strength of
rock salt impacted by loads in extensile direction

e Verification through calculations of real in situ situations
2.4.1.4 Influence of inhomogeneities (layer boundaries, interfaces) in rock salt on deformation

Despite being lithologically largely homogeneous, natural rock salt (domal and especially bedded salt
formations) comprises bedding planes or mechanical discontinuities that could become
mechanically/hydraulically weak. Underground observations and simulation calculations of SNL
regarding WIPP (Rath and Argiiello 2012) show, for example, that sliding of rock salt along contact
surfaces to anhydrite or clay layers can significantly influence the convergence behavior of underground
cavities. However, these properties are minimally described by the existing THM calculations. In this
context, the development of fundamental methods for a generally applicable description of interfaces
based on the following experimental investigations is required:

e Experimental laboratory investigations for a process understanding of the behavior of interfaces
(including direct shear tests with different normal loads and deformation rates on samples with
bedding planes and joint faces)

e Identification and further development of methods to thermomechanically describe interfaces and
anisotropies in rock salt

e Verification through calculations of in situ experiments, such as conducted at WIPP
2.4.1.5 Comparative analysis of the constitutive laws applied in the Joint Project

A number of different constitutive laws are applied in the joint research project; however, in the past, the
results for identical calculations sometimes differed significantly in their predictions of the behavior in the
laboratory and in the field. What is still missing is a comparison of the advantages and disadvantages of
the individual models and of their effectiveness for the long-term prediction of the rock mechanical
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evolution of repositories. The results of such an investigation would allow an assessment of the suitability
of the individual constitutive laws for their intended use.

2.4.1.6  Assessment of the suitability of the existing constitutive laws by back-calculating failures
that have occurred

In the past, rock falls occurred both in potash mines and in rock salt mines when the pillar dimensioning
was not adequate (Minkley et al. 2010). Furthermore, in rock salt mining, damage to the geologic barriers
caused by mining processes led to brine intrusion or even mine inundation. Some of these incidents are
well documented. A computer analysis of the incident scenarios in addition to a suitability assessment of
the models and constitutive laws applied lead to an advanced understanding of the barrier integrity of salt
formations (Minkley and Knauth 2014). In potash and rock salt mining, incidents leading to a loss of
integrity and tightness of the geologic barriers occurred in the first one hundred years after excavation.
These "industrial" analogues have to be included in the assessment of the barrier integrity of repositories.

The back-calculation of incidents leading to failure and inundation of potash and rock salt mines by
applying coupled mechanical-hydraulic models can serve to validate the model and is a prerequisite for a
reliable prediction to assess barrier integrity when disposing of radioactive waste in a salt formation. Only
when the failure mechanisms along discrete pathways are well understood and can be reproduced in
geomechanical models by applying suitable constitutive laws are the models qualified to reliably describe
future evolutions of the integrity behavior of repository mines in rock salt.

2.4.1.7 Model development taking into account processes from discontinuum mechanics

Primarily, rock salt has a grain matrix with intergranular pore space (grain-boundary moisture).
Secondarily, depending on the mechanical stress state, cross-linked fluid migration paths can form and
close due to crack formation and closure. This causes changes in the hydraulic properties. In the joint
research project, only approaches from continuum mechanics using the finite element method (ADINA,
ANSYS) or the finite difference method (e.g., FLAC, FLAC3D) are applied, which do not model the
physical process of crack formation directly. With the further development of computer technology in
recent years, new approaches to describe hydro-mechanical processes using discontinuum approaches
have been developed (Minkley et al. 2013). The advantage is that in addition to a direct hydraulic
coupling of crack formation/fluid migration, it is also possible to model the directional dependence in
accordance with the existing stress field. For an application to rock salt formations, a corresponding
verification and validation are necessary.

e Comparison of continuum- and discontinuum-based modelling approaches

o Further development of these particular modelling approaches, especially application to rock salt
formations, e.g., derivation of parameters for contact zones, description of intrusion/migration
processes, and hydromechanical coupling in networks of cracks

2.4.2 Actions

The Joint Project intends to investigate and further develop the material laws and modelling of the open
issues described above. Then, the scale of experiments should be expanded by simulating a particular
repository situation (domal and bedded salt formations) to assess the suitability of the respective
modelling approach for an integrity analysis. Verifications can also be carried out by back-calculating
incidents that led to failure and inundation using large-scale in situ incidents.

2.4.3 Priority

High, because of the importance of the integrity analysis for the long-term safety analysis. At the same
time, this would demonstrate that the constitutive laws and modelling procedures considered in the joint
research project are suitable for salt formations.
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2.4.4 US/German cooperation

Sandia National Laboratories already is an associated partner in the joint research project on the
comparison of existing material laws for rock salt and is interested in continuing this cooperation in a
follow-up joint R&D project on the further development of the material laws and modelling methods. In
view of a future repository for heat-generating radioactive waste in rock salt, all partners have to qualify
the methods used for integrity assessment. One focus of the joint work could be the modelling — integrity
analysis of the salt barrier — of a generic repository in salt (domal and bedded salt formations).

2.5 Status/Outlook

As a result of the discussions of participants of the US/German workshop and the joint follow-up work,
three possible R&D topics have been identified: (1) Consequence analysis when the minimum stress
criterion is violated, (2) description of the hydraulic and mechanical properties of compacted crushed salt,
and (3) mechanical behavior of rock salt/development of constitutive laws. In addition to
recommendations with specific measures for their implementation, proposals for a prioritisation of the
topics and opportunities for a US/German cooperation were given.

The topics proposed correspond explicitly with the funding concept of BMWi "Forschung zur Entsorgung
radioaktiver Abfdlle" (Research on disposal of radioactive waste) that has just been revised for the period
2015 —-2018. One central research focus of this concept is the development of tools for a safety
demonstration; however, the work to be carried out has not yet been described in detail. This summary
provides a qualified technical basis for future R&D projects in the sub-section "Geomechanical Integrity
Analysis."

In the meantime, implementation of some of the research work outlined in this paper has started.
Furthermore, the discussions held in this working group have been taken up by other bodies and
discussion platforms.

Specific projects for which draft proposals already exist include

o Continuation of the existing research association "Stoffgesetze fiir Steinsalz" (Constitutive Laws
for Rock Salt) with the same partners

o Integrity analyses by Federal Institute for Geosciences and Natural Resources (BGR) and IfG
within the scope of the concept development for a repository for heat-generating radioactive
waste in bedded salt structures in Germany and studies on the applicability of the safety and
demonstration concepts developed for a repository in domal salt

e Further development of the numerical tools for simulating the THM processes taking place in a
repository in salt; research proposal of TUC together with other partners, including Gesellschaft
fiir Anlagen- und Reaktorsicherheit (GRS) GmbH

e and Lawrence Berkeley National Laboratory

The summarised key aspects of this position paper were presented in a short lecture by Ms Fahland
(BGR) at the 4™ Salt Club Meeting (February 25, 2015). It was suggested that the current status of
research on the geomechanical integrity analysis of the geological barrier in salt be compiled in a NEA
report (among others based on the results of VSG and other R&D projects that have been carried out since
the beginning of the 1990s). The report is coordinated by BGR (Ms Fahland) and IfG (Mr Popp); the
report is to be completed by the end of 2016.

Prof. Stahlmann, Technische Universitdt Braunschweig (TUBS), suggested that a research association
with several partners be formed on the topic "Validierung der Kriterien zur Bewertung der Integritét"
(Validation of the Criteria to Assess Integrity); detailed plans have yet to be made.
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3 GEOMECHANICS ISSUES/JOINT PROJECT
3.1 Introduction

This section provides an overview of the collaboration between German partners and SNL within Joint
Project III on the comparison of constitutive models for the thermo-mechanical behavior of rock salt. This
project began on October 1, 2010, and will end on March 31, 2016, followed by the preparation of a
common synthesis report by September 30, 2016. The six German partners are Dr. Andreas Hampel,
Mainz, IfG, Leipzig, Karlsruher Institut fiir Technologie (KIT), Leibniz Universitdt Hannover, TUBS, and
TUC.

The general purpose of the whole Joint Project series is to document, check, and compare modeling tools
for the evaluation and proof of the safe disposal of all types of radioactive waste including heat-
generating high-level/high-activity (radioactive) waste (HLW, HAW) in deep geological salt formations.
These tools comprise constitutive models as well as procedures for the determination of characteristic,
salt type-specific parameter values, the generation of rock mechanical models and the performance of
numerical calculations.

The huge progress in computer technology in the last 30 years with a much faster and dramatically more
powerful hardware and essentially further developed numerical software systems have enabled experts to
calculate much larger and more detailed computer models of repositories in geological formations (Rath
& Argiiello 2012, Argiiello & Holland 2015). However, the big advances in calculation capabilities are
only beneficial when the used constitutive models and modeling procedures also meet very high demands.
These demands result from the fact that the evaluation of the long-term integrity of the geological barrier
requires an extrapolation of a highly nonlinear deformation behavior to up to 1 million years, while the
underlying experimental investigations in the laboratory or in situ have a duration of only days, weeks or
at most some years.

3.2 History

For several decades, different institutions have gained a broad understanding and knowledge of the
thermo-mechanical behavior of rock salt with many experimental investigations in the laboratory and in
the underground. On this basis, several constitutive models for the physical description of this behavior
and its dependences on relevant boundary conditions were developed and continuously improved. The
models are used for numerical calculations in all phases from the planning and construction of an
underground repository through the stability analysis in the operational period up to the closure of the
underground openings and the evaluation and proof of the long-term integrity of the geological barrier.

In the past, constitutive models and procedures were developed by several groups in parallel and mostly
independently. Shortly after the year 2000, Udo Hunsche and Otto Schulze at BGR Hannover proposed a
common project with other model developers for the documentation, discussion, and comparison of their
models and modeling procedures (Hampel et al. 2007).

In April 2004, the first Joint Project was started with six German partners: BGR Hannover, Dr. Hampel,
Mainz, IfG Leipzig, KIT Karlsruhe, LU Hannover, and TUC. The main objective was to investigate and
compare with benchmark calculations the ability of the models to describe the basic and most important
deformation phenomena in rock salt, i.e. transient and steady-state creep, the evolution of damage and
dilatancy, creep failure and short-term strength, post-failure behavior and residual strength. For this
purpose, numerous back-calculations of specific laboratory deformation tests and simulations of typical in
Situ situations were performed by each participant with his constitutive model and his typically used
numerical calculation program (Schulze et al. 2007, Hou et al. 2007, Hampel et al. 2007, 2010b).

In Joint Project II (2007-2010), the study was continued with commonly defined benchmark calculations
of a 3-D section of the Angersdorf salt mine in Northern Germany. This work included extrapolations of
the calculated mechanical behavior of the surrounding rock salt for at least 100 years into the future, and
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estimations of the permeability in the damaged rock zone (DRZ) based on the calculated dilatancy
(Hampel et al. 2010 a; b, Salzer et al. 2012, Hampel et al. 2012).

3.3 Current Joint Project Il

In the current Joint Project III, selected benchmark calculations have been performed in order to
document, check, and compare the abilities of the involved models to describe correctly

I.  the temperature influence on the deformation of rock salt, and
II.  the damage and dilatancy reduction and healing of rock salt.

After the disposal of heat-generating radioactive waste, the temperature of the surrounding rock salt
increases to higher values, maximum values depend on the disposal concept. This heating has a dramatic
influence on the salt ductility, because on the microscale the creep of rock salt is a thermally activated
deformation process. Therefore, an increase of temperature results in much higher convergence rates, a
quicker closure of residual gaps, and a faster convergence of the surrounding rock salt against backfill
materials and geotechnical barrier systems. This leads to the reduction of the differential stress and an
increase of the confining stress (minimum principal stress). Therefore, cracks and other open pathways in
the DRZ close and eventually heal. An important consequence is the decrease of permeability in the DRZ
to immeasurably small values of the original intact salt. The correct and reliable modeling of these effects
and consequences is therefore essential to the correct evaluation of the time-dependent restoration of
integrity of the geological barrier in the post-operational phase of an underground repository.

This Joint Project III is carried out following the same stepwise procedure that was developed in the
previous projects. It consists of the performance of systematic series of specific laboratory tests by the
partners IfG and TUC, back-calculations by each partner of the lab tests in order to check and verify the
correct modeling of the considered phenomena, and simulations of typical in situ situations for the
demonstration of the applicability of the tools.

3.3.1 Experimental investigations

The modeling of the temperature influence is investigated for both domal salt of type “Speisesalz” from
the Asse II salt mine in Northern Germany and for bedded salt of types “clean salt” and “argillaceous
salt” from WIPP in New Mexico, USA (Hampel et al. 2013, Diisterloh et al. 2015, Salzer et al. 2015). The
lab tests comprise creep tests and strength tests. The creep tests were performed at different temperatures
(299, 333, 363 K), with various stress differences between 10 and 22 MPa and a constant confining stress
of 20 MPa to ensure a stress condition below the dilatancy boundary, i.e. damage-free creep. The strain-
rate-controlled strength tests were performed at different temperatures (300, 333, 373 K) with different
confining stresses (0.2 ... 20 MPa) and applied strain rates of 1E-5 1/s (Asse salt) and additionally 1E-4
and 1E-6 1/s (WIPP salt). In these tests, the dilatancy boundary is exceeded at an early stage, thus the
focus here is on the damage and dilatancy evolution in the pre- and post-failure phases.

The modeling of the damage and dilatancy reduction was studied with additional healing tests so far only
for the Asse salt. The experimental determination is difficult because it requires a stable and leakage-free
measurement of extremely small volume changes over hundred days or more. Therefore, the testing
machinery at the TUC lab had to be developed further, and in the remaining project time only two reliable
tests could be performed at 323 and 333 K. In these tests, the dilatancy boundary was exceeded for a
limited time period to introduce a certain amount of damage, followed by a period of about 150 days with
a decrease of the stress difference to measure the dilatancy reduction, i.e. the volume decrease due to the
closure of the previously induced microcracks (Hampel 2015). The investigation of this behavior in WIPP
salt is planned to be a subject in another Joint Project after the current one. (See below.)
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3.3.2 Back-calculations of lab tests

The lab tests are back-calculated by every partner for two reasons: The first and main objective is to
check if the constitutive models are appropriate to correctly describe the investigated behavior and its
dependences on in situ relevant boundary conditions. In the laboratory, the behavior can be investigated
under well-defined and controlled conditions. In contrast, in the vicinity of drifts and rooms in the
underground there is a complex superposition of different deformation phenomena under continually
changing conditions through the convergence of the openings and resulting stress redistributions.

A second purpose of the adjustments of the constitutive models to lab test curves is to determine a unique
set of constant salt type-specific parameter values and, thus, to thoroughly characterize the specific
behavior of the investigated salt type. See an example in Figure 3.1 (Hampel et al. 2013, Hampel 2015).

m o o
IfG lab tests with clean salt from WIPP .
T =333 K, de/dt = 1E-5 /s, 269 1 I lab tests with clean salt from WIFE:

&0 - CDM simulations of Hampal T = 333 K, defdt = 1E=5 /s,
| CDM simulations of Hampe!

equivalent stress [MPa)
dilatancy

0% % 10% 15% 20% 25% 0% 5“.‘-":. 1I:;'h'o 15:"{; 2‘-2""i 25%
axial strain axial strain

Figure 3.1. Example for the adjustment of a constitutive model (here: CDM of Hampel) to IfG
strength tests with “clean salt” from WIPP at an elevated temperature with different confining
stresses p = 0.2 ... 20 MPa. The evolution of damage and dilatancy increases and the failure
strength (maximum equivalent stress) decreases with decreasing confining stress.

The work within the Joint Projects has shown that a further improved agreement between the results of
benchmark simulations and in situ measurements can be achieved, when after the general determination
of parameter values some (mostly not more than one or two) values are modified with a subsequent
adjustment of the model to data from an in situ measurement. See Figure 3.2 on the left. This is beneficial
because in the laboratory the number of specimens and test conditions are necessarily limited. With an
additional “in situ adjustment,” specific features of the particular underground situation and modeling
simplifications can be taken into account.
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Figure 3.2. Left: The constitutive models were adjusted to the ECN measurement of the IFC of the

unheated deep borehole in the Asse Il salt mine for a fine-tuning of one or two parameter values

as a basis for the HFCP simulation. Right: Comparison of the calculated temperature-dependent
increase of displacements along the borehole wall in the heated section.

3.3.3 Simulations of heated in situ structures

The in situ example for the temperature influence on the deformation of domal rock salt consists of a
deep, 300 m long, vertical borehole in the Asse II salt mine (Hampel et al. 2013). It was dry-drilled in
December 1979 from a chamber at the 750 m level down to a depth of 1050 m below ground. Three days
after the deepest point of drilling was reached, the Netherlands Energy Foundation (ECN) started
isothermal free convergence (IFC) measurements in the unconstrained and unheated borehole at a
borehole depth of 292 m (1042 m below ground); the measurements were continued for 830 days
(Doeven et al 1983, Vons 1984). See Figure 3.3 on the right.

In July 1983, i.e. 1304 days after the end of drilling, three heaters with a total height of 3 m and their
center at a depth of 231 m below the chamber (981 m below ground) were switched on in the Asse
borehole for Heated Free Convergence Probe (HFCP) measurements (Lowe & Knowles 1989). After a
period of 19 days with a free convergence of the borehole, the heaters were turned off because the probe
was about to come in contact with the borehole wall. ECN continued the free convergence measurements
in the subsequent cool-down phase for another 3 days, i.e. the experiment ended 22 days after the start of
heating. Despite some uncertainties and simplifications, the calculated temporal evolution of the borehole
wall displacements in the center of the heated zone during the heating period are in good agreement with
the convergence histories measured by ECN. See Figure 3.3 on the right (Hampel et al. 2013).

As an in situ example for the temperature influence in bedded salt, simulations of the isothermal Room D
and the heated Room B at WIPP were performed by each partner with his constitutive model and the
parameter values from the lab test adjustments to both clean salt and argillaceous salt. In late 1979 and in
the 1980s, SNL had equipped the two rooms at approximately 655 m below ground surface with a large
instrumentation array and performed many in situ measurements. The Mining Development Test at Room
D and the Overtest for Simulated Defense High-Level Waste at Room B were part of the
Thermal/Structural Interactions Program (Munson et al. 1988, Munson et al. 1990).

Both rooms are equal in size and geometry with a length of 93.3 m and a square cross section of 5.5 m x
5.5 m. (See Figure 3.3.) While Room D remained at natural rock temperature of 300 K, Room B was
heated with an array of heaters placed in boreholes 2.21 to 4.80 m below the floor. During the tests, the
rooms were thermally isolated at both ends from the ventilation drifts. Because of the symmetry, only one
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half of a vertical cut through the center of the rooms was calculated in the benchmark simulations with
plane strain conditions. The heating of Room B started 354 days after the excavation and reached at the
end a temperature of about 400 K. See Figure 3.4 for an example from Composite Dilatancy Model
(CDM) calculations of Hampel, more results from these benchmark simulations are shown in his
presentation in Appendix F in this volume.
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Figure 3.3. Left: Local stratigraphy at WIPP. Center: Total FLAC3D calculation model and enlarged
section close to Room D / B (clay layers were considered). Right: Sketch of a vertical cut through

Room B and a heater located in a borehole below the floor.
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Figure 3.4. Left: Calculated temperature distribution around WIPP Room B at end of simulation (t =
1354 d), i.e. 1000 days after start of heating. Right: Comparison of calculated vertical and
horizontal convergences of the unheated Room D and heated Room B with measurements of
Sandia in Room B.

Figure 3.4 shows on the right a comparison of calculated and measured room convergences. The
deviation of the results especially for Room B is explained with an insufficient knowledge because of
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insufficient experimental findings on 1) the magnitude of creep rates at small differential stresses, 2) the
behavior of layer boundaries like the sliding on clay seams leading to an enhanced horizontal
convergence, and 3) the formation and opening of tensile cracks above the room leading to a slab
separation and, therefore, an enhanced vertical convergence. These subjects shall be investigated in
another Joint Project after the current one.

3.3.4 Simulation of damage reduction around a bulkhead

As areal in situ example for the damage and dilatancy reduction in rock salt, the partners have selected an
old bulkhead structure in the Asse II salt mine. The corresponding drift was excavated in 1911 on the 700
m level of the mine. Three years later, a 25 m long section of the drift was lined with a cast steel tube. The
residual gap between the tube and the salt contour was filled with concrete. Figure 3.5 shows the
numerical calculation model of one half of a vertical cut through the drift with bulkhead. The simulation
ended 85 years after the bulkhead installation, i.e. 88 years after the excavation of the drift (Hampel et al.
2015).

mode| section total model

cast-steel tube

100
m F
0a% —
- _l | Butkmesa>3a Ha2- Center of wat
oo ~
05% 4= /

concrete

rock salt

total volumetric strain

rock salt

time [a]

Figure 3.5. Left: FLAC3D model of one half of a vertical cut through a drift with bulkhead and the
surrounding rock salt in the Asse Il salt mine. Right: In the first 3 years with open drift, a DRZ
evolves at the drift contour. After 3 years, the bulkhead is installed and the salt begins to creep
against the bulkhead. Therefore, the stress differences are reduced and damage and dilatancy in
the DRZ decrease.

In Figure 3.5 on the right, the calculated upper contour plots show different stages of the simulation. In
the first 3 years before the installation of the bulkhead, a DRZ evolves around the open drift. After the
installation, the simulation shows the reduction of damage and dilatancy in the DRZ. The temporal
evolution of this decrease is shown in the lower right diagram of Figure 3.5. Here, differences among the
reduction rates calculated by the partners are visible. The main reason for these differences is the very
small number of reliable laboratory healing tests. More systematic and well-controlled high-precision lab
tests are needed for a better understanding and an improved modeling of the dependence of damage
reduction on temperature and stress state.

3.4 Conclusions and outlook

The back-calculations and the simulations of the selected underground structures were performed
successfully and demonstrate the applicability of the involved constitutive models. The advanced models



Proceedings of the 6" US/German Workshop on Salt Repository Research, Design, and Operation
3-7 January 11, 2016

cover many phenomena of the thermo-mechanical behavior and their dependences on in situ relevant
boundary conditions in a wide range. The results show that the partners do have appropriate tools for
model calculations of the thermo-mechanical behavior of rock salt around underground repositories for a
final disposal of radioactive waste including heat-generating HLW.

Generally, the results of the partners agree well with each other and with experimental results from the
laboratory and from in situ measurements. The remaining bandwidth of results can be explained with
differences in the physical principles of the constitutive models and in the determination of unique salt-
type-specific parameter values. Although for all models the same experimental data were provided for the
determinations, the data are used in different ways due to the different formulations and physical
principles of the models.

A few larger differences occurred during the simulations of in situ structures. They can be attributed to
still existing insufficient knowledge of the corresponding deformation phenomena, mainly because of a
still insufficient number of related experimental investigations. Therefore, the performance and results of
the simulations have helped to identify necessary specific experiments and revealed hints for the
improvement and further development of the models.

The most important subjects for the further development of the models and modeling procedures based on
new systematic experimental investigations have been identified as follows:

e Deformation behavior at small deviatoric stresses

e Influence of temperature and stress state on the damage reduction

e Deformation behavior resulting from tensile stresses

e Influence of inhomogeneities (layer boundaries, interfaces) on deformation

These subjects shall be explored experimentally and theoretically in a planned new Joint Project of the
partners Dr. Hampel, IfG Leipzig, LU Hannover, TUBS, TUC, and SNL. The working title is “Joint
project: Further development and qualification of the rock mechanical modeling for a HLW disposal in
rock salt.” The project is being planned to begin soon after the current one, run for three years, and the
German partners be funded by the BMWi and managed by the PTKA.

According to the current funding regulations (BMWi & PTKA 2015), the focus of the new project will be
on bedded salt. Therefore, the experiments shall be performed again with “clean salt” from WIPP, new
core material for testing is planned to be delivered by Sandia to IfG Leipzig and TUC. The theoretical
work on the four identified subjects will comprise the analysis, discussion, physical description of the
phenomena with the further developed constitutive models and modeling procedures, and their
implementation into numerical calculation codes. This will be accompanied by numerical simulations of
exemplary detail models of typical underground situations in bedded salt, e.g. Rooms D and B at WIPP.

Finally, the gained progress will be checked and verified with a complex 3-D demonstration model
(“virtual demonstrator”) consisting of a drift with seal system in a generic repository in bedded salt
similar to the geological situation at WIPP. Therefore, the new Joint Project will offer the chance to
strengthen and deepen the US-German collaboration on the disposal of radioactive waste including HLW
in rock salt.
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4 DRIFT SEALS MADE OF CONCRETE — STATE OF THE ART IN
GERMANY

When closing a final repository for radioactive waste in rock salt in Germany, drift seals are part of the
sealing system. In connection with the closure of the Morsleben repository as well as the precautionary
measures of the emergency concept for the Asse repository, drift seals made of salt concrete were planned
or are under construction in order to contribute to long-term safety. Depending on the binding agent of the
salt concretes — cement or MgO — they are named salt concrete (cement) or sorel concrete (MgO). During
the last decade, several full-scale pilot seals were installed and have been investigated. The status of the
investigations and their results are summarized below. The in situ investigations of drift seals have been
supplemented by in situ tests of functional components within the scope of R&D projects.

4.1 Drift seals made of salt concrete (cement)

Two pilot drift seals made of salt concrete have been investigated, the Asse Seal and the ERAM in situ
Test Seal, which is still going on.

The Asse Seal is situated in the Asse repository (GlaB et al. 2005). It was made of salt concrete (Type
Asse). It was concreted in sections (block by block) in 1990. The remaining gap in the roof was closed
manually by tamping salt concrete into it. In the meantime, the seal has been abandoned and is no longer
accessible. The Asse Seal was investigated by permeability, stress, and ultrasonic measurements that
mainly focused on the contact zone. Except in the roof (former gap), the permeability measurements
showed permeability values (gas) in the range of 6.0E-19 m? to 4E-24m? (Mauke et al. 2006). The results
were confirmed by investigations of core samples from the sealing body as well as the contact zone.
These investigations have been performed by two different laboratories, independently (IBeWA 2007,
Czaikowski et al. 2015). Within the framework of an R&D project, a geostatistical approach was applied
for the permeability values measured in situ at several individual points in order to assess the integral
permeability of a spatially extended structure and to investigate the influence of local inhomogeneities
causing high permeability values. The integral permeability of the structure was calculated to be < 1E-23
m?. Additionally, it turned out that local inhomogeneities can be neglected if they remain unconnected
and neither penetrate the whole drift nor form fracture networks (Rohlig 2014).

The ERAM in situ Test Seal is being performed in the Bartensleben mine of the (Mauke 2013). The drift
seal was made of salt concrete called M2. In 2010, it was concreted following an alternative approach to
accept joints between dam and contact zone to the rock salt due to autogenous shrinkage and thermal
contraction (BfS 2007, Mauke and Herbert 2013). Cracks should be localized by partition plates oriented
in a cross-sectional direction, thus not reducing the effective length of the drift seal, and at the former drift
contour due to its reduced strength. Afterwards, grouting measures were carried out to achieve sufficient
tightness of the drift contour. Near-surface cracks at the edges of the outer cross-section were also
predicted numerically; however, beyond that, a horizontal crack of some extent formed and is still under
investigation.

In addition to temperature, deformation, stress, and permeability measurements, this in situ test seal was
furnished with a pressure chamber that was filled with NaCl-brine in mid-2012. Subsequently, the
pressure was raised slowly. Recalculation of the structure (August 2012) led to an integral permeability in
the range of 2E-16 m? to 6E-18 m? (Mauke 2013). Only a few months later (April 2013), the integral
permeability had decreased and showed a significantly smaller range of 8E-18 m? to 3E-18 m? (Mauke
and Herbert 2013). The experiment is still going on, and the flow rate has been decreased further
(currently lower than 50 ml/d). Although cracks like the unexpected horizontal crack have to be avoided,
the results of recalculating the integral permeability showed that cracks do not form a fracture network
that penetrates the seal completely, as an integral permeability in the range of 8E-18 m? to 3E-18 m?
cannot be reached if cracks visible to the naked eye exist. Thus, the theoretical results of the geostatistical
approach gained from the Asse Seal have been confirmed experimentally.
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4.2 Drift seals made of sorel concrete (MgO)

A number of pilot drift seals and components made of sorel concrete were investigated, e.g., two pilot
seals (PSB A2 and PSB A1) situated in the Asse repository, two tests of functional components (GV1 and
GV2) in the CARLA R&D Project performed in the Teutschenthal mine, and a pilot seal that
was installed at an anhydrite location in the Bleicherode mine. As recently demonstrated, sorel-
building materials are chemically stable also in NaCl-dominated solutions at minimum Mg2+-
concentrations. For details, see Freyer et al. (2015).

The PSB A2 pilot seal (Kamlot et al. 2012) was erected in the Asse repository using sorel concrete (29.6
A2) in 2003. It was concreted in layers wet in wet, which mitigated construction jointing. In addition to
temperature, deformation and stress measurements, the PSB A2 was also furnished with a pressure
chamber. The pressure chamber was filled with MgCl,-rich brine in 2004. The underground observations,
the measuring results and the recalculation of the in situ experiment using inflow and outflow rates of the
seal showed the importance of an accurate EDZ removal, the necessity to use a stiff sorel concrete as well
as the importance of a high quality production of sealing structures. Despite improvements of the
construction process and the sorel concrete mixture, the required permeability level of 1E-15 m? for the
Asse repository was reached one year after brine pressure build-up and it was decreasing further. The
integral permeability level was governed by the EDZ.

The PSB Al pilot seal (Heydorn et al. 2015) was also constructed in the Asse repository in 2007 taking
into account the lessons learnt from the PSB A2 pilot seal. The EDZ was removed carefully and sorel
concrete Al, which exhibits an elevated stiffness, was used for construction. The concreting process was
interrupted due to technical problems. Nevertheless, permeability measurements in boreholes showed
integral permeability values from 7E-18 m? to 1.2E-18 m?, with local variations in the range of 1.3E-16
m? to 1.5E-18 m? (first measurement). Half a year later a second measurement yielded 2.6E-17 m? to
1.9E-19 m?. During that period of half a year, the surrounding rock pressure increased by 2 MPa (from ~5
MPa to ~7 MPa). The pressure chamber of the PSB A1 pilot seal has been filled with MgCl,-rich brine at
a pressure of 1 MPa for several years. Indicators for extended cracks forming a fracture network have not
been detected so far, neither indirectly by measuring results nor directly by visual borehole investigations.
Based on experimental results, cracks were adequately avoided, empirically.

The GV1 and GV2 in situ tests were performed within the CARLA R&D Project (Knoll et al. 2010)
between 2004 and 2010. Tachhydrite-bearing carnalite seams at the drift contour limited the temperature
rise due to hydration to 65 °C. To meet the temperature limit, very small concreting sections were realized
using sorel concrete MB10 (GV1). As a result, the small concreting sections showed cracks, and at the
drift interface high permeability values were measured. Tracer tests indicated that there were connected
transport pathways of high permeability in the structure and in the adjacent drift contour. Thus, the
integral permeability measured by pneumatic test shortly after implementation was determined to be 1E-
12 m2. Alternatively, MgO shotcrete was used in GV2. The pneumatic test after erection and grouting
showed an integral permeability level of ~2E-16 m?.

Finally, the results of the Bleicherode in situ test are outlined briefly (Mauke 2015). The pilot seal is
located in an anhydrite formation. It was concreted within 34 hours without interruption in 2010 using
Sorel concrete DBM2. An effective gas permeability in the range of 3E-14 m? to 1E-15 m? was estimated
(state December 2013). The relatively high permeability was caused by the contact zone between sealing
body and surrounding rock. Leakage detected by gas tracers occurred mainly in the floor. Unlike rock
salt, anhydrite shows negligible creep, and its mechanical behavior is assumed to be purely elastic.
Therefore, neither convergence-induced pressure build-up onto the seal body nor self-healing of the EDZ
is expected, even in the long term.
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4.3 Conclusions

The investigations of the pilot drift seals led to the conclusions that tight drift seals can be made of both,
salt concrete and sorel concrete. The long-term chemical stability of sorel-building materials in contact
with NaCl-dominated solutions has been demonstrated (Freyer et al. 2015).

The functionality of a sealing structure is influenced by the construction material, the EDZ of the
surrounding rock, and the contact zone between dam and host rock. A careful EDZ removal, a stiff
sealing body, and limited crack evolution as well as a good production quality are fundamental to
guarantee their functionality. The complex interaction of the dam and the rock in terms of volume
changes caused by thermal expansion and contraction due to hydration and pressure build-up as a
consequence of rock’s deformation behavior is of major importance (Stahlmann et al. 2015). Therefore,
special attention must be paid to the EDZ and the contact zone as well.
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5 A COMPARISON OF BEDDED AND DOMAL SALT

5.1 Introduction

A topic of great interest at the 6" US/German Workshop on Salt Repository Research Design and
Operation was comparison of bedded and domal salt characteristics as they pertain to disposal of heat—
generating nuclear waste (spent nuclear fuel and HAW). Motivation from the German perspective is
explained by Bollingerfehr et al. in their abstract and presentation contained in the Appendices of these
Proceedings.

German partners (BGR, DBE TEC, GRS, and IfG) are currently performing an R&D project called
KOSINA (Development of a generic HLW repository concept in bedded salt including safety and safety
demonstration concept), the objective of which is to develop both technical site-independent generic
repository concepts for a bedded-salt repository for heat generating waste and a safety concept. In the
past, bedded salt formations were never actually considered to host a repository for HLW even though
bedded salt has been and still is used to host underground hazardous waste disposal facilities. Therefore,
the KOSINA project was addressed in BMWi’s new research concept as an important issue to improve
knowledge and perform investigations that clarify conceptual questions and to contribute to the technical-
scientific basis for the safety oriented evaluation of potential repository systems in host rocks available in
Germany.

Since 1987, nuclear waste disposal in the US has concentrated on bedded salt while similar efforts in
Germany emphasized geologic domal salt. The US is once again considering possible repository choices
and therefore has parallel interests in relevant differentiating characteristics of bedded and domal salt. In
Germany and the US rock salt remains one of the potential host rock formations. Because of
collaborations in workshops such as this one, salt repository researchers in Germany and the US continue
to agree this coincidence provides an excellent opportunity for collaboration. Both countries have
advanced salt repository science and engineering developed and applied over several decades for the
specific purpose of providing the necessary expertise for developing a safety case for salt disposal.
Therefore, it was deemed necessary to create a document that takes credit for this expertise.

A compendium of some description is foreseen that compares and contrasts differences and similarities of
bedded and domal salt characteristics at different scales and explores repository implications. In addition
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to salt repository experience, each country has extensive history of mining and salt exploitation for
industrial purposes, which enriches the collective understanding of basic salt physical, mechanical,
chemical, petrological, hydrological, and thermal behavior. These assets provide a supporting basis for
such a compendium and compelling reasons to undertake this task are evident. The greater question
discussed in breakout session at the 6™ US/German Workshop on Salt Repository Research, Design, and
Operation is how to approach the undertaking. What should be contained in the document? How should it
be structured? A consensus developed that such a comparison document holds the potential to be a major
contribution to international salt repository R&D as sanctioned by the NEA Salt Club.

5.2 Breakout session suggestions

A breakout session was chaired by Bollingerfehr and Hansen and their associated abstracts and
presentations are contained in Appendices E and F in these Proceedings. After animated discussion, a
considerable amount of feedback was provided, which is summarized in this sub-section without
ascription (anonymous). Principles of what the comparison anthology should try to accomplish, what it
should contain, and how it should be created, used, and updated were offered.

5.2.1 Nature of the compendium

e It should be a high-level document without too much underlying detail, a summary of supporting
documents. The scope should be decided by a small group.

e It should be globally available as a living document to be updated and revised ~5 years with new
information/knowledge.

e It should be a helpful document with summary statements and references to supporting papers.
e It should be a single document.

e It should identify what knowledge is required, i.e. if there are missing pieces needed for safety
case, they should be identified.

e It will not resolve whether bedded or domal salt is preferred or make any statements on
suitability.

5.2.2 Content recommendations

e Abstract WIPP and Gorleben and treat them as generic sites (WIPP—bedded and Gorleben—
domal). Start with the VSG (Monig et al. 2012) report concerning the safety case plus relevant
WIPP  chapters from the US DOE Compliance Certification  Application
(http://www.wipp.energy.gov).

e Address in which way differences between bedded and domal salt affect the safety case and
safety demonstration concept.

e Agree on driving paradigms. For example, VSG is based on the concept “containment-providing
rock zone (CRZ = ewG einschlusswirksamer Gebirgsbereich)” and minor release from CRZ,
while WIPP is based on limited release. The safety assessment process is governed by regulation,
not salt formation.

e Assessment basis is vital: including constitutive models, boundary conditions, parameters used,
and evidence supporting appropriate model relevance (such as natural analogues).

e Requirements such as barrier thickness, technical concept, amount of waste and data needed.

e Commonalities and differences with respect to repository design, including constraints/challenges
in concepts, for example deep boreholes in salt domes may be feasible but not in bedded salt.
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e Include chapters of all geomechanics, which discusses such technical issues as dilatancy above
the repository and stand-off distances.

Other statements and comments regarding the compendium included specific issues pertaining to
geology, hydrogeology, safety, and geomechanics. For example, bedded salt contains significantly more
brine (water) than domal salt, salt domes have boundaries and can contain anhydrite and clay intrusions at
several orientations, bedded salt contains horizontal discontinuities, and the Salado Formation (WIPP) is
not similar to German or European salt formations. These features and others require a clear line of sight
between the comprehensive FEPs database, differentiating characteristics, and common patterns.

Each safety case is predicated on three prerequisites for development of FEPs, namely: 1) characteristics
of the waste to be disposed, 2) the medium into which the waste will be placed, and 3) the safety and
technical disposal concept. In addition, a salt repository for heat-generating nuclear waste and attendant
safety case would have to be conceived without governing regulations, which may present difficulty in
determining which models and parameters need substantiation. The collaborators have had several
discussions regarding this goal and recognize the positive international benefits to the Netherlands,
Poland, Germany and the US, as members of the NEA Salt Club. Work toward this end should be
undertaken by a small working group (not yet identified) and progress expeditiously to be successful.

5.3 KOSINA

Salt domes are distributed mainly in northwestern Germany; whereas Central Germany contains flat or
bedded salt formations and parts of North-East Germany contain salt pillow structures. The latter geologic
formations are generically called bedded salt and have extensive lateral dimensions. The KOSINA R&D
project has been initiated for repository concept development and safety concept development of a
generic repository for heat-generating waste in such flat-lying salt formations in Germany.

Bedded salt formations differ from domal salt structures in many ways, of which lateral extent and
vertical thickness are two of the most obvious geometric considerations. Repository concepts for heat-
generating radioactive waste and spent fuel in bedded salt have not been developed in Germany; however,
these efforts may have considerations in common with the WIPP repository in the US. The WIPP site in
New Mexico has been an operating repository for long-lived transuranic waste of military origin. The
facility is situated at 650m depth in the massive, bedded Salado Formation.

Long-term safety records and operational issues also profit from extensive experience accumulated from
storage of chemical and toxic waste in flat-lying salt formations in Germany. This experience does not
include the influence of heat and therefore KOSINA is undertaken to specifically address heat-generating
waste disposal in bedded salt.

Germany has advanced the VSG, which is the Preliminary Safety Analysis for the Gorleben salt dome.
Disposal concepts considered included drift and borehole emplacement and direct disposal of transport
and storage casks (called the Direct Disposal concept “DIREGT”). Among multiple considerations,
design of geotechnical barriers (plugs and seals) was developed accompanied by assembly of substantial
technical database that was applied to these analyses. Here again we acknowledge an existing salt
repository database comprising noteworthy background knowledge that can be applied to a repository in
flat-lying formations.

5.4 Historical comparisons in the United States

The positive attributes of salt that make it an effective medium for disposal and isolation of hazardous,
toxic, and radioactive materials have been recognized for some 60 years (National Academy of Science
1957). In the US, a large number of potential salt sites were characterized for disposal purposes in the
draft Environmental Impact Statement (EIS) (DOE 1984). The first distinction among the salt settings
related to domes and bedded salt. Although both bedded and domal salt have salt as a host rock the EIS
made the following statements regarding differences in properties of the two types of salt and the
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hydrologic framework. Bedded salt occurs as sedimentary layers of salt and inter-bed impurities and is
typically bounded by aquifers above and below the salt units. Domes in the Gulf Coast of the US are
piercements of overlying thick sedimentary clays, silts and sands. Domes are surrounded by aquifers at
different depths. Thus, the geohydrology around domes is distinctly different from that of bedded salt.

The pathways and mechanisms by which radionuclides might reach the accessible environment are also
quite different for bedded and dome salt because of their fundamental structural and stratigraphic
differences. Salt domes originate from thick beds of deeply buried salt. When sediments were deposited
on these salt beds, the salt migrated upward owing to buoyancy and tectonic evolution in some cases to
form a dome structure. Salt within the dome experienced extreme deformation by virtue of plastically
emerging over kilometer distances. Intrinsic brine from original deposition was squeezed out.
Consequently, salt domes contain less water than salt beds, which retain remnants of formation brine in
fluid inclusions.

The draft EIS (DOE 1984) goes on to state the following differences between the two types of salt rock:
e Because of its higher water content, bedded salt has a lower strength than dome salt
e Bedded salt has lower geothermal temperatures at equal depths of burial
e Bedded salt tends to have faster creep rate
e Bedded salt has a more variable chemical composition than domal salt
e Bedded salt has a simpler structure than domal salt.

Some of the most important of the above factors affecting containment of wastes at salt sites are related to
the chemical composition and configuration of the host rock. Domal salt may contain dispersed
hydrocarbons and can occasionally contain pockets of methane gas (NEA 2013). Inter-bedding in bedded
salt can vary dramatically between different beds within a specific basin and between basins (Johnson and
Gonzales 1978). Some of the salt beds in the bedded salt of western New York, Michigan and
Saskatchewan exhibit little insoluble clay shale and anhydrite. All salt sites will rely primarily on the
extremely low permeability of the salt to provide isolation from surrounding aquifers.

Generic observations may be applicable across the spectrum of salt formations; yet, some are site specific.
Information transferability is an important consideration! Thus, results derived from disposal concept
mock-up, confirmation testing, seal system construction and performance testing, and operational
demonstrations are often transferable between or among salt sites. Transferability of experimental and
analogue information forms a fundamental scientific tenet and has been used to establish peculiarities and
similarities in salt repository programs for decades. Proposed research, development and demonstration
can further add to the scientific basis for salt disposal, although some information will unavoidably be site
specific.

As salt repository science moves forward and compares attributes of bedded and domal salt, an
appreciation of generic and site-specific factors will be debated. Table 5.1 is a draft list of generic and
site-specific issues, which hopefully will add to the dialogue.
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Table 5.1. Potential Generic vs. Site Specific Issues

Generic factor Site Specificity

Bedded and domal lithology Various heterogeneities

Mechanical behavior/deformational Discontinua, bedding weakness,

micromechanics brittle material response

Brine Quantity and accessibility
Disturbed rock zone creation and Depth, size, shape and arrangement
mitigation of openings

Local stratigraphic controls noted for
bedded salt

Seal system Specialty concrete

Mine-run salt placement with
additives

Other materials

Constitutive models Thermomechanical flow-law
parameters calibrated for specific site

Disposal concept Mining dimensions with depth and
lithology considerations

Geomechanics modeling—coupling | Local stratigraphic controls
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6 MODULAR BUILD AND CLOSE SALT REPOSITORY CONCEPT
6.1 Introduction

Permanent isolation of waste depends upon the ability to construct geotechnical barriers that achieve
nearly the same high-performance characteristics attributed to the native salt formation. Salt repository
seal concepts often include elements of reconstituted granular salt. As a specific case in point, the WIPP
recently received regulatory approval to change the disposal panel closure design from an engineered
barrier constructed of a salt-based concrete to one that employs simple run-of-mine salt and temporary
bulkheads for isolation from ventilation. The technical basis for geotechnical barrier performance has
been strengthened by recent experimental findings and analogue comparisons. The panel closure change
was accompanied by recognition that granular salt will return to a physical state similar to the halite
surrounding it. Use of run-of-mine salt ensures physical and chemical compatibility with the repository
environment and simplifies ongoing disposal operations. Current knowledge and expected outcome of
research can be assimilated with lessons learned to put forward designs and operational concepts for the
next generation of salt repositories. Mined salt repositories have the potential to isolate permanently vast
inventories of radioactive and hazardous wastes.

This Chapter draws from recent developments and subsequent contributions to the 6™ US/German
Workshop on Salt Repository Research, Design, and Operation (Gadbury 2015; Hansen 2015). Together,
these two contemporary publications establish a new baseline for drift seal systems in salt, along with an
achievable research agenda that foretells design improvement and inherent operational safety. The first
(Gadbury 2015) explains the approval of a change to drift closures at the WIPP. The second (Hansen
2015) describes the scientific basis for salt reconsolidation and achievement of low permeability, while
strengthening these arguments with analogue examples. This cumulative information was compiled in a
paper at Waste Management 2016 Conference (Gadbury and Hansen 2016) and this summary is extracted
directly from that longer paper.

Salt reconsolidation has a licensing role in the performance assessment of WIPP by its function in the
shaft seal system. Now that WIPP panel closures include run-of-mine salt components, reconsolidation of
granular salt is an important consideration in horizontal configurations as well. International salt
repository programs have exerted long-term research efforts to understand and quantify reconsolidation
and attendant permeability characteristics. In addition to specific R&D efforts, industrial mining practice
often involves backfilling, which provides practical experience appropriate for repository applications.
Natural geologic and anthropogenic settings also provide relevant analogues for assessment of
permeability reduction as a function of granular salt consolidation.

A strong motivation to revisit the panel closure requirement initiated work with the regulatory agencies to
replace it with a constructible and equivalently protective design. Seal concepts for international salt
repositories and salt industry applications almost always include elements of granular salt reconsolidation.
Replacement of Option D with a 100-foot (30-m) reach of crushed salt, as illustrated in Figure 6.1, was
put forward as a reasonable replacement design. Numerous technical exchanges with the US
Environmental Protection Agency (EPA) provided a forum to demonstrate the concept through testing
and modeling results. The basic geomechanics surrounding performance of run-of-mine backfill in a
creeping underground setting are well understood. Creep closure of the surrounding salt will reconsolidate
the granular material to porosity and permeability characteristics approaching those of the host salt
formation.
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Figure 6.1. Redesigned panel closure of run-of-mine sait.

Long-term performance calculations (Gadbury and Hansen 2016) showed the new panel closure would
not affect total-system safety standard compliance. The promise of enhanced closure capability presented
by crushed salt, with or without additives, has important implications for the next-generation salt
repositories.

Reconsolidation of granular salt is of high interest in the USA and Germany, countries actively
collaborating in salt repository research, design, and operation (Hansen 2015). The realm of salt
consolidation for nuclear waste disposal includes routine room backfill for structural stability, engineered
systems to affect low-permeability seal capability relatively quickly, and in some cases higher-
temperature environments near waste canisters. In almost all applications using crushed salt in the field,
the most important characteristics are those that obtain at low porosity and attendant low permeability.

6.2 Modular build and close

Geotechnical barriers made of crushed salt have the potential to become impermeable during the
operational period of a salt repository. There is persuasive evidence that reconsolidation can be furthered
by improved construction techniques and enhanced by use of additives. These developments have
significant implications for future salt repository operations and licensing. A concept styled Modular
Build and Close for salt repositories may allow sequential sub-unit certification and closure in large salt
repositories. It is feasible that a salt repository could accommodate nearly unlimited volumes of nuclear
waste generated in the next 100 years, regardless of the nuclear industry future of the US. Such a
repository would build on the enormous technical basis for salt disposal and rely essentially on salt
reconsolidation performance to ensure operational safety and sequential closure. The Modular Build and
Close concept would inherently minimize operational risk when unusual events occur, such as the fire and
radioactive release at WIPP. Recent developments in terms of WIPP panel closure would seem to have
moved positively toward a Modular Build and Close concept.

Recently, the EPA (the Federal regulatory authority for WIPP) approved DOE’s planned change request
to implement a panel closure comprised mostly of run-of-mine salt. This change replaces a previous
design without a crushed salt component. Based on its review and on the results of the performance
assessment, the EPA concluded that the WIPP will continue to comply with the EPA’s disposal standard
with the new panel closure design including a major element of 100 feet of run-of-mine salt. The EPA
agreed with the use of a material that is physically and chemically compatible with the repository
environment, and has relied on a body of data indicating that in time the salt panel closure will return to a
physical state similar to the halite that surrounds it (EPA 2014).

Recognition by the EPA that the salt panel closure element will return to a physical state similar to native
salt is important because the crushed salt element of seal systems can be engineered to achieve
performance characteristics within an operational period of a salt repository. The EPA drew their
conclusion from a modeling study that did not include advancement in the state-of-the art of salt
reconsolidation applied to repository seals (Hansen et al. 2015). The revised panel closure will be
consolidated by creep closure of the entry. Crushed salt is also proposed as one component of the shaft
seal, and an assessment of the mechanical behavior of crushed salt is provided as part of the WIPP shaft
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sealing system design (DOE 1996). If salt reconsolidation is unimpeded, the material will eventually
achieve extremely low permeabilities approaching those of the native Salado Formation. Further
arguments from analogues provide actual measureable and testable properties, as contrasted to modeling
predictions. Analogues support the idea that reconsolidation will occur expeditiously and experimental
advances confirm that high performance reconsolidated drift seals can be constructed at high density and
monitored during operations. These actualities, taken together, lead to a salt repository concept for
complete isolation in a modular design.

The concept of Modular Build and Close is predicated on sequential disposal followed by licensing and
permanent closure of the filled module. A notional layout of large repository is shown in Figure 6.2.
Nominally, outer dimensions might measure some three kilometers by three kilometers. Production salt
and potash mines are orders of magnitude larger than this hypothetical layout. Active mines exist today
that have been in production for 100 years or more. A salt repository of such areal dimensions and
longevity is achievable. The geometry of underground openings can be engineered for functional and
operational purposes. Ground control challenges can be minimized by judicious selection of size, shape,
extraction ratio, stratigraphic placement and sound mining practices. Of course, disposal modules would
be excavated on a “just-in-time” basis giving due consideration to creep closure. Transport of mined salt
can be minimized and optimized for real-time seal construction.

Figure 6.2. A 100-year salt repository.

Disposal would begin in a far corner and work progressively back toward the shafts. When a module of
design dimension is filled, an advanced salt-based closure system would be emplaced. Design
specifications for the closure systems can be based on current information as well as results of a research
agenda presented by Gadbury and Hansen (2016). Closing and permanently sealing each module as
disposal operations move forward creates a safety-by-design situation since exposure is progressively
limited. Because disposal begins at the outer reach of the repository, underground manpower, equipment,
and ventilation never breach the disposal module once it is filled, closed and licensed.
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The state of knowledge regarding granular salt reconsolidation is well established. Crushed or run-of-
mine salt makes an excellent backfill material for salt repositories because it reconsolidates readily under
a wide range of conditions and will ultimately reestablish impermeability to brine flow and radionuclide
transport. Laboratory testing, field-scale operational analogues, and natural geologic analogues attest to
granular salt compressing and consolidating to assume properties of native formation salt. The science
supporting the technical basis for properties of reconsolidating granular salt is objective and thorough.
Remaining uncertainty within the safety case context can be reduced by focused research dedicated to
achieving design specifications for drift seals as part of operational protocol.
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7 UNDERGROUND RESEARCH LAB PRIORITIES
7.1 Introduction

Field testing at full-scale and large-scale plays an important role in salt repository licensing and
performance assessment. Potential collaboration on field testing or demonstration projects has been a
consistent theme at US/German workshops on salt repository research, as can be witnessed by review of
yearly Workshop Proceedings located at http://energy.sandia.gov/energy/nuclear-energy/ne-
workshops/usgerman-workshop-on-salt-repository-research-design-and-operation/. ~The group has
continued to probe the utility of large-tests and demonstrations because the community is cognizant of
planning requirements, logistical challenges, associated costs and anticipated return on investment.
Collaboration and international agreement on relevance of underground research facility (URF) activities
provide significant inducement for prioritizing and undertaking field activities. At the 6™ US/German
Workshop on Salt Repository Research, Design, and Operation, the collaborators once again evaluated
merit of various possible field activities. Christi Leigh unveiled a series of potential activities for a salt
URF that had been compiled by a small group of Sandia employees and asked for evaluation by
participants. This chapter summarizes the open discussion and feedback received.

There is no operating URF for salt repository research in the US or in Germany. Further, there is no
identified technical shortcoming that requires extensive field testing before developing a safety case for a
HLW repository in salt. These circumstances provide a quiescent period and an opportunity for
dispassionate reflection upon possible field activities outside of political and fiscal pressure to consider
what priorities might be if a salt URF were to come on line. No matter what agreements are reached
today, any commitment for large-scale testing would be obliged to be integrated and be prioritized with
other pursuits of a multicomponent science program. This theme was expounded upon in Chapter 5 of the
5™ Proceedings on Salt Repository Research, Design, and Operation (which can be accessed from our
workshop website or available from an external publication (Hansen 2015)). The collaborators have
recognized that a salt URF could potentially host a wide assortment of tests to confirm our collective
(international) knowledge on the technical basis for salt disposal. Field tests that were planned and not
conducted during WIPP site characterization and some more recent concepts have been described in
previous publications (Hansen 2013). Sandia has revisited possibilities for URF utilization and used the
6" Workshop environment to ask for critical review by international peers.

Sandia National Laboratories has for many years sought to influence the uses to which underground
research activities in salt are put. Our belief is that underground research space is expensive to create and
maintain, and, as such, that space is precious and needs to be put to the best uses possible. Given the
existence of WIPP, the safety case is solid via the licensing process for disposal of transuranic waste in
salt. The next frontier for the use of salt (either bedded or domal) as a disposal medium of radioactive
waste is to advance the safety case for the disposal of heat-generating waste. Therefore, the most
appropriate work to be done in a salt URF would be to reduce uncertainties that are perceived to remain in
long-term repository performance assessment, demonstrate operational feasibility, and be consistent with
identified international priorities. Sandia, as the Science Advisor for WIPP since its inception, has
maintained vigilance regarding the state of salt repository science and engineering. In March 2015, SNL
revisited the topic of URF activities by calling upon a small group of in-house subject matter experts
(SMEs). At the end of the internal review, a list of nine research initiatives was developed. The proposed
activities do not represent unanimous consent, but are believed to offer material advancement to the safety
case for disposal of heat-generating radioactive waste in salt.

What follows is the description of the activities Sandia SMEs recommended for consideration should a
salt URF become available.
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7.2 Proposed activities

To varying degrees, proposed URF activities describe research issues and include objectives and
methodologies to be applied. A draft document summarizing the proposed field testing was circulated to
participants at the 6™ Workshop; however the draft is not in a referenceable form at the time of this
writing. An abbreviated version of the URF activities is listed below. This list does not imply priority or
sequencing with the exception of Test #1, which would require instrumentation in advance of excavation.

1. Characterizing early behavior of excavations in salt is a well identified information gap
essential to geomechanical constitutive model development. Capturing transient development of
the geotechnical setting is essential for many reasons, for example model validation and test
boundary conditions. A Test Plan has been put forward with an advanced degree of attention to
this underground activity (Hansen et al. 2015).

2. Large-scale in situ consolidation pertains to most concepts of salt disposal. Reconsolidation of
granular salt to low porosity and low permeability at field-scale application is prerequisite to
affecting sealing functions. Disposal of heat-generating nuclear waste in salt is safeguarded by
characteristics of the geologic formation and geotechnical barriers. Reconsolidation to a low
porosity state exhibiting characteristics of undisturbed natural salt has been demonstrated in
laboratory testing and can be inferred from analogues. At the scale of meters, which is the
applicable scale for salt geotechnical barriers, there are no existing controlled experiments in
which granular salt has been reconsolidated to low porosity. The proposed in situ tests provide a
straightforward approach with conceivable variations to evaluate first-order consolidation
parameters, such as moisture, temperature and additives.

3. Drift-scale seal demonstrations are vital because geotechnical barriers are the most important
barrier to radionuclide transport after the geologic formation itself. A drift-scale seal
demonstration involves several essential elements. The first involves capturing early evolution
changes induced in the salt formation by the act of excavation, as described above. Successful
measurement of transient displacement, strain and permeability of the EDZ created by mining the
opening sets the stage for remaining elements of a drift-scale seal demonstration. Placement of a
rigid seal system (the construction itself) constitutes a demonstration of ability to form, mix and
place high-performance salt-based concrete in an underground salt environment, i.e.,
constructability. Subsequent interactions between the rigid seal and the creeping salt formation
address performance. Placement of a rigid volume would initiate reversal of the deviatoric stress
state that gave rise to EDZ in the first place. Further elements of the drift-scale demonstration
would reduce and eliminate the enhanced permeability zone comprising the EDZ and the seal/salt
interface.

4. Borehole seal demonstration in a salt URF provides opportunity to place, test and forensically
examine borehole plugs. Requirements for sealing abandoned drill holes will be important for
siting, characterizing and licensing a salt repository. Performance testing of borehole plugging in
salt repository applications has been rare, but has been accomplished without a URF (Christensen
and Peterson 1979). However, access to a salt URF would allow direct evaluation of borehole
sealing techniques via lateral re-entry to the sealed section for forensic studies.

5. A single-heater test provides a flexible opportunity to predict and measure salt response and
establish test protocol. If salt repository researchers had an opportunity to conduct field tests in an
underground facility, a single-heater test would be in the mix as a high priority activity. Many
small and large-scale heater tests conducted over the last 50 years have witnessed expected and
unexpected formation reactions to heat. Therefore, a single heater test would provide confidence
for field-testing procedures and allow demonstration and verification of repository design
concepts.
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6. Salt decrepitation has been observed but its effects on porosity, permeability, and strength of the
salt have not been quantified. Bedded salt contains isolated brine inclusions, which are liberated
when heated to the decrepitation temperature. With renewed interest in high-level radioactive
waste disposal in salt, it is increasingly important to understand the impact decrepitation has on
salt properties, and characterize when and how it happens at the borehole scale under variable
conditions.

7. Diffusion tests to characterize diffusion model parameters will provide key support for the safety
case. In low-permeability systems, diffusion of solute concentrations is likely to be the dominant
transport process in long-term performance assessment calculations. Therefore, experimental
measurements to characterize diffusion model parameters will be a key aspect of the safety case.
In situ diffusion tests at a larger scale, conducted in a URF, build confidence in the transport
models and may provide up-scaled diffusion coefficients that are more appropriate for long-term
repository performance.

8. Brine availability borehole heater tests involving a small, standardized borehole heater fielded
in a range of vertical and horizontal orientations will address generic open issues from previous
tests and provide fundamental data for the local salt system. Because of the low permeability of
geologic salt, the total amount of brine available to flow into an excavation is a crucial input for
long-term performance of a salt repository. Both bedded and domal salt can produce significant
quantities of brine during periods of rapid temperature change (both heating and cooling).

9. An underground salt creep laboratory is proposed to investigate low-strain-rates. One
application is to understand the potential for large, heavy waste packages to sink over time
periods of 10* years or longer. In Chapter 3 of these Proceedings the salt repository research
agenda has identified the issue of salt creep under low deviatoric stress as a key uncertainty. In
addition to waste package movement, low deviatoric stress conditions and low strain rates are
relevant to large-scale analysis because they occur in much of the formation rock around a
disposal room or experimental set up. Additional testing is needed to extend constitutive models
to better represent deformation at these conditions.

7.3 Discussion and feedback

As noted previously, there was not unanimous agreement by SNL personnel on merits of proposed
activities. Some efforts are more clearly defined and directly relevant than others. The level of complexity
varies significantly and overall usefulness may be a matter of opinion. Therefore, independent review by
qualified international experts can be deeply informative. Moving forward, consensus from peers as well
as nontechnical stakeholders will play an important discriminating role.

The intent of this summary is to describe useful science that can be achieved in a salt URF. Potential
underground activities were identified in a two-day workshop by Sandia SMEs and therefore embody
national and international context of salt R&D programs. The workshop output comprises descriptions of
focused activities that are presumed to be highly relevant to salt science and can be advantageously
approached by underground testing and demonstration. Relationship to the safety case or other
justification for URF activities would remain open issues until final decisions are made. Nonetheless, the
nine activities listed and described here have merit and support at some level.

In September 2015, this list of proposed URF activities was shared with international colleagues while
conducting the 6™ US/German Workshop on Salt Repository Research, Design, and Operation in
Dresden, Germany. In reaching out to peers who are equally vested in salt repository science and
engineering, international perceptions were ascertained. Input from our international colleagues will be
essential when proposals are made for in situ nuclear waste disposal research to potential governmental
sponsors. To introduce the proposed field activities, a synopsis of URF activities was given at the 6"
US/German Workshop. A presentation Salt Underground Research Facility Activities (Leigh 2016)
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outlined the current collective thinking captured by the nine activities identified above at SNL regarding
the need for and use of a URF in salt.

Workshop attendees were provided a table for eliciting feedback on this list of activities. Five participants
responded, and one could assume they represent SMEs in their respective organizations. The feedback
was illuminating, illustrative, and consistent—revealing the type of reactions one could expect in other
forums. Guidance for the elicitation asked three questions:

1. If you had 1 million dollars to spend, where would you invest it and why?
2. If you had 10 million dollars to spend where would you invest it and why?
3. Ifyou had 100 million dollars to spend where would you invest it and why?

The three questions were posed to see how committed the salt researchers were to particular investment
areas. The researchers were asked to provide written information and their identities remain confidential
for purposes of this document.

Large-scale in situ consolidation (Test Proposal #2) was strongly supported. Comments included:

1. With 1M available I would concentrate on in situ consolidation because in my opinion this is the
critical question.

2. Crushed salt consolidation is of fundamental importance to the safety concept and not easy to
model. A test here is absolutely necessary.

3. Priority 1 for us but additional laboratory measurements are necessary.
Drift-scale seal demonstrations (Test Proposal #3) also received high marks:

1. Tests 2,3,4 address the most crucial aspects in the safety assessment demonstration concept in
Germany

2. With 10M you can do in situ consolidation and in addition a drift seal test which is also very
important.

I think it is necessary to collect available information on existing large-scale in situ tests
...a drift seal test is also very important

One researcher suggested a (drift-scale field) test called “Behavior of sealing plugs, backfill
material, and salt, under thermal load.” The test would support research into the thermal
behavior of the host rock (salt), the EDZ, the contact zone and the concrete. In general, it
promotes an understanding of the thermal behavior of the materials (concrete, salt, etc.). If it is
performed in the in situ situation it can also serve as a monitoring program.

A third priority was Test Proposal #9: An underground salt creep laboratory to investigate low-strain-
rate waste package buoyancy effects. Agreement mostly rested on the need for long-term creep tests
under in situ boundary conditions...and ...Creep and relaxation tests at low strain rates/stress...even if
the waste package buoyancy effect is small because at the salt top low differential stresses are decisive
for seal function.

Guiding considerations for potential URF events may be shaped by licensing requirements, including
nontechnical aspects such as public acceptance. Weighting factors of importance include perceptions of
stakeholder interest, uncertainty reduction, construction demonstrations, model validation, and
confirmation among others. There is not a unique test in a salt URF that must be conducted to address an
unknown science or engineering issue that stands between current knowledge and a license application. If
a decision is made to dispose of heat-generating nuclear waste in salt, and that decision includes a site, a
concept for disposal and waste inventory, then these three additional factors may help refine the
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recommendations made here and lead to demonstrations of operational features and similar specific
activities that might be a variant of our current list.

Priority for URF activities determined from workshop feedback embraces large-scale consolidation
testing of crushed salt and drift seal testing for international collaboration. It is recognized here and
elsewhere that testing at low deviatoric stresses remains pertinent and enigmatic.
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8 CONCLUDING REMARKS

The US/German workshops on salt repository research, design, and operation continue an unabated
mandate to provide, justify, and document the scientific and engineering bases for salt disposal of heat-
generating nuclear waste.

These Proceedings summarize the 6™ US/German Workshop on Salt Repository Research, Design, and
Operation. Coordinators and attendees recognized that a successful continuation would be best facilitated
by focus on a few topics, advancing those to a mature status and reporting—such as accomplished in the
area of Natural Analogues and Granular Salt Reconsolidation (Please see the NEA website for these
reports.) Publication provides documentation and knowledge preservation, two of our essential goals.
Among upcoming activities and collaboration are the comprehensive FEPs database for repositories in
domal and flat-lying salt formations and collaboration on a compendium elaborating relevant
characteristics of these salt formations. Collaborators will combine the technical basis for salt disposal in
either geologic setting as national site selection programs move forward. Evaluation of the FEPs for the
safety case would undoubtedly draw references from the compendium.

Research, development, and demonstration such as reported in these Proceedings help extend budgets of
all involved parties and ensure scientific rectitude. These workshops continue to provide enormous
benefit to both Germany and the US; however, the US/German moniker may have to be updated owing to
intensified interest shown by the Netherlands and Poland.

The next workshop is planned for September 7-9, 2016. The venue is Embassy Suites in Washington, DC.
This decision was reached by the workshop organizers for three reasons: 1) Specific requests by several
participants, 2) A Washington, DC venue could make attendance easier for DOE, Nuclear Regulatory
Commission, and EPA representatives located in the area, and 3) The NEA Salt Club has the option to
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plan its workshop dates to occur in DC during the same week, thereby streamlining travel by common
participants. The Washington venue for the seventh workshop was agreed upon while conducting the
sixth workshop in Dresden. The dates for the seventh workshop are not negotiable because of other
competing events in Europe and a fixed schedule allows the NEA Salt Club to coordinate their workshop
dates accordingly.
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TECHNICAL AGENDA

September 7— Monday

08:00-08:30 PFegstration

08:30-08:30 Welcome by the orgamzers T. Lautsch, DEE
F.Hanszen, SNL
W. Stzininger, PTEKA
08:530-09:15 Welcome by BMWI U. Borak, BMWi
09:153-09:30  Welcomeby USDOE M. Buschman USDOE
09:30-10:00 NEA Salt Club I. Ménig, GRS

SAFETY CASE ISSUES

10:00-10:30  WIPPrecovery F. Hansen SNL

10:30-11:00 Coffee break and photo event

11:00-11:30 Thenandnow — Assessingupdatesto 1992 WIFP K Economy, USEPA
Modeling

11:30-12:00 PFLOTEAN: Coupled THC simulations D. Sevougian, SMNL

12:00-12:30  BepoTrend Aprogramsystam for safety analysis J. Wolf, T. Eeiche, GBS

12:30-13:30 Lunch

13:30-14:00 Extendedstorage approachof COVEA E Neeft, COVEA

14:00-14:20  Joint US — D activities on the FEP catalogue /scenario I Wolf, GES
development G. Freeze SNL

14:20-14:40 Uncertainty management D. Becker, GRS

14:40-15:15 Coffee break

OPERATIONAL PHASE ISSUES
15:15-15:45 Probabilistic and deterrrmristic safety assesanent approach B Gasull, DBETE:

for sha ft hoisting systems

15:45-16:15 Balandng operational phaze andpost-operational phaze I Wolf, GES
safety

16:13-16:45 Monitonng ofrepositories (EC-Projects Modeam and M. Jobmarm, DEETE:
Modem2020)

No evening activity planned.
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09:00-00:30

09:30-10:00
10:00-10:30

10:320-11:00
11:00-11:20
11:20-11:40
11:40-12:00

12:00-12:20
12:20-13:30
13:30-13:30

13:50-14:10

14:10-14:30
14:30-14:30
14:50-15:20

15:20-13:40

15:40-17:00

15:40-17:00

13:40-17:00

19:00

TECHNICAL AGENDA

September 8 —Tuesday

GEOMECHANICAL ISSUES

Joint Project on constitutive models: Benchmark caleulations of

WIPProomzEandC

Topics for future B.&D activities focusing onintegnty analysis

Integrity of saliferous bamers for heat generatingradicactive
waste —natiral analogues and geomecharneal requiremmernts

Companizonof confined constart strain rate strengthtests
performed on WIPP cleansalt

Compilation ofzalt dilatationtest data for assessmernt of

wanability

Rock salt dilatancyloadpatheffects

The conceptof SN fuel and HLW disposalin salt rock in Poland

Compansonofrock salt in stratiform and diapinc depogtsin
Poland—hints for selection and sa fety ofrepositories

Shear strength and deformation o f discontimaties in salt
Priomty testingin a salt URL
Coffee break

Modeling of crushed salt compaction: Becent findings

BREAKOUT SESSIONS

Safety and demonstration concept for bedded salt

{EOSINA project)

Companszonof bedded and domal salt forrepository application
FEPs catalogue developrment

Ansing issues (to be identified at the worlcshop)

CONFERENCE DINNER

Coffee break

Content and distributionof fluidsin domal and bedded salt:
mfluence on the geomechanical behavior ofrocks

(not presented)

January 11, 2016

A Hampel
Hampel Consulting
T. Popp, IfG

W. Minkley, IfG

M. Pusch, . Hanmmer,
I. Phzchke, BGE

3. Buchholz, RESFEC
L. Foberts, SDSM&T

I M. Hertzsch, BGE

L. Lankof MEEERI

5. Burliga, UWE

S. Sobolik, SNL
C. Leigh, SNL

0. Czatkowslki, GES

W. Bollingerfehr
DEETEC
F. Hansen SNL

G. Freeze, SMNL
I Wolf, GRS
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09:00-09:30

09:30-10:00

10:00-10:30

10:30-11-00
11:00-11:30

11:30-12:00

12:00-13-00

13:00-13:30

13:30-14:00

14:00-14:15

14:15-14:45
14:45-15:00
15:00-13:30

15:30-16:00

TECHNICAL AGENDA

September 9—Wednesday

PLUGGING & SEALING

In situ verification of 2 drift sezl system i rock salt -
prelimmary results
Permznent panel closures =t WIPP using nm-of-mme szt

Plugging & Sealing projects ELSA and DOPAS

Caffee break
Specizl topics on sealing materials behavior

Sorel buildmg materials m salt formations (MgO)

Lunch

SPECIAL TOPICS

Updzte on the ABC-Workshop and Pitzer-datzbase

EAM-SNL cooperation on contziner behavier / mflusnce on
prolonged mterim storage periods

Evaluation of current lmowledge for buldmg the Dutch Safety
Case

IAEA Safety Standards and the Safety Case
Caffee break
Far-field hydrolegic modelmg around a szlt repository

Desp borshele dispesal: pros & cons of such 2 concept

Wreap-up, conclusions and cutlock

January 11, 2016

B Mauke, B

C. Gadbury, DOE/
Presented by F. Hansen,
SNL

U. Glaubach, TU BAF
0. Czaitkowski, GES

H. Mizcho, TU BAF

D. Frever, TU BAF

C.Leigh, SNL
V. Metz, KITINE

H. Vilzke, BAM
E. Sorenson, SNL

D. Becker, GRS
I Hart, NEG

A, Orrell, TAEA

A. Schneider, GRS
E Euhlmann, SNL

G. Freeze, SNL
W. Bollmgerfehr,
DEETEC

O1ganizers
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APPENDIX B: WELCOME ADDRESSES:

Mrs. Borak — Welcome Address
Ladies and gentlemen,

On behalf of the Federal Ministry for Economic Affairs and Energy, | would like to extend a warm welcome to you to the sixth US-German
workshop on Salt Repository Research, Design, and Operation organised by Sandia National Laboratories, DBE Technology, and the Project
Management Agency Karlsruhe.

| am delighted that more than 70 participants from Germany and from abroad have made their way to the beautiful city of Dresden, the capital of
Saxony. Dresden, which is situated on the river Elbe, is famous for its impressive Baroque and Mediterranean architecture. Therefore, it is also
known as "Florence on the Elbe."

The fact that there are so many colleagues participating in this workshop from both Germany and especially from abroad - from the United
States, the Netherlands and Poland - underlines the particular importance of the workshop.

Ladies and gentlemen,

| am particularly pleased that Ms Nancy Bushman, the representative of the US DOE, has made the long journey to Dresden to attend this year's
workshop. It shows that both the US DOE and the German Federal Ministry for Economic Affairs and Energy greatly value this cooperation
which was officially institutionalised in 2011, when the agreement between the Federal Economic Affairs Ministry and the two Offices of the US
Department of Energy — Environmental Management and Nuclear Energy — was signed. | would like to express my thanks to the US DOE for its
support and for its active commitment to our cooperation.

The workshop brings together 'salt experts' from the US, the Netherlands, Germany, and, for the first time, from Poland, providing them with the
opportunity to exchange information, analyse the current status of research, discuss what has happened so far, and in doing so, draw
conclusions for future joint research activities.

This workshop, which takes place every year, has become well-established and is a showcase for US-German cooperation. In fact it also
contributed to the initiation of the Salt Club, an OECD/NEA expert working group, in 2012.

Dr Ménig, the chairman of the Salt Club, will later report on its activities and successes.
Ladies and gentlemen,

As participants of the workshop, you may be interested in knowing how the situation in Germany has developed since we last met and how this
impacts on the topics of our workshop.

Let me start by giving you a brief overview of the political and legal framework.

The legal framework is provided at European level by the Radioactive Waste and Spent Fuel Management Directive, which was adopted in
2011, and at national level by the Site Selection Act, which entered into force in 2013, and the Atomic Energy Act, which is currently being
revised. The Federal Ministry for the Environment, Nature Conservation, Building and Nuclear Safety has the lead responsibility for the two
German Acts.

Pursuant to the Site Selection Act, investigative work to identify a final disposal site and/or an alternative disposal method for highly radioactive,
heat-generating waste is being undertaken. The Act prescribes an unbiased as to the results site-selection process, starting from a so called
‘white map'. This means that potential rock salt sites have to compete with sites in alternative rock formations. The implementation of the Site
Selection Act thus means that, in addition to consideration of alternative means of disposal and rock formations, further work has to be done on
research and technology regarding the suitability of rock salt for the disposal of radioactive waste. Here, we particularly need to draw on
international networks and experience.

The "Commission Storage of High-Level Radioactive Waste Material," the Repository Commission, which was established in the context of the
implementation of the Site Selection Act, started its work more than one year ago. | am delighted that Prof. Dr Kudla, a member of the
Commission, has taken the time to attend this workshop. The Commission’s task is to address fundamental aspects of the disposal of highly
radioactive waste and to review, substantiate and further develop the existing requirements of the Site Selection Act.

The Repository Commission has since used the opinion several expert institutions and specialists, including some at international level. For
instance expertise on deep borehole disposal of nuclear waste was provided by Andrew Orrell.

The Commission will present its results to the German Bundestag in a report that sets out recommendations by mid-2016. This report will be the
basis for the long-term strategy for the disposal of highly radioactive waste in Germany.

It is also strategically important that Germany, like all other EU Member States, had been called upon to draw up and submit a National Nuclear
Waste Disposal Programme for all radioactive waste by August 2015 in accordance with the Radioactive Waste and Spent Fuel Management
Directive.

According to the Programme, Germany will install two final repositories, one for low and medium-level radioactive waste that generates
negligible amounts of heat, and one for particularly high-level radioactive waste.

The Konrad mine is the planned final repository for low and medium-level radioactive waste. The work on converting the Konrad mine into a
final repository has been under way since 2007. The work is currently scheduled to be completed in 2022. The Konrad repository is crucial for
the disposal of low and medium-level radioactive waste resulting from the decommissioning of Germany’s nuclear power plants. Pursuant to the
nuclear phase-out decision, the last nuclear power plant will be switched off in 2022. The Konrad repository needs to be completed swiftly and
without any further delay in order to provide planning certainty to nuclear power plant operators and the institutions involved.
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Apart from dealing with the tasks relating to the search for a high-level waste repository, and the completion of the Konrad final repository, the
National Nuclear Waste Disposal Programme also addresses the low and medium-level radioactive waste that is already stored in the Asse Il
mine. There is the firm political will to retrieve this waste and store it in a suitable final repository.

Finally, | want to mention the Gorleben final repository project. The underground work at the Gorleben site was discontinued in November 2012
in line with the Site Selection Act. Pursuant to the Act, the Gorleben salt dome must be included in the selection procedure and treated the same
as any other potential site in line with the rules and criteria set out in the Act. This means that operations at the Gorleben mine are to be brought
down to an 'absolute minimum'.

Ladies and gentlemen,

The Federal Ministry for Economic Affairs and Energy has the lead responsibility for project funding for research on the disposal of radioactive
waste that does not focus on a particular site and is supported by the Project Management Agency Karlsruhe to determine the strategic and
technical direction of the research activities.

Against the background of the new approach regarding the search for a final repository for highly radioactive waste and the work of the
Repository Commission, it is clear that comprehensive support from science is needed for the disposal of highly radioactive waste. The Federal
Ministry for Economic Affairs and Energy has thus implemented the new political framework by introducing the funding concept entitled
'Research on the Disposal of Radioactive Waste', which was published in February 2015.

The funding concept defines the following major objectives of the research activities:
1. creating the scientific and technical basis for building a final repository especially for heat-generating radioactive waste;

2. developing methods and techniques necessary for specific measures to prepare final disposal, and methods and techniques for the
planning, construction, operation and decommissioning of final repositories, while continually further developing the state of the art in science
and technology; and

3 providing expertise and thus making a major contribution to the creation, further development and maintenance of scientific and
technological knowledge and skills and to fostering young talent in the field of the disposal of nuclear waste in Germany.

During the current phase of the project funding for the next four years, the Federal Ministry for Economic Affairs and Energy plans to clarify
conceptual issues concerning the final disposal in bedded rock salt. In this context, the continuation of our cooperation with the United States is
particularly valuable.

Germany plans to continue to meet the identified need for R&D on final disposal in salt domes.
At the same time, research on the final disposal in clay and crystalline rock will be consistently expanded.

In order to implement this strategy, international cooperation will be intensified. This includes participation in underground research laboratories
and in various bodies.

The major changes compared with the Ministry's previous project funding include

. doing more research in different types of host rock,

. considering prolonged interim storage periods,

. considering alternative disposal methods than the final disposal in mined repositories, and
. taking greater account of socio-technical aspects in future R&D work.

It is particularly important for the Federal Ministry for Economic Affairs and Energy to undertake broad-based research and to find a responsible
and honest solution that is fair for all parties concerned. This means that we should not stipulate any specific ways of disposal or any specific
host rocks at the beginning of the process. All potential and promising disposal options must be examined and evaluated. The task now is to
make use of the technological and innovative capabilities of Germany and its partners. Assuming that it will take 100 to 150 years before a final
repository for high-level radioactive waste in Germany is closed, we not only need to think about an appropriate site, but we also need to make
use of global technological progress.

Ladies and gentlemen,
This workshop also aims to foster technological progress. | would now like to go into the individual topics in greater depth:

Let me point out how important the political situation in our countries has always been with regard to the development of our cooperation in the
field of final disposal in salt rock. This is also reflected in the motto of this year's workshop 'Salt Repository Research, Design, and Operation' as
well as in the special topics.

In the context of the Ministry's research funding, R&D projects have since been launched in the new fields of interest. These include the
KOSINA Project, which deals with bedded salt. This project is also one of the topics of the workshop. Here, the international contributions,
especially the experience gained in the WIPP, are very important and helpful.

The issues that continue to be significant for final disposal in rock salt also include of course those pertaining to geomechanics, which will be
dealt with on the second day of our meeting. These issues have played a key role in the previous workshops and will continue to do so into the
future. Let me also mention issues such as the safety case, operational safety and the closure and sealing of the final repository. Some of these
matters are also relevant for final repositories in other host rocks, and thus are also of interest from these perspectives.

| would like to point out that current matters that are of great interest for Germany - not least in view of the discussions in the Repository
Commission - will be addressed in particular in the meeting on Wednesday, which will focus on special topics. These include the disposal
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approach of the Netherlands, the issue of prolonged interim storage periods, very deep borehole disposal, and final disposal in bedded salt
formations.

Ladies and gentlemen,

We are convinced that the research work that is being done as part of our US-German cooperation is important for us to gain further insights
into the qualities of rock salt as a host rock and to bring older findings in line with the current state of the art of science and technology in
accordance with our Ministry's funding concept.

We are taking account of the experience that has been gathered in similar geological conditions, namely domal and bedded salt, by our direct
neighbours Poland and the Netherlands. The geological data and the excellent expertise gained will make a major contribution to the success
of the research activities.

The United States continues to be our most important international research partner on salt as a host rock. As we tackle the challenges
which lie ahead of us, Germany will be feeding in its many years of 'salt expertise'. We are glad that the Netherlands and Poland are
contributing to these efforts. Our cooperation with the United States makes it possible for the partners to create synergies in their work and thus
advance their programmes. We can reap scientific and economic benefit and continue our joint research based on what we have already
achieved. This can certainly be regarded as added value - not least for the Salt Club and its member countries as well.

Ladies and gentlemen,

| would like to take this opportunity to stress that Germany will continue to view salt as a viable option for the disposal of radioactive waste
into the future. We also need more research to be conducted on this.

| therefore hope that the fruitful cooperation between our countries will be continued with the same degree of intensity.

In this spirit, | wish us a successful event.
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Dr. Lautsch — Welcome Address

Dear Ladies and Gentlemen,
| warmly welcome you to Dresden, the capital of Saxony.
Dresden is a very famous place for research and development of nuclear technology.

Today the Helmholtz Center Dresden-Rossendorf — founded in 1956 on the site of the former "Zentralinstitut fir Kernphysik" employs more than
1100 people, 500 of them scientists, most of them working in different challenging areas of nuclear sciences.

Dresden is a very famous place for mining as well.

Thﬁ silver ore mining district in the "Erzgebirge" is the first mining district in the world, which was exploited in an industrial scale as early as in the
14" century.

This mining activity laid the foundation for the wealth, both financial and cultural, of Dresden.

Mining engineers from the "Erzgebirge" joined the Spanish ships and helped setting up the mining industry in the Americas being amongst the
first to globalize our industry.

And also the mining traditions have been largely influenced by Saxonian mines.

These traditions are also lived in Silesia, where | personally had the pleasure to enjoy living amongst the Polish mining community.
To summarize mining always was closely connected and the mining community exchanged their ideas at all times.

| wish this workshop continues that tradition.

| would like to shortly introduce you to DBE.

DBE is operating three facilities:

The Gorleben mine, which is an exploratory mine in a salt dome in Northern Germany, was selected in 1977 as a site for exploring the suitability
of a salt dome to host in particular heat generating waste (high level waste and spent fuel).

Today following the decision as of summer 2013 to set up a new siting process and to stop all exploration activities at the Gorleben site we are
going to transfer the mine into a position that it is still accessible for a future use.

We will carefully transfer the mine into an adequate position in close cooperation with our customer and the involved experts from the
authorities.

Second DBE operates the Konrad mine.

Konrad mine is more in the center of Germany close to Salzgitter and is a former iron-ore-mine which is in the process of being converted into a
repository for disposal of low radioactive waste.

DBE is currently employing together with contractors more than 500 people on a daily basis to erect the surface facilities and to retrofit the two
shafts of Konrad mine and also to upgrade the underground openings and to develop disposal chambers.

Last but not least the third facility which is operated by DBE is the Morsleben mine.

Morsleben mine is close to Magdeburg in the state of Saxony-Anhalt which is neighboring to Saxony where we are currently sitting.
The Morsleben mine closes the cycle of nuclear facilities in the former GDR.

It was operated to accept low active waste in the years from 1982 until 1996.

During this operating time roughly 40.000 m?* of radioactive waste has been stored underground. Currently the legal status of this facility still is
an operational nuclear disposal facility but in agreement with the decision makers of the public entities, the politics and of the state of Saxony-
Anhalt it was decided to stop disposing material underground.

Morsleben is under preparation for being sealed up, a process which will start in the 2020ies.

At that time DBE will have not only the first operational deep underground nuclear disposal in Germany but also it will have the first sealed off
repository in Germany

So what | can tell you is that DBE is highly knowledgeable and an expert in disposal of nuclear waste in Germany.

It is the only organization in Germany which is experienced in operating such a facility and we are proud and we are also pleased that we are
able — with our subsidiary DBE TEC — to deliver this knowledge and these capabilities to the world market and | warmly welcome you again to
this event here in Dresden.

Gliick auf!!!
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APPENDIX C: LIST OF PARTICIPANTS AND OBSERVERS FROM
6" WORKSHOP
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LAST NAME FIRST COMPANY EMAIL
NAME

Volzke Holger BAM Holger.Voelzke@bam.de

Mauke Ralf BfS rmauke@bfs.de

Mohlfeld Matthias BfS mmohlfeld@bfs.de

Fahland Sandra BGR sandra.fahland@bgr.de

Hammer Jorg BGR Joerg.hammer@bgr.de

Plischke Ingo BGR ingo.plischke@bgr.de

Pusch Max BGR Maximilian.Pusch@bgr.de

Borak Ursula BMWi Ursula.borak@bmwi.bund.de

Wirth Holger BMWi holger.wirth@bmwi.bund.de

Neeft Erika COVRA Erika.neeft@covra.nl

Muller-Hoeppe Nina DBETEC muellerhoepp@dbe.de

Berlepsch von Thilo DBETEC Thilo.berlepsch@dbe.de

Biurrun Enrique DBETEC biurrun@dbe.de

Bollingerfehr Wilhelm DBETEC bollingerfehr@dbe.de

Filbert Wolfgang | DBETEC filbert@dbe.de

Gasull Aguera Ramon DBETEC Ramon.gasull@dbe.de

Jobmann Michael DBETEC jobmann@dbe.de

Lautsch Thomas DBETEC Thomas.lautsch@dbe.de

Neider- Gerald- DBETEC Hans.Neider-Westermann(@dbe.de

Westermann Hans

Reichert Andreas DBETEC reichert@dbe.de

Economy Kathleen EPA Economy.kathleen@epa.gov

Becker Dirk GRS Dirk-Alexander.Becker@grs.de

CzaikowskKi Oliver GRS Oliver.czaikowski@grs.de

Mbnig Jorg GRS joerg.moenig@grs.de

Reiche Tatjana GRS Tatjana.reiche(@grs.de

Schneider Anke GRS Anke.Schneider@grs.de

Wieczorek Klaus GRS klaus.wieczorek@grs.de

Wolf Jens GRS jens.wolf@grs.de

Hampel Andreas Hampel Consult | hampel@hampel-consulting.de

Orrell Andrew IAEA A.Orrell@jiaca.org

Bok Frank HZDR f.bok@hzdr.de

Brendler Vinzenz HZDR v.brendler@hzdr.de

Cherkouk Andrea HZDR a.cherkouk@hzdr.de

Stumpf Thorsten HZDR t.stumpf@hzdr.de

Minkley Wolfgang | IfG wolfgang.minkley@ifg-leipzig.de

Popp Till IfG till.popp@ifg-leipzig.de

Metz Volker KIT/INE volker.metz(@kit.edu

Bddecker Stephan LBEG Stephan.Boedecker@lbeg.niedersachsen.de

Hofmann Michael LBEG michael.hofmann@lbeg.niedersachsen.de

Franke Bettina LBEG bettina.franke@lbeg.niedersachsen.de

Steininger Walter PTKA-WTE walter.steininger@kit.edu

Buchholz Stuart RESPEC Stuart.buchholz@respec.com

Roberts Lance SDSMT Lance.Roberts@sdsmt.edu

Freeze Geoff SNL gafreez@sandia.gov

Hansen Frank SNL fdhanse@sandia.gov
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APPENDIX D: BIOS

Dirk-Alexander Becker

After finishing his studies of mathematical physics at the Technical University of Braunschweig, Germany,
Dr. Becker joined the Institute for Deep Geological Disposal in Braunschweig, which was later overtaken by
the Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) GmbH. He has 22 years’ experience in
repository research, especially in modelling contaminant dissemination in salt and clay. For more than ten
years he has been investigating probabilistic methods for uncertainty and sensitivity analysis.

Sebastian Becker

Stephan Bodecker

Frank Bok

Vinzenz Brendler

Wilhelm Bollingerfehr

Diplom-Bauingenieur (M.Sc.eq) —civil engineer

Prokurist

Head of Research and Development Department

DBE TECHNOLOGY GmbH, Eschenstralie 55, D-31224 Peine

After finishing the Technical University of Hannover in Germany as a civil engineer in 1985 he gained
extensive experience in the field of repository design and development of engineered barriers. As project
engineer and project manager he developed concepts for technical barriers for repositories in salt and
managed the construction of prototype barriers. In addition he was responsible for developing transport and
emplacement systems and components for heat generating radioactive waste, industrial demonstration test
included. Nowadays, as Prokurist and head of the Research and Development (R&D) department he is
responsible for a staff of some 10 scientists and engineers all of them working in RD&D projects in the field
of safe disposal of heat generating waste (reprocessing waste and spent fuel). His recent work was focusing
on the development of a repository design and closure measures for a high-level radioactive waste (HLW)
repository in salt formations in the context of a preliminary safety case. One new challenge he is faced with
is an analysis of possibilities to retrieve emplaced waste packages and to develop technical solutions for
retrieval processes for HLW-repositories in salt and clay formations.

Since autumn 2012 he has the honour to give lectures on Repository Techniques at the University of
Braunschweig at the Institut fiir Grundbau und Bodenmechanik (Institute of Geotechnics) lead by Prof.
Stahlmann.

Stuart A. Buchholz

Mr. Buchholz is the manager of the Materials Testing Laboratory for RESPEC Consulting and Services in
Rapid City, SD. He holds B.S. and M.S. degrees in Geological and Mechanical Engineering from the South
Dakota School of Mines and Technology. Mr. Buchholz started his professional career at Halliburton
Energy Services where he worked as a wireline logging engineer in the Gulf of Mexico for 7 years. Mr.
Buchholz has been a geomechanical consultant for RESPEC for the last 10 years and has extensive
experience in analyzing salt caverns that are used for hydrocarbon and waste storage, dry mine excavations
in bedded and domal salt formations, and dry- and solution-mined potash excavations.

Stanislaw Burliga

Dr. Stanislaw Burliga works as an assistant professor at the Univeristy of Wroclaw in Poland in the Institute
of Geological Sciences. His primary research interests are salt tectonics and Zechstein stratigraphy. His
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studies focused on rock salt deformation, gas and fluid migration in salt and occurrence of natural threats in
salt mines.

Nancy Buschman, PE, PMP

Nancy is a chemical engineer who worked as a process and project engineer in private industry before
joining the Department of Energy (DOE) in 1991. She has overseen programs within the National Nuclear
Security Administration, Office of Nuclear Energy, and Office of Environmental Management, particularly
in the areas of technology development and nuclear materials and spent nuclear fuel (SNF) management.
Nancy’s education includes a BS degree in chemical engineering from the University of Maryland and an
MS in Technical Management from the Johns Hopkins University. She is a licensed professional engineer,
certified project management professional, and federal project director.

Andrea Cherkouk
Oliver Czaikowski

Dr.-Ing. Oliver Czaikowski is working at the GRS in Braunschweig, a technical safety organization for
nuclear safety and repository issues in Germany. Oliver made his PhD in the field of nuclear waste disposal
at the Technical University Clausthal. As a member of the Repository Research Division at GRS, he is now
dealing with experimental investigations in lab and in situ and its corresponding THM-coupled modelling
activities.

Uwe Diisterloh

Degree: PD Dr.- Ing. habil.
Institution: Clausthal University of Technology
Chair: chair for waste disposal technologies and geomechanics

1982- 1988 field of study: mining engineer

1989- 1993 PhD work — geomechanical investigations on the stability of salt caverns for waste disposal
2009 Habilitation - proof of stability and integrity of underground excavations in saliniferous formations
with special regard to lab tests

1989 - 2012 chief engineer at Clausthal University of Technology

Kathleen Economy

Ms. Economy has been working on nuclear waste repository issues since 1992. She has held various roles in
the preparation of performance assessments for both the Waste Isolation Pilot Plant (WIPP) and the Yucca
Mountain Project. In 2010 she began her role as a WIPP regulator for the United States Environmental
Protection Agency. She has a master’s degree in Hydrology from New Mexico Institute of Mining and
Technology.

Sandra Fahland

Civil engineer degree (Dipl.-Ing.) in 1997 at the Technical University of Braunschweig, Germany and Ph.D.
degree (Dr.-Ing.) in 2004 at the Technical University of Clausthal, Germany. Joined the Federal Institute for
Geoscience and Natural Resources (BGR), Department 3 —Underground Space for Storage and Economic
Use, in 2005 as a scientist of the Sub-Department —Geological-geotechnical Safety.l Scientific background:
Rock mechanics - especially salt mechanics, thermomechanical numerical analysis of underground
structures, radioactive waste disposal, field measurements.

Wolfgang Filbert
Bettina Franke
Geoff Freeze
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Geoff Freeze is an Engineer/Hydrogeologist at Sandia National Laboratories in Albuquerque, New Mexico.
Mr. Freeze has 30 years of professional experience in radioactive waste disposal, probabilistic risk and
safety analyses, groundwater modeling, and site characterization. He has supported radioactive waste
disposal programs in the United States (US) (at both Yucca Mountain and the Waste Isolation Pilot Plant)
and internationally, including 4 years as the Yucca Mountain Project Lead for Features, Events, and
Processes (FEP). He is currently the Project Integration Manager for the Deep Borehole Field Test.

His radioactive waste performance assessment modeling experience ranges from the development and
application of complex, highly coupled, site-specific, probabilistic system models in a legal/regulatory
environment to simplified, generic, deterministic system models supporting FEP screening and scoping
studies. His flow and transport modeling experience includes single- and multi-phase, saturated and
unsaturated, dual-porosity and discrete fracture implementations, as well as evaluations of alternative
remediation techniques.

Mr. Freeze has authored over 40 journal articles and project reports, taught short courses in computer
solutions to groundwater problems, and written chapters on “Decision Making” and “Solute Transport
Modeling” for the McGraw-Hill Environmental Handbook. He holds an M.S. degree in Agricultural
Engineering from Texas A&M University and a B.A.Sc. degree in Civil Engineering from the University of
British Columbia.

Mr. Freeze presented at the 3™ US/German Workshop on the topic of Safety Case for Salt Disposal of
HLW/SNF and at the 4™ and 5™ US/German Workshops on the topic of FEPs.

Daniela Freyer

Daniela Freyer is scientific assistant at the Institute of Inorganic Chemistry at the Bergakademie Freiberg
(Germany). Her research field focused on salt and mineral chemistry since over 20 years with experiences in
determination of solubility equilibria in the oceanic salt system up to 200°C (solution analysis; solid phase
characterization: XRD, Raman, thermal analysis, Scanning Electron Microscope, chemical analysis;
modelling). Special research activities are in the range of construction materials consisting of salt binder
phases, such as calcium sulfate phases against the background of gypsum building material applications. A
specific research field is focused on Sorel phases formation concerning geochemical and geomechanical
properties of the magnesia building material.

André GalRner

Casey Gadbury
Ramon Gasull

Ramon Gasull is an electronic and industrial engineer (Polytechnic University of Catalonia) with five years
of experience in nuclear technology. He was involved in deterministic and probabilistic safety assessments
of nuclear facilities, as well as in qualification processes related to I&C equipment for a new build project of
a nuclear power plant. Since joining the International Cooperation Department of DBE TECHNOLOGY
GmbH in 2012, he has been involved in industrial and R&D projects related to the design and operational
safety of near surface and geological radioactive waste repositories in various countries.

Uwe Glaubach

Since 2004, Uwe Glaubach works as a scientist at the Technical University Bergakademie Freiberg. His
work is focused on the development of bituminous and asphaltic sealing elements in underground
engineered barrier systems, the optimization of sealing materials based on crushed salt, materials
characterization and development, and planning, managing and execution of field and laboratory tests. Uwe
Glaubach holds a degree as graduate geotechnical engineer at the faculty of Geoscience, Geotechnique and
Mining at Technical University Bergakademie Freiberg. He will present at the sixth US/German workshop
on the topic of the progress of the shaft sealing project (ELSA).
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Jacques Grupa
Matthias Gruner
Jorg Hammer
Andreas Hampel

Dr. Hampel is a physicist. After his PhD work at the TU Braunschweig about deformation micro-processes
in metals and alloys, he started in 1993 at the BGR Hannover his investigation of the thermo-mechanical
behavior of rock salt and the development of the Composite Dilatancy Model. In 1998 he began to work as
an independent scientific consultant, since 2004 he has been the coordinator of a Joint Project series on the
comparison of constitutive models for rock salt.

Frank Hansen

Dr. Hansen has over 40 years of experience in repository sciences and has contributed significant original
research in rock mechanics, seal systems, materials, design, and analysis. He is a Senior Scientist at Sandia
National Laboratories, a registered professional engineer and an American Society of Civil Engineers
Fellow.

Jaap Hart

Dr. Jaap Hart, PhD in Process Engineering, is Senior Consultant in the Department of Radiation and
Environment at NRG, with more than twenty years of experience within ECN/NRG in the fields of
thermalhydraulics and severe accident analysis of nuclear power plants, and performance assessments for
geological radioactive waste repositories. Jaap Hart has been involved in a variety of EU Framework
projects, e.g., such as BENIPA, RED-IMPACT, ESDRED, PAMINA, SITEX, and MoDeRn. Recent
activities include the long-term analysis of the nuclear fuel cycle, and the participation in the IAEA
Coordinated Research Projects ASAM, PRISM, and PRISMA. Within the Dutch research program OPERA
Jaap Hart is involved in several research projects on Safety Case development, waste characterization, and
safety assessment.

Jan-Martin Hertzsch
Michael Hofmann
Michael Jobmann

Diplom Geophysiker (M. Sc. Eq.), Deputy Head of Research & Development Department, DBE
TECHNOLOGY GmbH. After finishing his studies at Technical University of Clausthal as Diplom
Geophysiker in 1986, he gained experience in the field of geothermal energy exploration. As a project
scientist, he was involved in the theoretical development of borehole logging tools, analysis methods and
laboratory measurement methods for drill core sample investigations regarding hydro-thermal rock
properties. From 1994-2001, he was manager of different research projects at DBE in Germany that dealt
predominantly with the development of fibre optic monitoring systems. Since 2001, he is a member of DBE
TECHNOLOGY GmbH as project manager and deputy head of the Research & Development department.
His current work focuses on the monitoring of high-level waste repositories and the development of a safety
and safety demonstration concept for a HLW repository in clay in Germany.

Jurgen Krone
Wolfram Kudla
Kris Kuhlman

Kristopher Kuhlman is technical staff at Sandia National Laboratories. His research interests include ultra
low-permeability rocks and geologic disposal of radioactive waste in mined repositories and boreholes. Kris
worked for Sandia at the Waste Isolation Pilot Plant in Carlsbad before his current focus on deep borehole
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disposal. Kris got a BS in Geological Engineering from Colorado School of Mines and a PhD in Hydrology
from University of Arizona.

Leszek Lankof

Mr Leszek Lankof is a research fellow in Polish Academy of Sciences. He holds M.S and PhD degrees in
Geology and Earth Sciences of Jagiellonian and Silesian Universities. He was involved in many projects
commissioned by National Atomic Energy Agency and Ministry of Economy on site selection for SN fuel
and HLW underground repository. He also has an experience in prospecting for potash deposits in Poland as
well as in evaluation of domal and bedded salt formation for hydrocarbon storage in underground caverns.
Nowadays he is involved in works on site selection of new surface repository for low and intermediate
radioactive waste in Poland.

Thomas Lautsch

Dr. Thomas Lautsch studied at the RWTH in Aachen from 1979 to 1985 and completed his PHD in 2004.
He also holds a master degree in business administration from Waynesburg College.

Dr. Thomas Lautsch is manager in the mining industry with 30 years of experience. He has a strong
background in operating deep mines; 13 years being mine manager at Westerholt coal mine, 6 years of being
technical director of RAG’s international operations in the US and Australia and being COO of PG Silesia in
Poland for the last two years. He also carried out large scale mining projects such as recommissioning the
Reichwalde strip mine in Lusatia and conducted the pre-feasibility-study for the Spremberg copper mine in
the same area. Since 2015 Dr. Thomas Lautsch is managing director of DBE in Peine (Germany),
responsible for the technical areas of the company and for the construction of final geological disposal sites
for radioactive waste materials.

Christi Leigh

In October of 2007 Christi began the management of Sandia’s Repository Investigations Department where
she is still today. While in this assignment, Christi has assumed leadership for the science programs
supporting certification of the Waste Isolation Pilot Plant. She is currently leading the salt R&D program
funded by the US DOE Office of Fuel Cycle Technologies in the Used Fuel Disposition Campaign. Prior
work at SNL focused on performance assessment, probabilistic risk assessment, and decision making for
environmental problems in regulatory environments. She has been at SNL for thirty-one years. Beginning in
1989, Christi’s emphasis has been in developing the technical basis for radioactive waste disposal, low-level,
transuranic and high-level waste. Her technical contributions in the areas of geochemical, hydrological, and
contaminant transport issues have supported performance assessments for both Yucca Mountain and the
Waste Isolation Pilot Plant. She has also offered her expertise to the DOE on a number of surface soil
remediation problems throughout the US.

Christi holds a Bachelors, Masters and PhD in Chemical Engineering from Arizona State University,
Stanford University and the University of New Mexico, respectively.

Bastian Leuger
Karl-Heinz Lux
Ralf Mauke

Ralf Mauke holds a degree as graduate geotechnical engineer at the faculty of Geoscience, Geotechnique
and Mining at Technical University “Bergakademie Freiberg.” He has worked on repository sciences since
1995 and also other rock mechanic related repository and tunnelling projects (e. g. “Schacht Konrad” and
“Stuttgart 21”). For the BfS he led the design and analysis work for the Morsleben drift seal systems over 15
years, oversee backfilling measures, and is responsible for different research items related to the closure
concept of the Morsleben repository including the large scale testings of the sealing measures.
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Volker Metz

Since 2000 Dr. Metz works at the Research Center Karlsruhe (FZK) now Karlsruhe Institute of Technology,
Institute for Nuclear Waste Disposal (KIT-INE) currently being the head of the “Safety of Nuclear Waste
Disposal® division. He obtained a M.Sc. degree in mineralogy from the Leibniz University Hannover
(Germany) and a Ph.D. degree in geochemistry from the Ben-Gurion University of the Negev (Israel). His
field of research comprises experimental and modelling studies on radiolysis induced dissolution of UO2 /
SNF, behavior of radionuclides during alteration of radioactive waste products under conditions of a
repository in rock salt, geochemistry of Ra-226 in highly saline systems and clay mineral dissolution
kinetics.

Wolfgang Minkley
Helmut Mischo

Helmut Mischo, Prof. Dr.-Ing., Pr. Eng. (ECN), born in Piittlingen/Saar in 1969. Prof. Mischo graduated
from Aachen Technical University as Diplomingenieur Mining Engineering. He then worked in different
positions in the hard coal as well quarry stone industry before changing to Clausthal Technical University as
a research fellow in . There he was appointed chief engineer at the Department of Mining in 1998 and was
awarded his PhD in 2002. He continued working as assistant professor and 2004, when he changed to the
Knauf group. As of 2007, as Professor for Mining Engineering and Director of the Civil and Mining
Engineering Department at the Polytechnic of Namibia/Namibia University of Science and Technology,
Helmut Mischo set up the first Namibian mining engineering university degree course and institute as well
as the Namibian GeoCentre. He served as a member on the board of the Engineering Council of Namibia
and is still working as an advisor to the Namibian Chamber of Mines and the Uranium Institute today. In
2011 he took up the chair of Underground Mining Methods at Freiberg Technical University and, in 2012,
additionally the post of Scientific Director of the Research and Educational Mine FLB "Reiche Zeche."

Christian Missal

Christian Missal has been working as scientific staff at the Institute for Soil Mechanics and Foundation
Engineering at the Technische Universitdt Braunschweig since October 2008. He studied civil engineering
and has worked on salt mechanics, underground disposal and the development of a constitutive model for
rock salt.

Matthias Mohlfeld
Jorg Monig

Nina Miiller-Hoeppe
Erika Neeft

Dr. Neeft is the technical coordinator of the Dutch research programme into geological disposal of
radioactive waste at the waste management organisation COVRA. She holds a MSc degree in Earth Sciences
from Utrecht University and a PhD in reactor physics (transmutation of nuclear waste) from Delft University
of Technology.

Gerald-Hans Nieder-Westermann

Mr. Nieder-Westermann has over twenty years of experience in nuclear waste management issues. He
currently works for DBE TEC located in Peine Germany in their International Cooperation Department. He
is primarily involved in projects in Eastern Europe, specifically in Bulgaria and Ukraine. Related to Bulgaria
he supports the State Enterprise for Radioactive Waste in the development of detailed technical
specifications for the construction of a short-lived low and intermediate level radioactive waste repository.
Specific to the Ukraine he is involved as an expert providing support to the Ministries of Ukraine in their
effort to redesign and modernizing that country's national waste management organization in-line with best



Proceedings of the 6" US/German Workshop on Salt Repository Research, Design, and Operation
D-7 January 11, 2016

international practices. Prior to moving to Europe Mr. Nieder-Westermann worked on the Yucca Mountain
Project in the US as a lead technical manager in work leading to the license application. Specific to the
license application he acted as a key technical lead for Bechtel SAIC LLC in review and approval of the
post-closure performance assessment of the Yucca Mountain Safety Analysis Report. Related to his years of
experience in post-closure assessment he also developed extensive experience in scenario development and
evaluation of features, events, and processes. Post license submittal Mr. Nieder-Westermann provided key
technical support to the DOE‘s legal team in preparation for the Atomic Safety and Licensing Board
hearings.

Andrew Orrell

Mr. Andrew Orrell is the IAEA Section Head for Waste and Environmental Safety, in the Division of
Radiation, Transport and Waste Safety responsible for the development and promulgation of internationally
accepted safety standards, requirements and guides for the management of radioactive waste and spent fuel,
decommissioning, remediation and environmental monitoring. In addition, Mr. Orrell oversees the planning
and execution of support to the IAEA Member States for the implementation of the IAEA Safety Standards
and the Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management. Prior to joining the IAEA, Mr. Orrell was the Director of Nuclear Energy Programs for Sandia
National Laboratories, providing leadership for program development initiatives involving all facets of the
nuclear fuel cycle. He was responsible for Sandia’s Lead Laboratory for Repository Systems program and
led Sandia’s completion of the post-closure performance assessment portions of the Yucca Mountain
License Application. Prior to working on the Yucca Mountain Program, he was a manager for the Waste
Isolation Pilot Plant and the National Transuranic Waste Management program. His professional experience
spans technical and managerial roles for the US and international programs, including repository
development and licensing, national policy development, regulatory framework development, site
characterization studies, safety assessments and safety case development, and public confidence.

H.-Chr. Pape

Thomas Pick
Ingo Plischke
Till Popp

Dr. Till Popp is a mineralogist working since 1986 in the field of hydro-mechanical rock investigations at a
lab or field scale. Since 2003 he is appointed at the IfG, Leipzig as project manager, mostly responsible for
research projects aiming on disposal of radioactive and toxic waste in salt and argillaceous clay formations.

Maximilian Pusch

Mr. Pusch is geologist at the Federal Institute for Geosciences and Natural Resources (BGR) in Hannover.
He studied geology (2004-2009) at the Lehrstuhl fiir Ingenieurgeologie & Fachgebiet Tektonik und
Gefiigekunde at Technische Universitit Miinchen (TUM) and holds an Dipl.-Geol. (Univ.) degree
(M.Sc.eq.). Within the realms of the joint research project "Dynamik abgesoffener oder gefluteter
Salzbergwerke und ihres Deckgebirgsstockwerks (Stal’furt I1)" Mr. Pusch went in summer 2008 for his
diplom thesis to BGR Hannover. After university graduation Mr. Pusch was employed in the StaBfurt -
project until fall 2010 by BGR. From fall 2010 to the end of December 2013 in the realms of the further
exploration of Gorleben salt diapir by BGR he analyzed together with other BGR-experts the concentration
and distribution of hydrocarbons within the main rock salt of Gorleben exploration mine and is still
employed at BGR for further geological investigations of rock salt.

Benjamin Redlunn

Dr. Benjamin Reedlunn is a Senior Member of the Technical Staff at Sandia National Laboratories. His
primary focus is computational solid mechanics, but he also has a strong background in experimental solid
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mechanics and materials science. Dr. Reedlunn's research interests include shape memory alloys, ductile
failure modeling, additively manufactured alloys, and, more recently, the mechanics of salt.

Tatiana Reiche

Tatiana Reiche studied physics at the Technical University of Tashkent (Uzbekistan) and computer science
at the Technical University of Braunschweig (Germany). In 2009 she joined GRS GmbH (Final Repository
Safety Research Division) as a scientific employee. She is engaged mainly in development of the
mathematical and numerical models of the processes in a final repository for radioactive waste in different
types of geological formations as well as in software design and development of the program code.

Andreas Reichert
Lance Roberts

Lance A. Roberts, Ph.D., P.E. is a Professor and Department Head of the Mining Engineering and
Management Department at the South Dakota School of Mines and Technology (SDSMT). Prior to joining
SDSMT, Dr. Roberts was the Senior Vice President of the Mining & Energy Division at RESPEC, Rapid
City. Over his career, Dr. Roberts has published over 40 technical papers in both national and international
journals and conference proceedings and has presented his research results at numerous forums. His current
research interests include time-dependent behavior of geological materials, underground mined storage and
waste disposal, and reliability-based design for underground caverns and general rock mechanics problems.

Klaus-Jurgen Rohlig
Anke Schneider
David Sevougian

Dr. David Sevougian is a principal member of the technical staff at Sandia National Laboratories, with over
30 years of experience in earth sciences, including geologic repository science, hydrogeology, geophysics,
decision analysis, and petroleum engineering. He has an AB degree from Cornell University and a PhD from
The University of Texas at Austin. He is a member of the American Nuclear Society, the American
Geophysical Union, and the Society of Petroleum Engineers. Recently he has been working on the safety
case and performance assessment methodology for a generic repository for high-level nuclear waste, as well
as on characterization and design activities for the US DOE's Deep Borehole Field Test.

Jaroslaw Slizowski
Steven Sobolik

Steven Sobolik is a Principal Member of the Technical Staff at Sandia National Laboratories in
Albuquerque, New Mexico. He is a mechanical engineer by degree, obtaining his Bachelor’s and Master’s
degrees from Texas A&M University. He began his career performing high-velocity impact tests at the
Sandia rocket sled track. For the past twenty years he has specialized in computational and experimental
geomechanics, applied to radioactive waste repository projects such as the Yucca Mountain Project;
underground oil storage caverns in salt formations for the US Strategic Petroleum Reserve; CO,
sequestration, wellbore integrity, and other underground storage and geomechanical projects.

Joachim Stahlmann

Joachim Stahlmann has been working as head of the Institute for Soil Mechanics and Foundation
Engineering at the Technische Universitdt Braunschweig since October 2002. Since the early 1990s he has
been active in the field of salt mechanics and underground disposal. He has worked on the construction of
the shafts at the Gorleben exploration site and has developed the decommissioning concept and sealing
structures in the radioactive waste repository Morsleben, in particular the stability and integrity as well as
the functionality of flow barriers and shaft seals. He was a member of the Consulting Group Asse for the
Asse mine until 2007.
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Walter Steininger

Walter Steininger is a physicist (University of Stuttgart). He made his doctoral thesis at the Max-Planck-
Institute for Material Research, Material Science, and worked as a project scientist at the Staatliche
Materialpriifungsanstalt, University of Stuttgart, in the field of radiation embrittlement of RPV steels. Since
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Then and now—Assessing updates to 1998 WIPP modeling
assumptions

Kathleen Economy

6™ US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

In 1998 the United States Environmental Protection Agency (US EPA) approved the US Department of
Energy’s (DOE’s) Compliance Certification Application for the Waste Isolation Pilot Plant (WIPP) to
receive defense transuranic waste; the final review process was initiated in 1996. EPA’s approval included
features, events, and processes analyses and assessment, a subset of which addressed the transient properties
of a salt repository over the 10,000 year regulatory period. DOE’s features, events, and processes
calculations used ‘bounding’ assumptions which, coupled with the limited 1990s computational capabilities,
translated in adopting conservative parameter values. Some of these bounding assumptions were intended to
capture parameter uncertainty for the non-waste area and DRZ porosity over the 10,000 year regulatory
period. EPA accepted these to capture the long-term uncertainties of repository behavior. Since the initial
1998 certification DOE has demonstrated WIPP is compliant with these bounding assumptions.

Now, approximately 20 years later, EPA is re-evaluating the bounding assumptions submitted during the
certification adopted to support the non-waste area and DRZ parameters against the current knowledge of
salt repositories. The evaluation was precipitated, in part, by DOE’s recent modification to the repository
panel closure design from that of a concrete monolith to one consisting of run-of-mine salt. Several issues
motivate this reassessment. First, the recertification is an opportunity to re-evaluate the repository model(s)
and incorporate new information as appropriate. An update of bounding assumptions can provide confidence
to both the scientific community and the public that appropriate evaluations have been performed and the
disposal system is robust. Secondly, what is being done for the WIPP repository—in essence a living
laboratory as well as a repository—can be used as a stepping stone to provide knowledge and understanding
in designing the next generation of potential salt repositories systems for high- level waste and spent nuclear
fuel.

This presentation will briefly review some modeling assumptions adopted during the 1998 WIPP
certification and subsequent recertifications related to the DRZ and non-waste areas and compare this to
current understanding of the behavior of a salt excavation. Given this comparison, possible model updates
will be presented.

The US EPA sets radiation protection standards for low-level and transuranic radioactive waste repositories
and oversees and approves the DOE’s long-term Performance Assessment for WIPP.
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PFLOTRAN: Coupled THC simulations

S. D. Sevougian, G. A. Freeze, W. P. Gardner, G. E. Hammond, P. Mariner, and R. J. MacKinnon,
SNL
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Abstract

The United States (US) Department of Energy Office of Nuclear Energy Office of Used Nuclear
Fuel Disposition is conducting scientific research to enable disposal of spent nuclear fuel (SNF) and high-
level radioactive waste (HLW) in a variety of geologic media and generic repository concepts,
including mined disposal in salt, clay/shale, and granite formations, and deep borechole disposal in
granite formations. An important goal of this research is the development of an enhanced performance
assessment (PA) modeling capability that utilizes high-performance computing (HPC) environments to
simulate important multi-physics phenomena and couplings associated with the potential behavior of the
geologic repository. The application of an HPC-capable modeling/simulation framework for repository
performance assessment is a significant advancement because it allows the important multi-physics
couplings to be represented directly, rather than through simplified abstractions. It also allows for complex
representations of the source term, e.g., the explicit representation of many individual waste packages.

This work describes the application of the HPC-based PA modeling capability to a hypothetical repository
for SNF/HLW in a generic bedded salt formation. The salt PA model includes representations of important
thermal-hydrologic-chemical (THC) processes and couplings in the various engineered and natural features,
including

e Radionuclide Source Term — Waste form degradation and radionuclide mobilization processes
associated with the THC environment in the waste form and waste package

e Near Field — Fluid flow and radionuclide transport processes (advection, dispersion, diffusion,
sorption, radionuclide decay and ingrowth) in and through the engineered components (backfill and
seals) and adjacent disturbed rock zone (i.e., host rock affected by thermal-mechanical-chemical
processes associated with repository excavation and waste decay heat)

e Far Field — Fluid flow and radionuclide transport processes (advection, dispersion, diffusion, sorption,
radionuclide decay and ingrowth) in and through the undisturbed host rock and an overlying aquifer
to a receptor location in the biosphere

e Thermal Effects — Effects of radionuclide decay heat on source term processes and flow and transport
processes in the near field

The new PA modeling framework currently utilizes two main software components that are optimized
for parallel computations in an HPC environment: DAKOTA for uncertainty quantification and propagation
and PFLOTRAN for multi-physics domain simulation. The capabilities of the PA framework were
demonstrated for the generic salt repository by performing both deterministic and probabilistic simulations
applicable to SNF waste with a burn- up of 60 GWd/MTHM (a burn-up that is expected to be “bounding”
for the US inventory in a “no replacement” nuclear generation scenario, wherein all reactors are shut down
by 2055). The deterministic simulations were run using “best estimate” generic parameter values for
waste degradation and groundwater flow and radionuclide transport under undisturbed repository conditions
(e.g., no human intrusions). For the probabilistic simulations, parameter (and potentially model) uncertainty
was taken into account using probability distributions that were propagated through the system via a
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Monte Carlo approach in DAKOTA. Classical sensitivity analysis (linear and rank regression, correlation
study) was implemented to identify the most important parameters.

The results of these deterministic and probabilistic simulations provide insights into the important THC
multi-physics processes and couplings controlling long-term repository system performance for a generic
SNF/HLW repository in salt as well as into the necessary model fidelity (i.e., the model dimensionality
and complexity of process representations). A comparison of these thermal simulation results with results
from comparable isothermal simulations (i.e., no decay heat) identifies thermal influences and couplings that
are important to system and subsystem behavior. These insights can be used to guide and prioritize future
research.

This abstract is Sandia publication SAND2015-7434A. Sandia National Laboratories is a multi-program laboratory
managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the
US Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.



Proceedings of the 6" US/German Workshop on Salt Repository Research, Design, and Operation
E-5 January 11, 2016

RepoTREND - A program system for safety analysis
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Germany
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Abstract

RepoTREND is a new final repository simulator, developed in GRS since 2007. RepoTREND provides
functionalities for simulating the release of contaminants in a repository and the transport of these
contaminants through the near-field and far-field to the biosphere including the estimation of the
radiological consequences for man and environment. This tool is applicable for different concepts of the
final repository in different host formations. Main objectives in designing of RepoTREND are modularity
and extensibility of the program code. In designing, the state-of-the-art object-oriented approach is used.
This approach has the advantage of modelling a final repository system in a natural way, enables data-
encapsulation, clear code structure, easy maintaining and unlimited extensibilities. Currently RepoTREND
includes the universally applicable graphical user interface XENIA and the framework for statistical
analysis RepoSTAR as well as the two near-field computational modules LOPOS and CLAYPOS (old
Fortran-code for one-phase transport through a repository in a salt rock and through a saturated clay barrier),
the biosphere module BioTREND and some modules (GeoTREND-family) for simulating the contaminant
transport in a far-field: POSA (fully saturated porous media), FRAME (fully saturated fractured media),
COFRAME (colloid facilitated transport in porous- fractured media). Currently the new near field
computational module NaTREND is being developed, taking into account the two-phase contaminant
transport. The main goal in the designing of NaTREND is to provide a high flexibility and extensibility
while maintaining good performance and high accuracy. Some concept ideas for considering of different
effects are presented as an example of how to achieve this objective.

This work was funded by the Federal Ministry of Economics and Technology of Germany under grant
No. FKZ 02 E 10367



Proceedings of the 6" US/German Workshop on Salt Repository Research, Design, and Operation
E-6 January 11, 2016

Microstructure stabilized crushed rock salt backfill material for
HAW-repositories in underground saliniferous rock formations

Dipl.-Ing. Sebastian Becker
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Abstract

The refill of openings in HAW-repositories (HAW = high-activity waste) is necessary to guarantee the
long-term stability of the geological barrier by reduction of the geological movements as well as the
reduction of possible flow path for fluids within the repository. Currently there are two main types of
materials for backfilling in saliniferous rock formations. These are crushed rock salt and saliniferous
composite backfill materials

Crushed rock salt is a bulk material with a defined grain-size distribution that is won by mining rock
salt deposits. Crushed rock salt consists mainly out of the mineral halite as well as other naturally
occurring mineralizations. Due to its origins, crushed rock salt is an adequate backfill material for
HAW-repositories in saliniferous rock formations. Moreover, crushed rock salt is available in high
quantity and it is a low cost material for backfilling. The disadvantages of crushed rock salt are the
low permeability, the low refilling rate of openings, the tendency of settlements and the formation of
roof clefts. A late stabilization of the surrounding rock is the consequence.

Saliniferous backfill materials consist out of a grain mixture that is imbedded in a matrix formed by a
binding agent that fills out the pores within the grain mixture. The advantage of these backfill
materials are a high refill ratio, a low permeability as well as a fast stabilization of the surrounding
rock. The disadvantage of these materials is the high content of the binding agent that is needed to
form the supporting matrix. Due to this high amount of a binding agent the material require abutments
and casings to put it into place, which means complex technical installations. Moreover, with these
materials, normally a high amount of water is applied into the saliniferous formation, a situation to be
avoided under any circumstances.

The microstructure stabilized crushed rock salt backfill material is developed to realize a fast
stabilization of the geological barrier, a reduction of the permeability within the repository as well as
the fast backfill progress. This is reached by the addition of low binding agent content to a crushed
rock salt. The emplacement of the backfill material can be done without abutments or drainages like a
bulk material due to the low binding agent contents. The microstructure stabilization is realized by the
formation of new long-term stable salt minerals that connect the rock salt grains with each other. Tests
have shown that the formation of long-term stable minerals is occurring. The stabilization of the
surrounding rock happens faster than compared with common rock salt.
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Uncertainty management in performance assessment

Dirk-A. Becker
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Abstract

Proper uncertainty management is necessary for any performance assessment to be- come meaningful
and is therefore increasingly considered an important task in the Safety Case. Uncertainty
management consists of two parts: in the first step it has to be made sure that the modelling setup,
i.e. the investigated scenarios, the applied computer models and the assumed parameter uncertainties,
correctly reflect the degree of knowledge or non-knowledge about the system. In the second step,
mathematical uncertainty and sensitivity analysis has to be performed. For the first step, which can
only be done via expert assessment, widely accepted, transparent and unique procedures do not yet
exist. For the second step, a variety of mathematical methods exist and new ones are constantly
being developed, but these methods have to be tested and qualified for repository models. Some
work was done in projects like PAMINA and in national programs, but international harmonization is
necessary. A Technical-scientific working group of the IGD-TP is addressing these topics.
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Probabilistic and deterministic safety assessment approach for shaft
hoisting systems
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Abstract

The main concern related to shaft hoisting of payloads associated with underground transport of radioactive
waste for disposal is a failure in the hoisting system that could result in a fall of a waste package down
the shaft and the associated potential for release of radioactive materials. For this reason and to ensure
that all relevant operational safety requirements are met by the design of the facility, operational safety
assessments for shaft hoisting systems have been carried out in Germany for more than twenty years.

In a similar way as it is done in nuclear power plants (NPPs), deterministic and probabilistic safety
methods have been applied. Deterministic methods have been used to qualitatively analyze the sequence of
operations, to identify potential safety relevant events and to quantify their consequences. These
deterministic analyses have been complemented by probabilistic methods, which determined the probability
of failure of the components and the frequency of occurrence of the undesired end-states. The starting
point of the safety assessment for shaft hoisting systems is the identification of potential safety-relevant
events that can lead the facility to an undesired end-state (i.e. events leading to potential radiation
exposures). The undesired end-states can occur in the event of loss of waste package integrity (e.g.,
damage of the waste package) or when operating personnel are required to remain in the vicinity of a
waste package for periods longer than required under normal operation conditions (e.g., to carry out repair
work).

Currently, DBE TECHNOLOGY GmbH is analyzing the safety assessment methodology for shaft hoisting
systems used in Germany, as well as the methodology currently used in German NPPs in order to
determine the best methodology for assessing the operational safety of a shaft hoisting system. This work
is carried out in the framework of the research and development project "Safety studies on the shaft transport
of heavy loads up to 175 t (Sicherheitstechnische Untersuchungen zum Schachttransport schwerer Lasten
bis zu 175 t Nutzlast - SULa)," which is funded by the Project Management Agency Karlsruhe of the
Karlsruhe Institute of Technology.
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Balancing operational phase and post-operational phase safety
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Abstract

The concept of a “safety case” for a deep geological repository for radioactive waste was introduced by the
Organisation for Economic Co-operation and Development/Nuclear Energy Agency in the last decade of the
last century and has been developed and applied within many national radioactive waste disposal
programmes and also taken up in some national regulatory guides. A safety case pertains to the operational
phase and the post- operational (post-closure) phase, and thus both operational safety and long-term safety
should be addressed. In the past, the emphasis of research and development activities was clearly on the
operation of the disposal facility and the assessment of the impact of the emplaced waste on the environment
after repository closure. Operational safety was often addressed but not discussed in detail.

Now that some national programmes move towards licensing and practical realizations, operational safety
becomes more and more a focus of public interest. Internationally, considerations on methodologies for
hazards assessment for the operational phase are under development (e.g., the International Atomic Energy
Agency GEOSAF projects or the Nuclear Energy Agency expert group on operational safety) and reveal
strong interdependencies between operational safety and post-closure safety: on the one hand, design and
operational constraints are set by post-closure safety requirements while on the other hand, the operation of a
disposal facility determines the initial conditions for the post- closure phase and thus for the assessment of
post-closure safety. For a safe operation the impacts of post-closure constraints on the design and
implementation of the geological disposal facility must be identified. Moreover, it is important to realize
more clearly the impact of operation, including construction, on post-closure safety. According to the basic
ideas of the safety case the interdependencies between operational phase and post-operational phase must be
documented thoroughly. Methods to illustrate these interdependencies have not been developed yet.

The challenge of balancing the requirements of both phases within a safety case is supposed to be a suitable
field within the US/German cooperation. In this contribution first ideas will be presented how to analyze and
document the interdependencies between the operational phase and the post-operational phase in order to be
able to balance requirements of both phases within a safety case.
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Abstract

The successful implementation of a repository program for radioactive waste relies on both the technical
aspects of a sound safety strategy and scientific and engineering excellence as well as on social aspects such
as stakeholder acceptance and confidence. Monitoring is considered key in serving both ends. Not only is it
essential to underpin the technical safety strategy and quality of the technical implementation. It can also be
an important tool for public communication, contributing to public understanding of and confidence in
repository behavior. In the framework of an international project called MoDeRn (Monitoring Developments
for safe Repository operation and staged closure) that is funded by the European Commission, a monitoring
reference framework has been developed by 18 international partners. This reference framework describes
the common understanding of how monitoring of a high-level radioactive waste repository can be done and
at the same time gives an overview of the technological possibilities and limits of monitoring systems.
During the MoDeRn project, several open questions have been identified, which focus on monitoring of
engineered barrier systems, the use of monitoring results for decision making processes during the
operational phase of a repository and probably after closure as well as on technical aspects regarding sensor
technology, wireless data transmission, and power supply.

These open questions are tackled by the follow-up project of MoDeRn, which was launched in June 2015
and is called MODERN2020. This new project addresses the development of a monitoring program design
basis, monitoring strategies and the role of monitoring in decision making by focusing on specific national
programs. Stakeholders will be involved in each task of this work to explore how their early involvement
should be addressed appropriately. It also addresses research and technical developments on monitoring
technologies and intends to demonstrate the practical implementation of specific monitoring plans through
several in situ demonstrations including the application of innovative monitoring techniques to further
enhance the knowledge on the operational implementation of specific disposal monitoring. Finally,
stakeholder engagement activity will be in direct relation to the research and development work developed
in the work mentioned above and will be an issue throughout the project’s lifetime.

The MODERN2020 project receives funding from the Euratom research and training program 2014-2018 under grant agreement
n° 662177.
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calculations of WIPP Rooms D and B
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Abstract

The current third Joint Project on the Comparison of Constitutive Models for the Thermo-mechanical
Behavior of Rock Salt (2010-2016) is funded by the German Federal Ministry for Economic Affairs and
Energy (BMWi) and managed by the Project Management Agency Karlsruhe (PTKA). The project is a US-
German collaboration of the following seven partners:

— Dr. Andreas Hampel (AH), Scientific Consultant, Mainz, Germany

— Institut fiir Gebirgsmechanik GmbH (IfG), Leipzig, Germany

— Karlsruher Institut fiir Technologie (KIT), Karlsruhe, Germany

— Leibniz Universitdt Hannover (LUH), Hannover, Germany

— Sandia National Laboratories (SNL), Albuquerque and Carlsbad, NM, USA
— Technische Universitit Braunschweig (TUBS), Braunschweig, Germany

— Technische Universitit Clausthal (TUC), Clausthal-Zellerfeld, Germany

In this project, selected benchmark calculations are carried out in order to check the ability of the involved
models to describe correctly 1) the temperature influence on deformation in a) domal salt from the Asse 11
mine and b) bedded salt from the Waste Isolation Pilot Plant, and 2) the damage and dilatancy reduction and
healing of rock salt from the Asse Il mine. This contribution focuses on part 1b.

At first, unique sets of model parameter values for the two salt types at the Waste Isolation Pilot Plant
(WIPP), clean salt and argillaceous salt, were determined by each partner with back-calculations of extensive
and systematic series of laboratory creep and strength tests that were performed by IfG and TUC. Then,
several simulations of the unheated Room D and the heated Room B at WIPP were performed in order to
examine and compare the modeling of the temperature influence on the horizontal and vertical room
convergences.

For the simulations, each partner uses his constitutive model with the determined parameter values and a
simplified plane strain model of a vertical cut through the center of a room. While the results are in the right
order of magnitude a show the right dependences, remaining deviations from the in situ measured
convergences can be explained with deformation phenomena that are not taken into account sufficiently yet
and need more experimental and theoretical research and further development of the constitutive models.
These phenomena shall be investigated in detail in another planned joint project (2016-2019).
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Topics for future US/German research work focusing on integrity
analyses — Repositories in salt
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Abstract

The 5" US/German Workshop "Salt Repository Research, Design, and Operation” took place from 8 — 10
September 2010 in Santa Fe, New Mexico. In addition to the presentation of current results of ongoing
research projects, one more task consisted in the identification of future common research foci, which was
carried out in working groups formed for specific topics. In the following, the results of the discussions of
participants from the above-mentioned institutions and the joint follow-up work are summarised.

According to the safety requirements issued by the Bundesministerium fiir Umwelt (German Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety, the main safety principle for the
final disposal of radioactive waste is to contain the waste and its contents as quickly as possible and in a
permanently safe way in a containment providing rock zone during the post-closure phase. In repository
concepts in salt, safe containment has to be ensured by the properties of the rock salt in the containment
providing rock zone combined with the properties of the geotechnical barrier system. The integrity of the
geological barrier has to be verified by means of the dilatancy and minimum stress criteria. Taking into
account the acting loads, the effectiveness of the drift and shaft seals has to be demonstrated for the period in
which the crushed salt backfill has not yet developed its full sealing function.

As part of the system analysis, the corresponding integrity analyses of the geological barrier (1) and of the
geotechnical barriers (2) in the reference period are a central element of every safety analysis for a repository
and are thus also necessary for a comparative site assessment within the framework of a repository site
selection process.

The required demonstrations of geological and geotechnical barrier integrity can only be carried out by
means of numerical model calculations. Although it can be stated that the scientific level of system analysis
(especially regarding integrity analysis) is high, improvement of uncertainties is necessary. Due to the
complex boundary conditions (e.g., geologic environment), the resulting models should be three-dimensional
where necessary. This requires a basic understanding of the safety-relevant impacts and processes as well as
their description in a theoretic model including constitutive relations in the form of material laws that link
impacts and consequences. Furthermore, the material parameters necessary for the application of the models
have to be known, and suitable calculation programmes for implementing the model-based theoretical
approaches must be available.

Taking this in mind, three possible research and development topics have been identified: (1) Consequence
analysis when the minimum stress criterion is violated, (2) description of the hydraulic and mechanical
properties of compacted crushed salt, and (3) mechanical behaviour of rock salt/development of constitutive
laws. In addition to recommendations with specific measures for their implementation, proposals for a
prioritisation of the topics and opportunities for US/German cooperation were given.

The detailed summary is available as a joint discussion paper.
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Abstract

Undisturbed salinar rocks are impermeable to fluids and gases. This is supported by natural analogues. For
example, tertiary volcanism has left deposits of supercritical CO2 as large as 10° m3 contained in rock salt
until today. In contrast, the overall volume (including containers) of heat-generating radioactive waste in
Germany is 4*104 m3 for drift emplacement and is in a solid state.

Salt formations can lose their geomechanical integrity and leak tightness if the groundwater pressure or a gas
pressure exceeds the minimal stress in the salt formation. The minimal stress may be lowered due to
extensional strain conditions, either by subsidence or by thermo-mechanically induced lift-up of the rock
mass above the mining horizon.

So far, saline barriers have lost their integrity only for relatively thin barriers (< 100 m) with low confining
pressure, i.e. in salt mines in shallow depths. If the barrier is sufficiently thick, salt mines are safe from
water inflow even under earthquake-like incidents, as can be seen from a dozen rock bursts in potash mines
worldwide with magnitudes up to 5.6.

The conventional containment mechanism for HLW relies on the compaction of crushed salt backfill by the
convergence of the host rock, with residual porosity over a long time. Novel experimental results show that
immediate complete containment as well as retrievability of the waste can be achieved by using eutectic
molten salts as backfill material, which are kept liquid by the waste-generated heat. Hence, the waste
canisters at the borehole emplacement could be easily retrieved. Furthermore, water cannot reach the
canisters because of the higher density of the molten salt. When the temperature reaches the freezing point
(in the range of 100° — 200°C) after hundreds of years, the molten salt solidifies and becomes an
impermeable salt mass like the host rock. Since from the outset there would be no residual pore volume, a
contamination scenario with transport of harmful material to the biosphere by fluids would be obsolete.

Laboratory investigations at the IfG have shown that recrystallised eutectic HITEC salt is impermeable to
fluids similar to natural rock salt and loses its integrity only for fluid pressures above the minimal principal
stress. A backfill concept with molten salt for repositories for heat-generating nuclear waste for drift or
borehole emplacement in salt rocks has several distinct advantages:

e Immediate and complete containment of the waste containers in the molten salt

e No water or brine access to the containers due to the higher density of the backfill

e No porosity, no squeeze-out of contaminated solutions by creep convergence

e  Only slight volume reduction upon recrystallisation

e Retrievability even for borehole emplacement

e Earthquake resistant

e Technologically simple complete filling of all cavities because of the low viscosity of molten salt
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Abstract

Content and distribution of fluids (e.g., brines or saline solutions, hydrocarbons, CO, and other gases) as
well as of anhydrite or clay minerals in domal and bedded salt are very important parameters influencing the
geomechanical behavior of salt rocks.

New geomechanical testing data for bedded salt from the Waste Isolation Pilot Plant (WIPP) in combination
with new microscopic studies on thin sections demonstrate the influence of water content and impurities
(e.g., anhydrite and clay minerals) on strength and creeping of salt rocks. Unlike the nearly homogeneous
Hauptsalz from Gorleben salt dome (with an anhydrite content of mostly less than 3 Vol.-%), the halitic
rocks of WIPP are differentiated into the argillaceous (clay- and polyhalite-bearing) and the clean rock salt.
Compared to the clean rock salt, the argillaceous rock salt of WIPP (excluded polyhalite enriched samples)
shows a significant higher creeping rate. Testing results show that concentration and distribution of clay and
other minerals, fluid inclusions and grain size distribution determine the creeping rate of WIPP salt.

Furthermore we have tested a new preparation method to quantify the water content in different rock salt
types by Karl-Fischer-Titration. We used a halitic sample from WIPP-drilling SNLCV302 near MB139 (as
example for bedded salt and increased water content) and a Hauptsalz sample from drilling station 3 in
Gorleben exploration mine (as example for domal salt and decreased water content). To avoid loss of water
during sample preparation (burst of grain boundaries and fluid inclusions placing on the boundaries) the
samples have been milled with anhydrous acetone (with less than 70 ppm of water) in a hermetically sealed
crushing mill with argon as protective gas in order to free up the water bound within the samples and ligated
within the acetone without gathering water from hydrous mineral phases like e.g., polyhalite or carnallite.
The first analyses revealed significant differences in the water content of rock salt from domal and bedded
salt formations between WIPP clean rock salt (0.99 wt-%) and Gorleben (0,29 wt.-%) samples.

As requested by the US-German salt community three series of creep tests on halite have been investigated
in the BGR laboratory at very low differential stress conditions. These samples from the ERA Morsleben are
stratigraphically located in z2HS (Hauptsalz), z3LS (Liniensalz) and z3BK/BD (Bank-/Bindersalz).
Differential stress was set to 6 MPa for zZ2HS, 5 MPa for z3LS and 3 MPa for z3BK/BD. The creep rates of
z2HS (after 220 days) and z3LS (after 210 days) correlate with the values predicted by BGR for these
stratigraphic units. The sample of halite from z3BK/BD has not reached stationary creep after 150 days.
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Abstract

This project describes scientific procedures for completing confined, triaxial, constant strain rate strength
tests of intact salt at temperatures ranging from about 25°C to about 100°C. Laboratory studies allow
generic salt properties (mechanical, thermal, hydrological, and chemical) to be measured in a controlled
environment. There is a large body of laboratory data that describes the phenomenology of salt across a
broad range of temperatures expected in a heat-generating waste disposal system. Laboratory studies
currently underway in Germany are being conducted using salt samples provided by Sandia National
Laboratories that were obtained from the Waste Isolation Pilot Plant site and those test results will add
substantively to that body of knowledge. When combined, the total database of laboratory results will be
used to develop input parameters for models, to assess adequacy of existing models, and to predict material
behavior. These laboratory studies are also consistent with the aims of international salt repository research
programs.

The focus of the activity in this project is to complete a limited number of independent, adjunct laboratory
tests in the United States to assist in validating the results being provided by the German facilities.
Assuming the adjunct tests substantially agree with the German test results, the overall database of test
results will be considered more robust and confidence in the databases for assessing adequacy of heat-
generating waste disposal systems will be enhanced. This adjunct testing program will represent a subset of
the extensive test matrix being completed in Germany and it will aid in reducing uncertainties that remain in
the technical databases for a generic safety case for disposal of heat-generating waste in salt.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the US Department of Energy's National Nuclear Security
Administration under contract DEAC04-94A1.85000. SAND2015- 6923 A.
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Abstract

The dilation limit, often determined from a series of constant mean stress (CMS) tests conducted under
laboratory conditions, is one criterion used to assess the performance of underground storage caverns and
mines in salt. In the case of a cavern, the allowable operating conditions, such as the minimum gas pressure,
are typically determined based on limiting stress levels within the salt to those that do not result in dilation.
This produces a factor of safety with respect to dilation for all points of interest within the cavern. A
significant amount of laboratory testing conducted over several years on both bedded and domal salt
specimens at RESPEC Consulting and Services shows that the dilation limit can vary significantly within
salt, even in specimens that are sampled at the same location. This presentation will highlight the magnitude
of that variability. In addition, in lieu of assuming a conventional lower bound criterion for the dilation
limit, it is possible to incorporate reliability-based design principles to assess the probability of dilation
occurring within the cavern. An introduction to the assessment of dilation limit data using statistical analysis
and the RESPEC Dilation (RD) criterion will be presented. The goal is to determine a “probability of
exceedance” for dilation within a cavern rather than merely a factor of safety.
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Abstract

If rock salt is used as a host rock for final repositories of radioactive waste, it will be subject to thermo-
mechanical stress. Mechanical loads in the neighborhood of subterranean excavations and of high-activity
waste containers may give rise to dilatancy, and thereby to damage by microcracks, reduction of the load-
bearing ability, and increased porosity which causes pathways for transport.

Results of investigations are presented that were conducted on rock salt samples originating from the
exploration mine Gorleben. Particular attention was given to the dilatant behavior of the material. For
technical reasons, experiments could only be conducted in the compressive load path (61 > 62 = 63). By
transforming the invariant formulation of the results onto other stress states, such as the extensive load
path (o1 < 62 = 03), it can be shown that the formulation which apply to the compressive load path would
lead to implausibly high dilatant strengths.

In consequence, numerical simulations which are based e.g., upon the Composite Dilatancy Model (CDM)
constitutive law and which apply the values for the dilatancy boundary derived from experiments in the
compressive load path will produce satisfactory results for load-bearing structures such as narrow pillars.
If, however, predictions are attempted for cases in which the extension load path applies, the dilatancy
effects will be severely underpredicted. For such purposes it has been necessary to apply a version of
CDM that allows a prediction of the onset and progress of dilatancy for arbitrary stress states.

Since few experimental data exist for other load paths than the compressive one, and consequently there is
still considerable uncertainty about the dependency of the dilatancy boundary on the stress components,
true triaxial tests on rock salt samples are planned and will be conducted by BGR.
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Abstract

SNF and HLW disposal concept in salt rock in Poland was considered already in the 70s of the twentieth
century in connection with the construction of the nuclear power plant Zarnowiec. Due to construction work
stoppage research and development program for radioactive waste disposal was also suspended. Further
studies were continued in XX century. As a result of carried out studies potential locations of repository
were selected. On the basis of the developed criteria three primary location in rock salt domes: Damaslawek,
Lanicta and south part of Ktodawa were chosen. As an additional location bedded salt formation in Leba
region was also considered. Geological exploration revealed that a significant part of the salt domes consist
of the clayey salt of Z3 Leine cyclothem (“brown zuber formation™) and Z4 Aller cyclothem (“red zuber
formation”). In addition to halite, clayey salts consist of anhydrite, clay materials (mainly illite group),
dolomite, and some other minerals as quartz, hematite, magnesite, sylvite or bischofite. Therefore laboratory
testing carried out to date were focus both on rock salt and clayey salts. The scope of laboratory tests of
zuber formations included geomechanical investigations (rheological and strength tests), evaluation of
sorption ability and study of thermal expandability and mass losses during heating up. The results of
laboratory tests indicate that the strength and rheological properties of clayey salts (especially red zuber) is
lower than rock salt while sorption properties are much stronger. The conceptual models of SNF and HLW
repository as well as a project of underground research laboratory were also developed.
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Abstract

Rock salt deposits targeted for storage of hydrocarbons and waste disposal in Poland are built of Zechstein
(Upper Permian) salt that accumulated in the Polish Zechstein Basin. At present, the deposits are
stratiform in marginal parts and diapiric in the centre of the former basin. This enabled comparison of
petrographic and microstructural features and geomechanical properties of salt in various geological
settings. The similarities and differences between salts are summarized in this paper. They are noticeable in
macro-, meso- and micro-scales.

Studies carried out in stratiform deposits showed that salt series is internally deformed, being folded
and zonally sheared in response to flow of salt induced by basement tectonics and load. Lithological
heterogeneity of a salt series caused splitting of the salt complex into intensely and weakly deformed zones.
This is shown among others by variability in microstructural attributes in halite, advancement in halite
recrystallization, content of brine and occurrence of relic sedimentary structures. As a consequence of
petrographic and textural variability, rock salt typically displays variable geomechanical properties
throughout the salt complex. Fluid and gas migration pathways are determined by layering and mostly
related to non-saltinterlayers.

Salt diapirs are more heterolithic and the distribution of rock salt complexes largely depends on the shape
and tectonic evolution of a diapir. Diapirs are built of different types of rock salt with varying content of
anhydrite, clays and potash minerals. The flow of salt into a diapiric structure led to welding of originally
separated rock salt beds due to dismembering of more brittle interlayers. Anhydrite, carbonate, clay and
potash beds make up minor portion of the bulk diapir mass, their occurrence, however, significantly
influenced rock salt behaviour during deformation. Semi-brittle deformation and fracturing of rock salt
was documented in portions adjacent to potash layers, in clay-rich rock salts and near hydrocarbon-
bearing zones. Rock salt displays multi-stage recrystallization of halite, therefore most diapiric rock salt is
free of primary fluid inclusion in halite. Fluid and gas migration paths are determined by layering and
tectonic structures. Higher porosity of salt and open conduits for fluids were documented in hydrocarbon-
bearing zones, whereas gas-bearing zones contain mostly tight gas entrapped in and between halite
crystals. Geomechanical properties of salts depend on rock salt petrography.

The studies showed that salt deposits targeted for disposal of wastes should be evaluated individually. The
lithology of a rock salt complex is primarily influenced by environmental factors, specific for each
sedimentary basin. The geological and geomechanical characteristics of buried rock salt are mostly
functions of the depth of burial, lithological heterogeneity and tectonic evolution of a salt complex. Both in
stratiform and diapiric deposits, there are portions of very weak deformation, documented by preservation of
primary sedimentary structures. This indicates that salt complexes are compartmentalized and some
compartments can be very weakly affected by deformation over millions of years. Fluid and gas migration
paths mostly occur in heterolithic complexes, however, there may also exist conduits in rock salt —
predominantly inherited from early diagenetic and ancient deformational stages of the salt structure
development.
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The Third US-German Joint Project on Salt has identified four key subject areas in the understanding of the
behavior of salt for radioactive waste repository operations. One of these subject areas includes the
influence of nonhomogeneities in repository performance. Examples of these nonhomogeneities include
bedding interfaces, boundary shear planes, joints, and seams of non-halite material such as anhydrite. One
of the primary issues regarding these features is the effect of shear strain along their length, especially if
that shear strain causes the formation of a permeable flow path along an interface, or results in premature
salt failure due to exceeding the shear strength of the interface or joint. Currently there exists little in situ
measurement data to characterize the shear strength of an interface in salt, and the resulting effects
of shear on interface displacement and permeability.

This presentation describes a proposed pressurized slot test to measure the displacement and shear
strength of an interface in salt. The idea for this in situ test comes from a pressurized slot test performed
in volcanic tuff in Yucca Mountain, Nevada, during the characterization of that site as a potential
radioactive waste repository. The Yucca Mountain test was designed to measure a rock mass modulus and to
determine the extent of nonelastic, permanent deformation under high stress loading conditions. However,
the test can be easily modified to provide a shear loading environment on two sides of an interface.
Measurements of applied pressure and displacement will capture the evolution of shear-induced changes
in the salt during the test. Changes in permeability may be obtained by measurement of the changes to the
interface aperture. Pre- and post-test modeling of the experiment and comparison to experimental results
will also be critical components to evaluate the effects of the shear loading on the interface. In addition to
the in situ test design, options for similar laboratory-scale experiments will be presented.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the US Department of Energy’s National Nuclear Security
Administration under contract DE-AC04- 94AL85000. SAND2015-5014A
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Abstract

Evaluating the basis of need for an underground research facility (URF) for salt science and engineering is
imperative because of the significant commitment of time and money involved. Decades of salt repository
studies, numerous experiments, and sophisticated modeling capabilities underpin the scientific database that
supports safe disposal of nuclear waste in salt. The safety case for disposal of non-heat-generating waste
such as transuranic waste interred at the Waste Isolation Pilot Plant is robust, with the only long-term
releases to the environment projected to be by way of human intrusion. The scientific evidence also favors
safe disposal of heat-generating waste. The goal for disposal research in salt is to provide sufficient
technical information to license a repository. The necessity or utility of a salt URF is to be evaluated in the
context of an overall research agenda that supports a license application.

It is widely believed that further salt testing in a URF is not required to address a perceived technical
deficiency to be answered as a prerequisite to preparation of a safety case for salt disposal of heat-generating
high-level waste. The technical basis for salt disposal provides strong and pervasive evidence that
radionuclides in a salt repository will not migrate from the disposal horizon. Current knowledge of thermal
effects supports viable concepts for disposal operations and underground evolution. The suitability of salt as
a disposal medium has been recognized by national and international repository programs. Therefore, the
scientific community must balance desire for field experiments with the recognition that a very strong
scientific basis already exists for salt disposal of nuclear waste.

Discussions at the 6™ US/German Workshop are intended to help prioritize field testing if research groups
were to undertake a commitment to establish a URF. Currently there are no dedicated salt URFs in the
world. Given the well-established scientific basis for salt disposal, considerations for testing underground
must include scientific rigor and transparent evaluation, implemented with formality, to establish merit and
priority. At this workshop paper we identify and URF activities perceived to advance the technical basis for
salt disposal and encourage open discussion with technical peers.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the US Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000.
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Abstract

Rock salt is considered as a potential host rock for the disposal of high-level radioactive waste (HLW) in
Germany. After emplacement of HLW canisters, the disposal boreholes, drifts and shafts must be backfilled
and sealed with suitable materials to prevent a release of radionuclides into the biosphere. For this purpose
crushed salt from the excavation is envisaged. The viscous deformability of salt allows a convergent
deformation of the openings. This leads in turn to a gradual compaction of the crushed salt and concurrently
to an impediment of the convergent movement of the host rock. While not directly shown yet it is expected
that compaction will result in sufficiently low porosities and permeabilities in the backfill to isolate the
waste permanently from the biosphere.

The barrier function of the sealing systems for shafts and drifts must be guaranteed for at least 1000 years
(Fischer-Appelt et al. 2013). So groundwater or brine in the overburden aquifer may possibly reach the
backfilled drifts and boreholes. However, before reaching the waste canisters the brine will accelerate the
compaction of the backfill by the additional processes of fluid- assisted diffusion and possibly even by
solution or precipitation of salt minerals in the pore space. For an evaluation of the long-term barrier
function of the backfill it is thus essential to understand and describe the compaction process and the
concurrent development of permeability of the backfill under repository conditions. Especially in case of wet
conditions the complex THM-process regarding the relation between porosity, permeability, effective stress
and compaction rate has to be fully understood.

These issues have been studied in the German national project REPOPERM, including laboratory
investigation on the dry and wet compaction behaviour of crushed salt, theoretical analyses of the
compaction mechanisms, and development and testing of constitutive models for the compaction behaviour.
Additional measurements of hydraulic properties of the compacted backfill are performed to provide
information about gas/brine two-phase flow parameters. Main results have been presented at SaltMech8 in
Rapid City (Krohn et al. 2015).

With respect to theoretical considerations the work presented here aims at the evaluation of numerical
modelling capabilities for the long-term deformation behavior of granular salt backfill. Several constitutive
models are available, and different aspects of material behaviour can be modelled separately. Up to now
there is no evidence whether the implemented constitutive equations are valid for the experimental range
especially the compaction behaviour at low porosities. The experimental data as well as theoretical
considerations have shown that the predictability of crushed salt compaction still is imperfect.

Kréhn, K.-P., C.-L. Zhang, O. Czaikowski, D. Stithrenberg, and U. Heemann. 2015. The compaction behaviour of salt backfill as a THM-process.
Mechanical Behavioir of Salt VIII Conference (Salt Mech 8). Rapid City, SD, USA.
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Abstract

The German Parliament decided to restart the site selection process for a HLW repository and passed an
appropriate law in summer 2013. The idea is to find that site that provides best safety for one million years.
This approach implies a comparison of different alternative repository systems in different host rocks. From
the very beginning in the early 1960ies rock salt was considered to be the best option because of the
favorable salt features and more than 100 years of experience in salt mining. Thus, repository designs and
safety as well as safety demonstration concepts were developed for salt domes accordingly. A prominent
example was given with the preliminary safety analysis for the Gorleben site in spring 2013. However, since
more than 15 years generic conceptual designs and safety investigations were performed for repositories in
clay and crystalline rock in the course of research and deevelopment funded by the Federal Ministry for
Economic Affairs and Energy (BMWi). Very recently BMWi decided to start safety investigations on
repository systems in bedded salt in order to complete the set of repository systems in potential host rock
formations in Germany. In this context an research and development project (acronym: KOSINA) was
launched in July 2015.

The objective of the research and development project KOSINA is to develop a technical site independent
concept for a repository for heat generating waste and spent fuel on basis of generic geologic models for
bedded salt. This should include a safety and safety demonstration concept as well. The expected project
results should provide a technical-scientific basis for the safety oriented evaluation of repository systems in
different host rocks according to the site selection law.

To achieve these objectives the scientific and engineering competences of BGR, DBE TEC, GRS, and IfG
were compiled and an adequate working programme was set up. It consists first of elaborating and
compiling the basic data (type and amount of waste, design requirements, description of a generic but
appropriate geological situation, review of existing safety and safety demonstration concepts). Next steps are
the development of generic geologic models including derivation of model-parameter, development of a
safety and safety demonstration concept and analysis of the geomechanical integrity. In parallel technical
repository concepts will be developed which includes the consideration of four different variants (drift
disposal of POLLUX®-casks, vertical and horizontal borehole disposal and direct disposal of CASTOR®-
casks). The evaluation of radiological consequences on the long-term as well as investigations of safety in
the operational phase will accomplish the work programme. Eventually a synthesis in English report will be
written and published.
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Abstract

A compendium is foreseen that compares and contrasts bedded and domal salt characteristics applicable
to disposal of heat-generating nuclear waste. The content will be developed from extensive salt
repository experience garnered by both the United States and Germany in their respective research and
development programs. Both countries have advanced salt repository science and engineering over
several decades for the specific purpose of developing a safety case for salt disposal. Largely, nuclear waste
disposal in the United States has concentrated on bedded salt while similar efforts in Germany emphasized
geologic domal salt. At this time, each nation is once again considering possible repository choices, which
presents a need and an opportunity to compare repository-relevant differentiating characteristics of
bedded and domal salt. Each country also has extensive salt exploitation experience for industrial
purposes, which enriches the collective understanding of basic salt physical, mechanical, chemical,
petrological, hydrological, and thermal behavior. Differences and similarities exist for bedded and domal
salt and they manifest at different scales when applied to nuclear waste disposal. Therefore, the
relevance of similarities and differences are discussed on the basis of scale from the large-scale
(formation), to the mesoscale (meters), and to the microscopic scale. It is inherently necessary to bound the
subject matter to those elements relevant to the safety case; otherwise, the work will be become large and
unwieldy. At the formation scale structural geology, formation characteristics—layering, stratigraphy,
petrography—flow paths, access ways, and therefore seal systems, concept of operations, performance
assessment modeling, and boundary conditions come into play. At the mesoscale, the disposal concept,
interbeds and fabric, near-field phenomenology, damage and healing, creep constitutive models,
formation fluid accessibility, and corrosion potential may differ between bedded and domal salts. At the
microscale, mineralogy, impurities, hydrous minerals, fluid content, deformation mechanisms, healing
processes, and decrepitation may depend on differences between and among grains.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the US Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. SAND2015-6086 A.
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Abstract

The DOPAS Full-Scale Demonstration of Plugs and Seals project consisting of 14 beneficiaries from 8
European countries brings forward important demonstration activities in plugging and sealing. These
activities are also a part of each participants national long-term RD&D programmes and are therefore jointly
funded by Euratom’s Seventh Framework Programme and national funding organisations. The
demonstration experiments which are partially or wholly implemented during the DOPAS project lifetime
from 2012 to 2016 are a full-scale seal (FSS) implemented in Saint-Dizier in France, an experimental
pressure sealing plug (EPSP) underground in the Josef Gallery in Czech Republic, a deposition tunnel dome
plug (DOMPLU) in the Aspé Hard Rock Laboratory in Sweden, a deposition tunnel wedge plug (POPLU) in
the underground rock characterisation facility ONKALO (future spent fuel repository) in Finland, and
components of a shaft sealing system (ELSA) in Germany (Dopas 2012).1

ELSA is a programme of laboratory and in situ experiments that will be used to further develop the
reference shaft seal for the German disposal concept for a repository in rock salt and to develop reference
shaft seals for a repository in clay host rocks (Kudla et al. 2013)2.

On behalf of BMWi, the national funding organisation for research and development (R&D) work related to
radioactive waste management, facing the ELSA project phase 3, GRS is investigating sealing and
backfilling materials planned to be utilised in salt and clay formations. According to current R&D work on
the salt option, the shaft and drift seal components considered in Germany comprise seal components
consisting of MgO and cement based salt concrete (Mueller-Hoeppe et al. 2012).

The GRS programme aims at providing experimental data needed for the theoretical analysis of the long-
term sealing capacity of concrete based sealing materials. In order to demonstrate hydro-mechanical material
stability under representative load scenarios, a comprehensive laboratory testing programme is carried out.
This comprises investigation of the sealing capacity of the combined seal system and impact of the EDZ as
well as investigation of the hydro- chemical long-term stability of the seal in contact with different brines
under diffusive and advective conditions.

Dopas. 2012. DOPAS - full-scale demonstartion of plugs and seals, Annex 1: Description of work. Grant agreement
no: 323273. Seventh framework programme.

Kudla et al. 2013. Schachtverschliisse fur Endlager fir hochradioaktive Abfélle — ELSA Teil 1. FKZ 02E10921/
02E10931. TUBA Freiberg / DBE TEC.

Mueller-Hoeppe et al. 2012. Integritat geotechnischer Barrieren. Teil 2: Vertiefte Nachweisfiihrung. Berichtzum
Arbeitspaket 9.2. Vorldufige Sicherheitsanalyse fiir den Standort Gorleben. GRS — 288.
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Abstract

Long-term isolation of radioactive wastes from the biosphere imposes particular demands on potential
building materials for engineered barrier systems (EBS). Due to its proposed long-term stability in salt
formations MgO-based (“Sorel””) mortar or concrete is the preferred material option for construction of dam
or shaft seals. Fundamental investigations concerning geochemical and geomechanical properties of the
Sorel-building material were performed. The investigation approach delivers a comprehensive understanding
of the strongly interrelated aspects and processes, a new state of the art for the magnesia building
material.

From long-term solubility equilibria result, that in presence of MgCl,-bearing solutions the 3-1-8 binder
phase represents the thermodynamically stable phase up to temperatures of 80°C. Above 80°C, the phase 3-
1-8 [3 Mg(OH), - MgCl, - 8 H,0 = Mg,(OH);Cl-4H,0] 1is replaced by the 9-1-4 phase
[9 Mg(OH), - MgCl, - 4 H,0]. At NaCl saturation (“rock salt conditions”) the corrosion resistance of the
material increases even as the 3-1-8 phase is stable at very low Mg®" solution concentrations (0.5 MgCl,
molal). The 5-1-8 phase [5 Mg(OH), - MgCl, - 8 H,O] is not stable in saline solutions, i.e. depending on
temperature the phase 5-1-8 transforms below 80°C into the 3-1-8 phase and above 80°C into the 9-1-4 phase
or brucite, depending on MgCl,- concentration of the contact-solution. Following, a long term stable
magnesia building material should be consist of the 3-1-8 binder phase. However, long-term safety of a “5-1-
8” material in case of a secondary solution access can be demonstrated due to the sealing effect: the primary
building material structure is tied off by a "3-1-8-insulating coat,” i.e., the material properties of the 5-1-8
phase remain unchanged (hydro-mechanical integrity).

The geomechanical properties (e.g., density, porosity, compaction behavior, strength, and relaxation
properties) were determined for both formulation types. The strength differences, i.e. 5-1-8 formulations
usually shows very high strengths (in the order of ultra-high-strength concrete: o;-uniaxial > 80 MPa) in
contrast to relatively lower values of 3-1-8 formulations (30 - 38 MPa), are correlated with the individual
(two-phase) microstructure formation. Accordingly, the compaction behavior of a 3-1-8 type is significantly
higher and also the stress relaxation behavior is more pronounced, compared to a 5-1-8 type with low
relaxation effects under high loading, act in sealing systems as "stiff" abutment, respectively the 3-1-8-type
as “weak” inclusion. Importantly, both MgO-concrete types show very low permeability properties
(generally lower than 10" m?).

The results of the complete investigation program are published in: Daniela Freyer, Matthias Gruner und
Till Popp ,,Zusammenhang von Chemismus und mechanischen Eigenschaften des MgO-
Baustoffs*‘/,,Relationship between geochemical and geomechanical properties of Magnesia building
material* Freiberger Forschungshefte E15 — Naturwissenschaften, Verlag der TU Bergakademie Freiberg
2015, ISBN 978-386012-516-8.
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Update on the ABC-Workshop and Pitzer-database
M. Altmaier (KIT-INE, Germany), D.T. Reed (LANL, US), V. Metz, (KIT-INE, Germany)

6™ US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

This presentations updates upon two activities related to radionuclide and brine chemistry relevant for
assessing the long-term safety of nuclear waste repositories in rock salt. For further information on
these activities please contact marcus.altmaier@kit.edu or dreed@lanl.gov.

The 4™ ABC-Salt (Actinide Brine Chemistry in a Salt-Based Repository) Workshop, was held on
April 14-15, 2015, in Heidelberg, Germany, with 60 participants from 8 countries attending. The
workshop addressed the scientific community working on aquatic systems at high ionic strength and
experts involved in implementing salt-based repository projects. The workshop was part of the ABC-Salt
Workshop series, established with the aim to present new scientific investigations and discuss advanced
approaches to establish a better understanding of the aqueous geochemistry and radiochemistry required
to predict the long- term safety of a salt-based nuclear waste repository. ABC-Salt Conferences serve as a
platform for the exchange of new scientific results, a forum for the discussion of current topics in the field,
the identification of needed future research activities and the promotion of the scientific exchange on actinide
brine chemistry within the international community. ABC- SALT (IV) consisted of invited and contributed
talks and a poster session for the presentation of additional topics and focus upon: (i) Overview talks on
current repository projects, (ii) Actinide chemistry in brines, (iii) Brine chemistry and brine evolution, (iv)
Microbial effects in brines, and (v) Thermodynamic databases and modeling studies. ABC-SALT (IV) was
co- organised by KIT-INE and LANL-CO, sponsored in part by BMWi and DOE, and is integrated in
Nuclear Energy Agency Salt Club activities. The book of abstracts for ABC-SALT (IV) is currently being
prepared and will be available via KIT-INE. In view of the very positive feedback received on the
ABC-Salt Workshop Series, the next ABC-Salt (V) conference has been announced for spring/summer 2017
in the US.

Within the scope of the Organisation for Economic Co-operation and Development Nuclear Energy Agency
Thermochemical Database (TDB) Project, the preparation of a State of the Art Report (SOAR) to assess the
modeling and experimental approaches used to describe high ionic-strength solutions has been started. This
SOAR builds on past Nuclear Energy Agency-TDB documents and focuses on ionic strength where the
Pitzer formulation rather that the SIT approach, is recommended and usually applied. The authors
contributing to this project are from Germany (M. Altmaier, KIT-INE; H. Moog, GRS; W. Voigt, TU
Freiberg) and the US (D.T. Reed, LANL; A. Felmy, (retired) PNNL; L. Brush, (retired) SNL; W. Runde,
LANL), with support from the Nuclear Energy Agency-TDB coordinator M. Ragoussi. The focus of this
SOAR update is on the nuclear waste disposal aspects that apply to repository concepts in bedded and domed
rock salt formations although there is also relevance to other geologic disposal concepts where transient high
ionic-strength aqueous conditions can exist. The Nuclear Energy Agency SOAR will provide an overview of
existing Pitzer interaction parameters with emphasis on those that are relevant to nuclear waste disposal, will
highlight the main achievements and challenges of the application of the Pitzer approach, and conclude with
a critical assessment of the key data gaps and modeling limitations/concerns that are identified. The Kick-off
meeting of the Nuclear Energy Agency SOAR project was held April 2015 in connection to the ABC-Salt
(IV) Workshop.


mailto:marcus.altmaier@kit.edu
mailto:dreed@lanl.gov
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BAM-SNL cooperation on container behavior / influence on prolonged
interim storage periods

Holger Vélzke, Bundesanstalt flir Materialforschung und —prifung (BAM), Berlin, Germany
Ken B. Sorenson, Sandia National Laboratories (SNL), Albuquerque, New Mexico, USA

6™ US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

The Bundesanstalt fiir Materialforschung und —priifung (BAM) and Sandia National Laboratories (SNL)
entered into a Memorandum of Understanding (MOU) in September 2012 to foster technical collaborations
in the areas associated with the backend of the commercial nuclear fuel cycle. Specifically, the focus is on
packaging, transportation, and storage of commercial SNF. The MOU continuous long lasting
collaboration between BAM and SNL in the area of package design testing. The institutes meet about
twice each year, alternating between institutes. This provides the flexibility to more staff members from the
host organization exposure to technical issues that are of concern internationally and to collaborate with
technical experts working on similar problems.

Since 2012, the focus of the meetings has been on technical issues associated with extended dry storage and
subsequent transportation of commercial spent fuel. Topics range from hydride effects on cladding
integrity, spent fuel response during Normal Conditions of Transport (NCT), finite element analyses of fuel
and cask response to accident conditions, bolt and seal behaviour over extended periods of time, and
corrosion associated with bolts, metallic seals, and stainless steel canisters.

This MOU has provided an effective leverage for technical collaboration. For example, SNL is funding
(through DOE), Savannah River National Laboratories (SRNL) to look at bolt and seal degradation issues.
SRNL has an MOU with BAM to collaborate on bolt and seal degradation during extended storage.

The presentation will provide an overview of the technical issues associated with extended storage
and subsequent transportation, as well as the work underway at BAM and SNL that are addressing these
issues.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the US Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. SAND2015-7061 A
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Extended storage approach COVRA
Erika Neeft and Ewoud Verhoef
Central Organization for radioactive waste (COVRA), Nieuwdorp, the Netherlands

6™ US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

The Netherlands used to dispose its low level radioactive waste on the ocean floor of the North- East
Atlantic at sites selected by the Nuclear Energy Agency. When this practice ended in 1982, the Dutch
government established a centralized waste management organisation for the collection, processing and
storage of waste: COVRA.

In the Netherlands there are now some 1400 organisations that have a licence to work with radioactive
material. Waste is collected by COVRA at these licence holders or sent to COVRA after processing
Dutch waste in a foreign facility. The generators of radioactive waste are two nuclear power plants (one
operational plant, the other being decommissioned), research institutes and all sorts of industries and
hospitals. Most of them generate only small volumes of low and intermediate level waste. As a

consequence the volume of radioactive waste in the Netherlands is small, e.g., 35.3 m’ vitrified waste from

reprocessing spent nuclear power fuel and 6.4 m’ spent research reactor fuel were stored at COVRA’s
premises until 2014. The small volumes of waste available for direct disposal do not require an immediate
final solution. Also the financial burden of a direct disposal facility is prohibitive for the small quantities
concerned. The money has to be generated in a capital growth fund that is allowed to grow over a substantial
time period.

All waste generators have to pay in advance for the collection, the processing, at least 100 years storage and
the geological disposal of the waste. The period of 100 years allows the money for disposal to grow to the
desired level in a dedicated capital growth fund. This fund brings the financial burden for today’s waste to
an acceptable level without transferring it to future generations.

During the long period for interim storage, COVRA prepares for the eventual disposal. The research
on disposal in next decades will focus on the disposability of the types of waste stored at COVRA,
obtaining the necessary information from suitable host formations in the Netherlands (rock salt and poorly
indurated clay) and their surrounding formations, societal acceptability of geological disposal and
international developments, including a multinational solution. A multinational solution can create
financial benefits, and could result in a higher safety standard and a more reliable control for countries
with small volumes of radioactive waste.
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Far-field hydrogeologic modeling around a salt repository
Kristopher L. Kuhlman (SNL) and Anke Schneider (GRS)

6" US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

SNL and GRS are creating models of regional groundwater flow in the hydrogeologic units above the
Salado salt formation at the Waste Isolation Pilot Plant (i.e., the Rustler Formation and the Dewey Lake
Formation). SNL created three-dimensional transient basin-scale flow model in the 1990s (Corbet & Knupp,
1996), which was used in the certification of the Waste Isolation Pilot Plant. We are using this model
implementation as a starting point for comparison of new generations of numerical flow and solute transport
models. We show some initial development towards this collaborative comparison, and give a roadmap for
future developments in both computer codes and comparisons between the models.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the US Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. SAND2015-7436A.
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Deep borehole disposal: Pros & cons
Wilhelm Bollingerfehr
DBE TECHNOLOGY GmbH, Peine, Germany

6" US/German Workshop on
Salt Repository Research, Design, and Operations
Dresden, Saxony, Germany
September 7-9, 2015

Abstract

One of the first tasks of the German "Endlagerkommission" (Commission for the disposal of radioactive
waste) was to reconsider all technical disposal ideas, concepts, and designs that exist throughout the
world. In this context, a debate arises whether the idea of deep borehole disposal should be included in the
list of disposal options and to what extend this idea should be considered or even promoted for further
investigations. Consequently, a hearing was organized in summer 2015 and scientist from abroad
presented the state of the art in science and technology. There are countries that carried out desk studies to
investigate the potential of this idea; e.g., Sweden (SKB), the United Kingdom and United States (Sandia,
Department of Energy). While Sweden concluded that no safety advantage will be expected, the United
States decided to study the drilling technology as well as the disposal techniques in detail und will design,
construct, and operate full-scale demonstration facilities in a 3-year program until 2017.

However, the situation in Germany is different. From the very beginning in the early1960s, the reference
concept for the disposal of all radioactive waste considered the disposal of radioactive waste in mined
repositories. The main reasons were that there were more than 100 years of experience in mining, and the
intent was to have permanent access to the waste containers as long as the repository is in operation. With
the exception of preliminary studies in the 1980s, no detailed studies for deep borehole disposal have
been performed. Despite expected economic advantages, which may be confirmed or not, a series of
questions arises, especially regarding safety, which have been summarized in a DAEF paper in summer
2015. Since September 2010, detailed safety requirements for the disposal of heat-generating radioactive
waste have to be complied with in Germany. They include a safety and safety demonstration concept for
the operational and for the post-closure phase. In this regard, the most challenging safety-relevant
requirement is the demonstration of safe waste package retrieval because this is neither state of the art for
a mined repository nor for the deep borehole disposal idea. Because the borehole has to withstand
thermomechanical and chemical loads, liners will be needed. The drilling process usually requires fluids
for cooling the tools and for the transport of excavated material. Clarification is needed if "dry
alternatives" exist, in particular for huge diameters (several meters) or if the waste packages have to be
designed accordingly. The safe transport of waste packages of several tons of mass down to a depth of up
to 5000 m under the constraints of radiation protection requirements (shielded containers) has to be
demonstrated as well. Thus, at least desk studies are needed to investigate if there is a realistic chance for
the idea of deep vertical boreholes to become a disposal option.
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