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ABSTRACT

The 5" US/German Workshop on Salt Repository Research, Design, and Operation was held in Santa Fe
New Mexico September 8-10, 2014. The forty seven registered participants were equally divided between
the United States (US) and Germany, with one participant from The Netherlands. The agenda for the 2014
workshop was under development immediately upon finishing the 4™ Workshop. Ongoing, fundamental
topics such as thermomechanical behavior of salt, plugging and sealing, the safety case, and performance
assessment continue to advance the basis for disposal of heat-generating nuclear waste in salt formations.
The utility of a salt underground research laboratory (URL) remains an intriguing concept engendering
discussion of testing protocol. By far the most interest in this years’ workshop pertained to operational
safety. Given events at the Waste Isolation Pilot Plant (WIPP), this discussion took on a new sense of
relevance and urgency.

The Proceedings summary is divided into a four major areas of discussion, which include operational
safety, geomechanics issues, URL concepts, and capturing early evolution of excavation in salt.
Performance assessment and the safety case are also central and ongoing themes of these workshops and
have been summarized in previous Proceedings. Details can be found in Appendix E, where all
presentations and abstracts are available.

1.  Operational Safety. Operational safety was undertaken as a new topic. The workshop agenda was
established before the incidents at the WIPP occurred: a truck fire on February 5 and a
radiological release on February 14, 2014. However, these serious operational events provided
sharp focus and tangible reality to the topic of operational safety. Participants gained deeper
appreciation for the seriousness of operational safety and the complexity involved with recovery
from off-normal events. Design of salt repository for high-level waste and spent nuclear fuel
takes into account retrievability and safety requirements. Examples are provided in the main text
as well as a synopsis of material presented on this topic at the 5" Workshop.

2. Geomechanics Issues. As the participants continue collaboration we examine the scientific basis
for disposal of heat-generating nuclear waste in salt. With an abundance of scientific information
in hand, the group is challenged to articulate remaining geomechanics issues for this purpose. The
scientific technical foundation supporting a licensed salt repository has been developed in the US
and Germany for many years. Although the level of effort has been inconsistent and
discontinuous over this period, site characterization activities, laboratory testing, field-scale
experiments, and advanced computational capability provide information and tools required for a
license application, should any nation make that policy decision. Ample scientific bases exist to
develop a safety case in the event a site is identified and governing regulations promulgated.
Some of the key remaining geomechanics issues pertain to application of advanced computational
tools to the repository class of problems, refinement of constitutive models and their validation,
reduction of uncertainty in a few areas, operational elements, and less tractable requirements that
may arise from regulators and stakeholders. These issues pertaining to salt repositories are being
addressed in various research, development and demonstration activities in the US and Germany,
including extensive collaborations. Research areas such as constitutive models and performance
of geotechnical barriers have industry applications beyond repositories. The workshop context
pertains to development of a license application, rather than an exploration of the entire breadth
of salt research. While esoteric salt-specific phenomenology and micromechanical processes
remain of interest, they are not specifically examined in these collaborations to date. The
importance of various geomechanics issues and their associated prioritization are subject to
ongoing discussion.

3. Underground Research Laboratory. Evaluating the basis of need for a URL for salt science and
engineering is imperative because of the significant commitment of time and money required.
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Decades of salt repository studies, numerous experiments, and sophisticated modeling capabilities
underpin the scientific basis 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 WIPP 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. Technical
evaluations for disposal of heat-generating waste in salt experienced a rather long hiatus in the
US subsequent to certification of the WIPP (1999) and issuance of the Nuclear Waste Policy Act
Amendment (1987) that ended salt disposal research for the civilian nuclear waste program.
Similar salt repository research in Germany was delayed by a ten-year moratorium that ended in
2010. In collaboration with German peers, the US Department of Energy has reviewed and
evaluated thermally driven processes in salt disposal and identified key technical areas in which
to prioritize resources. The goal for disposal research in salt is to provide sufficient technical
information to license a repository successfully. The necessity or utility of a salt underground
laboratory is to be evaluated in the context of an overall research agenda that supports a license
application. It is to be mentioned that both in the advanced programs and also in the less
advanced ones URLs are considered to be indispensable especially to perform experiments and
demonstration activities under repository like conditions.

Capturing Early Evolution of Salt Excavations. In situ tests implemented in a research facility
mined from salt deposits, if planned appropriately, provide an opportunity to characterize the
evolution of the host rock before, during, and after excavation of test rooms. Characterization of
the test bed is essential to interpret structural deformation, formation and evolution of the
disturbed rock zone, and measurement of first-order properties as the salt evolves from an
impermeable undisturbed state to a more-permeable state. Geophysical measurements are
identified to characterize the initial state of a test bed and its evolution over the course of a field
test. Discussion includes what measurements could be made, why the measurements would be
made, how they are made, and how accurately they need to be made. Quantifiable parameters will
establish field-scale boundary conditions and data quality objectives to characterize the test bed in
an underground salt research facility. This work ties together model prediction and confirmation
of geophysical phenomena that are basic to the goals of the US/German salt workshops.

Principal evolutionary measurements make it possible to monitor geomechanical response and the
associated changes in permeability. This progression will help establish boundary conditions for
later tests conducted within the excavations. Pretest predictions of the response include strain
magnitudes, room closure, and margins of the damaged zone. In turn, evolutionary measurements
themselves will allow assessment of the predictive capability. Geomechanics modeling provides a
basis for data quality objectives, which help define instrumentation requirements. Sufficient detail
is provided to install gauges, conduct tests, and describe applicable functional and test-specific
requirements. This type of forward thinking provides a primary means to reach and document
consensus on all aspects of a test or experiment, including design, cost, schedule, interface
controls, and data management. It might be interesting to consider such activities as a part of a
monitoring program.

Collaborators continue to compile an international catalogue for Features, Events and Processes
(FEPs) pertaining to the safety case for disposal of heat-generating nuclear waste in salt referring
to existing catalogues for domal and bedded salt. Differences and similarities between bedded and
domal salt are being examined. The goal is to have available a FEPs catalogue for use by the
Nuclear Energy Agency (NEA) Salt Club members. The catalogue will identify and classify FEPs
leading to a comprehensive list. A subset of the most important FEPs that individually or in
combination contribute to long-term repository performance will be compiled using a new
documentation template and numbering system. Overall, this is a large effort that will eventually
become a product of the NEA Salt Club.
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These Proceedings conclude with certain reflections on progress made. Our focus remains on
issues pertaining to salt repository research, design and operation. We continue to challenge
ourselves to develop products collaboratively that objectively document progress and deliver
resources to external groups. As particular topics mature, new themes are added. In the following
Proceedings, four selected topics noted above are developed in detail. Specific additional
reference detail can be acquired from the abstracts, source references found throughout, and oral
presentation slides included in Appendix D of this document.
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1 STATEMENT OF SIGNIFICANCE

The German Ministry collaborates with the United States (US) salt researchers under a Memorandum of
Understanding signed by the US Department of Energy (DOE) and Federal Ministry for Economic
Affairs and Energy in Germany (BMWi), a reflection of a long and trusted cooperation. This agreement
has allowed salt repository engineers and scientists to advance the basis for salt disposal in the US and
Germany.

Through these collaborations, past-present-and-future research is evaluated, which in turn illuminates the
frontier of salt repository research, development and demonstration. In addition, collaboration between
the US and Germany helps preserve knowledge, while at the same time mentoring the next generation of
salt repository scientists. Together, the nations of Germany and the US define and explore salt-repository
knowledge established in both countries over many years.

Under the patronage of the Organisation for Economic Co-operation and Development’s (OECD’s)
Nuclear Energy Agency (NEA), recent collaborations have advanced an international Salt Club which
permits stewardship of national programs in Germany and the US while providing derivative benefit to
the international community.

Building the scientific basis for salt disposal combines the extensive knowledge from Germany on domal
salt structures with that from the US on bedded salt formations. Collectively, salt researchers combine the
technical basis for salt disposal in either geologic setting as their national site selection programs moves
forward.

Partnerships among researchers on salt repositories ensure that science and engineering effective at the
state of the art is accomplished. Bringing together the best minds in salt repository research, design and
operation addresses a wide breadth of issues and facilitates the capability to dive deeply into selected
issues.

Collaboration helps extend budgets of both countries, broadens personnel capabilities, and improves
productivity over time. A prime example is a Joint Project (JP) between German and US modelers. This
benchmarking exercise tests the best-in-the-world salt constitutive models on high-end computing
platforms. This collaboration will identify the best modeling tools for future salt repository design,
analysis, and performance assessment.

Although Germany and the US have collaborated for many years, workshop proceedings document
solidification of the recent relationships enriched by the historic past and which sets the mutual programs
on a productive course.
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2 INTRODUCTION

Proceedings of the 5" US/German Workshop on Salt Repository Research, Design, and Operation
provide a summary of the sequence of presentations and discussions and deliver a record of our workshop
activities. Since restarting close US/German collaborations in 2010, annual workshops have assembled
invited key investigators in salt repository science and engineering to address a coordinated research
agenda. The authors of these Proceedings have functioned as the primary coordinators of these workshops
and they are responsible for the scientific agenda and reporting. The workshops were put together for the
mutual benefit of the US and German salt repository programs, which face the challenges of preserving
and improving capabilities in salt repository science and technology.

US and German researchers have collaborated in salt repository research since the 1970s, where early
collaboration between the US and West Germany involved thermal testing in the Asse Mine. Steininger
and Hansen recount a chronology of salt repository research in the first presentation of these Proceedings.
Note: all workshop presentations are provided in Appendix E. Techniques for waste emplacement and
demonstration have been executed in Germany and the US. Instruments, tools and methodologies for
modelling used in the safety assessment have been substantially developed and applied. Scientific work
on salt repositories for nuclear waste is augmented by national programs in solution mining, strategic
petroleum reserve, and traditional salt and potash mining where real-world applications are proven.

Direct collaborations between Germany and the US on salt disposal of heat-generating waste experienced
a ten-year hiatus between 2000 and 2010 owing to political decisions and a formal moratorium in
Germany. When the moratorium lifted in
2010, representatives of institutions in both
countries wished to renew collaborations and
cooperation on overall salt repository
science, to coordinate a potential research

This annual workshop is a poster child of our cooperation.
There is a long tradition of co-operation between the US and
Germany dating back to the 1970s. Some of our American

colleagues were part of the research being done then,
especially in the underground laboratory in the Asse
research mine in Germany. We well remember the famous
“BAMBUS” project, the world’s first long-term demonstration
experiment.

Changes in political priorities in both countries repeatedly
led to the joint research work being put on hold. However, in
the scientific community the view prevailed that it is indeed
technically feasible to construct, operate, and safely close
final repositories within salt rock formations.

Starting in 2009, both countries have again been more
open-minded about rock salt to host final repositories and
thus reverted back to the long-standing tradition of German-
US co-operation in this area. So far, four workshops have
been held as part of the effort to share scientific experience
and resume our fruitful co-operation.

Dr. Pape—Welcome Address Excerpt

(Complete Text in Proceedings)

agenda of mutual interest, and to leverage
collective efforts for the benefit of their
respective programs. Thereupon, the first of
the new US/German Workshops on Salt
Repository Research, Design and Operation
collaboration  was  organized. Initial
intentions were to exchange experiences and
know-how to inculcate external expertise
and feedback. Perceived benefits were first
to make science-based recommendations on
the pros and cons of the host rock, to add
mutual value while sharing costs, and to
garner internationally held opinions as well
as facts.

By the time of this 5" Workshop,
accomplishments and on-going activities
include an impressive portfolio, [Steininger
et al. 2013] all recorded and accessible
electronically at our website

(http://energy.sandia.gov/page id=17258).
At a high level, US/German collaboration is
conducted under a Memorandum of
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understanding between our federal agencies. Results of our cooperation contribute to the OECD/NEA Salt
Club. Significant reported work thus far includes natural analogues, a FEPs catalogue for salt, a state-of-
the-art report on granular salt reconsolidation and a salt knowledge archive.

Engagement between researchers has given rise to many derivative activities. Notable is collaboration in
the Joint Project on benchmarking constitutive models for rock salt between Sandia National Laboratories
(SNL) and German organizations. Presentations on the third part of the Joint Project (JPIII) are provided
by Hampel and Argiello in Appendix E. Collaborators also advance salt science in related conferences
and workshops, such as the American Rock Mechanics Association (ARMA) conferences, Mechanical
Behavior of Salt Symposia, and the annual Waste Management conference. Reinvigoration of salt
research is strikingly apparent at the 2014 ARMA conference, which entertained five sessions on salt with
many contributions made by US/German collaborators. Collective efforts were completed and reported in
the European Commission (EC) Euratom-Project 7th Framework Program called Monitoring
Development for Safe Repository Operation and Staged Closure (MoDeRn). Ongoing collaboration and
information exchange in the area of safety case encompass a joint activity on Handling of Uncertainties in
the framework of the IGD-TP (Implementing Geological Disposal of Radioactive Waste Technology
Platform http://www.igdtp.eu).

This 5™ Workshop carries on a content-rich tradition with the addition of the topic of Operational Safety.
A keynote address was provided by J. Stephen Rottler of SNL (complete presentation is provided in
Appendix E). In addition to JPIIl modelling, laboratory testing, repository design, plugging and sealing,
safety case and performance assessment, notes from the Salt Club, and other collaboration topics were
covered at the 5" Workshop. As always, advanced and mature considerations are documented and
published, allowing room for introduction of other relevant areas of mutual interest.

3 DESIGN AND OPERATIONAL SAFETY

In this section, we describe retrievability and safety requirements pertaining to design of a repository for
high-level waste and spent fuel (HLW and SF).

3.1 Design Safety

The first generic repository concepts for the disposal of heat-generating waste and spent fuel in salt
formations in Germany have been developed on the basis of safety requirements in the 1980s. A
continuous improvement process led to a reference concept. Full-scale transport and emplacement
technologies have been tested successfully in surface test facilities, again in compliance with safety
requirements. In 2010, the Bundesministerium fir Umwelt (German Federal Ministry for the
Environment, Nature Conservation and Nuclear Safety) [BMU 2010] issued the new Safety Requirements
Governing the Final Disposal of Heat-Generating Radioactive Waste. The safety requirements focus on
retrievability and make it a strict licensing requirement. According to the safety requirements,
retrievability is considered as the planned technical option to remove emplaced radioactive waste
containers from the repository during the operational period. In order to meet these requirements,
adaptations to existing repository concepts must be analyzed. These adaptations and modifications could
include

an optimization of the spacing between waste containers and drifts

the installation of adequate drift or borehole lining systems where necessary
adaptions to the ventilation system

the implementation of cooling systems

monitoring and radiological protection measures during the retrieval process

As an example for the analysis of the necessary design adaptions the drift disposal concept was
considered. It comprises the emplacement of heat-generating radioactive waste and spent fuel in
standardized POLLUX® casks (casks with a cylindrical shape, a diameter of 1.5 m and a length of 5.5 m)
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on the floor of emplacement drifts of a repository. The layout is characterized by two access drifts from
the two shafts. The access drifts are connected by cross-cuts which provide access to the emplacements
drifts (parallel blind-ending drifts). The dimension of the emplacement device defines the minimum cross
section of 17 m2 for the emplacement drifts. Directly after emplacement, the remaining space inside the
drift will be backfilled with crushed rock salt. The emplacement equipment (shaft hoisting system,
transport unit and emplacement device) was successfully tested by DBE in the mid-nineties. These
surface demonstration tests showed the technical feasibility of the emplacement concept and the
reliability of the technical devices.

One option to retrieve POLLUX® casks from the emplacement drifts is the re-mining strategy. This
strategy includes the re-excavation of the backfilled emplacement drifts, the access drifts and the cross-
cuts (Figure 3.1). The new retrieval drifts will be excavated in three steps. First, two small drifts will be
excavated at both sides in parallel to the waste containers. They will be connected with the nearest cross-
cuts and will provide continuous ventilation and cooling. Afterwards, the remaining pillar between the
two drifts will be removed by road headers and modified mining equipment. Eventually, the final retrieval
drift provides a cross section sufficiently large to pick up the POLLUX® casks with a modified
emplacement device. It is necessary to adapt the supporting frame for lifting and carrying the POLLUX®
cask and to change the rail-bound system for retrieval. The modified emplacement device will transfer the
POLLUX® cask to a transport cart. The transport back to the shaft and afterwards to the surface will be
realized in reverse order to the emplacement process.

However, it is noted that before the POLLUX® casks can be retrieved, a concept for their subsequent
handling and storage aboveground must be implemented. In the context of a research and development
(R&D) project on behalf of the Karlsruhe Project Management Agency, DBE Tech will analyze in more
detail the technical consequences of the retrieval requirement and the subsequent management of waste
container. There still is a series of questions to be answered before state-of-the-art system has been
achieved. Eventually the retrieval technique has to be confirmed in a series of demonstration tests.
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Figure 3.1: Site-specific design of a repository- drift disposal concept (basis: VSG design) in view of
retrievability

Detailed planning of retrieval actions:

e green: retrieval drifts

» red: retrieval drifts not connected with a second crosscut

» yellow: retrieval drifts connected with main transport drift North

» yellow frame: prior to excavation start need for geomechanical proof of pillar stability)

3.2 Operational Safety

Operational Safety is an overriding concern from the first design of a repository for HLW and SF in salt
formations to the closure phase. As geologic repository projects advance throughout the world,
implementors and regulators are increasingly concerned with operational issues. In parallel, regulatory
regimes develop further from pure deterministic to probabilistic approaches for nuclear installations in
general. At present, only Germany and the US have real experience in the operation of geologic
repositories. Hence, at last year’s US/German Workshop it was agreed to organize this year a session
specifically dedicated to operational safety. The two unfortunate events early in 2014 at the WIPP
imparted an unexpected relevance to operational safety.

The relevance became obvious in that a central topic of the keynote address had been precisely
operational safety. Insights were given to operational safety across a wide spectrum of activity of SNL.
Dr. Rottler highlighted examples spanning a variety of research, design, development, prototype,
qualification and production activities, where the breadth of work encompasses micro- to macro-scale
efforts with varying levels of complexity. For the 2718 labs located within Sandia National Laboratories,
multiple hazards in combination typically have to be considered. To ensure safety in this highly complex
environment the approach of Engineered Safety had been developed and introduced at SNL. Engineered
Safety means that operational systems are systematically and critically analyzed to identify ways in which
they can fail to perform as intended, and, hence, are designed and validated to prevent identified failure
modes and to mitigate the consequences of a failure should one occur. At each planning and design step
safety is considered by systematically asking guiding questions involving the entire staff and
management. How the approach is implemented in reality was explained by Dr. Rottler by means of the
examples of a bioremediation project, a polymer R&D laboratory, and the Z-Machine accelerator
containment system. A very important basis for gaining safety is implementing a Critical Thinking
Mindset which means to encourage critical thinking in daily life.

Concerning geologic repositories, safety is governed by requirements from nuclear regulation, mining
regulation, and public law. A similar approach is followed in Germany for geologic repositories as it is
the case for SNL. Safety is key for the design of technology and for its operation. But safe designs and
procedures must be backed by the right mindset of the staff. If the staff is not fully and wholeheartedly
committed to safety, all safety would be ineffective. But even in normal and undisturbed operation the
potential occurrence of hazards has to be considered in order to be prepared in case that a hazard actually
does happen. Protecting people has highest priority in case of a hazard. Hence, staff has to be sufficiently
trained and safety equipment and systems have to be adequately designed.

Developments and changes occur in the approach to safety, and also the evaluation of safety. A very
recent and important development is the increasing relevance of probabilistic approaches in the regulation
of geologic repositories. The shift from deterministic to probabilistic approaches is clearly exemplified in
the US DOE nuclear facility safety analysis (WIPP Documented Safety Analysis) and the Yucca
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Mountain License Application. For the Yucca Mountain Project probabilistic requirements have even
been formalized in the U.S. safety regulation (10 CFR Part 63). The approach is evolutionary in that event
compilation, sequence development, and hazard analysis are performed using traditional methods,
combined with probability estimation under uncertainty, and explicit simulation of dose consequences for
comparison to quantitative regulatory screening criteria. It can be seen that operational safety analysis is
changing, at the same time that safety experience is accumulating at existing facilities. Especially for new
systems and technologies, probabilistic approaches provide important supplements for safety
demonstration. Nevertheless, since probabilistic approaches for large-scale systems are yet under
development it is of vital importance to facilitate an international exchange in order to avoid diverging
methodologies, respectively to build up confidence in probabilistic approaches.

Real life implication of operational safety issues could be observed in the unfortunate sequence of events
and combination of events which happened in the WIPP facility in February 2014. Two incidents, a truck
fire and an apparently unrelated radioactive release, occurred after fifteen years of successful operation.
Despite the independence of the two events, a root cause was found to be insufficient safety culture [DOE
2014], which resulted in ineffective nuclear safety, maintenance, radiation protection, and emergency
management programs. However, a route to overcome deficiencies and an approach to bring WIPP back
into operation has been developed. Despite the unfortunate sequence of events, the idea of isolation of
radioactive waste in geologic formations is not questioned.

In addition to the description of the events and the formal criticism, there are also positive findings to be
recounted. Warning and mutual assistance of workers underground was effective and personnel exhibited
detailed knowledge of the underground and ventilation splits. On-site medical response was effective in
treating personnel. Technically, it can be concluded that the mine remains safe and stable. On that basis
the main immediate activities have been developed and implemented. Special attention is directed to the
evaluation of the situation in the area of the mine in which the radioactive release occurred. A key
conclusion, which also closed the loop of the session, was that nuclear safety culture is a driving factor for
WIPP’s future.

The discussion at the end of the session showed that operational safety considerations are an important
contribution to the US/German workshop. While operational safety activities on site are very much
dependent on the governing general regulatory regime and existing culture, regulatory requirements and
methodologies for the assessment and evaluation of operational safety are still in development. Hence,
chances were seen by the workshop participants to fruitfully and constructively contribute to the
development by joint activities. Nevertheless, it was also seen as being meaningful to mutually follow
operational activities on site as well in the course of the US/German workshop.

4 GEOMECHANICS ISSUES

This section provides several examples of direct collaboration in the area of geomechanics, which
advance salt repository science. To capture the extent of the geomechanics issues, background
information is provided to demonstrate historic perspective of the research agenda. Geomechanical
response of the geologic formation to perturbations caused by excavation, structural evolution over time,
subsequent disposal of heat-generating waste, and emplacement of sealing systems are first-order
concerns for heat-generating nuclear waste disposal in salt. Use of salt formations for toxic waste and
transuranic waste disposal is supported by broad technical understanding and experience gained from
operating facilities in the US and Germany. The WIPP in New Mexico represents a successful process of
site characterization and licensing of a salt repository in the US, while Germany has compiled the
Preliminary Safety Analysis for Gorleben (Vorlaufige Sicherheitsanalyse Gorleben or VSG) [GRS 2012].
Sufficient scientific bases exist to develop a viable safety case for heat-generating waste if a national
program should decide to move in that direction.

Ongoing collaborations between US and German salt researchers continue to add to the imposing
scientific basis for permanent disposal in salt. In this section, it is possible to present only a few highlights



Proceedings of 5th US/German Workshop
7 January 30, 2015

of salt-repository scientific inquiry. Additional detail of the most recent several years of accomplishment
can be found on our website [http://energy.sandia.gov/?page_id=17258]. Collaborations facilitate
evaluation of many elements of salt research, design and operation, which include testing on all scales,
advanced thermal-mechanical modeling and benchmarking, and seal system performance, to name a few.
Laboratory and field testing applied to nuclear waste disposal, particularly dealing with temperature
effects, has been conducted since the 1960s. Decades of R&D have rendered a mature understanding of
salt formation behavior as well as interactions between the salt and engineered and geotechnical barriers.
The maturity of the technical basis for salt disposal also facilitates identification of areas where
uncertainty can be reduced, areas where advanced computational capabilities can be brought to the
problem and areas where operational and long-term improvements can be gained.

The US DOE’s goal is to have a repository sited by 2026; the site characterized, and the repository
designed and licensed by 2042; and the repository constructed and its operations started by 2048 [DOE
2013]. Given this time line, one daunting challenge will be preservation of accumulated knowledge and
competence maintenance over the next 20 years. Ongoing international salt research collaboration is one
well recognized development that contributes to knowledge preservation, which is systematically
achieved by mentoring the next generation of scientists.

The geomechanical reaction to excavation establishes the starting point for all repository activities that
ensue. Section 4.1 provides a brief description of the mechanical response and evolution of the salt
underground initiated by excavation. These inescapable developments establish boundary conditions for
the concept of operations, long-term repository evolution, and any field-scale testing that might be
undertaken. Section 4.1 also provides an overview of ongoing geomechanics matters pertaining to room
closure. Section 4.2 reviews code benchmarking of salt constitutive modeling and implementation using
large, modern computational capacity. Section 4.3 summarizes progress made through international
collaborations, particularly with German research groups. As documented in Section 4.5, the experience
of preparing the preliminary safety assessment for Gorleben represents not only a high level of knowledge
and advanced long-term safety analyses, but helped also to identify specific areas for additional research.
US/German workshops on salt repository research, design and operation have progressively identified and
addressed common issues, many of which pertain to geomechanics. Section 4.6 summarizes some of the
geomechanics issues that can be constructively addressed in the near future. This section includes
information that is being prepared for an invited, external publication [Hansen and Popp 2015].

4.1 Evolution

The technical basis for salt disposal of nuclear waste resides in salt’s favorable physical, mechanical and
hydrological characteristics. Undisturbed salt formations are essentially impermeable and exist in
essentially isostatic equilibrium. When openings are created the state of stress is altered and salt
deformation ensues. Understanding the features of salt deformation constitutes the bulk of geomechanics
addressed in this section. Salt deformation can occur while preserving constant volume (isochoric) or can
include damage, which increases permeability. Salt damage can be reversed under certain stress
conditions and fracture healing is a vital feature of operational and long-term salt repository performance.
Room closure is a combined result of isochoric creep at some distance from the opening, damaging salt
deformation proximal to the free surfaces, and discontinuity contributions from interbeds, such as
anhydrite and clay. Depending on design and operational choices, room closure eventually brings
formation salt into contact with material placed within the openings, whether it is waste packages,
geotechnical barriers, or run-of-of-mine salt used for backfill. Reconsolidation of granular salt constitutes
another fundamental process that must be understood to ensure operational and long-term sealing
performance. Geomechanics is concerned with all these phenomena, including possible thermal effects.

Accurate prediction of salt repository response is enhanced by a thorough understanding of the mecha-
nistic processes and application of valid models. In the instance of a salt formation providing the host
medium, the scientific community has made great strides toward formulating and using models that
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capture observed physical phenomena in computational mechanics applications. Incorporation of micro-
mechanics helps explain history effects, normal and inverse transient responses, and dependence of creep
rate on stress difference and temperature, which are direct consequences of existing and evolving
substructures. If one understands the physical processes, operational and long-term predictions can be
made with a measure of confidence.

Extension of this principle to micromechanics of deformation at very low stress difference is especially
challenging. Minute strain measurements require extreme load and temperature control, although some
outstanding experiments have been conducted [Bérest et al. 2005]. Changes to the microstructure would
likely be below detection and documentation using normal microscopic techniques. Nonetheless, creep
behavior of salt at low stress differences appears to be substantially faster than predicted from extension
of power law models based on dislocation creep mechanisms parameterized from tests under repository
conditions as shown in Figure 4.1. Conventional laboratory experiments, usually performed at differential
stresses > 5 MPa, reflect steady state dislocation creep rate as a function of stress difference raised to a
power greater than one, of which 4.9 is typical [Hardin et al. 2014]. When this relationship is extrapolated
to low stress levels, the creep rate is much less than measured. Recently, an extensive series of creep lab
tests on clean WIPP salt was performed using a new sophisticated creep test approach consisting of a
series of single tests with load and unloading steps at overlapping stresses [Gunther et al. 2014]. The test
results confirm qualitatively the suggested dependence of creep behavior according to different stress
regimes and show, in addition, the overlapping effect of temperature. A reasonable approximation of
creep behavior is obtained using the advanced Gilinther/Salzer material law, but the remaining uncer-
tainties at low stresses are obvious. Therefore, further work is needed to evaluate creep at low stress and
high temperature levels and to resolve the deformation mechanisms.

a) b)

Figure 4.1. Creep of rock salt. a) Extension of a power law creep model to low stresses compared to
measurements at low creep stresses. b) Creep tests results of WIPP-samples at different temperatures
(clean salt strata), approximated with the constitutive Glinther-Salzer law.

Upon mining, a salt formation experiences damage in the near-field rock proximal to the mined opening
and salt permeability increases dramatically. The volume of rock that has been altered by such damage is
called an excavation damaged zone (EDZ) or disturbed rock zone (DRZ). Creation of the DRZ can enable
formation brine to flow into the mined opening via increased permeability. The mechanical response to
excavation initiates several important changes to the favorable characteristics that exist in salt formations
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before excavation takes place. Investigations that utilize the underground for experimental activities
would benefit greatly from the knowledge of initial, undisturbed conditions, the evolutionary changes
imparted by excavation, and the boundary conditions extant when field activities are undertaken. This
concept is developed further in Section 6 of these Proceedings and is being prepared for external
publication [Hansen et al. 2015]. Regulatory compliance of a geologic repository in salt is demonstrated
in part by credible representation of DRZ development and healing around panel and shaft seals to
prevent this zone from becoming a pathway for radionuclide movement. Understanding DRZ
development is essential to design and analysis of waste containment systems during disposal operations
as well as to the design and analysis of repository sealing systems to fulfill permanent closure functions.
Looking forward, ongoing research in these areas provide the basis for modular repository design,
including closure systems in drifts, sectional closure, performance assessment, and input to sequential
licensing.

Concepts for disposal operations and seal systems often include elements of crushed salt. Disaggregated
salt can reconsolidate to a state approaching the native, undisturbed salt. Mechanical, thermal, and
hydrological properties change as a function of porosity. Of these, the permeability/porosity function is
the most important in terms of repository performance. Considerable research has gone into illuminating
mechanical processes responsible for the observed permeability/porosity relationship illustrated in Figure
4.2 [IfG 2012; Krohn et al. 2009]. The preponderance of consolidation experimental work, as well as
analogue examples, suggest that reconsolidating granular salt will achieve a state of extremely low
permeability. Development of the arguments is still advancing, which include new experiments that
consolidate salt/bentonite mixtures. How quickly granular salt reconsolidates to performance
specifications remains a key question. Construction techniques can utilize research results to place
crushed salt seal elements to maximal density using optimal additives.

Figure 4.2. Permeability-porosity data sets for crushed salt and mixtures.

4.2 Modeling

Computer-based geomechanical modeling of salt repositories has been one of the most important
activities in salt repository science and remains so today. Remarkable progress is possible because
computational hardware has advanced significantly over the last 20 years. Modeling capability includes
representation of thermal-mechanical behavior over long time periods, appreciable variations of
temperature, nonlinear large deformation (finite strain) and other phenomena associated with salt
deformation in the repository setting. Integral to modeling studies are conventional issues of
discretization, stability, and accuracy. A current research challenge is to identify best-in-class constitutive
models, simulation architecture, and solution algorithms appropriate for analyzing the performance of
underground salt repositories. To this end, a consortium called the Joint Project between SNL and
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German partners is comparing constitutive models and simulation procedures. Modeling will simulate
WIPP Rooms B and D, of identical geometry but different thermal loads. Calculations are isothermal,
thermal-mechanical uncoupled, and thermal-mechanical coupled. Sandia uses a state-of-the-art Sandia
Integrated Environment for Robust Research Algorithms (SIERRA) solid and thermal mechanics
computer codes [Arglello 2014], while the German partners use their respective codes and models as
described by Hampel et al. [2012; 2013 ]. All calculations use highly advanced constitutive laws that
mathematically describe deformational processes inherent to those found in nuclear waste repository
environment. The first goal of the project is to check the ability of numerical modeling tools to correctly
describe relevant deformation phenomena in rock salt under various influences.

Twenty years ago or longer, models of WIPP large-scale experiments often matched the field data well
[Munson et al. 1988; 1990]. Despite limited discretization, modeling symmetry assumptions, two-
dimensional plane strain grids, field test results could be remarkably well reproduced by finite element
models. Validation modeling in the Joint Project will include existing ambient and elevated temperature
room response data to compare current constitutive models and simulation procedures for calculations of
the thermal-mechanical behavior and healing of rock salt. A preliminary example of these benchmarking
legacy calculations of WIPP Room D is shown in Figure 4.3. In Figure 4.3a) an all-salt idealization with
relatively coarse mesh matched the vertical closure precisely, while a model with more detailed
stratigraphy resulted in calculated closures below the measured values. By comparison, using a mesh
about 8 times finer, Arglello [2014] obtains the results shown in Figure 4.3b). As Arguello points out, an
under-refined mesh is typically stiffer, but it would appear that parameters and features, such as the
coefficient of friction of clay seams, were adjusted to match test results in legacy calculations. In lieu of
testing, assumptions were made about the clay seam behavior in closure measurements associated with
Rooms B and D. These are just examples of challenges being addressed by the Joint Project partners.
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b)
Figure 4.3. Benchmarking Room D deformation.

International collaboration on model benchmarking is complemented immensely by additional testing of
WIPP salt cores by German research laboratories. In concert with benchmarking of WIPP in situ
experiments, German research groups are parameterizing their respective model variables through a series
of special laboratory tests on WIPP salt. Thus their codes and models, which have been thoroughly
calibrated against in situ experiments conducted in domal salt formations, will be appropriately
parameterized for generic salt repository analysis with the inclusion of parameters representative of
bedded salt. The benchmark problem extent, geometry, initial and boundary conditions and history will be
established from well-documented technical information from existing WIPP literature. Thus far,
preliminary benchmark validation efforts suggest that additional characterization of non-salt elements
such as anhydrite and clay seam would improve model fidelity. Results from independent calculations
will be compared and critically reviewed to assess how well the respective modeling and simulations
capture full-scale field response. Continued work on the leading-edge constitutive models will provide the
next generation of modeling capability that would then be applied to salt repository design, operations,
seal systems, in situ test prediction, and performance assessment.

4.3 US/German Collaboration

In addition to the specific benchmarking discussed above, German and US salt researchers are addressing
numerous salt repository issues, both technical and societal. The US DOE offices of Environmental
Management and Nuclear Engineering (DOE/EM and DOE/NE) have collaborated on international salt
repository research under the auspices of a 2011 Memorandum of Understanding with the German
Ministry. Consistent with this agreement, collaboration in laboratory and field testing and geomechanical
modeling has advanced significantly [Hampel et al. 2012; 2013]. This work has ensured validated and
verified computational capabilities for both bedded and domal salt are being developed and
parameterized. In addition to a technical mission, the scope of international collaborations explores public
outreach initiatives implemented successfully in other countries to help frame a societal strategy.
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International collaboration on salt repository research, especially between the US and Germany builds and
reinvigorates previous partnerships.

Recent developments in Germany and the US have renewed efforts in salt repository investigations. On a
yearly rotational schedule, workshops including representatives of institutions in both countries have
reinitiated collaborations and cooperation on overall salt repository science. Workshops showcase
accomplishment witnessed in several areas, such as repository analogue studies [NEA 2014], treatment of
uncertainty, granular salt reconsolidation, seal systems, constitutive modeling, thermal effects on
mechanical deformation, knowledge archive, a salt underground research laboratory (URL), an
international catalogue for features, events, and processes (FEPS) for a salt repository [Freeze et al. 2014].
Progress made on these also contributes to the OECD/NEA Salt Club (http://www.oecd-
nea.org/rwm/saltclub/). Close technical ties with the international nuclear waste disposal community
allow the US salt repository program to capitalize on research being supported by other countries and to
develop and have at its disposal the best salt repository capabilities in the world. The scope of these
initiatives advances our nation’s international repository position by leveraging collaborative salt science
at favorable return on investment.

4.4 Lessons Learned from the VSG

In Germany, salt domes have been discussed as possible sites for a repository for heat-generating
radioactive waste since the 1960s. As a candidate site, the Gorleben site located in Northern Germany has
been investigated since 1979, at first from the surface and since 1986 from underground, when shaft
sinking started [Bornemann et al. 2011]. The investigations were ceased between 2000 and 2010 based on
an agreement between the German Government and the electric utilities. In 2010 site investigations were
resumed and the preliminary safety assessment for the Gorleben site [VSG] was completed.

It should be noted the Project VSG is not intended as a safety demonstration for a possible later licensing
procedure, which is still required by the Atomic Energy Act. Rather the objective was to prepare a
comprehensive safety analysis for a salt dome with focus on long-term safety. An important part of work
was also the identification of needs for future research and development and possible additional Gorleben
site investigation. With elaboration of an overall synthesis the project ended in an orderly manner in 2013.
A short project overview was given by Bracke and Fischer-Appelt [2013]. The complete reports (written
in German) are available from GRS [2012].

The salt dome is 4 km wide and nearly 15 km long. It is composed of different salt rock types of the
Zechstein (Upper Permian) series and extends to a depth of more than 3 km (Figure 4.4). As shown by
Bornemann et al. [2011], in the course of the salt dome formation the salt was moved and uplifted several
kilometers resulting in extensively folded, complex internal structure. During the uplift competent
anhydrite layers were broken to isolated blocks. In the core of the salt dome the Hauptsalz forms a
homogeneous halite body with a volume of several cubic kilometers. Contemporaneous with the diapiric
movement of the salt, the effective stresses repeatedly fractured the rock salt and then healed it again, due
to its high creeping capacity. This caused the Hauptsalz to become homogenized into a mixture in which
blocks of primary rock salt crystals and shredded anhydrite fragments float in a matrix of recrystallized
rock salt. Thus in the central part of the Hauptsalz no lithological or stratigraphical discontinuities such as
bedding exist.
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Figure 4.4. Simplified NW-SE geological cross-section of the Gorleben salt dome.

The Hauptsalz contains small amounts of gaseous and liquid hydrocarbons in separated zones of
decimeter to meter dimensions. Brine reservoirs with fluid volumes in the range of liters to hundreds of
cubic meters exist in certain regions of this part of the salt dome. The average water content of the
Hauptsalz is below 0.02 %. Interconnected pores do not exist in the salt rock outside of fluid bearing or
fractured area, i.e., the salt rock is impermeable.

Following the German safety requirements, released in 2010 by BMU, initially, a safety concept and a
concept for demonstrating long-term safety were developed, that provided the basis for the design of the
repository and the safety assessments performed in the Project VSG. Based on the safety concept specific
requirements were derived concerning the site, the repository concept, the design of the mine buildings
and the assessments to be performed within the Project VSG. The requirements concerning the site have
to be fulfilled by the characteristic properties of the host rock and the overall geological situation. The
main objective of the disposal is to contain the radioactive waste inside a defined rock zone, which is
called containment-providing rock zone (EWG). The radionuclides shall remain essentially at the
emplacement site, and at the most, a small defined quantity of material shall be able to leave this rock
zone. This shall be accomplished by the geological barrier and a technical barrier system, which is
required to seal the inevitable penetration of the geological barrier by the construction of the mine.

The repository is planned in a depth of 870 m below surface and will have a maximum length of
approximately 4 km and a width varying between 300 m and 700 m, according to the geology and
depending on the emplacement concept. An overview about the technical design of the repository and the
detailed design of the geotechnical barriers is given by Bollingerfehr et al. [2013]. In addition to special
designed engineered barriers (e.g., dams made of MgO-concrete), implemented in the drifts at selected
locations and in the shafts, backfill made out of crushed salt is the main technical long-term barrier. The
backfill compacts due to the convergence of the surrounding rock thereby sealing the backfilled drifts.
The estimate for the minimum porosity that the backfill can achieve is 1% + 1 %. Since moisture
accelerates the compaction of backfill, slightly moistened backfill is emplaced in the main drifts (0.6 wt.-
% moisture).

According to the objective of safe waste containment, a crucial part of the Project VSG was to analyze the
integrity of the geological barrier in order to determine whether stresses, which occur over time as a result
of the forecast behavior of the geologic repository system, could violate the integrity of the barrier over
the specified verification period. In other words, it was necessary to investigate whether the properties of
the geological barrier forming the effective isolation system are maintained over the verification period.
The geomechanical integrity analysis was jointly performed by the Federal Institute for Geosciences and
Natural Resources (BGR), Hannover, and the Institute for Geomechanics (IfG), Leipzig, [Eickemeier et
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al. 2013], considering two concepts: (1) the emplacement of Pollux casks in drifts and (2) the
emplacement of BSK3 fuel element canisters in boreholes [Kock et al. 2013]. Both institutions used
different material models, whose parameters were derived from site-specific investigations, according to
the different rock units as illustrated in Figure 4.4.

To assess the barrier properties of rock salt layers under the influence of thermo-mechanical effects
associated with the release of heat in the emplacement zone, computer simulations are carried out on the
geomechanical processes which give rise to the creation of micro-fractures due to mechanical damage or
fluid-pressure-driven opening up of grain boundaries. Understanding this process is important because the
migration paths created in this way could ultimately cause liquids to penetrate the emplacement zone.
This conceptual procedure means that the assessment of the hydraulic barrier properties is undertaken on
the basis of mechanical parameters. This involves the use of the dilatancy criterion and the minimal stress
criterion as proof of the BMU-safety requirements [BMU 2010] according to the two well-known
mechanisms of hydro-mechanical integrity loss:

e deviatoric stress induced growth and connection of intercrystalline and transcrystalline cracks,
which is assessed by the dilatancy criterion

e fluid pressure driven crack and grain boundary opening and their interconnection, which is
assessed by the minimum (or fluid) stress criterion

2D models (IfG) and 3D models (BGR) were used for the thermo-mechanical calculations, illustrating all
relevant loading conditions at different scales, i.e. in the proximal field in the emplacement zone (near
field), including the drifts and emplacement containers, as well as to investigate the thermal effects on the
salt dome as a whole (far field).

The realized integrity analysis clearly documents the high level of safety analysis based on geomechanical
modelling demonstrating the requested geological barrier integrity for the site Gorleben for at least one
million years. Additional studies on liquid and gaseous transport of radionuclides [Kock et al. 2013]
confirm that the compaction behaviour of crushed salt backfill is one of the most relevant factors for the
hydrodynamic evolution of the repository and the transport of contaminants.

Focusing on the geomechanical integrity, future safety analyses should involve more detailed
investigations on the pressure-driven infiltration of fluids, e.g., along stratigraphic boundary horizons
(bedding) within salt rock masses or zones where the integrity criteria are not fulfilled. Coupled THM
calculations on fluid infiltration into the barriers (both geological and technical) require further
developments of appropriate numerical tools supplemented by a comprehensive experimental data base,
e.g., about discontinuities acting as mechanical and hydraulic weakness planes.

4.5 Geomechanics Going Forward

US scientists continue to cooperate with international peers to establish the integrity of salt repositories.
Although a strong basis for salt disposal exists, analysis tools can be improved and updated, special
studies to reduce uncertainty can be championed, and process improvements are always possible. This
section stresses geomechanics issues, while recognizing importance of societal, stakeholder, operational,
and regulatory input to the licensing processes. Confidence toward licensing a salt repository is couched
in many instances by our deep understanding of the geomechanical behavior and our ability engineer safe
systems.

The Joint Project 1l [Hampel et al. 2012; 2013] provides a prime example of updating analysis
capabilities, which can applied to a salt repository for heat-generating nuclear waste. The best available
constitutive models and computational methods provide the tools for next generation of design, analysis,
operations, sealing, and performance assessment. New testing of WIPP salt coupled with existing data
from bedded and domal salt allow for timely assessment of generic differences and similarities as regards
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repository geomechanics. A compendium that compares and contrasts bedded and domal salt as
applicable to repositories would be beneficial for US and international salt repository programs.

The Project VSG represents a milestone of extended German research activities aiming toward
establishing an underground repository for heat-generating radioactive waste in domal salt formations.
The outcome provides convincing results demonstrating not only the highly developed level of safety
analyses, but also supporting the general assumption of suitability of salt formations. A homogeneous
halite body with a large enough volume was identified as possible host rock unit. The occurrence of fluid
inclusions (brine or locally hydrocarbons) of Permian age confirms tightness which was preserved over
geological time scales. As major part of the safety analysis the geomechanical modeling demonstrates the
integrity of the salt barrier under consideration of likely and unlikely load conditions, especially with
respect to heat-generated effects. The overall synthesis confirmed the adequacy of the approach, indicated
the compatibility with the German safety requirements, and allowed the interpretation that there are no
findings which actually contradicted the suitability of the location. In the VSG report on future R&D,
open questions were addressed, i.e., concerning the integrity criteria. This confirms the need for
development and improvement of advanced numerical tools for coupled hydro-mechanical calculations of
pressure driven fluid transport in the salt mass (and the technical barriers). In addition, crushed salt
backfill compaction was identified as one of the most relevant factors for the hydrodynamic evolution of
the repository and the transport of contaminants.

Granular salt is likely to be used in the mine design for repository applications to provide structural
support and other operational functions, thus reconsolidation processes and properties as a function of
porosity continue to be key areas of ongoing research. Analogue evidence of reconsolidation to conditions
that mimic native salt is substantial and supports the proposition that granular salt becomes effectively
impermeable under many conditions. Owing in part to difficulty in measurement, uncertainty remains
concerning flow behavior at very low porosities. Because characteristics that approach undisturbed salt
are desired for many repository safety functions, demonstration is potentially more influential in the
licensing arena than is model prediction of performance. Repository functions of granular salt can be
advanced via analogue studies, evaluation of low porosity characteristics, and enhanced engineering
performance attained by additives to the crushed salt. Until recently, most backfill research and design
used run-of-mine crushed salt without additives such as bentonite. Evidence suggests that performance
characteristics could be improved with admixtures that enable placement at greater density with lower
initial permeability and porosity. This engineering achievement reduces uncertainty and perceived
reliance on modeling. Repository designs, analyses and performance assessment for heat-generating
waste will hinge on our state of knowledge concerning reconsolidation of granular salt.

A salt repository for heat-generating waste should take advantage of experience gained at WIPP, Project
VSG and elsewhere. Rooms can be designed structurally stable to minimize geotechnical ground support.
Forward looking engineering and performance assessment is likely to require intrinsic modular closure,
which will no doubt include drift seal elements comprising reconsolidated granular salt. A recurring
debate is the prerequisite that seals need to be demonstrated at full scale. In principle this can neither be
attained in any reasonable time nor can the functionality be monitored. On the positive side, multiple
construction demonstrations of various seal elements have been completed. In addition to crushed salt, the
other most important engineering materials are concrete and bentonite. Looking forward, salt repository
collaborators should consider compiling seal-system information into a document nominally called A
Synthesis of Salt Repository Seal Systems. Such a jointly authored state-of-the-art report could include
reconsolidation analogues, experience with bentonite and performance of special concretes. In the
meantime, tests with admixtures are further enhancing the database.

A generic description of the evolution of the underground setting expounding upon geomechanics
highlights as identified in this section would be of utility for analysts new to the field. The scientific
community has firmly established knowledge of salt underground workings that should be recognized by
modelers new to the field. Perhaps it would be useful for US and German collaborators to write another
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position paper that describes the evolution, properties and mitigation of the salt DRZ. Creation of a DRZ
in salt is well recognized and for many engineering purposes sufficiently understood to provide
confidence in its forward evolutionary characteristics and its mitigation through healing processes.
However, quantification of anisotropic permeability associated with damage levels is elusive. Time-wise
healing has little full-scale documentation aside from bulkhead (dammjoch) measurements being modeled
in the Joint Project [Hampel et al. 2012; 2013]. It will be mandatory to close a repository; therefore, it is
essential to establish that it can be sealed by appropriate and integrity-proven seal systems, including both
shaft and drift settings. Fruitful collaboration is ongoing in the US/German workshops.

Salt remains a well characterized material for waste isolation. However, the future path is projected to be
very long. The US repository program has identified a goal of 2048—and the German future repository
policy is embarking on a review of the site selection process. Considering the very long times projected
before a salt repository site is established through a new consent-based negotiated-consultancy siting
process, it may be worthwhile for the established salt scientists to write a geomechanics salt repository
primer that documents fundamental concepts. Such a book would be useful today as a means of
knowledge preservation and for education purposes for the next generation of salt repository scientists
and engineers.

5 A URL IN THE CONTEXT OF SALT DISPOSAL RESEARCH

Given the long history and encyclopedic information that underwrites salt repository science, what is the
role for a URL at this stage? Salt disposal research provides many of the building blocks for licensing a
salt repository. The question pursued in this section is twofold: Does URL testing reach a high priority in
today’s salt research, development and demonstration program, and if so, how are URL tests to be
evaluated and prioritized? As of today, neither the US nor any other country has an operating URL in salt.
It is widely believed that further salt testing in a URL 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 HLW. 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 perceived necessity for field experiments
with the recognition that a very strong scientific basis already exists for salt disposal of nuclear waste.

The essence of this section will be prepared as an external publication [Hansen 2015], which sets forth
principles as well as a methodology for evaluating proposed URL activities. Because field testing is
costly, any such test will necessitate commitment of money and time. Given the vast and compelling basis
for successful waste isolation in salt, a choice to perform field-scale tests must be based on merit and a
tangible connection to the Safety Case. Scientific investigations to support a license application are broad
in scope, including laboratory tests at ambient and elevated temperature that characterize such properties
as salt creep, the potential for fracture damage and its mitigation, permeability functionality of seal
system components, brine accessibility via induced damage, chemical conditions in the disposal
environment, and a host of other primary properties pertaining to performance assessment. The general
goals for any future site characterization and laboratory or field investigations should build upon earlier
work to reduce uncertainty and to enhance the safety basis for salt disposal. This document briefly
discusses characteristics and modeling pertaining to waste disposal in salt with the intent to assess how a
salt URL fits into the research agenda.

How then will decisions be made for potential URL activities within a focused salt repository R&D
program? In this section, guidelines are put forward that outline a review and prioritization process for
large-scale underground testing. Implementation principles include analysis and justification for generic
testing or demonstration activities that meaningfully address technical issues in a credible manner.
Implementation of demonstration and confirmation activities, integrated with other beneficial uses, could
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help establish an expected precondition for public and political acceptance of salt disposal of heat-
generating nuclear waste.

5.1 Discussion

In-depth explanation of salt attributes for permanent disposal of heat-generating waste can be found in
Hansen and Leigh [2011] and on the SNL website for US/German collaboration
(http://energy.sandia.gov/?page_id=17258). A brief review of these characteristics will help clarify the
foundation from which salt repository research proceeds. Long-term behavior of salt, fundamental to
repository applications, requires detailed understanding of deformational processes, such that
extrapolation can be made beyond human experience.

The scale of research to date ranges from a microstructural level to full-scale demonstration in the
underground. Under most conditions involving elevated temperature and modest confining pressure, salt
deforms plastically. The phenomenon of flow without fracture (isochoric creep) is one of the attractive
attributes of salt as a disposal medium. Advanced constitutive models in the US and Europe have been
used to describe phenomena associated salt deformation and their dependence on different fundamental
mechanisms. These constitutive models are currently being benchmarked in ongoing international
collaborations. Advanced modeling capability provides a dual purpose for field testing—maodeling can be
used to design test configurations at the outset and subsequently validated by test results. Regardless of
proposed field activity, structural mechanics modeling has a role in defining the test bed.

Laboratory investigations in Germany and the US have provided the background understanding of salt
mechanical and thermomechanical responses to anticipated repository conditions. Temperature has a
dramatic effect on salt deformation and, therefore, temperature and associated heat management are first-
order concerns for disposal of heat-generating nuclear waste in salt. The importance of heat from
radioactive decay depends on the effects that the induced temperature changes could have on mechanics,
fluid flow, and geochemical processes within a salt formation.

Salt deformation in the laboratory and in the field can be accompanied by significant fracturing at room
temperature, low confinement, and relatively high differential stress, conditions that occur near free
surfaces of the repository openings. Under these conditions salt exhibits a measure of brittle deformation
near the roof, floor and ribs, but deforms by constant volume processes at depth within the rock
formation. The properties that typically define the DRZ include (1) fractures ranging from microscopic to
readily visible scales, (2) loss of strength evidenced by rib spall, floor heave, roof degradation and
collapse, and (3) increased fluid permeability via connected porosity. Extant DRZ characteristics define
boundary conditions for activities conducted within the excavated space. The general setting evolves with
time and deformation; however, fracture development near excavations occurs rapidly. Evidence shows
that damaged salt can heal under certain conditions, which is another important phenomenon conducive to
investigations in a URL.

The Joint Project 111 collaboration, called Comparison of Current Constitutive Models and Simulation
Procedures on the Basis of Model Calculations of the Thermo-Mechanical Behavior and Healing of Rock
Salt started in October 2010 [Hampel et al. 2012]. This project compares modeling capability for
temperature influence on deformation and for sealing and healing of damaged and dilatant rock salt. The
research group is in the process of benchmarking salt mechanics codes against WIPP field tests, which
were conducted during site characterization. The benchmarking study on sealing and healing comprises
all phenomena that result from the elastic closure of open microcracks up to the re-establishment of
chemical bonding along fracture surfaces. In the constitutive models of the partners, modeling these
effects is based on a description of the healing rate as function of the current dilatancy and the stress state.
Differences in the models arise from differing assumptions regarding the healing boundary. This phase
comprises performance and back-calculation of specific laboratory tests as well as simulations of selected
in situ structures. At the conclusion of this collaboration, the benchmarked codes will thereafter provide
analysis tools for any possible test or demonstration in a salt URL.
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A salt URL could potentially host a wide assortment of tests to confirm our collective (international)
knowledge on the technical basis for salt disposal. Consistent with our goals of collaboration, URL space
could be used to underwrite internationally significant science and engineering, such as demonstration of
sealing elements and DRZ evolution and healing. An ongoing performance confirmation program would
be an integral part of a license for regulatory approval of nearly any repository and a URL setting could
host an array of performance confirmation measurements associated with safety case arguments. Ongoing
science made available by a salt URL holds the potential to reassure societal and political stakeholders.
Due diligence also demands ongoing scientific research to confirm the licensing basis, even though the
safety case for a salt repository is robust and well substantiated.

5.2 Framework

The opportunity to set out a generic research strategy for salt disposal helps focus objectives, which can
be justified in several ways. A test or demonstration might address specific features, events or
processes to confirm our understanding and ability to model performance of a deep geologic repository
for heat generating radioactive waste in salt. An activity might be proposed to build confidence that the
safety functions of a deep geologic repository in salt are understood and can be forecast over regulatory
time periods. A URL activity might be identified by consensus of international collaborations. Many test
concepts pertain to design and operational practice, which embody model prediction and confirmation at
full-scale. These particular objectives align with similar lists put forward by the International Atomic
Energy Agency [IAEA 2001] and Nuclear Energy Agency [NEA 2013], which also point out the benefit
of training and education of the next generation of scientists. Many objectives taken from the literature
are intertwined and expressible in different descriptive forms. For example, addressing FEPs essentially
means the same as assessing performance of the repository system. Building confidence by reducing
uncertainty is a well-recognized basis for field testing. International collaboration is a goal and perhaps a
strong justification for investing in a field activity of mutual interest.

Development of proposed testing activities will benefit considerably by integrating information from
Performance Assessment into the planning and prioritization of science and engineering activities. The
Performance Assessment methodology uses a hierarchy of upper tier requirements that drive data
requirements to support safety case development. This structured framework can be used to prioritize
activities and transparently communicate up-to-date understanding of the repository safety case.
Information within Performance Assessment calculations can readily identify the nature and potential
impact of remaining uncertainties, which provide measures of perceived benefit to be realized by testing.
Fundamentally, activities to be undertaken in a salt URL would require justification on an objective basis,
one of which is impact on Performance Assessment.

Given broad descriptions of objectives, how can various URL ideas be rated and evaluated? What process
is available to differentiate and select URL activities? A commitment to pursue URL testing must be
predicated on a structure to weigh relative merits of proposed activities. This process basically describes a
simple progression from concept development to evaluation and selection in the following order:

1. Describe activity

2. Conduct independent review
3. Rank and prioritize

4. Make recommendations

5. Select, plan and budget

The framework concept is quite simple: describe proposed URL activities and assemble a small
independent review panel to evaluate merit. A framework for conduct of URL studies facilitates
objective, rigorous, and transparent science. With strategic planning, investigations conducted in the
underground can address a number of salt-based disposal issues while supporting generic salt studies. If
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undertaken with a view toward the future, operations within a URL could become a national and
international centerpiece for salt repository research. Involvement of the international community would
add scientific credibility and further strengthen stakeholder confidence. Operating a URL should allow
participation by the next generation of students and nuclear waste management scientists through
provision of a unique laboratory for basic and applied model development, laboratory testing, and field
investigations.

5.3 Use of the URL

There are many potential uses of a salt URL, so it is essential to have a process to evaluate and prioritize.
Furthermore, a long-term view of URL functions is vital to assess dual-purpose synergy, test-to-test
interference, data acquisition, and infrastructure. Although a URL would focus on issues related to
nuclear waste disposal, the overall portfolio would also include repository design and operation issues
that can be isolated from heat effects, such as engineered barrier construction.

The idea of salt disposal, as well as disposal in other media, was restarted after the Yucca Mountain
Project was declared unworkable in 2008. Concepts to reinvigorate salt disposal investigations were also
outlined at that time, including a sequence of laboratory testing, benchmark modeling, international
collaboration, and field testing. Description of several large-scale tests and demonstrations has been
published [Hansen 2013]. In addition to a series of public manuscripts describing possible tests within a
salt URL, the US/German Workshops on Salt Research, Design and Operation examined a suite of the
proposed URL activities. International collaborations between US and German researchers has availed the
possibility to review and discuss various salt URL test concepts. At the 4™ Workshop potential URL
activities were reviewed, including those previously identified in the literature as well as some new ideas.
Workshop participants were asked to provide high-level review and feedback concerning a sense of
duration, cost, and merit among several potential activities. Physical phenomena such as thermally driven
creep processes or damage healing also require relatively large scale and time-dependent evolution.
Considering there is no salt URL operating in the world, salt repository programs are in a position at this
time to reflect deliberately upon the matter of a URL in the context of an overall research, development
and demonstration agenda.

A variety of approaches can be taken toward grouping field tests in terms of information to be obtained.
For example, seal system testing could involve excavation, short term DRZ evolution, concrete placement
and DRZ healing. Thereby operational construction issues, model validation, first-order properties and
confirmation could be integrated into one sealing demonstration. Tests could be grouped in relation to
expected phenomena, such as thermally driven processes. In turn, the thermally driven processes could be
ramped up from relatively low temperatures and low areal thermal loading applicable to a certain waste
inventory to high temperatures associated high-burn-up used fuel. In each case, the technical basis
(justification for the activity) would be different. Tests may be grouped with respect to degree of
difficulty or complexity and evaluated based on cost-versus-benefit analysis. International experience in
salt and other geologies provide further insights into the proper design and operation of URL research
programs for maximum utility. There are many possible uses of a salt URL, which highlights the need for
review and consensus [Van Luik 2013].

5.4 Concluding Remarks on Salt URLs

The viability of salt formations to host a nuclear waste repository has been well established. Therefore, a
salt repository program does not require a field-scale disposal demonstration to resolve an unknown
technical issue before a license application can be prepared. This conclusion is based on a wealth of
scientific information that supported both the WIPP compliance certification and the preliminary safety
case for Gorleben. The former is in bedded salt and the latter in domal salt. Sufficient technical backing
has therefore been demonstrated to produce a license application for a salt repository for heat-generating
waste if US policy is set in that direction. On the other hand, if confirmation or demonstration of
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performance expectations is felt to be essential for public acceptance, then it is possible that confirmation
testing or disposal demonstrations could be developed to address such a societal prerequisite. The use of a
salt URL could also signal that the repository program for salt disposal is committed to performance
confirmation.

Examples of field testing and engineered barrier construction could further demonstrate existing ability to
seal a salt repository. The state of international repository research, design and operation has been
discussed and published in several annual workshops between US and German researchers. International
collaboration continues to advance the basis for salt disposal, with exceptional modeling of WIPP Rooms
B&D and many new laboratory tests on WIPP salt. Within the context of salt R&D, the proposition of a
salt URL requires justification and establishment of merit in an objective and open implementation
framework. Given the likely programmatic outlay in terms of time and money, a careful assessment of the
return on investment is imperative. Therefore, a framework for implementation has been provided to
guide selection of the most promising uses of underground space.

A URL in salt would provide opportunities for advancing identified US/German research interests and
university outreach. Collaboration with Germany and other nations with salt disposal interests (The
Netherlands and Poland) would help assure credibility of proposed URL activities and could promote
partnering on certain ventures. No matter what activity is selected for the URL, new excavation provides
a test bed for measuring evolving formation properties before, during and after the openings are made.
Advanced planning allows modeling prediction of deformation and changing permeability. Pre-test
characterization sets up a code validation/confirmation exercise in the process of defining boundary
conditions for tests involving excavations, which is elaborated upon in the next section.

6 CAPTURING EARLY EVOLUTION OF SALT OPENINGS

The bulk of this section will be presented and published at Geomechanics Conference of the ARMA
[Hansen et al. 2015]. Salt formations hold many favorable characteristics that combine to make them
promising sites for permanent waste disposal. Salt formations are plentiful in the US, providing ample
areal extent and substantial thickness in aseismic geologic settings [Johnson and Gonzales 1978]. In
addition to high thermal conductivity and plastic deformational response, undisturbed salt has extremely
low permeability. Some of the favorable characteristics are modified during the excavation process and
evolve during operations. If experiments or operational demonstrations are conducted in a salt
underground research facility, rapid changes to the preexisting conditions create a new setting in the test
bed. The DRZ near the excavation free surfaces provides access to formation brine in bedded salt and
becomes an anisotropic, high-permeability region. Depending upon objectives, liberated brine can
significantly influence evolution of the test bed. In addition, transient creep strain accumulates rapidly,
but is usually not measurable because the rock mass would have to be instrumented before mining occurs.
Therefore, potentially large strain accumulation in the salt formation can be overlooked. To model salt
deformation completely, an accounting of the transient creep contribution is needed. Fortunately,
evolutionary characteristics of salt are well known and straightforward engineering measures can be made
to quantify early evolution, which allows the experimentalist to understand and mitigate deleterious
effects.

Investigations that utilize a mined salt formation for experimental activities would benefit greatly from
the knowledge of initial, undisturbed conditions, the evolutionary changes imparted by excavation, and
the boundary conditions extant when field activities are undertaken. Here we describe the essence of a
Test Plan to quantify conditions before space is opened and to measure the evolution of displacement,
strain, damage, and permeability that occurs during and after excavation. Testing of this nature would
support virtually any type of field demonstration or test that involves room-scale excavation in a geologic
salt formation. Test methods are adaptable to essentially any configuration. In order to demonstrate the
monitoring concepts, a hypothetical test configuration has been assumed.
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At this point in salt repository collaborations, neither the US nor Germany has a salt URL. However, the
concepts put forward here would be applicable in any salt formation, bedded or domal in the US or in
Germany. In addition the particular size, length and geometry of the excavation are assumed for purposes
of displaying this test strategy. The host-rock characterization program begins from a minimally disturbed
state where instrumentation is installed at the periphery of test rooms before room mining begins. After
mining begins, changes are measured as stresses are redistributed and damage processes ensue.

The primary approach for characterizing the DRZ is by use of fluid-flow test boreholes and injecting gas
or brine in the areas of interest where mechanical changes occur. This testing program will make
deformation and fluid flow measurements at similar locations so that unambiguous correlations can be
established between rock deformation and permeability changes. The arrangement of instrumentation and
measurement techniques allows establishment of initial (undisturbed or minimally disturbed) conditions,
capture of the rapid transient response, and evolutionary monitoring as the salt creeps into the room.
Measurement of mechanical response coupled with hydrologic changes establishes boundary conditions
for any test or demonstration that might be conducted in the excavation.

An underground research facility in salt provides an opportunity to measure undisturbed permeability,
which is expected to be almost immeasurably low. Such a measurement would confirm this widely
recognized salt property. Excavation perturbs the stress state and the static salt formation begins to
deform into the opening. The process of mechanical deformation creates fractures in the proximity to the
openings. Fracture damage creates a permeability that did not exist before, and the accessible brine moves
down the hydrologic gradient toward the opening. Some of the brine reaches the walls of the opening and
is evaporated by ventilation air. Some of the brine remains in the DRZ and flows by gravitation into void
space created in the floor region by flexure. The brine below the floor would continue to flow down the
geologic slope of a bedded salt formation. The creation of the DRZ and its geometry and properties, as
well as the availability of brine and its fate create initial boundary conditions of the site regardless of the
technical purpose for which an excavation is used. These fundamental properties of the salt formation can
be predicted by calculation, monitored for confirmation, thus validating the computational simulation.

6.1 Salt Behavior

To explain the testing strategy, some assumptions of the configuration are necessary, mindful that the
philosophy, evolution, and measurement concepts are adaptable to essentially any reasonable opening
geometry. The surrounding stratigraphy is predominantly halite, though bedding layers of clay and
anhydrite are common and will be included in discussions here.

Mechanical deformation of the rock in a salt formation surrounding excavations controls the development
of initial or boundary conditions for subsequent experimental work in the drifts. Geomechanical
deformation comprises instantaneous elastic deformation, rapid transient creep, dislocation creep, and
damage imparted to the host rock under certain stress conditions. Combined, these processes can be
guantified through observations of deformation rates, finite displacements, and characteristics of the
DRZ.

6.1.1 Geomechanical Measurements

Testing techniques proposed have been used previously in salt applications and can be considered
generic. The instruments would be arranged around a to-be-mined drift configuration appropriate for
geologic waste disposal. Testing and monitoring include primary measurements of deformation, strain
rate, and brine and gas flow and secondary measurements of temperature and barometric pressure.

Salt creep has been extensively measured and characterized by US and German salt repository programs
and other salt-based industries (e.g., salt and potash mining). Crystal plasticity is isochoric; therefore, it
does not induce damage to the salt matrix. Damage occurs when the deviatoric (i.e., shear) stresses are
relatively high compared to the applied mean stress. Salt damage manifests through time-dependent
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initiation, growth, and coalescence of microfractures. These processes lead to a bulk dilation of the
affected rock, increasing the porosity and permeability of the salt to brine and gas flow. The extent of the
DRZ surrounding mined salt openings has been measured directly at WIPP and elsewhere using
techniques such as sonic velocity, brine and gas flow properties, and laboratory analysis of cores. Point
geophysical measurements have validated the geometry and rock properties predicted by numerical
damage models. These features and their measurements are discussed subsequently.

6.1.2 Room Closure

The test configuration described here would confirm the geophysical response of the test bed before,
during and after the mining of the testing drifts. The bases for these proposed measurements draw from
principles of salt deformation. A structural model prediction has been run to provide guidance for
instrumentation placement. The calculation is based a salt-creep constitutive model that tracks
stress/strain history of the host rock. Expected results from the structural calculation can be supplemented
and corroborated by taking advantage of extensive database of geotechnical measurements made in
connection with actual operations in salt. Classical strain-time behavior for salt includes rapid transient
deformation that slows to a pseudo steady-state as substructure evolves with time. Model simulations can
be used to provide a more complete deformation history, including hard-to-collect early-time data.
Modeling results can be analyzed to include continuous predictions of DRZ extent and absolute
displacement quantities.

6.1.3 Damage Evolution

Development of the dilatancy boundary represents an ongoing pursuit of German and US salt research
scientists [Schulze et al. 2001]. A more sophisticated treatment of DRZ development would be expected
for analyses of an actual URL test. For exemplary purposes we use a simple relationship relating
volumetric strain and principal stresses [Van Sambeek et al. 1993]. Stress states that resulted in net
volume increase (damage or dilation) were defined in terms of the first invariant of the traditional Cauchy
stress tensor, I;, and the square root of second invariant of the deviatoric stress tensor, J,. These
invariants are related to mean (or confining) stress and deviatoric stress, respectively, and a clear
delineation in the I, — J, stress space exists between conditions that cause dilation and those that do not,
regardless of the type of salt or type of test considered. A simple empirical relationship separates dilating
stress states from nondilating stress states expressed as

J3, =0.271,

This relationship is called the stress-invariant model and is used is this analysis.

Measurements of the DRZ around openings in salt have been made using various geophysical techniques.
Predictions of the one-way evolution of the DRZ without subsequent long-term salt healing replicate
geophysical observations. The size and shape of the DRZ around an opening based on a stress-invariant
criterion are comparable to the size and shape derived from sonic velocity studies and from microscopy of
core damage.

6.2 Structural Analysis

Results of the ongoing Joint Project collaborations should identify the best-available tools for structural
analyses. Geomechanical model predictions should be integral to field test planning because they
demonstrate that the experimental concept has been thought out, while calculations help clarify boundary
conditions likely for the field test. Placement of gauges before excavation permits evolutionary
measurements that can be predicted using a variety of models. Subsequent accomplishment of the test
provides an opportunity to validate predictions. Predicted response coupled with practical experience
provide the bases for instrumentation range, accuracy, and data quality objectives (DQQOs), which
guantify needed precision and accuracy based on how the measurement applies to safety functions.
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6.2.1 Geomechanics Modeling

For illustrative purposes, a preliminary two-dimensional isothermal structural analysis of a proposed
mine-by test has been performed [Holland 2014]. The primary reason for the calculation is to determine
the extent of the damage zone around a potential test drift and to aid in the design and placement of
instrumentation. If such an excavation is actually made at some future date, it would provide an additional
opportunity to validate these calculations.

The finite element model used for this example represents a two-dimensional cross-section passing
through the mid-length of a nominal test drift. A two-dimensional geometry was chosen for this example
because the analysis was time-and-budget limited. A full three-dimensional model would more accurately
represent a particular configuration. Material layering used in this example simulation is based on WIPP
Room D stratigraphy, which can be considered typical for bedded salt. A final test location with site
geology and mining sequences should be used to develop a three-dimensional geomechanical model of
the actual area, especially since the purpose of this effort is to quantify damage of the salt and
development of the DRZ surrounding test drifts.

6.2.2 Results

Geomechanical modeling can predict microfracturing using the stress-invariant criterion provides a tool
for pre-test calculations of the test room conditions. The ratio of the square root of the second invariant of
the deviatoric stress tensor (J,) and 0.27 times the first invariant of the stress tensor (I;) can be used to
outline a zone with a Damage Factor > 1, as shown in Figure 6.1. This plot is a snapshot at 887 days,
though the damage factor contours can be calculated at any time. Multipoint Borehole Extensometers
(MPBXs) can now be situated to straddle the predicted extent of the DRZ using this type of information.

Figure 6.1. Damage contours from Geomechanics models.

To provide an estimate of the temporal change in the displacement field between the drifts a horizontal
line of displacement probes is assumed between observation drift (N-940 in the example) and Test Drift 1
as shown in Figure 6.2a). Time histories of the horizontal displacements at these nominal locations are
shown in Figure 6.2b). A positive value of the displacement means the probe location is moving toward
the test drift excavation. In this simulation, the probes are installed soon after excavation of observational
drift N-940. At first, all probe locations would be moving toward N-940. The kink in the displacement
history curves occurs when the test drift is excavated.

Based on these calculations, the extensometers range and accuracy can be specified. For example, an
anchor could be set at 0.5 m from the new excavation wall, with a measurement range of 0.10 m (double
the expected displacement). The outer anchor would be set at about 5 m, which is approximately neutral
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between the two drifts. Displacement precision should be approximately 0.001 m (1 mm), which is 1% of
range. Off-the-shelf extensometers are typically more sensitive than +/- 0.001 m. Final arrangements and
gauge selection would be determined by the Principal Investigator, but this example shows how the
prediction can assist with DQOs.

b)

Figure 6.2 Displacements as a function of position between observation drift and test drift.

Temperature and mechanical deformation measurements will be collected at like locations to enable data
collection for thermal-expansion compensation of the extensometers. Final design depths, ranges, and
DQOs would be aided by final test site selection and preliminary geomechanical model predictions.

6.3 Permeability Measurements

Permeability testing boreholes would be situated in the expected DRZ. The combination of MPBX
measurements strain and fluid testing will generate data to allow a correlation to be made between a 1-D
stain level and a fluid flow potential. Intact geologic salt is essentially impermeable to brine or gas flow
(permeabilities <10-20 m?). In its undisturbed state, the intergranular porosity of intact salt is quite low
(~1%), unconnected, and filled with saturated brine. Pressure within occluded pores would be equal to
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lithostatic pressure. Interconnected porosity, which can be created by salt dilation, is required to allow
brine to flow under a stress or pressure gradient.

Once the changes to the porosity, intrinsic permeability, and brine saturation have occurred, brine flows
into the DRZ under the influence of gravity, pressure, and capillarity. This redistribution of brine is
slower than the initial mechanical response of the system, which creates the DRZ and largely air-filled
zone surrounding the excavation.

Depending on the method used to characterize the DRZ, it typically develops from 1-2 meters up to one
excavation “radius” into the host rock. Characterization of the DRZ provides concrete information
regarding the initial and boundary conditions for the drift. The DRZ can act as a source, sink, and
pathway for brine and vapor moisture. Characterizing the spatial extent and temporal evolution of the
DRZ around excavations provides boundary conditions for any of the proposed experiments.

6.3.1 Gas Flow

Laboratory and in situ testing programs at WIPP have characterized both brine and gas flow through the
DRZ [Freeze et al. 1997; Beauheim and Roberts 2002]. In general, gas flow measurements are simpler to
conduct in areas where the air entry pressure is low enough (i.e., the DRZ), and provide a good diagnostic
for delineating the extent of the DRZ. Estimates of DRZ extent and shape from gas flow measurements
are qualitatively similar to those estimated from geomechanical model predictions and cross-hole sonic
velocity measurements. Gas flow rate can be measured at a specified working pressure, into a short
packed-off borehole interval. The test is relatively quick to conduct, and can be repeated across different
intervals to assess the variability of the DRZ along the length of the borehole. Gas flow measurements
will be made before during, and after excavation of test rooms to confirm initial absence of a DRZ and
subsequently to confirm creation and evolution of the DRZ upon test room mining.

Gas is a non-wetting fluid, and would only displace brine (the wetting fluid) under relatively high
pressures when intergranular porosity comprised pore diameters that allowed such displacement. Typical
undisturbed salt has a pore structure that precludes gas displacing brine prior to reaching lithostatic
pressure. Therefore gas flow measurements will essentially test only the air-filled porosity and relative
gas permeability of the DRZ. Residual brine will remain in the DRZ, but this fraction of the porosity will
be inaccessible to low-pressure gas. Attempting to make gas flow measurements at the far edge of the
DRZ (where porosity is lower and therefore brine saturation is higher) or in areas where brine has flowed
back into the DRZ, may result in gas displacing brine, which is a non-linear process that complicates test
interpretation. Gas testing will essentially be used to quantify the extent of the DRZ, with some rough
guantification damage. High gas flow rates can be associated with macroscopic fractures and bedding
separations, often associated with non-salt, relatively brittle materials.

6.3.2 Brine Flow

Brine flow measurements are more difficult to make than gas measurements because brine is more
viscous, and in a low permeability media, this contributes to very low or no flow in injection test
configurations. Historic testing of brine permeability in boreholes was sometimes accomplished using a
complex packer apparatus to minimize tool movement, measure borehole deformation, and accommodate
high-pressure long-term tests [Roberts et al. 1999]. Characterization activities proposed here do not
envision complex long-term brine flow tests, but will measure brine pressure in boreholes before and after
test drift mining. If salt permeability and brine saturation are both high enough, brine pressure is expected
to stabilize readily (indicating a meaningful inter-granular pore pressure can be interpreted). When this
occurs constant pressure tests will be conducted to estimate brine permeability. But unlike gas flow tests,
if a brine flow test interval is too damaged or dilated (high intrinsic permeability but low brine saturation),
the shut-in pressure will likely not stabilize, indicating the brine is penetrating significant gas-filled DRZ
porosity.
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While brine will readily displace gas that is not trapped, the penetration of brine into an air-filled porous
or fractured medium is a highly non-linear process. These types of tests would be difficult to analyze with
linear well-test solutions developed for either brine or gas flow without significant simplifying
assumptions of flow behavior around the borehole.

Interbeds comprising non-creeping minerals typically exist within salt formations. In excavations similar
to that proposed for this test configuration, such interbeds become highly fractured due to the extent of the
DRZ and brittle material behavior. The Brine Sampling and Evaluation Program (BSEP) conducted at
WIPP from 1982 to 1993 included “water table” observations in vertical boreholes in the floor [Deal et al.
1989; 1995]. The BSEP investigations found brine readily flowed into boreholes completed in the marker
bed, especially at the intersection of large drifts. Recognizing the connectivity of the DRZ below the
rooms, particularly if a marker bed is intersected, brine accumulation could be monitored in vertical
boreholes. Based on BSEP experience, a relatively brittle stratum located beneath an excavation will
potentially act as a brine collection drain for the test drifts because of its stratigraphic location. Since
vertical boreholes provide simple measurement opportunity, short pumping or purging tests may be
conducted to estimate permeability of the damaged zone penetrated by these boreholes.

6.3.3 Data Quality Objectives

A quality scientific endeavor is predicated on sound application of the scientific method. This document
provides a look forward to an opportunity for characterizing a future test or demonstration activity.
Measurements include undisturbed conditions and transient characteristics during and after excavation.
We therefore have an opportunity to confirm our understanding of these physical changes, while
providing detailed boundary conditions for field experiments. In addition, results of these measurements
provide opportunities for validation of modeling techniques.

Because of extensive history in this type of experimental work, both in the US and internationally, the
basic material and geologic formation behavior is well known. Undamaged salt is essentially
impermeable, while minimal damage (volumetric strains as small as 0.01%) will increase anisotropic
permeability by 5-6 orders of magnitude. Reversing the stress state toward equilibrium and
simultaneously reducing shear stress will heal salt fractures. Understanding these two processes of
creating and healing the salt DRZ has been sufficient for engineering and seal system applications to date.
Geomechanical simulations can track the stress state and post-process ratios of stress invariants for the
damage contours as shown in Figure 6.1.

Modeling, testing, and measurement methods can be used to characterize a generic test bed in a salt
formation. An actionable Test Plan to proceed with the described scope of work would conform to
requirements of the sponsoring agency under the provisions of an appropriate quality assurance plan. In
this preview, a means to collect relevant information has been presented. Creep deformation and
evolution of damage around new excavations in salt greatly alter favorable characteristics of the virgin
ground. Investigations and salt characterization, as described here, would provide boundary conditions for
any particular test bed. Geomechanics simulation can be used to define DQOs and instrumentation
specification, while measurements before during and after the test itself provide data for model validation.

7 CONCLUDING REMARKS

Collaboration between German and US researchers ensures that science and engineering at the state of
the art is accomplished. Bringing together the best minds in salt repository research, design, and
operation lets us address a wide breadth of subjects and dive deeply into selected issues [Howell 2014].
These sentiments are echoed in the Ministry address by Dr. Pape, which is provided in Appendix B.
Mutual benefit is at the nucleus of these modern-day collaborations. Collaborations between scientists of
American and German research institutions in the field of radioactive waste disposal in rock salt started in
the 1970s and emphasized geomechanics and brine migration at the Asse Mine.
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The cooperation activities particularly between researchers of SNL and several German research
institutions (German Federal Institute for Geosciences and Natural Resources (BGR), Gesellschaft fur
Anlagen- und Reaktorsicherheit (GRS), Deutsche Gesellschaft zum Bau und Betrieb von Endlagern fir
Abfallstoffe (DBE Tech), and Institut fir Gebirgsmechanik GmbH (IfG), to name a few) continued and
culminated in the participation of SNL in the famous international EC-funded Backfilling and Sealing of
Underground Repositories for Radioactive Waste in Salt / Germany (BAMBUS) experiment [Bechthold
et al. 2004]. In the year 2000 political circumstances (nuclear phase-out talks in Germany and Gorleben
Moratorium) led to a slow-down in salt repository research in Germany. In the US priorities changed as
well and salt research was reduced and collaboration between the US and Germany slowed accordingly.

In 2009 policy changes in both countries (e.g., in Germany prospects to end the Moratorium and in the
US a move away from Yucca Mountain) gave rise to positive and encouraging motivation for intensified
resumption of salt research. Therefore, representatives of research institutions in the US and in Germany
took the initiative to renew collaborations and cooperation on overall salt repository science, to coordinate
a potential research agenda of mutual interest, and to leverage collective efforts for the benefit of their
respective programs. This started in 2010 with the first common workshop on Salt Repository Research,
Design and Operation, organized by SNL, DBE Technology, and KIT/PTKA in Mississippi, US.

As witnessed in this and previous Proceedings, this was the beginning of a very productive and successful
collaboration. Since then five annual workshops were organized; collaboration in the Joint Project on
benchmarking constitutive models for rock salt was pursued and showed impressive results; many
common contributions to conferences, workshops and journals were made; participation in EC-projects
(MoDeRn) and IGDT-TP activities (Joint Activity on Handling of Uncertainties) were initiated and
performed. These workshops also address the fundamental challenges of maintaining and honing their
respective current state-of-the-art core capabilities in rock salt repository science and technology.

All these activities were and are in accord with the 2011 Memorandum of Understanding (MoU) between
US DOE offices and the BMWi. This MoU represents the umbrella for collaboration and signifies an
important acknowledgement of the interest of the responsible authorities in the cooperation, the technical
agenda, and the benefits for the national programs. The general issues addressed in the workshops,
namely the safety case, salt repository concepts and designs, geomechanical response, groundwater flow
and radionuclide transport, geotechnical barriers, and site/host-rock characterization, are scientifically up-
to-date. To broaden the central construct of collaborations, flexibility and openness allow treatment of
additional topics of arising interest. For example, the issue of operational safety was introduced in the 5th
Workshop, serving as a trademark of these collaborations. Another important derivative was initiative to
found the OECD/NEA Salt Club to bring together international multidisciplinary scientist working in the
field of salt repository research.

Some of the lessons learned so far from the successful cooperation are

. comprehensive knowledge and sound expertise of US and German scientists in various fields
of salt repository science and engineering can be applied to the problems defined and
guarantee to tackle existing and future challenges

. ongoing activities and scientific results exemplify the benefits of this collaboration and prove
the importance of international cooperation
° collaboration helps optimize scarce human resources in joint projects and activities

duplication of efforts can be avoided in the process of adding value of shared national
capabilities (e.g., computer resources, modeling, URL experiments, etc.)

o knowledge preservation, education and training (e.g., involvement of universities)

. different perspectives and diverse perception of identical issues support the finding of
solutions

. cooperation with foreign partners (e.g., via the Salt Club, conferences and publications)

generates great benefit for the national programs
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In view of the future developments in HLW disposal in the US and Germany, especially in view of the
Site Selection Act, cooperation becomes more and more important.

Concerning domal rock salt there are still open R&D questions that have been identified as a result of the
preliminary safety analysis Gorleben (VSG). Moreover, conceptual questions concerning the disposal in
bedded salt are to be addressed in Germany. This effort will draw on the expertise and experience of US
researchers because of their extensive work on WIPP salt.



Proceedings of 5th US/German Workshop
29 January 30, 2015

Summing up by referencing Dr. Pape’s (BMWi) welcome address:

The work that is being done as part of our US-German co-operation is important for us to gain
detailed 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. Our countries have similar salt
formations, i.e. salt domes and bedded salt, and could use them in similar ways. This
geological fact makes the US our most important international research partner on salt rock —
and the fact, of course, that your country has excellent expertise in this area. As we address
the challenges in hand, Germany will continue to add to its own long-standing expertise on
salt rock and share it. Our co-operation makes it possible for both partners to create synergies
in our work and thus advance our programs.

Dr. Pape—Welcome Address Excerpt

(Complete Text in Proceedings)

On behalf of the organizers PTKA-WTE, DBE Technology GmbH and Sandia, we would like to make
you aware of preliminary preparations for our 6" US/German Workshop on Salt Repository Research,
Design, and Operation. At the 5" US-German Workshop held in Santa Fe, September 2014, it was
decided to hold the 6™ Workshop in Dresden, Germany. The workshop is again jointly organized by
PTKA-WTE, DBE Technology GmbH, and SNL.

We have made tremendous progress since restarting collaboration in core research areas of geomechanics,
constitutive benchmark modeling, plugging and sealing, and the safety case. Recently we added the
important issue of operational safety. We will continue to build on these efforts as we open new areas of
collaboration such as hydrologic modeling applied to salt repositories, comparison of bedded and domal
salt, and the impact of extended storage. We will entertain related topics such as other country
participation, actinide chemistry, and open up to special topics, as appropriate.
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APPENDIX B: WELCOME ADDRESS:

Dr. Pape—Welcome Address
Ladies and Gentlemen,

On behalf of the Federal Ministry for Economic Affairs and Energy — the German ministry responsible for non-site specific project-
funded research into nuclear waste disposal — | would like to extend my warmest greetings to you at the start of the fifth US-German
workshop on Salt Repository Research, Design and Operation organized by Sandia National Laboratories, DBE-Technology, and
Project Management Agency Karlsruhe. | would particularly like to thank Sandia for the excellent preparations in Santa Fe.

| am looking forward to this event, attended by fifty international participants, which will give us an overview of topics reflecting the
current status of salt repository research, design, and operation, in particular addressing the thermomechanical behaviour of salt,
plugging and sealing, and the safety case.

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

This annual workshop is a poster child of our cooperation. There is a long tradition of co-operation between the US and Germany
dating back to the 1970s. Some of our American colleagues were part of the research being done then, especially in the underground
laboratory in the Asse research mine in Germany. We well remember the famous “BAMBUS” project, the world's first long-term
demonstration experiment.

Changes in political priorities in both countries repeatedly led to the joint research work being put on hold. However, in the scientific
community the view prevailed that it is indeed technically feasible to construct, operate, and safely close final repositories within salt
rock formations.

Starting in 2009, both countries have again been more open-minded about rock salt to host final repositories and thus reverted back to
the long-standing tradition of German-US co-operation in this area. So far, four workshops have been held as part of the effort to share
scientific experience and resume our fruitful co-operation.

We owe these workshops to four people in particular, namely Frank Hansen of Sandia National Laboratories, Walter Steininger from
the Project Management Agency in Karlsruhe, and Enrique Biurrun and Wilhelm Bollingerfehr of DBE Technology. A very special
thanks to these three men for their dedicated work over many years and for preparing and organising the event.

2011 marks another important milestone in US-German co-operation: this was the year of the signing of the agreement between the
Federal Ministry for Economic Affairs and the two Offices of the U.S. Department of Energy — Environmental Management and
Nuclear Energy. | would like to thank the two representatives of the US-DOE for their support and for their active commitment to our
co-operation.

The fact that both countries had resumed their exploratory work on rock salt was highlighted by the establishment of the Salt Club, an
expert group within the OECD/NEA. Both the US and Germany were founding members of this group, which was set up in 2012 and is
chaired by Germany’s Jérg Monig. We are of course also delighted that Michael Siemann has been appointed Head of Division for
Radiological Protection and Radioactive Waste Management in the Secretariat of the NEA (Nuclear Energy Agency) in Paris.

| think that this brief overview of the history of our co-operation in research on rock salt disposal has already given us an idea of how
influential politics and changes in the political situation in both our countries have always been in the context of the issues we are
dealing with at this workshop.

This brings me to my next point, namely the changes that have come about in Germany with regard to the final disposal of nuclear
waste.

The legal framework for this is given by the European Directive on spent fuel and radioactive waste adopted in 2011, which has to be
implemented at a national level, and the German Site Selection Act at the national level which entered into force in 2013. The Federal
Ministry for the Environment, Nature Conservation, Building and Nuclear Safety has the lead responsibility for both areas. It shares
areas of common interest with the Federal Ministry for Economic Affairs and Energy regarding the final disposal of radioactive waste
since the latter is mainly responsible for site-independent applied research into nuclear waste disposal. In this role, the Federal
Ministry for Economic Affairs and Energy determines together with the Project Management Agency Karlsruhe the strategic and
technical orientation of the research activities.

Based on the European spent fuel and radioactive waste directive, Germany like all other EU Member States is called upon to set up a
National Waste Management Program for all radioactive waste by summer 2015. Draft programs so far include two repository sites for
Germany, one waste with negligible heat generation and one for heat-generating high-level radioactive waste.

Specific cases are on the one hand the ERAM at Morsleben. This final repository for low and medium-level radioactive waste was
established in a former potash and rock salt mine. The storage in Morsleben was halted in 1998. Currently, the mine areas are being
stabilised and the closure procedure is underway.
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On the other hand, there is the Asse Il mine, a former salt mine. | will address it later.

The Shaft Konrad has been proposed as a final repository for low and medium-level radioactive waste and the planning approval has
been granted. The work on converting Konrad into a final repository has been ongoing since 2007, and completion of the work is
currently scheduled for 2022. The Konrad repository is crucial for the storage of non-heat generating low and medium-level radioactive
waste resulting from the decommissioning of Germany’s nuclear power plants. A speedy completion of the Konrad repository without
any further delay is necessary to provide planning certainty for nuclear power plant operators and the institutions involved.

According to the Site Selection Act, a storage site and/or alternative methods of disposal are being sought. The content of the Site
Selection Act was covered in detail at the last workshop in Berlin in 2013. An essential aspect of the Act is that it prescribes an open-
ended and unbiased site selection process, starting with a “white map” of Germany. As a result, potential sites in rock salt will have to
compete with sites in alternative rock formations.

At the same time, the implementation of the Act means that, in addition to consideration of alternative means of disposal and rock
formations, further work has to be done on the science and technology of the suitability of rock salt for the disposal of radioactive
waste. Here, we particularly need to draw on international networks and experience.

The Commission “Storing High-Level Radioactive Waste” is responsible for the actual site selection process as part of the
implementation of the Site Selection Act. It has taken up its work this summer and is made up of scientists, representatives of society,
members of the German Bundestag and members of the Lander governments. The Commission’s task is to address fundamental
aspects of the disposal of high-level radioactive waste and to review the existing requirements of the Site Selection Act. In seeking to
fulfil this task, the Commission will draw on the work of expert institutions. In this context, major importance will be placed on
international experiences. In addition to the analysis of expert reports and expert opinions and judgments, the Commission will also
address international projects and visit them. The Commission is required to submit its findings in a report to the German Bundestag by
mid-2016.

This report will be decisive for the long-term orientation of the disposal strategy for high-level radioactive waste in Germany.

In addition to these future tasks, and in the context of the search for a site for a High Level Waste repository and the completion of the
Konrad final repository, the low and medium-level radioactive waste stored in the Asse Il mine takes on special importance. There is
the political will to retrieve this waste and store it in an appropriate final repository.

As you know, the Asse mine is a former salt mine which the Federal Government used as a research mine and a pilot final storage
facility from 1967 to 1978. Approx. 126,000 barrels of low and medium-level radioactive waste were stored there for research
purposes. During the preparations for the closure of the mine according to mining law, the rules were changed in 2009 in favour of a
closure under nuclear law. Also, the operator of the mine changed. Since 2009, the Federal Office for Radiation Protection has been
the new operator of the mine and after comparing various options in January 2010 it presented the recovery of the stored waste as the
favoured option. First drillings have since been made both underground in the storage chambers for fact-finding purposes and above
ground for the exploration of a new shaft which is necessary for the retrieval of nuclear waste. However, it continues to be unclear
whether the retrieval is technically feasible, especially with regard to the radiation protection measures, and how or where the retrieved
waste will be stored. According to the operator, the Federal Office for Radiation Protection, a retrieval of the waste is not to be
expected before 2033.

After this digression on the three final storage projects for low and medium-level radioactive waste, | would now like to speak about the
Gorleben project and address the implications resulting from the implementation of the Site Selection Act.

In the 1980s, the Gorleben salt dome was selected for exploration to see if it would be suitable as a final repository. As a result of
political changes, non-saline rock formations and alternative options have increasingly been considered, particularly in recent times.
The Site Selection Act stipulates that such alternative options must be considered, which ultimately led to the exploration work in
Gorleben being abandoned in November 2012. The Site Selection Act, which entered into force in summer 2013, also sets out the
requirement for Gorleben to be included in the selection procedure and to be treated the same as any other possible site, that is in line
with the rules and criteria set in out in the Act. For the Gorleben salt mine this means that operations there are to be brought down to
what is “absolutely necessary”. Only parts of the infrastructure are to remain operational whereas the area in which explorations have
so far been taken place is to be closed and visits stopped. The security fence above the ground is to be reduced to reflect the “normal
industrial standard”.

I'm giving you this information on the Asse and Konrad projects for final repositories in Germany, on the Gorleben explorations and on
the new initiative for searching a site for a final repository for High-Level Waste in Germany, to make it clear to you just how much we
need additional support from science, particularly for the process of disposing of highly radioactive waste.
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Dr. Pape—Welcome Address
(Continued)

The work that is being done as part of our US-German co-operation is important for us to gain detailed 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. Our countries have
similar salt formations, i.e. salt domes and bedded salt, and could use them in similar ways. This geological fact makes the US our
most important international research partner on salt rock — and the fact, of course, that your country has excellent expertise in this
area. As we address the challenges in hand, Germany will continue to add to its own long-standing expertise on salt rock and share it.
Our co-operation makes it possible for both partners to create synergies in our work and thus advance our programmes. We can reap
joint scientific and economic benefits and continue our joint research based on what we have already achieved. This of course includes
the successful joint project on constitutive laws benchmark, the joint work on the FEP-catalogue (FEP = Features, Events, Processes)
and on natural analogues. Safety in the operational phase will be another focal area for research. We will of course go more into detail
on this on Wednesday, when we discuss our future plans.

Please take note that the fact that Germany is exploring other possible ways of disposing nuclear waste does not mean that we are
turning our backs on salt as a host rock. Salt remains very much on the table as an option, as do non-saline rocks (clay and granite).
We need more research in all these areas. This fact is reflected in the work that is currently being done by our ministry and the Project
Management Agency in Karlsruhe to update our joint funding strategy.

Ladies and Gentlemen,

All that remains for me to say is that | very much hope that the fruitful co-operation that already exists between our countries
will be continued with the same degree of intensity and commitment.

On this note, | wish us all a very successful event.
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APPENDIX C: LIST OF PARTICIPANTS AND OBSERVERS FROM

5th WORKSHOP

LAST NAME COMPANY EMAIL
Arglello, Jose SNL jgargue@sandia.gov
Bahr, Jean NWTRB jmbahr@geology.wisc.edu
Becker, Dirk GRS Dirk-Alexander.Becker@grs.de
Bollingerfehr, DBE TECHNOLOGY GmbH bollingerfehr@dbe.de
Wilhelm
Buhler, Michael H. | KIT michael.buehler@kit.edu
Buchholz, Stuart RESPEC stuart.buchholz@respec.com
Bushman, Nancy DOE nancy.buschman@hq.doe.gov
Camphouse, Chris | SNL rccamph@sandia.gov
Davies, Peter SNL pbdavie@sandia.gov
Dusterloh, Uwe TU Clausthal uwe.duesterloh@tu-clausthal.de
Economy, EPA economy,kathleen@epa.gov
Kathleen
Fahland, Sandra BGR sandra.fahland@bgr.de
Freeze, Geoffrey SNL gafreez@sandia.gov
Glaubach, Uwe TU Freiberg uwe.glaubach@mabb.tu-

freiberg.de

Hammer, Jérg BGR joerg.hammer@bgr.de
Hammond, Glenn | SNL gehammo@sandia.gov
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LAST NAME

COMPANY

EMAIL

Hansen, Frank

SNL

fdhanse@sandia.gov

Hampel, Andreas

Hampel Cons.

hampel@hampel-consulting

.de

Hardin, Ernest SNL ehardin@sandia.gov

Hart, Japp NRG hart@nrg.edu;
j.hart.4@hotmail.com

Icenhower, SNL jpicenh@sandia.gov

Jonathan

Kuhlman, SNL klkuhIm@sandia.gov

Kristopher

Leigh, Christi SNL cdleigh@sandia.gov

Lux, Karl-Heinz TU Clausthal janett.henkel@tu-clausthal.de

MacKinnon, Bob SNL rimacki@sandia.gov

Missal, Christian

TU Braunschweig

c.missal@tu-braunschweig.de

M@énig, Jorg GRS Joerg.Moenig@grs.de
Miiller-Hoeppe, DBE TECHNOLOGY GmbH muellerhoepp@dbe.de

Nina

Pape, Hans- Hans-

Christoph BMWI Christoph.pape@bmwi.bund.de
Plischke, Ingo BGR ingo.plischke@bgr.de

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

Pusch, Maximilian | BGR Maximilian.Pusch@bgr.de
Rempe, Norbert ng(o)3 rempent@yahoo.com

Reynolds, Tammy

Nuclear Waste Partnership

tammy.reynolds@wipp.ws

Rottler, Steve

SNL

jsrottl@sandia.gov

Rutgqvist, Jonny LBNL jrutqvist@lbl.gov
Schneider, Anke GRS Anke.Schneider@grs.de
Self, Stephen NRC stephen.self@nrc.gov
Sevougian, David SNL sdsevou@sandia.gov
Steininger, Walter | KIT walter.steininger@kit.edu
Van Luik, Abe DOE abraham.vanluik@wipp.ws
Von Berlepsch, DBE TECHNOLOGY GmbH thilo.berlepsch@dbe.de
Thilo

Wagner, Steve SNL swagner@sandia.gov
Wieczorek, Klaus GRS Klaus.Wieczorek@grs.de
Wolf, Jens GRS Jens.Wolf@grs.de

Wolters, Ralf TU Clausthal ralf.wolters@tu-clausthal.de
Casey, Shannon SNL slcasey@sandia.gov
Howell, V Dina SNL vdhowel@sandia.gov
Mays, Leann SNL Imays@sandia.gov
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Highlights of US German Salt Repository Collaborations

5th US/German Workshop on
Salt Repository Research, Design and Operations

Santa Fe, New Mexico, USA
September 7-11, 2014

Frank Hansen--Sandia National Laboratories, Albuquerque New Mexico USA

Walter Steininger-- Karlsruhe Institute of Technology, Project Management Agency

Abstract

This presentation summarizes some of the highlights from more than 40 years of collaboration
between Germany and the United States (US) involving salt repository science and engineering.
The US/German collaborations have never before been as productive over such a wide range of
topics as they have been over that last five years. The excellent collaborations are due in part to
historical developments in the US and Germany and in part to long-standing collaborations of a
few key researchers. Today German rock salt repository activities and US waste management
programs face challenges that may adversely affect current and future core capabilities in rock
salt repository science and technology. We are using these annual workshops on salt repository
research, design and operation to address this recognized need.

Topics addressed by the US/German salt repository collaborations align well with the findings
and recommendations summarized by the US Blue Ribbon Commission on America’s Nuclear
Future and are consistent with the aspirations of the key topics of the Strategic Research
Agenda of the Implementing Geological Disposal of Radioactive Waste Technology Platform,
and BMWi's R&D concept as well. These workshops revived joint efforts in salt repository
investigations after some years of hibernation by leveraging collective efforts for the benefit of
respective programs. These efforts form a basis for providing attractive, cost-effective insurance
against the premature loss of virtually irreplaceable scientific expertise and institutional memory.

During the last 40-50 years extensive research, development and demonstration activities have
contributed to the profound knowledge available concerning rock salt. These achievements
were manifested in laboratory and in situ experiments, as well as in large-scale demonstration
activities. In recent years noteworthy progress was made in the US and Germany on safety
assessment exercises, geomechanical benchmark modeling, and technological developments,
such as waste emplacement techniques. Because of this work, comprehensive knowledge and
sound expertise in various fields of salt repository science and engineering have been
developed.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. SAND2014-16139A.
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Abstract

Operational safety analysis for geologic repositories has been in transition over the past
decade, with respect to the assessment of hazards and initiating events, to rely more on
probabilistic methods. Nuclear power plants have traditionally been analyzed and
licensed by compiling hazards and initiating events, analyzing the hazards and
consequences of events, and emphasizing feedback into the “safety basis” including
design, operation, and administrative controls. Efforts have been made to consider
event likelihood and consequences together in a risk context, but without probabilistic
aggregation for direct comparison to regulatory dose standards. A shift to a probabilistic
approach is incorporated in the U.S. safety regulation specific to a Yucca Mountain
repository (10 CFR Part 63). The approach is evolutionary in that event compilation,
sequence development, and hazard analysis are performed using traditional methods,
combined with probability estimation under uncertainty, and explicit simulation of dose
consequences for comparison to quantitative, regulatory screening criteria. The different
approaches are compared using examples from U.S. Department of Energy nuclear
facility safety analysis (e.g., WIPP Documented Safety Analysis) and the Yucca
Mountain License Application. In Germany deterministic methods also have a long
history in safety case scenario analysis, but probabilistic methods are increasingly used
as a complementary tool for screening events and hazards. This review with examples
shows that operational safety analysis is changing, at the same time that safety
experience is accumulating at existing facilities. There are significant opportunities to
benefit from international cooperation in methodology development and demonstration,
and in safety analysis implementation with feedback to system design and operational
controls.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's
National Nuclear Security Administration under contract DE-AC04-94AL85000.
SAND2014-17181A
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A Perspective on Removal, Retrieval and Reversibility as they relate to the
Waste Isolation Pilot Plant
Steve Wagner

Abstract

With respect to waste removal, retrieval or reversibility (RR&R) within the WIPP project, the
overall concept can be addressed by answering general questions about what is required, what
the project said they would do, and what was actually done. The following answer these and
other questions as they apply to RR&R and the Waste Isolation Pilot Plant (WIPP) radioactive
waste disposal project.

What is Required: The radioactive waste disposal concept in the United States (U.S.) included
“retrieval” from the start. The U.S. Government is legally responsible for radioactive waste
disposal. The first geologic disposal concepts were based on recommendations in a 1957
National Academy of Science report on radioactive waste disposal. All attempts at siting
disposal facilities used the “Pilot Project” concept. Eventually the U.S. government started
investigating the bedded salt formation in the Delaware Basin of New Mexico. To gain
acceptance at that time from the State of New Mexico and Local Municipalities, the disposal
concept would first have a “test period” where all waste would be retrievable should the concept
not meet disposal objectives. In 1976, the Environmental Protection Agency (EPA) was given
the responsibility to develop generic radioactive waste disposal regulations that eventually
included waste retrieval and removal requirements. At that time the ability to retrieve or remove
waste became necessary past the “test period”. The EPA's rationale for waste removal was not
to make recovery of the waste easy or cheap but to make it possible in case some future
discovery or insight made it clear that the waste needed to be relocated. Additional
requirements imposed on the WIPP by the U.S. Congress and the State of New Mexico
required a retrieval demonstration prior to actual waste emplacement.

Additionally the WIPP project defines “disposal” as permanent isolation of radioactive waste
from the accessible environment with no intent of recovery. Disposal occurs in a mined
geologic repository when all of the shafts to the repository are backfilled and sealed. Where the
WIPP project includes the concepts of waste removal and retrieval, the project does not intend
to ever do so.

What they said they would do: As stated earlier, the WIPP is a pilot project that included the
concept requiring the ability for waste retrieval before closure. The disposal regulations also
required that it be feasible to remove waste after operations ceased and the repository was
sealed. A waste removal after closure feasibility analysis was included in the Compliance
Certification Application to the EPA and a remote retrieval demonstration was performed under
conditions simulating a roof fall in the underground on simulated waste containers.

International Perspective: Most international disposal concepts are similar to what was
developed in the U.S. in that most include the requirement for waste retrieval during the
repositories operational period. Recent attention has been given to the concept of reversibility.
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The intent is to include reversibility in the disposal system design. Whereas the U.S. concept
only requires it to be feasible to remove waste after closure, reversibility requires a repository
design that allows for waste retrieval during any phase of a disposal program.

What has been done — Actual retrieval: DOE has retrieved a few of the emplaced containers
from the underground. The State of New Mexico required DOE to retrieve a waste container in
August, 2007 when it was learned that the wrong container had been shipped to WIPP. The
DOE decided to retrieve another waste container in June, 2008. These drums were returned to
the generator sites for remediation because they did not fully meet the waste acceptance
criteria, not for health and safety reasons.

Lessons Learned - Risk vs benefits: One element that has been overlooked by the WIPP
regulators and stakeholders is risk. The regulations associated with waste retrieval/removal do
not address risk or benefit and are silent as to the conditions that warrant retrieval/removal. The
project therefore has no recourse when regulators require retrieval of waste containers that may
be deficient but can be shown to not have any impact on overall repository performance.
Lessons learned regarding removal/retrieval requirements recommend that other disposal
program’s regulations outline specific risk vs. benefit elements in decisions that lead to waste
retrieval. The actual risk of retrieval, in many cases, have associated risks relating to
occupational health, dose and transportation/accident risks that are real and may be greater
than the risks associated with the newly discovered condition of the waste or repository.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear
Security Administration under contract DE-AC04-94AL85000. This research is funded by WIPP programs
administered by the Office of Environmental Management (EM) of the U.S Department of Energy.
SAND2014-16394A
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Proceedings of 5th US/German Workshop
86 January 30, 2015

Salt Disposal Research, Development, and Demonstration

5th US/German Workshop on
Salt Repository Research, Design and Operations

Santa Fe, New Mexico, USA
September 7-11, 2014

Robert J. MacKinnon--Sandia National Laboratories, Albuquerque New Mexico USA
Abstract

The United States Department of Energy (US DOE) is conducting research and
development (R&D) activities within the Used Fuel Disposition (UFD) Campaign to
support disposal of used nuclear fuel (UNF) and wastes generated by existing and
future nuclear fuel cycles. Disposal R&D focuses on identifying geologic disposal
options and addressing technical challenges for generic disposal concepts in mined
repositories in salt, clay/shale, and granitic rocks, and deep borehole disposal. This talk
will first give an overview of the DOE UFD Campaign and its mission and then describe
the R&D investigations that are being implemented to support a generic safety case for
a geologic repository in salt host rock. These R&D investigations range from laboratory-
scale investigations and modeling studies to the design of larger-scale field testing that
would be beneficial for specific safety case objectives.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. SAND2014-16796A.
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Practical Analogues for Postulated Releases from Geologic
Repositories - Natural Background Radiation
N. Rempe

Abstract

Background radiation emanating from geologic and other natural sources is an
obvious, yet routinely overlooked and neglected, analogue for theoretical, postulated,
and calculated radiological releases from geologic repositories. Natural releases have
varied through Earth’s history and vary in terrestrial space by two orders of magnitude
or more, with negligible to no deleterious effects (and significant indications of
beneficial effects at low dose rates) on living organisms. Physical and geological
evidence, rather than gratuitously imposed and enforced regulatory standards, should
determine the outer bounds that scientists and engineers support and defend for
hypothetical and real radiological releases from engineered geologic repositories.
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Status of the US-German Joint Project on the Comparison of
Constitutive Models for Rock Salt

5th US-German Workshop on Salt Repository Research, Design and
Operation

September 7-11, 2014, Santa Fe, NM, USA

Andreas Hampel, Scientific Consultant, Mainz, Germany

Abstract

In 2004, six German institutions started a joint project series on the comparison of constitutive
models for the thermo-mechanical behavior of rock salt. General aims are 1) to investigate and
check the abilities of the advanced models of the participants to describe correctly and reliably the
relevant thermo-mechanical deformation phenomena in rock salt and their dependencies on
boundary conditions, 2) to check and compare their procedures for the determination of salt type-
specific model parameter values, and 3) to compare their procedures for the performance of
numerical calculations of rock salt around underground openings. Reliable and well-tested models
and procedures are required for numerical simulations performed e.g. for the design, stability
analysis, and evaluation of the long-term behavior of underground repositories for radioactive
wastes in rock salt.

The current third project (2010-2016) is a US-German collaboration of the following partners:
From Germany:

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

— Institut fir Gebirgsmechanik GmbH (IfG), Leipzig

— Karlsruher Institut fir Technologie (KIT), Karlsruhe

— Leibniz Universitat Hannover (LUH), Hannover

— Technische Universitat Braunschweig (TUBS), Braunschweig

— Technische Universitat Clausthal (TUC), Clausthal-Zellerfeld
From the United States:

— Sandia National Laboratories (SNL), Albuquerque, NM

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 and 2) the
damage and dilatancy reduction and healing of rock salt. This contribution focuses on the second
part.

At first, a unique set of model parameter values for the salt type around the subsequently
calculated in-situ structure was determined with back-calculations of an extensive and systematic
series of laboratory creep, strength, and healing tests. Then, several 3-D simulations of an old
bulkhead structure in the Asse Il salt mine in Germany were performed. The corresponding drift
was excavated in 1911. After three years, a 25 m long section was lined with a cast steel tube, the
residual gap between the tube and the salt contour was filled with concrete. Each partner
calculated the structure with his constitutive model for a period of 88 years after the excavation.
For comparison, he also calculated the open drift without the bulkhead for the same period of time.

In the presentation, a brief general overview of the project series, a summary of the calculations,
some comparisons of results of the partners, and proposals for future collaborations are given.
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Modeling WIPP Rooms B/D
5th International US-German Workshop on Salt Repository Research, Design and
Operation to be held in Santa Fe, NM
Sept. 7-12, 2014
J. Guadalupe Arguello
Sandia National Laboratories
Albuquerque, NM, USA

Abstract

The US-German “Joint Project on Comparison of Current Constitutive Models and Simulation Procedures
on the Basis of Model Calculations of the Thermo-Mechanical Behavior and Healing of Rock Salt,”
hereafter known as “Joint Project Ill,” has been extended from its original scope to include two additional
benchmarking problems based on full-scale in-situ tests conducted in the early 1980’s at the Waste
Isolation Pilot Plant (WIPP), located in Southeastern New Mexico, USA. The isothermal “Mining
Development Test,” WIPP Room D, and the heated “Overtest for Simulated Defense High-Level Waste,”
WIPP Room B are the two test rooms that are being modeled. Both of these rooms are among a series
of excavations at the WIPP that have been modeled in the past by Sandia, prior to WIPP licensing, using
legacy numerical codes and techniques of the time [1].

Approximately thirty years of hardware and software advances have occurred since that time and those
advancements have yielded a new generation of massively parallel multi-physics computational
capabilities, embodied in the SIERRA Mechanics code suite, to support the Sandia engineering sciences
mission. With SIERRA Mechanics, an unprecedented level of fidelity can be incorporated into the models
of the room. Heretofore Sandia’s recent efforts on WIPP Rooms D & B [2, 3] had been aimed at
duplicating the legacy calculations of those rooms using roughly the same level of mesh discretization
that was available at the time, and we were able to show that comparable results to the legacy ones could
be obtained with SIERRA Mechanics for the thermo-mechanical response of the rooms. In this work we
extend the previous work and show some of the results from Sandia’s latest efforts as we have attempted
to model these rooms, exercising the SIERRA code suite on models at levels of fidelity unobtainable in
the 1980’s, and compare simulation results to the data obtained from these full-scale tests. This has
been done in an effort to arrive at an updated definition of the two benchmark problems that will be
exercised under the US-German Joint Project Ill. The results from these efforts are important and
pertinent to arriving at a set of agreed-to benchmark problems that will be analyzed by all participants.

References

1. Munson, D. E. 1997. Constitutive Model of Creep in Rock Salt Applied to Underground Room Closure. Int. J.
Rock Mech. Min. Sci. 34:2 233-247.

2. Arguello, J.G. and J.S. Rath. 2012. SIERRA Mechanics for Coupled Multi-Physics Modeling of Salt
Repositories. In Proceedings of the 7th Conference on the Mechanical Behavior of Salt, Paris, France, 16-
19, April 2012, eds. P. Bérest et al, 413-423. London: Taylor & Francis Group.

3. Arguello, J.G. and J.S. Rath. 2013. Revisiting the 1980’s WIPP Room D and B In-Situ Experiments:
Performing Thermo-Mechanical Simulations of Rock Salt Using a State-of-the-Art Code Suite. In
Proceedings of the 47th US Rock Mechanics/ Geomechanics Symposium, San Francisco, June 23-26 2013,
ARMA 13-370. :ARMA.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000. SAND2014-16885A.
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Laboratory Tests on WIPP Salt
Argillaceous Salt update

U. Dusterloh, K. Herrchen, K.-H. Lux
Lehrstuhl fir Deponietechnik und Geomechanik, TU Clausthal, 38678 Clausthal, Germany
In cooperation with T. Popp, K. Salzer

Institut fur Gebirgsmechanik GmbH (IfG), 02479 Leipzig, Germany

1. Objective

A joint project on the comparison of constitutive models for rock salt funded by BMWi started
in 2004. The joint project includes procedures for the determination of characteristic salt
type-specific model parameter values and for the performance of numerical calculations of
underground openings in rock salt. Within the current project selected benchmark calcula-
tions for room D and room B of WIPP site are planed in order to check the ability of the in-
volved models to describe correctly the in situ load bearing behavior.

Based on investigations in the 80°s to 90"s a comprehensive data base regarding the stress-
strain and creep behavior of WIPP salt exists. But, due to the development of new constitu-
tive laws considering damage processes, specific material parameters are missing. There-
fore a laboratory program was planed and realized to determine the load bearing capacity of
rock salt from WIPP taken into account demands from different constitutive laws used by the
partners of the joint project. To realize the laboratory program 5.5 tons of core material from
WIPP was drilled and shipped by Sandia to Germany. Based on this core material IfG has
prepared more than 150 cylindrical samples of clean salt as well as argillaceous salt. Clean
salt in general was investigated by IfG, argillaceous salt in general was investigated by TUC.
The test program, the test procedure and the results observed from triaxial short term tests to
determine failure and dilation strength and triaxial long term tests to determine damage free
and damage induced creep parameters are summarized in the following chapters.

2. Overview test program argillaceous salt

To enable a determination of strength, creep and damage parameter for argillaceous salt
from WIPP taken into account different constitutive laws a lab program was evaluated by the
project partners. The laboratory program planed for argillaceous salt from WIPP consists of
61 triaxial short term tests to determine failure strength as well as dilation strength depending
on minimum principal stress, temperature and strain rate.

3. Test procedure and physical parameter

Prior to the lab tests in each case

(@) sample length and sample diameter were measured half way up the height of the
specimen and along the central axis of the confining specimen using a slide calliper
gauge,

(b) sample mass were measured using a balance,

(© the rock densities were calculated from the masses and volumes of the specimens
using Eq. (3.1):

4.-m

- . 3.1
T (3.1)

7/:
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14 rock density (N/m3)

m specimen mass (kg)

do  diameter of unstressed specimen (m)

ho  height of unstressed specimen (m)

g gravity (m/s?)

(d) an unloaded ultrasonic wave velocity measurement was done using a dilational
wave analyser. The measured ultrasonic wave velocities of the P or longitudinal

waves (vp) and the S or transverse waves (vs) were entered into Egs. (3.2) and
(3.3) to calculate the dynamic elasticity modulus Edyn and the dynamic Poisson’s

number den:

vs? - p-(3vp? — 4vs?)

Edyn = sz —V52 (32)
vp® —2vs?
Vg = 3.3
o2 {vp? —vs?) (3:3)
where

Edyn dynamic elasticity modulus (kPa)

Vdyn dynamic Poisson’s number (-)

P rock density(t/m3)

vp longitudinal wave velocity (m/s)
VS transverse wave velocity (m/s)

(e) a digital photography was taken.

()  Atthe end of the procedure characterized by (a) to (e) the specimens have been posi-
tioned in the triaxial cell and undergoes in each case an approx. 24-hour recompaction
and tempering phase under an isotropic stress level of 65, = 20MPa and a preset tem-
perature level of 27°C, 60°C, 100°C respectively.

At the end of the recompaction phase, the specimens were subjected to an axial stress ¢, at
constant confining pressure o, = o3 under a constant strain rate of £,. The next phase of the

test involves maintaining constant confining load during a stress-controlled stress release
and stress build-up cycle to determine the Young's modulus. The axial stress was then in-
creased under constant compression rate until the failure load is reached or above. Meas-
urement contains recordings of

a) axial deformation by inductive transducers,

b) the hydraulic pressure measured in the test cylinder by an absolute pressure trans-
ducer which has to been converted to determine the axial pressure acting on the
specimen,

c) the confining pressure by an absolute pressure transducer,

d) the oil temperature within the annulus of the triaxial cell,

e) the volume change of the specimen and

f) the change in ultrasonic wave velocity.
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The volume change was determined from the inductive readings of axial specimen deforma-
tion Al and the volumetric change in the oil volume in the triaxial cell. The oil volume AV
displaced from the triaxial cell during the test was fed into a twin-chamber cylinder.

The damage strength Bigi.vo Was determined on the basis of the volume change character-
ises. The axial stress which is corresponding to a minimum volumetric specimen deformation
was identified as damage strength Bigive (primarily damage deformation after exceeding
Mmingyo).

Ultrasonic transmitter and receiver are integrated within the cover and base pressure plates
to determine the damage strength more precisely. The continuous transmission of the sam-
ples during the test to record the ultrasonic velocity enables the damage strength to be de-
termined independently of the volume measurement on the basis of the stress level ob-
served. This is done by detecting a reduction in ultrasonic travel times as a result of the de-
velopment of physical damage (microfissures). Damage strength P41, Was defined as the
axial stress at which the ratio v,/vp, reaches a maximum.

Based on test results it could be stated, that argillaceous salt from WIPP is characterized by

typical average values of E,, ~ E, ~28000MPa and Van =0,278. A dependency be-

dyn
tween density and Young’'s modulus respectively Poisson’s ratio is not observed. It must be
pointed out, that core material excavated in 2010 obviously is different from core material
excavated in 2013. A reduced density can be observed for core material taken in 2010 in
comparison to core material taken in 2013. May be this is caused by a drying effect during
storage.

4, Results of short term tests to determine failure and dilation strength
Short term tests were performed at different temperatures of 27°C, 60°C, 100°C respectively

and at different strain rates of ¢,= 0,6%/min, & = 0,06%/min, & = 0,006%/min respectively.

Depending on the preset strain rate and the total strain realized during the tests, the duration
of the short term tests varied between some 170 minutes at minimum and 4.6d at maximum
adding 1 day recompaction and tempering phase. In case of a testing temperature of 100°C
additionally 1 day cooling phase must be considered prior to a dismounting of the sample.
The failure and dilation strength taken from tests is evaluated separately with respect to
minimum principle stress, strain rate and temperature.

As a result a different between failure strength determined at core material excavated in
2010 and core material excavated in 2013 was observed. As mentioned above, the signifi-
cant scattering of core material excavated in 2010 is assumed to be caused by drying during
storage.

Referring to the observed dilation strength it must be pointed out, that due to the different
between core material excavated in 2010 and core material excavated in 2013 some addi-
tionally tests are needed to evaluate an acceptably correlation between dilation strength and
minimum principle stress.

5. Results of long term tests to determine damage free and damage induced creep
rate
Lab tests to determine the damage free and damage induced creep behaviour are in general
similar to classical creep tests. Simply the additionally online measurement of volume
change and ultrasonic wave velocity enables to differ between damage free and damage
induced parts of the observed total creep rate. The idea to differ between damage free and
damage induced parts of the total creep rate is based on the knowledge of damage strength.
Multi-level creep tests taken into account two load levels below damage strength to deter-
mine the damage free creep behaviour and one or two load levels above damage strength to
determine the damage induced creep behaviour have been conducted. The damage induced
part of the total creep rate at least can be calculated by a subtraction of the calculated dam-
age free part of the total creep rate regarding to stress level three from the observed total
creep rate during stress level three. Because the quantity of the damage induced creep rate
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depends on the intensity of exceeding damage strength and - due to a time dependent ac-
cumulation of damage - additionally to the duration of exceeding damage strength, an online
measuring of the damage process is required. In case the preset stress level is below dilation
strength, no damage occurs and therefore no measure of dilatancy and ultrasonic wave ve-
locity is needed.

Based on these measurements a first raw estimation of stationary and transient creep pa-
rameters corresponding to the constitutive model Lux/Wolters has been done. A typical cor-
relation between creep rate and equivalent stress can be observed for argillaceous salt from
WIPP. Determination of parameter to determine the damage induced creep rate is in pro-
gress.

6. Summary

A comprehensive data set for argillaceous salt from WIPP site has been prepared which in
general allows determination of constitutive model parameters to carry out the planned
benchmark calculations for room D and B. At now it is estimated that merely a few future
tests will be needed to clarify questions regarding determination of model parameter.
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Laboratory Tests on WIPP Salt
Clean Salt update

K. Salzer, D. Naumann, Rélke, C., R.-M. Gunther,T. Popp
Institut fir Gebirgsmechanik GmbH (IfG), 02479 Leipzig, Germany

In cooperation with U. Dusterloh, K. Herchen
Lehrstuhl fir Deponietechnik und Geomechanik, TU Clausthal, 38678
Clausthal, Germany

Abstract:

In the frame work of the Joint Project on the Comparison of Constitutive Models for the
Thermo-Mechanical Behaviour of Rock Salt (Part 3) benchmark calculations are planned for
the WIPP-site, simulating the in situ-tests performed in room D and B. Although a compre-
hensive mechanical data base for WIPP-salt already exists from investigations in the 80 -
90’s, due to the development of existing and new material laws tailored test series facilitating
the derivation of specific material parameters are missing. Thus a comprehensive investiga-
tion program on WIPP-salt has been executed. In the scope of work the tests are not only
designed to derive material-law specific parameters but also to act itself as a base to perform
benchmark calculations.

As a bedded salt repository, the idealized stratigraphy for the WIPP underground is com-
posed of mainly argillaceous salt with a clean salt layer above the disposal room between
Clay G and Clay I, anhydrite MB 139, and a thin anhydrite layer located in the clean salt lay-
er, identified as anhydrite A. Thus, the main focus was on argillaceous salt and, subsequent,
clean salt. As a representative material suite 60 12”-diameter cores (& ~ 30.48 cm, length:
0.6 m; weight: 90 kg) were sampled at the WIPP site, i.e. 5.5 t, and delivered to IfG in three
shipments. The preparation of the cylindrical samples (& = 100 mm x | = 200 mm respective-
ly 40 mm x 80 mm) is a special task of IfG.

Laboratory studies allow generic or site-specific salt properties (mechanical, thermal and
transport) to be measured in a controlled environment of loading and material conditions. A
specific request, therefore, is to conduct a suite of triaxial strength tests on intact salt com-
prising a triplet of triaxial strength test series (at k¥ 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 and 20 MPa)
with a standard deformation rate of 10° 1/s at each of three temperatures: 27°C, 60°C,
100°C) and, in addition, with two different deformation rates (10'4 1/s, 10° 1/s) at 27°C, all
with simultaneous measurements of dilatancy.

Fortunately in the long term the response of salt masses is governed by its steady state
creep behaviour. Thus, in addition, a series of creep tests has been performed at loading
conditions in the non-dilatant stress zone for a wide range of differential stresses. However,
because in experiments the time necessary to reach true steady creep rates can last time
periods of some few days to years, depending mainly on temperature, an innovative but sim-
ple creep testing approach is suggested. A series of multi-step tests with loading and un-
loading cycles allow a more reliable estimate of stationary creep rates in a reasonable time
schedule.

Two index tests with permeability measurements with gas were performed indicating tight-
ness of the salt (kgas < 10?° m?) in the undisturbed state, as well, the capability of the rock
for efficient crack closure after significant damage, i.e. a permeability decrease from 10™° m?
to <102 m? was observed within some few weeks at hydrostatic pressures of EF [ F 20
MPa.
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109 strength and 37 creep tests were carried out in close cooperation between the rock me-
chanical labs of IfG and TUC. Most of lab tests on “clean salt” were carried out at IfG. The
results will be presented in relation to data from “argillaceous salt”, which were obtained at
Clausthal University, IfG and additional test at the BGR and the Technical University of
Braunschweig.

The outcome can be summarized as follows:

e The investigated “Wipp salt” is generally of excellent quality, i.e. undisturbed (intact)
and largely homogeneous.

¢ The moisture contents of the "clean salt" (CS) are in the order of 0.15 wt. -%, respec-
tively, for the "argillaceous salt" (AS) in a data range: 0.2 - 0.4 - 1.0 wt. -%. The
measured humidity content is lower than average values from the literature. However,
they are therefore generally higher than those of domal rock salt.

¢ The strength tests on "clean salt" are already completed. A very consistent set of data
and parameters could be obtained:

0 Temperature-increase results in significant strength decrease
Referred to in situ deformation rates <10™° 1/s the strength will be reduced

The onset of dilatancy, i.e. described by the dilatancy boundary, is nearly in-
dependent from temperature and the deformation rates but shows significant
data scattering.

0 The comparison with the present strength data for the Asse salt shows gener-
ally slightly lower strength values, but is overall in the known properties field of
pure rock salt.

e The creep test on “clean salt” and mostly on "argillaceous salt" are now also finished:

0 Unique creep data sets of high quality were obtained for room temperature,
60°C and 80°C, applying the new creep test approach, both for CS and AS.
However, differences to older data sets are obvious (SAND92-7291), espe-
cially at higher temperature. This may be due to the higher water content of
the tested salt specimens.

0 AS creeps slightly faster (2x) than CS, but both show slightly higher creep
rates as they have been identified for Asse salt

0 At stresses < 10 MPa the creep behavior deviates from a simple power law re-
lationship which may be referred to a mechanism change from dislocation
creep to additional effects of fluid-assisted creep.

e Gas tightness of the WIPP-salt is demonstrated, as well its efficient sealing capability.

With these investigations, a comprehensive data fundus for the WIPP-salt has been set
which allows an extrapolation to the expected underground conditions and to carry out the
planned benchmark calculations for room D and B.
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Complementary laboratory tests on WIPP salt at normal and higher
temperatures

Ingo Plischke

Abstract

It has been confirmed that differences in mineralogy, microstructure, cristallography
and water content have an influence on long term deformation behaviour of rocksalt.
Therefore two different facies types (clean and argillaceous salt) of WIPP rocksalt
were and will be tested on its creep behavior. Hence 16 creep tests were carried out
during the last year on rocksalt from the WIPP site of which 9 tests were uniaxial
tests at normal temperature (22°C) and 7 tests were conducted at higher
temperatures of up to 140°C, thereof two under triaxial conditions. In addition, two
tests on the same facies types were already carried out in 2001 in the rock mechanic
laboratory of BGR. All test contained a change of temperature or stress.

The test series is not finished and will still be ongoing until 2015, to be completed by
more triaxial and uniaxial creep tests at higher temperatures. The results will then be
compared with results from creep tests of flat bedded rocksalt from the northern

German basin, which runs in the past in the rock mechanic laboratory of BGR.

A comparison of the first existing results from WIPP rocksalt with flat bedded rocksalt
from the northern German basin offers no greater deviation in creep behaviour.
However, the database is still small due to the time-based length of the creep tests at
BGR.
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Petrography, fluid distribution, geochemistry and microstructures of halite rocks from
WIPP-Site (and Gorleben)

Maximilian Pusch?, Jérg Hammer!, Christian Ostertag-Henning’

! Federal Institute for Geosciences and Natural Resources (BGR), Stilleweg 2, 30655 Hannover, Germany

In view of expected differences according to petrography, fluid distribution, geochemistry and
microstructures of halite rocks from flat bedding salt formations (WIPP; USA) and salt domes
(Gorleben, Germany), several salt samples from WIPP have been analyzed at BGR
Hannover, Germany.

WIPP drilling SNLCV302 which contains Marker Bed 139 (MB139) at 2.46 ft - 6.15 ft was
used for thin sections and geochemical studies in order to analyze an exemplary profile
crossing a salt cycle in North American Permian Salt Basin (Delaware-Basin). The results
were compared with the data we gained from Gorleben exploration mine. For studies of
hydrocarbon distribution and origin samples from drillings QGU 12, 14, 36, 38 and 39 were
used.

The microscopic analyzes of the samples show distinct differences between salt rocks from
WIPP and Gorleben. The halitic matrix at the bottom of MB139 (top of the previous salt
cycle) is dominated by numerous inclusions of columnar, idiomorphic crystals of polyhalite. In
addition intercalations of idiomorphic, columnar anhydrite as well as accessory idiomorphic,
columnar crystal of celestine and intersections of clay are visible at the grain boundaries of
halite crystals. At the base of MB139 we have an 0,59” thin layer of clay followed by vertical
orientated anhydrite with intersections of halite and clay streaks up to 5’ 9.09”. Until 4.9 ft the
cores are dominated by layers of lenticular spiked aggregates and idiomorphic columnar
crystals of polyhalite within an anhydritic matrix changing with layers of matted lenticular
aggregates of polyhalite with magnesite at the boundaries of the aggregates. Both shapes
show intersections of halite-filled pores with large, idiomorphic anhydrite crystals. In the
upper part of MB139 up to 2.46 ft anhydrite crystals dominate the rock (sometime with
pseudomorphic relics of former gypsum crystals ) intersecting with halite and occasionally
polyhalite, magnesite or clay. Typical are idiomorphic crystals of celestine all over the
anhydritic zone. The halite in the top of MB139 is dominated by halite with intersected cluster
of polyhalite. Noticeable are macroscopical visible fluid inclusions up to 0.2” containing brine,
brine and gas or brine and crystals of polyhalite, anhydrite or sometimes clay. The content of
hydrocarbons within samples from drillings QGU 12, 14, 36, 38 and 39 ranges between 0.2
and 2.4 mg/kg [C10-Cyo] With a maximum of 4.1 mg/kg [C1o-C4o]- The concentration of short-
chained hydrocarbons (<C,p) is below detection limit. In comparison, samples from Gorleben

exploration mine (crosscut 1 west and 1 east) have an larger range of dispersion with an
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hydrocarbon content between 0.006 and 6.88 mg/kg [Ci-C4] and 11 samples with >
6.881mg/kg [C10-Cao] Up to a maximum of 442 mg/kg [C1o-Caol.

However, the rock salt from Gorleben salt dome shows a nearly homogeneous texture. It
consists of halite with clews of anhydrite and accessory crystals of carbonate and sometimes
pyrite, celestine or authigenic quartz.
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ELSA — shaft seal project “Phase 2"

Uwe Glaubach
TU Bergakademie Freiberg (TUBAF), Institute of Mining and Special Civil Engineering, Saxony / Germany

Abstract

Salt and clay formations are potential regions for future HLW-repositories in Germany. To fulfill
the principle of a geological barrier, the shaft seals are the most important elements in the
geotechnical barrier system for underground repositories. The isolation potential of shaft seals has
to be as close as possible to the geological barrier.

While approved shaft seal concepts for HLW- repositories universal suitable for salt and clay
formations are actual not available, the emphasis of the ELSA project is to design and construct
functional components of a long-term stable sealing system for a shaft seal and demonstrate the
constructability and functionality.

The ELSA project is a joint research project between TUBAF and DBE-TEC and is portioned into
3 phases, while the phase 1 “Compilation of boundary conditions and design requirements” is
finished with an available report (02E10921). At present, the phase 2 “Concept development for
shaft seals and demonstration of functional components” is in progress.

The general aims of the ELSA project are:

e Development of a modular and non-site specific shaft sealing concept for salt and clay
formations and
e Test of functional components in laboratory scale and half scale.

Specific investigations are carried out in phase 2 on the following topics:

producibility of backfill columns from compacted crushed salt (<0.9 po)

calottes from Basalt blocks to support a low-settling gravel column

abutments and seals from long-term stable (3-1-8) MgO concrete

grouting technologies to seal DRZ and contact between host rock and sealing elements
emplacement technologies for bitumen / asphalt sealing elements

bentonite sealing elements in argillaceous host rock

model-theoretical analysis on different states of construction, as well as loading and flow
processes

The first results showing, that a crushed salt with an optimized grain size distribution gets a better
compaction behavior than straight mine-run salt. Investigations on the compaction of an optimized
crushed salt with added clay suggests that this material mix has an instant sealing potential.

The MgO-concrete with a 3-1-8 phase is an additional material option for long-term stable
abutments and seals in shaft-sealing systems for HLW-repositories.

The generation of a CPA based particle model to analyze the behavior of a gravel column is nearly
finished. After calibration of the particle model, the behavior of gravel columns during
emplacement and operation can be assessed by simulations.

As before, bitumen / asphalt are still a good option as diverse redundant sealing material. Especially
since the wetting of the bituminous binder with the host rock (salt and clay) can be improved with a
patented primer (no. DE 102008050211). A “cast in place” bitumen / gravel element is an
additional option for a combined abutment / sealing element.
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Abstract

Mechanical and hydrological properties of reconsolidating salt are functions of porosity which
decreases as the surrounding salt formation creeps inward and compresses granular salt within
the rooms, drifts or shafts. Construction circumstances within a vertical shaft provide substantial
advantage for dynamic compaction techniques capable of creating high emplacement density
and low initial porosity. Placement of granular salt in a horizontal drift suffers from a less
favorable construction orientation and may yield lower emplaced density and significant initial
porosity for its evolutionary evaluation. Drift placement of granular salt is expected to function as
a low-porosity, low-permeability structural element with vital repository performance
expectations. The material covered in this presentation demonstrates collaboration on a key
technical issue to establish the state-of-the-art for a Salt Club report. It provides a review of
essential aspects of engineering barriers of low-porosity crushed salt, which will continue to
consolidate and decrease permeability.

The current state of knowledge benefits from large amounts of pertinent information on granular
salt reconsolidation ranging over a length scale from atomic spacing to tens of meters.
However, repository applications are concerned with very long time periods and in some cases
properties of reconsolidating salt are predicted to occur far into the future after initial placement.
Extrapolation based on modeling is often invoked to estimate engineering performance beyond
the human experience, which by its very nature introduces an element of uncertainty.
Construction techniques capable of emplacing granular salt seals, perhaps with additives, to
near final performance conditions greatly reduce the need for extrapolation. Much of the
potential performance uncertainty can be removed by deepening the mechanistic understanding
through continued research and additional validation garnered from analogues from industry
practice and nature.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000. From SAND2014-4502P. SAND2014-16021A.
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Reflections on the ISIBEL Project and Perspectives on Modeling Salt
Reconsolidation

R. Chris Camphouse
Sandia National LaboratoriesT, Carlsbad, NM, 88220

ABSTRACT

The thrusts of R&D project ISABEL were to summarize the state of the art in high level waste
(HLW) disposal in salt and to determine if the demonstration of HLW disposal in salt is
technically feasible. The repository concept envisioned in the ISABEL project took full
advantage of the favorable properties associated with salt formations, and their benefits in
regard to underground waste disposal. The Waste Isolation Pilot Plant (WIPP), located in
southeastern New Mexico, has been developed by the U.S. Department of Energy (DOE) for
the geologic (deep underground) disposal of transuranic (TRU) waste. U.S. legacy TRU waste
is transported to the WIPP facility and interred underground in a bedded salt formation. The
bedrock upon which WIPP performance assessment (PA) sits is an understanding of the
features, events, and processes (FEPs) that must be considered when quantifying repository
performance. From these FEPs, scenarios are developed that represent the state of the
repository for undisturbed and disturbed conditions.  Numerical models provide responses of
the repository over the set of scenarios, where epistemic and aleatory uncertainties are
captured through sampling. Results are tabulated and assembled into curves that are then
compared to regulatory compliance limits. The safety and demonstration concept developed as
part of the ISIBEL project has many components in common with those used for the WIPP. As
the ISIBEL concept provides a framework for a HLW repository in salt, many physical processes
important to the ISIBEL project are those important to the WIPP project as well. Comparisons
are made of the ISIBEL and WIPP projects, highlighting areas in which these projects are
similar as well as ways they are different.

As part of the ISIBEL concept, void volume in emplacement areas and mine workings are to be
filled with crushed salt, which will naturally compact due to creep closure of the surrounding salt
rock. The ability of the reconsolidated crushed salt to provide sufficient sealing must be
demonstrated. Recently, the temporal and physical characteristics of run-of-mine (ROM) salt
reconsolidation were investigated as part of a proposed WIPP component design change. The
1998 rulemaking that certified WIPP to receive TRU waste placed conditions on the waste panel
closure design to be implemented in the repository. The engineering of the panel closure has
been re-assessed, and a revised design has been established that is simpler, cheaper, and
easier to construct. It consists of 100 feet of ROM salt with barriers at each end. The ROM salt
is generated from ongoing mining operations at the WIPP and may be compacted and/or
moistened as it is emplaced in a panel entry. The representation of ROM salt reconsolidation in
WIPP PA was a result of an iterative process with the federal regulator, the U.S. Environmental
Protection Agency (EPA). The DOE has submitted a planned change request to the EPA,
seeking regulatory approval to replace the currently mandated panel closure design with the
ROM salt design. The modeling approach used for ROM salt reconsolidation, and insights
gained from the regulatory change process, are discussed.

" sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear
Security Administration under contract DE-AC04-94AL85000. SAND2014-16786A. This research is funded by
WIPP programs administered by the Office of Environmental Management (EM) of the U.S Department of Energy.
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Proceedings of 5th US/German Workshop
176 January 30, 2015

PA Development (PFLOTRAN) and the Safety Case
Glenn Hammond
Sandia National Laboratories

Abstract:

This presentation introduces the massively-parallel, reactive multiphase flow and
transport code PFLOTRAN and describes Sandia’s recent enhancements to the code
that enable its use within nuclear waste repository performance assessment models.
Code capability and infrastructure support are briefly outlined followed by a presentation
of the conceptual model description and simulation results for a generic salt repository
performance assessment model.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.
SAND2014-17007A
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Visualization Tool VIRTUS
Klaus Wieczorek*, Steffen Masik**, Joachim Behlau***, Christian Mueller****

*Gesellschaft fuer Anlagen- und Reaktorsicherheit (GRS) mbH, Germany
**Eraunhofer Institut fuer Fabrikbetrieb und —automatisierung, Germany
***Eeaderal Institute for Geosciences and Natural Resources (BGR), Germany
***DBE TECHNOLOGY GmbH, Germany

VIRTUS is a “virtual underground laboratory” which can illustrate repository concepts, geologic
situations and physical processes taking place in an underground lab or a repository. It centrally
provides the necessary consolidated data (geologic models, mine structures, material data for
numerical simulation) as well as means for the integrated visualization and evaluation of various
types of information.

VIRTUS consists of a visualization software platform, material database and interfaces to CAD
programs like BGR’s openGEO which provide geologic models and to process level codes
(PLC) for numerical model simulations. A “hot spot” system allows easy access to all available
information.

Geologic models are imported into VIRTUS, powerful editing functions allow the creation of
mine structures. The resulting combined models can be exported to PLC pre-processors, where
they are used as input for model calculations on the coupled thermal-hydraulic-mechanical be-
havior of the system consisting of waste, technical components and rock formation. The simula-
tion results can be visualized in VIRTUS in context with the underlying geology.

The above features have been implemented. Testing and improvement are continuously per-
formed.

Three demonstration experiments have been defined for prototypical simulation by the partners
using their individual PLCs:

An isothermal mechanical simulation of a drift passing through different types of rock (BGR:
JIFE)

A thermal simulation of an array of emplacement boreholes (DBE TEC: FLAC®)

A coupled thermal-mechanical simulation of a heated drift in rock salt approaching a potash
layer and anhydrite blocks (GRS: CODE_BRIGHT)

The geometrical models have been extracted from VIRTUS and the simulations are underway.

For a given repository or underground laboratory site, the capabilities of VIRTUS can help to fa-
cilitate design of meaningful experiments, to prepare benchmark exercises or simulation vari-
ants for optimization and compare their results, to evaluate simulation results to make sure that
safety criteria are met, to design actual repository structures in a given geology, and to present
repository research to the public.

VIRTUS has been developed in the frame of a joint project of the Gesellschaft fir Anlagen- und
Reaktorsicherheit (GRS), the Federal Institute for Geosciences and Natural Resources (BGR),
the DBE TECHNOLOGY GmbH (DBE TEC), and the Fraunhofer Institut fur Fabrikbetrieb und —
automatisierung (IFF). The VIRTUS project is financed by the Federal Ministry of Economics
and Technology (BMWi) under contract 02E10890. The current phase of VIRTUS is ending in
October 2014.
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Features, Events, and Processes (FEPs) Development Activities
Geoff Freeze'and Jens Wolf?

'Sandia National Laboratories, Albuguerque, NM, USA
’Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH,
Braunschweig, Germany

Abstract
Feature, event, and process (FEP) analysis and scenario development are an integral
part of the iterative performance assessment (PA) process, and are used to inform the
construction of post-closure PA models of SNF/HLW repositories. Uncertainty and
sensitivity analyses of the results produced by those PA models indicate which FEPs
are most important to post-closure repository performance. This information is then
used in the next iteration to help refine the set of FEPs and scenarios, and their
representation in the PA model.

FEPs have traditionally been organized using a classification scheme developed as part
of Nuclear Energy Agency (NEA) International FEP Database. The NEA FEP database
uses a hierarchical numbering and classification scheme that is based on two
overlapping sets of categories: features (e.g., waste form, waste package, backfill, host
rock, etc.) and multi-physics processes (e.g., thermal, chemical, mechanical,
hydrologic). The categories are overlapping in the sense that a specific FEP (e.g., flow
through the waste package) may be classified both by a feature category (e.g., waste
package) and by a process category (e.g., hydrologic). As a result, related FEPs are not
always mapped to the same category and it can be difficult to group and/or find all
related FEPs within the FEP list. In addition, the overlapping categories sometimes lead
to the creation of the same or similar FEPs under different headings.

To better inform PA modeling and safety case development, a new FEP organizational
structure, the FEP classification matrix, has been developed that alleviates the issues
associated with the overlapping categories and duplicative FEPs in the NEA-based
classification scheme. The FEP classification matrix is based on the concept that a FEP
is typically a process or event acting upon or within a feature. The FEP matrix provides
a two-dimensional organizational structure consisting of a Features axis that defines the
“rows” and a Processes/Events axis that defines the “columns”.

The FEP matrix approach is being applied to develop a comprehensive set of FEPs for
a generic salt repository, based on the FEP experience and work carried out in the US
and Germany. The ultimate goal is to populate an international FEP database for salt
repositories that can promote easy searching for FEPs and pertinent information. The
populated FEP matrix can be a useful tool for developing a PA model and a robust
Safety Case in salt repositories.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000. SAND2014-17016A
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Proceedings of 5th US/German Workshop
194 January 30, 2015

IGD-TP Joint activity: Handling of uncertainties

US-German Workshop on Salt Repository Research
September 7-12, 2014
Santa Fe, New Mexico, USA
D.-A. Becker, U. Noseck
Gesellschaft fuer Anlagen- und Reaktorsicherheit, Braunschweig,
Germany

Abstract

IGD-TP was founded as a technology platform for Implementing Geological Disposal
of Radioactive Waste in Europe, in order to co-ordinate R&D activities, demonstrate
technology and safety and underpin the development of a common European view
on the related issues. Non-European countries are welcome to participate. The IGD-
TP Strategic Research Agenda (SRA) defines several topics of specific interest; topic
1.3 specifically addresses sensitivity and uncertainty analysis. According to this
demand, a Joint Activity (JA) was defined, titled “Handling of Uncertainties in the
Safety Case for Deep Geological Repositories”. To work on this issue, a
Technical/Scientific Working Group (TSWG) was founded, currently consisting of 14
organizations from 10 European countries and the USA; further participants are
welcome. The work of the TSWG is expected to lead to an EC-co-ordinated
international project. The presentation explains the goals of the Joint Activity and its
current status.
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Uncertainty and Sensitivity Analysis for Repository Systems in Rock Salt
US-German Workshop on Salt Repository Research
September 7-12, 2014
Santa Fe, New Mexico, USAD.-A. Becker

Gesellschaft fuer Anlagen- und Reaktorsicherheit, Braunschweig,
Germany

Abstract

Probabilistic uncertainty and sensitivity analysis of the performance assessment
model is an essential part of the safety case for final repositories. Current
investigations at GRS and TU Clausthal aim at testing various classical and newly-
developed mathematical methods of sensitivity analysis, identifying the typical
problems arising with sensitivity analysis of complex final repository models and
proposing solutions. The presentation gives an introduction to the general subject as
well as an overview of possible approaches and methods and presents some recent
results, using the example of a hypothetical repository for low and intermediate-level
waste. This system was developed based on the experiences with the model for the
German ERAM site.
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THM-coupled processes in rock salt with special attention to

two-phase flow
Benchmark of two different modelling approaches concerning the long-term analysis
of THM-coupled processes in the near-field of a generic salt repository for high-level
nuclear waste
Karl-Heinz Lux, Uwe Disterloh, Ralf Wolters
Clausthal University of Technology (TUC), Clausthal-Zellerfeld, Germany
Jens T. Birkholzer, Jonny Rutqvist, Laura Blanco Martin
Lawrence Berkeley National Laboratory (LBNL), Earth Sciences Division, Berkeley, CA, USA

Abstract

Rock salt is a potential host rock medium for the underground disposal of high-level nuclear waste
because it has several assets, in particular its water and gas tightness in the undisturbed state, its
ability to heal technically induced fractures and its high thermal conductivity as compared to other
shallow-crustal rock types. To comply with the safety requirements of a repository for high-level
nuclear waste, the long-term integrity of the geologic as well as geotechnical barriers has to be
evaluated. For this purpose, numerical simulations regarding the long-term behaviour of geologic as
well as geotechnical barriers of a high-level nuclear waste repository are required, based on state-of-
the-art knowledge and using verified and validated numerical simulation tools.

We present an overview on the physical behaviour of rock salt as well as results of two benchmark
exercises performed by Clausthal University of Technology and Lawrence Berkeley National
Laboratory to validate the numerical simulation tools FLAC-TOUGH (TUC) and TOUGH-FLAC (LBNL)
[1]. The first benchmark exercise concerns the TSDE-experiment [2] which has been performed
during the 1990s within the German Asse-mine to investigate the compaction behaviour of crushed
salt under HLW-disposal conditions in salt rock mass. Thus, this experiment provides excellent data
on crushed salt compaction. Moreover, the three-dimensional modelling of the experiment has led to
the calibration of some parameters needed to describe the time-dependent response of the natural
salt host rock [3], whose determination is difficult in laboratory tests, e.g. due to very low deviatoric
stresses resulting in extremely long test durations. The second benchmark exercise concerns the
long-term analysis of THM-coupled processes in the near-field of a generic salt repository for high-
level nuclear waste. Therefore, a two-dimensional model of an emplacement drift is investigated,
including a heat- and gas-generating waste package and the crushed salt backfill material within the
drift. Due to the compaction of the crushed salt and the corrosion-induced gas generation, a gas
pressure build-up occurs within the emplacement drift, leading to a pressure-driven fluid infiltration
into the surrounding salt rock mass. This infiltration process has to be regarded as a two-phase flow
scenario.

The results of the performed benchmark exercises are very satisfactory and increase the credibility of
numerical predictions concerning the long-term behaviour of a high-level nuclear waste repository in
salt rock mass.

References:

[1] Blanco Martin, L., Rutqvist, J., Birkholzer, J.T., Wolters, R., Rutenberg, M., Zhao, J., Lux, K.-H. Comparison
of two modeling procedures to evaluate thermal-hydraulic-mechanical processes in a generic salt repository for
high-level nuclear waste. Proceedings of the 48th US Rock Mechanics/Geomechanics Symposium,
Minneapolis, June 1-4 2014. Paper 14-7411.

[2] Bechthold, W., Rothfuchs, T., Poley, A., Ghoreychi, M., Heusermann, S., Gens, A., Olivella, S., 1999.
Backfiling and Sealing of Underground Repositories for Radioactive Waste in Salt (BAMBUS Project).
European Atomic Energy Community. Report EUR19124 EN.

[3] Wolters, R., Lux, K.-H., Dusterloh, U., 2012. Evaluation of Rock Salt Barriers with Respect to Tightness:
Influence of Thermomechanical Damage, Fluid Infiltration and Sealing/Healing. Proceedings of the 7th
International Conference on the Mechanical Behavior of Salt (SaltMech7). Paris: Balkema, Rotterdam.
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