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Executive Summary

The US/German Workshop on Salt Repository Research, Design, and Operation looks back
on many years of successful collaboration between researchers and practitioners in Germany
and the USA. The initial focus on radioactive waste management has been supplemented by
several other fields such as evaporite mineral mining, hydrocarbon storage, and long-term
nuclear waste isolation, and has created a basis for a fruitful collaboration. For the organiza-
tional team and regular participants, the 10" anniversary in 2019 was an important milestone
for this successful work. Over time, the bilateral collaboration has grown and intensified. Fur-
ther nations enrich the agendas and profiles of the workshops. Today, experts from the UK,
the Netherlands, and Poland are regular guests as well as contributors.

The proceedings in hand summarize a multifaceted workshop. The four different topics of the
individual sessions are filled out with diverse contributions. All contributions illustrate the con-
tinuing progress and the developments in the field of radioactive waste disposal in a salt re-
pository. On four session dates, different topics were set into focus. The first session focused
on the status of national programs and was the start of the workshop. Session 2 focused on
the compaction of crushed salt. The third and fourth sessions handled Engineered Barrier Sys-
tems (EBS), materials and backfilling as well as modelling aspects. All sessions provided an
excellent opportunity for exchange and discussion. For the first time, the workshop was held
in virtual mode, which allowed a continuation of the scientific and technical exchange under
the difficult pandemic situation. Another positive aspect was that due to the virtual format, it
was also possible to include more participants, especially young members from different or-
ganizations and universities. In this regard, the workshop also marks a transition between gen-
erations and an excellent opportunity to share the knowledge of several decades of work. On
the flip side, however, face-to-face exchange between participants was not possible and dis-
cussions were rather limited, which also restricted the possibility to gather inspiration for further
tasks and more detailed work. To compensate for this, the organizational team plans to have
a physical meeting for the 12" US/German Workshop on Salt Repository Research, Design,
and Operation in 2022, although the pandemic situation still makes plans uncertain. If a per-
sonal meeting is again not possible, a virtual event will be a good alternative.
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1 Introduction

Researchers and practitioners in Germany and the USA have shared their expertise in salt
science and technology for many years. This includes evaporite mineral mining, hydrocarbon
storage, and long-term nuclear waste isolation. These relationships rejuvenated in 2010, when
Germany emerged from a 10-year moratorium of the exploration of the Gorleben site. Re-
searchers restarted salt repository workshops and adopted a more formal approach. In 2011,
a Memorandum of Understanding (MoU) between the US Department of Energy (US DOE)
offices of Environmental Management and Nuclear Energy and the German Ministry of Eco-
nomics and Technology officially sanctified the workshop relationship and broadly described
its aspirations. Rapidly, a fruitful collaboration established. For the organizational team and the
other participants, the 10™" anniversary in 2019 was an important milestone for this successful
collaboration. Over time, the bilateral collaboration has intensified. Further nations enrich the
agendas and profiles of the workshops. Today, experts from the UK, the Netherlands, and
Poland are regular guests as well as contributors.

However, the pandemic situation all over the world did not leave the US/German workshop
unscathed. Due to the respective national situations and travel restrictions, the series of work-
shops had to be put on hold in 2020. Out of an ongoing uncertain situation but a very strong
interest in a scientific and technical exchange, it was decided to adapt the workshop mode. As
many other events, the US/German workshop, too, changed to a virtual event, and the
11" US/German Workshop on Salt Repository Research, Design, and Operation was held
online in 2021. Four sessions, 3 hours each, were planned for the early afternoon (Central
Europe Time — CET), which was in the morning for the US colleagues (Mountain Daylight Time
— MDT). The new virtual workshop mode allowed spreading the different sessions over the
year. On four dates, different topics were set into focus. In February 2021, the workshop was
kicked off with the first session, which focused on the status of national programs. Within a poll
between all participants the topic for the following session in June was selected. The majority
of participants decided to focus on crushed salt and the latest activities related to testing and
modelling. So in June 2021, session 2 focused on this topic. In early September, the third and
fourth sessions dealt with Engineered Barrier Systems (EBS), materials and backfilling as well
as modelling aspects. All sessions provided an excellent opportunity for knowledge exchange
and discussions. Compared with former workshops held in person, the list of topics and ses-
sions was reduced because of the limited timeframe per session. At the same time, the use of
virtual meeting tools allowed a larger number of participants to join the workshop and take part
in the discussions. From this perspective, the 11" US/German Workshop was a success and
ties in with its predecessors.

The report in hand summarizes the 11" US/German workshop by presenting key aspects of
all sessions and includes the slides of all presentations in the appendices.
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2 National Programs and Site Selection Processes

In previous workshops, the starting points of national repository programs were explained (usu-
ally a law or policy that describes the processes and goals to be used in geological waste
disposal). Organizational structures and implementation plans were presented as well. It was
made obvious that in order to achieve the safety goals, basic components are common to all
programs: a safety and safety demonstration concept; properties of waste inventory, waste
form, selected host environment, facility operations, and engineered barriers. Together, these
components of the disposal system provide the required safety functions that ensure contain-
ment and isolation of the radioactive waste.

This year, the workshop focused on the progresses in SNF/HLW repository programs (in par-
ticular on the progress in site selection) of the US, Germany, the Netherlands, and UK.

2.1 Status of the United States Spent Fuel and High-Level Radioactive Waste Man-
agement Program

During the workshop, Timothy Gunter gave an overview of the status of the United States
Spent Fuel and High-Level Radioactive Waste Management Program. The related presenta-
tion is included in the Appendices.

2.1.1  SNF/HLW Inventory

In the United States of America, the main sources of nuclear waste are the operation of com-
mercial NPPS, the national defense activities, and the science and technology research activ-
ities. The estimated total inventory of SNF and waste from reprocessing within the relevant 39
States amounts to:

e 84,400 MTHM commercial SNF,
o 2,300 MTHM non-commercial SNF, and
e 10,500 MTHM Reprocessing waste (vitrified, tank and calcine).

While in the past, most of the SNF was stored in pools, nowadays dry storage application
increases and will be the ultimate and only technical solution in the 2050s.

2.1.2  Fuel Cycle Research and Development (R&D)

The research and development activities focus on Spent Fuel Disposition R&D and an Inte-
grated Waste Management System (IWMS).

e Spent Nuclear Fuel Storage and Transportation
The most important activities are the investigations and experiments concerning extended stor-
age of SNF and retrievability and transportation after extended storage. The R&D work in-

cludes aspects of high-burnup spent nuclear fuel as well as security assessments as well.

e Generic Disposal

BGE TEC 2021-19 3



Research in the field of generic disposal focuses on the development of the direct disposal of
Dual Purpose Canisters (DPC) and safety assessment modelling applying high performance
computing for repository systems. In addition, international collaboration and enhanced re-
search activities are planned to support disposal concepts in multiple geologic media.

e Integrated Waste Management System (IWMS)

The development and implementation of an IWMS incudes design and planning activities for
site preparation at stranded sites, transportation coordination efforts, and evaluation of options
for rail cars.

2.1.3 Interim Storage/Nuclear Waste Fund Oversight

In parallel to the R&D activities, another research focus is the development of interim storage
capabilities, which was authorized by Congress in the FY2021 appropriation (December 2020).
The development of an efficient nuclear waste fund oversight was launched as well.

21.4 Summary

The SNF/HLE repository program of the United States focuses on near-term progress and
sustainable solutions. On the one hand, R&D activities will be continued in areas of SNF/HLW
storage and transportation, generic geologic disposal, and direct disposal of dual-purpose can-
isters. On the other hand, development of transportation capabilities (railcar and programmatic
elements) will be investigated as well as possible interim storage solutions.

2.2 Status of Site Selection Procedure in Germany

During the workshop, Astrid Gébel gave an overview of the status of the site selection proce-
dure in Germany. The related presentation is included in the Appendix.

2.2.1 Introduction

In 2017, BGE, the German implementer of a HLW repository, launched the site selection pro-
cedure with the goal to identify the site that best meets the stipulated safety requirements for
disposing of SNF/HLW in Germany over a period of 1 million years. The responsibilities for the
selection procedure for a site in the three host rock types (rock salt, claystone, and crystalline
rock) and the types and amounts of waste to be disposed of had been shown at the 10" US-
German-Workshop last year. During this year’s workshop, first interim results could be pre-
sented.

2.2.2 Interim Results of the Site Selection Procedure

As explained earlier, the site selection procedure in Germany consists of three phases and
several steps, which will gradually reduce the number of potential sites (see Figure 1). Results
of Step 1 of Phase 1: Sub-areas were identified and the results compiled in a sub-area interim
report, which was published in September 2020.
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Decision on surface exploration  Decision on subsurface exploration

(Section 15 StandAG) (Section 17 StandAG)
Sub-areas Interim Report Decision on repository site
28/09/2020 2031
I
1
Phase | | Phase Il Phase llI ‘
Step 1: ‘ Step 2: Surface exploration, analyses of ~ Subsurface exploration, Environmental
|dentification of Identification of socio-economic potential and Impact Assessment Report (Section 18
sub-areas regions for surface proposal for subsurface StandAG),
(Section 13 exploration exploration Final site comparison and site
StandAG) (Section 14 StandAG) = (Section 16 StandAG) recommendation
(Section 19 StandAG)

Application of exclusion criteria (Section 22 StandAG)
Application of minimum requirements (Section 23 StandAG)
Application of geoscientific weighing criteria (Section 24 StandAG)

Preliminary safety assessment (Section 27 StandAG)

Planning scientific weighing criteria (Section 25 StandAG)

Figure 1: Stepwise Implementation of the Site Selection Procedure in Germany, based on BGE

(2020)

Based on the geoscientific data collected from the federal and regional authorities and appli-
cation of the exclusion criteria, regions that meet the minimum requirements were identified.
For these regions, the geoscientific weighing criteria were applied. Afterwards, the remaining
regions were identified with respect to their overall geologic suitability. There were no areas
that could not be classified due to insufficient geological data. A total of 90 sub-areas with an
area of approx. 240 874 km?, which are expected to have favorable geologic conditions for the
final disposal of high-level radioactive waste (~54% of Germany), were identified. Figure 2
shows a map of Germany with the identified sub-areas.

Saarbricken
e

— Figure 2: General map of Germany with the
identified sub-areas (all host rocks),
based on BGE (2020)
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Depending on the type of host rock, the total of 90 sub-areas can be divided into three groups:

e 9 sub-areas in claystone host rock: surface of approx. 129 639 km?

e 7 sub-areas in crystalline host rock: surface of approx. 80 786 km?

e 74 sub-areas in salt host rock (60 steep salt rock structures + 14 stratiform salt for-
mations): surface of approx. 30 450 km?

The sub-area interim report showed a surprising result regarding the suitability of the Gorleben
salt dome. The Gorleben-Rambow salt dome meets all minimum requirements but BGE con-
cluded that, based on the application of the geoscientific weighing criteria according to Section
24 StandAG, the summarized assessment of the identified Gorleben-Rambow area shows that
the site is "not favorable“. The Gorleben-Rambow salt dome will thus not be considered in
BGE’s further work on the proposals concerning the siting regions.

2.2.3 Outlook

Throughout the next months, sub-area conferences will take place to display the results and
the method applied to the interested audience in a transparent and participatory manner. How-
ever, BGE has already launched Step 2 of Phase I, with the aim to identify regions for surface
exploration, see section 14 of StandAG (2017).

In parallel to the site selection procedure, BGE has developed a comprehensive RD&D agenda
that is crucial for implementing the German Site Selection Procedure in order to close gaps
and to gain knowledge. This includes participation in appropriate national and international
RD&D programs.

2.3 R&D program and Disposal Concept in the Netherlands

During the workshop, Jeroen Bartol gave an overview of the status of the R&D program and
Disposal Concept in the Netherlands. The related presentation is included in the Appendices.

2.3.1 Introduction

In the Netherlands, COVRA is responsible for the collection, treatment, and storage of radio-
active waste. It was decided to first store the waste in an interim storage facility above ground
for at least 100 years and to eventually dispose the waste in a single deep GDF in 2130.

2.3.2 Long-term research program

Based on the assessments of the initial safety case (summary of the achievements of the
OPERA project), the topics and priorities for future research were derived. For a GDF in rock
salt or clay, the host rock has been given the highest priority, followed by the engineered barrier
system (e.g. disposal waste package). Figure 3 shows the timeline of the Dutch R&D program.
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Figure 3: Timeline of the Dutch Research Program for radioactive waste disposal, based on
COVRA (2021)

The research focus — in particular for the near future — has been placed on the following as-
pects:

¢ host rock salt: geotechnical properties, evolution of permeability-porosity, interaction
gas-rock, brine availability, subrosion processes, bedded salt, diapirism rates, etc.
e waste package: advantages/disadvantages of self-shielded super container

2.3.3 Disposal concept

COVRA'’s disposal concept consists of disposing of all categories of radioactive waste (SNF,
HLW as well as LLW) in a single, deep GDF in the Netherlands. The idea is to build a repository
in Zechstein domal rock salt. For the repository, two levels will be excavated in the salt dome:
one upper level (750 m below see-level) for LILW-TENORM and a lower level for HLW (800
below see-level).

Disposal in galleries is the preferred option because this technology may facilitate the em-
placement and retrievability, which is a requirement in the Netherlands. However, a series of
RD&D activities will be launched in order to develop a suitable repository concept. This in-
cludes aspects like:

e Design of the repository mine (separate sections for LLW and HLW)

e Ventilation and safety measures

e Decision process for waste package selection

e Transport and emplacement technology

e Engineered barriers (backfill, seals etc.)

e Logistic aspects (e.g. simultaneous mining and emplacement activities)
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COVRA is interested in international collaboration, e.g., to evaluate the Dutch RD&D program
as well as to develop scientifically and technically profound and mature solutions.

2.4 Status of Site Selection in UK
During the workshop, Simon Norris gave an overview on the status of the site selection process
in the UK. The related presentation is included in the Appendices.

2.4.1 Introduction

In the UK, RWM is responsible for the siting, design, operation, and safe closure of a GDF for
all kinds of radioactive waste, which stem from a range of activities including nuclear power
generation, medicine, research, and defense-related nuclear programs. Most of this radioac-
tive waste can be disposed of safely in facilities on the surface. However, a suitable DGF (Deep
Geological Disposal Facility) is still needed for the high-level waste. In this year’s workshop,
an update was given on the process to identify a suitable site and a willing community to host
a GDF in the UK.

2.4.2 Siting Process

RWM has developed and published a plan how to proceed in interacting with communities to
develop a siting process for a GDF (see Figure 4). For this purpose, it was decided to evaluate
potential areas and sites based on six siting factors:

e Safety and security — safety and security must be assured and endorsed.

e Community — social and economic opportunities, community wellbeing, and how a GDF
can align with the potential host community’s vision.

e Environment — independent regulatory requirements have to be met when constructing
a GDF.

e Engineering feasibility — the ability to construct and operate a GDF in a given location
will need to be ensured.

e Transport — the safe and secure transport of waste, people, and other materials.

o Value for money — it is a duty to ensure that value for money is delivered.

In this context, the range of community benefits has to be considered; e.g. jobs and skills,
infrastructure investments as well as community support.

8 BGE TEC 2021-19
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Figure 4: Overview of RWM's interaction with communities over time in the siting process, based
on RWM (2020)

The siting process starts with initial discussions with interested parties about the evaluation of
safety and short and concise qualitative evaluations of the existing information. For this pur-
pose, RWM has summarized information about the geology across the country in the National
Geological Screening (NGS) reports. In a second phase, working groups will be installed,
which will deal with the identification of search areas and data gaps and additional information.
In a third and comprehensive step, community partnership will be strived for. Here, all aspects
of repository siting, construction, operation, and closure will be discussed.

2.4.3 Concept of a Geological Disposal Facility

In order to facilitate the understanding of what a GDF may look like, basic information and data
were compiled by RWM. Three rock types, commonly found all over the UK, can be considered
for a GDF: Higher strength rock, Lower strength sedimentary rock, and Evaporite. The surface
facilities may require 1 km2, while the underground part of a GDF may cover an area of up to
20 km2. The access to the underground can be realized by shafts or ramps. The surface facil-
ities must not necessarily be located directly above the underground area, but can be 10-15 km
away. The waste volume to be considered amounts to a total of approx. 750,000 cubic meters
of packaged waste. A GDF will operate for more than 100 years to receive all of the legacy
waste and the waste arising from new nuclear stations. The costs for a GDF is projected to
several billion £.

With regard to a GDF in rock salt, RWM has published the report “UK Halite Deposits - Struc-
ture, Stratigraphy, Properties and Post-closure Performance”. In addition, RWM is eager to
benefit from international precedents, e.g. WIPP (USA) and Gorleben, Morsleben, and ASSE
(all Germany) as well as from international collaboration e.g. this US-German Workshop on
Salt Repository Research, Design and Operation.
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3 Compaction of Crushed Salt

3.1 The KOMPASS Project

The KOMPASS project was initiated by a consortium of German partners that consist of BGE
TECHNOLOGY GmbH, BGR, GRS gGmbH (coordinator), IfG, and TUC together with interna-
tional associative partners from Sandia and Utrecht University and COVRA with the aim to
develop methods and strategies for the reduction of deficits in the prediction of crushed salt
compaction in order to improve the prognosis quality. To fulfil the objective a combination of
experimental investigations, microstructural examinations, and numerical strategies was con-
ducted as presented in the sections below. Efforts to improve the prediction of crushed salt
compaction began during the first phase of the KOMPASS project (Czaikowski et al., 2020).
The second project phase (Friedenberg et al., 2022) started in July 2021 and includes:

e Advancement of different techniques for producing pre-compacted samples for further
investigations;

e Systematic investigations of permeability to demonstrate hydraulic tightness in the
long-term;

e Advancement of the tools for microstructure investigation methods to characterize pre-
compacted samples, assess long-term compacted samples, and investigate moisture
impact on deformation behavior;

e Execution of long-term compaction experiments following the complex experimental
investigation strategy developed in KOMPASS | to derive necessary model parameters
taking into account individual functional dependencies;

e Benchmarking of the long-term compaction tests with various existing numerical mod-
els for model development and optimization;

e Application of a numerical demonstrator to illustrate the relevance and progress
achieved in the project;

¢ Evaluation of numerical models with respect to the requirements for a long-term safety
analysis.

Special thanks go to Melissa Mills (Sandia), Svetlana Lerche (TUC), Kristoff Svensson (BGR),
Till Popp (IfG), Dirk Naumann (IfG) and Larissa Friedenberg (GRS) for their contributions to
the US/German Workshop from 06/2021 and this related session 3 report.

3.2 Microstructural Investigations Presentation

To date, the individual contributions of microstructural deformation mechanisms to the overall
compaction of loose crushed salt into a cohesive, load-bearing and low-permeable material
remain speculative. Yet, such a differentiation would strongly improve our process-based un-
derstanding of salt compaction, which, in turn, is essential to correctly modelling the compac-
tion’s long-term rheological behavior.

In general, three main types of deformation mechanisms were identified in rock salt (e.g. Jack-
son & Hudec, 2017): (1) cataclasis, (2) dislocation creep, and (3) solution-precipitation creep
(Table 1). To some degree, the abundance of each indicator type provides the corresponding
mechanism’s contribution to the overall compaction.
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Table 1: Deformation mechanisms and respective indicators

Deformation mechanism Indicators Quantification

Cataclasis Microfractures Statistical
Dislocation creep Bended grains Subjective

. . Subgrain size and subgrain -
Dislocation creep g . , d Statistical

orientation

. L Recrystallization and over- L

Solution-precipitation creep y Subjective
grows

Solution-precipitation creep Fluid inclusions Statistical

In theory, indicators for cataclasis would show an increased abundance at the beginning of
compaction, where the punctiform grain-grain contacts fail due to the increasing compaction
stress. With ongoing compaction, the grain contact areas become larger and grain breakage
will be overruled by solution-precipitation. This mechanism, however, is known to be very sen-
sitive to the saturation state and may be less prominent in dry salt. Intracrystalline plasticity, in
turn, is thought to be controlled mostly by time and temperature, both factors influencing the
mobility of dislocations. Hence, intracrystalline deformation indicators should be more present
in a dry, hot and long-lasting compaction.

However, our microstructural investigations of a-priori compacted samples showed no such
detailed differentiation. This holds also true for severely compacted crushed salt (< 6 % poros-
ity). Note that we subjectively counted the indicators’ abundancies in samples from past mul-
tiphase (strain-rate changing) triaxial and oedometric tests. Figure 5 shows exemplary micro-
graphs of observed indicators. Figure 5a shows a microfracture, which is an indicator for cat-
aclasis. Figure 5b shows subgrains, which are indicators for dislocation creep. Figure 5¢ and
Figure 5d show indicators for solution-precipitation creep — fluid inclusions (5¢) and flush grain
boundaries as well as a bulged grain edge (5d). Their stress path evolution yielded an almost
homogeneous abundance of all possible indicators, and a retroactive differentiation of the in-
dicators to certain compaction states seems impossible.
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Figure 5: Exemplary microstructure indicators. a: microfracture (image width ~5 mm); b:
subgrains (image width ~1 mm); c: fluid inclusions (image width ~1 mm); d: flush grain
boundaries (image width ~2 mm), based on Czaikowski et al. (2020)

Yet, we still see the potential in identifying the indicators’ abundancies and strive for better
analysis in our upcoming work (KOMPASS-II). For this improvement, we plan to investigate
samples from compaction tests with more stable environmental controls. This way, we may be
able to successfully assign deformation indicators to certain environmental and material intrin-
sic controls. Therein, we also compare a 40-year-old, real-used backfill material to the rather
quickly compacted laboratory samples

3.3 Natural and Technical Analogues

A key uncertainty for granular salt consolidation is the timespan necessary for reaching a state
of residual porosity, which ensures its function as technical and, fortunately, salt-specific long-
term barrier for sealing necessary entrances (drifts or shafts) to the repository. Due to the
limited duration of laboratory tests, a time gap exists for demonstrating that disaggregated salt
readily consolidates into an impermeable solid under a wide range of modest stress and tem-
perature conditions.

However, natural geologic deposits themselves provide evidence that high porosity evaporite
crystals solidify readily into rock salt with negligible porosity, as demonstrated by petrography
studies of modern saline pan halite and Quaternary shallow-buried (0 m — 200 m) halite sedi-
ments, as published e.g., by Casas & Lowenstein (1989) and Warren (2006). As exemplarily
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shown for Dead Sea sediments in Figure 6, the diagenetic modification of halite begins con-
temporaneously with deposition, is most intense within the upper few meters of deposition,
and is essentially complete within the first 45 m of deposition or, at least, within 100 m. At the
same time, the pore space cementation reduces the porosity of halite crusts from more than
50 % near the surface to less than 10 %.

3 overgrowths (after Handford, 1991).

(® @ (1) Formation of halite cumulates begins with crystal
rOnTe RAFT nucleation at the brine/air interface (e.g. hopper crystals). At the
‘ & PLATE i i bottom loosely packed layers of cumulates with halite cement as

o — b

P4

|y
FOUNDERED

Y

Geotogial et
E m —> ?

(2) Diagenesis:
Schematic cross
section across
the Dead Sea

Salt crust of sat at the Dead Sea (from Melanie Lidman/Times of Israel) i T 1 (Yechieli et al., 2006).
Figure 6: Synoptic view of formation of halite beds (example: Dead Sea) , based on Czaikowski
et al. (2020)

Thus, it is important to note that undeformed halites from the Permian Salado and Rustler
Formations of New Mexico are interpreted to have undergone a depositional and early diage-
netic history similar to the modern and Quaternary analogues.

The diagenetically induced loss of porosity result mainly from chemical changes such as
changes of the mineralogical/ (cementation). Textural effects (mechanical induced compac-
tion), in the pore space of deposited salt aggregates is also documented as origin of loss of
porosity. From all the effects changes of petrophysical properties are expected, e.g. compres-
sion wave velocities (Vp), shear waves (Vs), and electrical resistivity (px) in laboratory and
field conditions, and their relationship, in addition, to porosity / permeability interrelations (e.g.,
see Figure 7).
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Figure 7: Permeability / porosity relationships. a) core measurements from Quaternary halite

beds of Dead Sea sediments (after Ezersky & Goretsky, 2014); b) lab measurements on
crushed salt with single data and bandwidths, in addition, with the results from a)
(modified after REPOPERM-data sets from Kréhn et al., 2009)

Also, technical analogues, as observed in salt mines during closure of underground rooms,
demonstrate that convergence of underground openings leads to complete re-compaction of

crushed salt that was created during “self-backfill” processes, as shown (Figure 8).

Understanding of the underlying micro-structural processes during crushed-salt consolidation
is essential for subsequent development of physics-based models, as argued by Hansen et al.
(2014). At given stress conditions, brine content seems to be the key factor, which varies with

respect to formation and impurity quantities.
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Figure 8: Synthesis of observations from drift closure in the Teutschenthal mine, where

permeability measurements on compacted material demonstrated that the original

tightness of the disturbed salt is restored (modified, after Popp et al., 2018)
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Occurrence of fluids in the virgin salt and, in addition, comparable deformation structures were
identified by BGR and SANDIA in the Sondershausen material (see above):

o Diffusive mass transfer by solution
— Fluid inclusions, as observed along planes or lines and connected fluid inclusions
— Grains with rounded edges and even, flush grain-to-grain contacts (indicator for pressure
solution

The presence of brine strongly affects microstructural evolution and the mechanical and
transport properties of the material (e.g., Schenk & Urai, 2004), although the structure of the
halite grain boundaries, which contain water, is still a matter of debate. One model proposes
that a thin fluid film transmits the contact stress, thus diffusion transports dissolved material.
On the other hand, the thin film fluids may be squeezed out resulting in islands of solid-solid
contact, through which the contact stresses are transmitted. Water-filled channels surround
islands of solid-solid contact and are conduits through which material diffuses.

A simplified summary, suggested by Christopher Spiers (personal communication with Till
Popp), indicates that microscopic findings provide a consistent picture of fluid distribution and
mobility inside granular aggregates, as schematically shown in Figure 9.

S 1 o —
o I I -~ l ] -, - [ -,
-~ ., Ed " Fy

a = — R\ = —-=':-: > ()

"“"'--... ‘‘‘‘‘ - T T, _Lf" . S
Brine-
filled or Material transported by
coated . diffusion from grain
tubular N corners to walls of tubes
pores at grain edges

d
Figure 9: Schematic of fluid redistribution in granular aggregates during compaction. (left) initial

situation with cubic grains and pore fluid channels along cube edges; (right) isolated
spheres at cube corners (modified, after Popp & Naumann (2021))

During isostatic compaction salt is transported by fluid-assisted diffusion processes, specifi-
cally dissolution and precipitation, due to differences in chemical potential between points in
the solid at grain boundaries under high stress and those under lower stress (Figure 10). As
mentioned before, additional driving force (chemical potential drop) both along and across
grain boundaries can be provided by internal plastic deformation of the grains, giving rise to
combined grain boundary migration and solution-precipitation creep.

However, there is experimental evidence from analogue investigations on crystalline materials
that the fluid topology in a low porosity mono-phase polycrystalline aggregate (as it is the case
for crushed salt) is controlled by the balance between solid-solid and solid-fluid interfacial en-
ergies, and hence the dihedral angle 0. In the case of 8 > 60°, the fluids will be present inside
isolated inclusions, whereas for 8 < 60°, the fluid forms an interconnected network of grain
boundary triple junctions.
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Referring to crushed salt conditions there is no doubt that if the fluids existing in the primary
pore space (mostly air and water vapor) are compressed, they may be partially squeezed out
during the transition to a low-pore-space regime. However, migration out of the consolidating
material continues as long as a connected porosity and adequate permeability exists. All ob-
servations confirm effective reconsolidation until only a few % porosity remains. At that point,
the relative saturation within the intergranular pore space increases.

As the granular salt continues to consolidate, the brine or air effective permeability are even
lower than the intrinsic permeability, and the mobility of fluids in highly compressed salt is very
low. Of course, this range of conditions is very challenging to cover experimentally and remains
an area of active research.

34 Modelling-related Experimental Aspects

The compaction behavior of crushed salt is rather complex and involves several coupled
thermo-hydro-mechanical processes. It is influenced by internal properties, like mineralogy,
grain size distribution, porosity (or current compaction state), and humidity as well as boundary
conditions such as temperature, deformation rate, or stress state (stress level and geometry).
In the current state, the database and process understanding of the crushed salt compaction
behavior have still some important gaps in knowledge regarding the material behavior. Existing
laboratory data has been derived mostly in oedometer tests with loss of knowledge about the
three-dimensional mechanical behavior and with overlapping of several processes and influ-
encing factors, i.e. an isolated analysis is not possible. Consequently, existing numerical mod-
els still need to be verified and validated, especially in the range of low porosities.

In the framework of the KOMPASS | project, a proposal for an extended laboratory program
for the systematic determination of the THM-coupled long-term behavior of crushed salt was
developed (Figure 6). The focus was on gaining a systematically structured database by an
isolated consideration of individual processes and influencing factors to allow a clear-cut anal-
ysis and determination of functional relations regarding each influencing factor and so to avoid
the necessity of assumptions and curve fittings. In addition, a test TUC-V2 (phase | with dura-
tion of 150d) was performed from the designed laboratory database and made available within
the framework of KOMPASS | for benchmark analysis and constitutive model development
and validation. The special innovative feature of this test was the isolated observation of the
influence of the deviatoric stress on the compaction behavior of crushed salt, but also the
isolated observation of the influence of porosity on the creep behavior of crushed salt. The
continuation of the investigations related to the proposed laboratory program is planned within
the framework of the ongoing project KOMPASS II.
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3.5 Future Work of Relevance for Long-term safety (LTS)

As crushed salt is a possible backfill material for a repository of heat-generating radioactive
waste in rock salt, the evolution of its compaction process is of importance for long-term safety.
Requirements for the long-term safety analysis comprise flow processes, radionuclide mobili-
zation and transport, drift convergence due to salt creep and the subsequent backfill consoli-
dation, heat flow processes and the influence of temperature on drift convergence, as well as
model uncertainties in backfill consolidation models. Especially the radionuclide mobilization
and its transport are influenced by the hydraulic properties of the backfill material, which sub-
sequently are influenced by its compaction state. The KOMPASS project strives for the inves-
tigation of the porosity-permeability relationship building the experimental basis for the perme-
ability derivative with time as input for long-term safety modelling
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4 Engineered Barrier Systems — Towards Robustness and Reliability

4.1 Overview

Backfilling and sealing of salt repositories has been a topic of interest for US/German collabo-
rators for many years. Crushed salt backfill made of mine-run salt has been investigated for
decades due to its heat transfer properties, its capability to stabilize mine openings, and its
great potential to re-establish the natural rock salt barrier by reconsolidation in the long term.
Until the crushed salt is reconsolidated enough to assume the barrier function, additional plug-
ging and sealing measures — e.g. shaft and drift seals — are necessary to prevent brine intru-
sion from the overburden into the salt repository.

According to salt mining experience, suitable sealing materials, e.g. clay/bentonite, various
types of concrete — salt concrete and Sorel concrete — and asphalt/bitumen are available.
Practical construction experience was gained from several in-situ projects, see 7th US-German
workshop 2016 for an overview. Meanwhile, further results have been evaluated, and new pilot
tests — many of them ion 1:1 scale have been started — considering outstanding functional
components of sealing systems. Up to now the feasibility and functionality of the components
of several sealing system designs have been demonstrated and thus the conclusion that safe
containment of radioactive waste in rock salt is a realistic option has been backed up. As an
additional result of the in-situ tests, it became evident which steps within the construction pro-
cess are difficult to realize and thus could cause weak spots or which design elements of an
individual seal cause uncertainties themselves. For the Morsleben repository, which is under
licensing for closure, these potential weak spots and uncertainties are currently being evalu-
ated, taking into account site-specific conditions and their potential future evolutions in order
to assess their influence on the drift seals’ functionalities in the long term. Consequently, work
as well as R&D projects focus on identifying the seals’ weaknesses in order to eliminate or
reduce them and to improve seals’ robustness and reliability.

Regarding long-term robustness and reliability, two presentations were provided by technical
staff of BGE and GRS. SNL contributed investigations on bedding planes, which constitute
natural zones of weakness. A technical procedure to assess mechanical properties of clay
seams in salt was presented. TUC considered the contact zones of drift seals as unavoidable
zones of weakness, introducing a technical measure to identify the hydraulic properties of the
contact zones combined with options to improve these properties and to eventually rate the
level of improvement. TUBAF presented a new technical approach to construct bitumen/gravel
columns, which improves robustness and reduces uncertainties.

4.2 Optimization of Drift Seals with Respect to Long-term Functionality

Within the closure concept of the Morsleben repository, drift seals were planned in the past
that were mainly made of salt concrete M2. Meanwhile, experience has been gained on MgO-
based construction materials, and different emplacement technologies are available. In order
to increase robustness and reliability of the drift seals” functionalities by reducing uncertainties,
site-specific conditions and their future evolutions were evaluated again in order to identify
FEP that may cause uncertainties with respect to the seals” functionalities. The corrosion pro-
cess turned out to be one of the most relevant processes affecting functionality in the long
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term. Two types of corrosion must be distinguished — homogenous and localized corrosion
(Figure 11). As homogenous corrosion is a slow process, the localized corrosion is decisive
due to its rapidity. Although small volumes of a corroding liquid may pass e.g. the contact zone
at the very beginning (Figure 11), this process may increase exponentially. Experimental set-
ups to investigate corrosion processes of very tight materials are complex and a time-consum-
ing process.

In order to investigate corrosion of a typical drift seal configuration on a laboratory scale, an
experimental setup was developed. In a pre-damaged hollow salt cylinder, a core of sealing
material is embedded, thus creating a laboratory scale drift seal configuration (Figure 12). Four
different mixtures of sealing material were investigated this way — salt concrete M2, M4, Type
Asse, and the Sorel concrete A1. Two types of salt solutions were used: NaCl-saturated solu-
tion and IP21 solution, which were selected for reference solutions in experimental tests. As
expected, salt concrete remains stable in the case of NaCl-solution, and Sorel concrete re-
mains stable in the case of IP21 solution at a temperature of 25 °C. They both corroded when
the salt solutions were interchanged. The test result of the laboratory A1-seal is shown in Fig-
ure 11. In the case of IP21 solution, the permeability tends to 10-'® m2 in the long-term.

preferred
flow path

EDZ

corrosive
¢ solution
rock salt
local corrosion
Figure 11: The hydraulic resistance of drift seals is determined by three elements that act in

parallel - the seal’s body made of magnesia-based concrete, the excavation damaged
zone (EDZ) close to the drift contour, and the contact zone between the seal’s body and
the drift contour, based on Gholami et al. (2021)
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Figure 12: Sorel concrete A1 laboratory scale seal exposed to IP21 solution — permeability
evolution, based on Meyer (2021)

As one result of the scenario analysis, it turned out that at the drift seals” locations in the ERAM,
MgCl.-rich brine is expected whose MgClz concentration guarantees stability of MgO-phases.
Consequently, the drift seal material selection was revised, and MgO material will be applied
for all drift seals. This optimization eliminates the uncertainty induced by corrosion processes
in the long term and improves the drift seals” robustness and reliability.

In the case of elevated temperature, however, permeability of the Sorel concrete A1 seems to
increase slowly. Thus, further investigations are needed to determine the temperature-related
stability of Sorel concrete in order to derive a temperature limit at the drift seals” locations. It is
necessary to design a sealing system of long term functionality, if heat-generating radioactive
waste is disposed of in salt.

4.3 Mechanical and Hydraulic Zones of Weakness — Determination of Properties

A further important aspect is the influence of natural and unavoidable technical inhomogenei-
ties as layer boundaries and interfaces whose properties may constitute zones of weakness
and cause uncertainties even in the operational or early post-closure phase of a radioactive
waste repository. As inhomogeneities and interfaces have become significant recently, re-
search activities presently focus on experimental setups to determine their properties and on
the reproducibility of experimental results, the latter being a challenge in the case of interfaces.

Practical experience from WIPP shows that deformations and consequently simulated rates of
room closure highly depend on the behavior of plane interfaces, especially clay seams. Fur-
thermore, roof falls frequently detach on clay seams, thus affecting operational safety. There-
fore, the mechanical behavior of bedding planes was part of the joint R&D project WEIMOS.
Within this project, shear-test series using test specimens with different types of interfaces
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were carried out. Due to the practical relevance of the salt clay interface, the research activities
focused on it. The first test series on test specimen gained from NM core samples showed
much higher shear strength and stiffness than anticipated, which is due to interstitial salt crys-
tals grown through contacts. As there was a consistent behavior, the resulting strength and
stiffness behavior are assumed to be an upper boundary. In a second test series, artificial clay
seams were used to establish a plausible lower boundary for strength and stiffness.

The artificial clay seam test specimens were manufactured as follows:

salt cores were cut in two pieces,

at the side where the clay becomes applied 1.3 mm deep asperities were created
spaced 6 mm apart (Figure 13)

the other side remained plane

the seam side was filled with a clay mixture of bentonite and nearly saturated brine and
was supported by a PVC tube in order to create a definite seam thickness.

next, the artificial clay seam was consolidated and the excess of pore fluid was vented.

The result was that approximately 1/3 of pre-consolidation thickness was achieved, and
the clay hardened showing a fresh water moisture content of 13 - 17%. Important was that
no asperity to asperity contact evolved (Figure 13). Eight samples of salt with artificial clay
seams of two different thicknesses were subjected to displacement-controlled direct shear
tests at three different normal loads. The maximum and final shear strength were deter-
mined for each test. Although none of the tests achieved a true residual stress plateau, the
final shear stresses reasonably conformed with Mohr-Coulomb behavior. The Mohr-Cou-
lomb parameters were similar to those of a highly consolidated, saturated clay. The com-
parison of both test series is shown in Figure 14. As in-situ WIPP clay seams vary signifi-
cantly in visual and tactile character, the relation to artificial seam tests will be unknown
until tests on in-situ samples can be performed.

Carlsbad/Art-Seam/1A-1B

Figure 13: Decisive details of artificial clay seam, based on Sobolik et al. (2021)
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Figure 14: Shear test results of natural clay seams and artificial clay seams, based on Sobolik et
al. (2021)

The contact zone between a sealing body and the former drift contour constitutes a further
zone of weakness (Figure 11). In addition to being a zone that triggers localized corrosion. it
may be a significant element when regarding hydraulic resistance of the seal, especially in the
early post closure phase of a radioactive waste repository. Thus, the hydraulic parameters of
the contact zone are decisive. Up to now, the hydraulic parameters of the contact zone have
been determined in a pointwise manner using permeability measurements in boreholes or us-
ing small test specimens of core samples from the contact zone. In the joint R&D project
STROEFUN, a method to test the permeability of the contact zone along the entire contour of
a seal’s cross-section has been developed. Furthermore, it is possible to improve the contact
zone by injection measures and to perform the permeability test again in order to evaluate the
improvement. To test this method, an in-situ test is carried out in the Teutschenthal salt mine.

In August 2021, several layers of site-mixed MgO-concrete were emplaced to form the lower
part of a sealing body — a half dam. Before the start of concreting, wireless measuring and
monitoring devices were installed in the drift (Figure 15) in order to monitor the setting process
by measuring temperature and pressure evolution. Some measuring results achieved up to
now are shown in Figure 15. The R&D project is ongoing.
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Figure 15: Test location and position of temperature/pressure measuring devices at the drift
contour, and measuring results of KLS-02 (above) and KLS-03 (below), based on
Bauermeister (2021)

4.4 Successful Improvement of a Technical Component

Many components of shaft sealing systems were investigated in the past. Bitumen is a very
proven sealing material in underground mining and landfill construction. In future HLW/SF-
repositories a diversified and redundant sealing system can benefit from materials based on
bitumen. However, with elements made of pure bitumen a risk of uprising gas voids is given.
The functional element of a bitumen-filled gravel column can be realized. Bitumen filled gravel
columns have both a static function (abutment) and a sealing function. The penetration of hot
bitumen into existing pathways in the surrounding contact zone of the rock is advantageous
due to the rheologic properties of the bitumen. Furthermore, observations were made that bi-
tumen/gravel columns obstruct mobile voids.

An alternative to the bitumen-filled gravel column would be the dense stone asphalt newly
developed within the joint R&D project ELSA Il (Figure 16). The sealing capability of the stone
asphalt was tested at a medium scale by means of borehole tests (Figure 17). For stone as-
phalt, the gravel aggregate (=rounded crushed stone) is pre-dried as with conventional asphalt,
and the aggregate and bitumen are heated in a mixing plant (or in a laboratory mixer). The
newly developed stone asphalt has essential advantages over the bitumen-filled gravel col-
umn. The stone asphalt acts as a seal and as an abutment as well but it adheres much better
to the borehole contour than the bitumen in the bitumen-filled gravel column, thus increasing
the robustness of the sealing functionality. In addition, dust inclusions as with the bitumen-filled
gravel column are eliminated due to premixing.

In principle, there is no limit to the height at which stone asphalt can be placed in a shaft. With

the bitumen-filled gravel column, the layer height is limited to the height up to which the bitumen
can penetrate the gravel. Stone asphalt would have to be transported in heatable containers
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to the shaft and in the shaft. However, such containers still have to be developed. A 1:1 scale
test is still pending.

Figure 16: Dense stone asphalt. Sketch of emplacement process and practical realization in a
medium scale (borehole) pilot test, based on Aurich (2021)
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Figure 17: Functionality of dense stone asphalt - experimental setup of borehole tests, based on
Aurich (2021)
4.5 Summary

Salt repository performance requires effective closure and sealing measures in order to con-
serve the natural dry environment of a salt repository and to avoid radionuclide release. To
cover the period until the salt barrier is re-established, seals are required. The technical feasi-
bility of several sealing components has already been demonstrated in the past. Consequently,
present research activities focus on improving their robustness and reliability.
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Corrosion was identified to be a source of uncertainty in the long term. Reduction or elimination
of corrosion processes by design modification was illustrated using the drift seals designed to
seal the Morsleben repository for example. Inhomogeneities and interfaces as zones of weak-
ness may affect repository safety already in the operational or early post closure phase. As a
first step, efforts to determine the properties of interfaces precisely have been made. A suc-
cessful modification of the construction process of bitumen/gravel columns increases robust-
ness and reliability of this sealing component.
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5 Modeling Challenges

The last technical session of the eleventh US/German Workshop included different aspects of
modeling related to salt repositories. The modeling session spanned the development of con-
ceptual and mathematical models for creep in Sorel concrete, to numerical modeling of various
processes in salt repositories. The numerical modeling included (i) two-phase hydrological-
mechanical and thermal-hydrological-mechanical benchmarking, (ii) repository modeling to
better understand the role of engineered barriers, and (iii) multiple aspects of modeling the
Brine Availability Test in Salt (BATS) experiment ongoing at WIPP.

Dr. Nina Miiller-Hoeppe from BGE TEC presented an analysis of the laboratory testing and
modeling campaign as part of the UVERSTOFF project, which investigates the viscous behav-
ior of Sorel (i.e., MgO) concrete. As it will take years before granular salt reconsolidates to
have the same permeability as virgin salt, the drift seals are important to guarantee early con-
tainment. The study is motivated by the need to understand and predict the viscoelastic me-
chanical behavior of Sorel concrete (i.e., MgO binder and crushed salt aggregate) drift seals
in a repository, which may be exposed to increased temperature. Aged Sorel concrete has
potentially complex behavior, somewhere between granular salt and conventional concrete.
Different rheological conceptual models have been used to explain laboratory experiments
conducted at GRS, estimating the model parameters from data.

Eric Simo, also from BGE TEC, next introduced the RANGERS project, a three-year-project
that investigates the role of engineered barriers in a salt repository. The project includes sum-
maries of the state of the art and of numerical models of whole-repository performance for a
hypothetical two-phase repository in a salt pillow from the KOSINA project. The major EBS-
centric scenario to be considered includes the hypothetical complete loss of shaft seals and
drift seals. BGE TEC and Sandia are modeling different components of the integrity and per-
formance assessment systems, with the goal to bring together the results by the end of the
project. BGE TEC showed preliminary FLAC3D thermal-mechanical results for a HLW reposi-
tory, and Sandia showed preliminary PFLOTRAN thermal-hydrological results on the same
numerical model mesh. This collaborative effort between BGE TEC and Sandia is both ad-
vancing the state of the art and developing the capabilities of all team members.

Michael Rutenberg from TU Clausthal presented results from the benchmarking exercise
called BenVaSim (Benchmarking for Verification and Validation of TH2M Simulators with spe-
cial regard to fluid dynamic processes in repository systems). The results are not specific to
salt repositories, but are highly relevant, as illustrated by the large overlap between the 13
participants (6 organizations) with the attendees of the US/German workshop. The results pre-
sented included a 1D two-phase HM model with three cases (basic scenario, mobile phases,
and constant gas source). In general, the comparison between the different models was good,
but as more complexity was added, there were more deviations between the models. Some
preliminary results were presented for a 1D two-phase THM model that included gas and heat
source terms, as well as drift, drift seal, and host rock. The spread of predictions between the
different models for this second test case was much larger. Even though the test cases looked
simplistic, matching numerical models to one another has proven not to be straightforward.
The models had many differences governing equations or their implementation, which makes
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it hard to get similar predictions. Despite the issues, the comparison was successful and was
seen as generally beneficial to the numerical modeling community.

The last three presenters covered different aspects of the Brine Availability Test in Salt (BATS),
a heater test ongoing underground at the Waste Isolation Pilot Plant (WIPP) near Carlsbad
NM. Melissa Mills from Sandia National Laboratories first presented an overview of the field
test, which is a collaborative effort between Sandia, Los Alamos, and Lawrence Berkeley Na-
tional Laboratories, with the WIPP Test Coordination Office. The summary presented samples
of the multiple types of data collected during heating, cooling, and tracer testing since the
project started in January 2020 (e.g., temperatures, acoustic emissions, electrical resistivity
tomography, gas composition, water isotopes, and borehole closure). A look ahead to the next
phases of BATS was also presented, set to begin in early 2022. Richard Jayne from Sandia
National Laboratories next presented ongoing numerical modeling efforts related to TH mod-
eling of the 2020 BATS heater test. Due to the large number (14) of nearly horizontal boreholes
in a relatively small area, meshing the domain requires leveraging advanced tools, including
VoroCrust and LaGirit, before simulations can be made with PFLTORAN. Eric Guiltinan, from
Los Alamos National Laboratory, finally presented numerical modeling results related to the
in-drift water isotope data collected and the gas tracer tests (Kr & SF6) conducted between
boreholes in the salt. The water isotopes were shown to fractionate in the borehole, and the
FEHM models were able to generally reproduce this behavior. Gas transport through partially
brine-filled fractures is a complex two-phase thermal-hydrological flow problem, which was
also simulated with FEHM. Generally, the BATS test provides unique data for benchmarking
models and building our understanding of the coupled THMC processes going on in the exca-
vation damaged zone during heating. BATS also provides a platform for building field testing
and numerical modeling capabilities relevant to heat-generating waste disposal.

This final session of the US/German Workshop illustrated the diverse range of ongoing mod-
eling and experimental programs and highlighted the collaborative nature of much of this work.
The experimental and numerical modeling cycles are often iterative, with modelers helping to
design better experiments, and experimentalists producing ever more complex data that re-
quire new conceptual and numerical models. Also, coupled THM process models and experi-
ments often reveal complexities or deficiencies in models that are less obvious when only
considering individual processes at a time.
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6 Concluding remarks and outlook

The proceedings in hand summarize a multifaceted workshop. The four different topics of the
individual sessions are filled by diverse contributions. All contributions illustrate the continuing
progress and further developments in the field of disposal of radioactive waste in salt reposi-
tories as the keynotes of the four topics point out. This basis has been established over many
years, also through successful international cooperation. In addition to the individual research
and development projects themselves, joint workshops, such as the US/German Workshop on
Salt Repository Research, Design, and Operation, are an important event for such a coopera-
tion. This is also demonstrated by the diverse contributions from joint projects e.g. such as the
KOMPASS project.

The new virtual mode allowed a continuation of the workshop under the difficult pandemic
situation. As a result, the scientific and technical exchange in the field of salt repository re-
search, design, and operation between the United States of America and Germany continued.
The virtual mode also allowed including more participants and especially young members from
different organizations and universities. In this regard, the workshop also marks a transition
between the generations and an excellent opportunity to share the knowledge of several dec-
ades of work on Salt Repository Research, Design, and Operation. On the flip side, however,
discussions were restricted and the direct exchange between colleagues including the inspi-
ration for further tasks and potential collaboration was missing. The organization team intend
to have a physical meeting for the 12" US German Workshop on Salt Repository Research,
Design, and Operation in 2022. The pandemic situation still holds many uncertainties. If a
physical meeting is again not possible, the virtual realization of the workshop offers a good
alternative, as demonstrated.
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Concluding remarks
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Appendix

Appendix A — Program and Presentations of Part 1 (February 2021)

NATIONAL PROGRAMS

Chair: W. Bollingerfehr

Berlin time 2" February 2021
_ K. Kuhlman/SNL
16:00 16:15 | Welcome by the organizers
P. Herold/BGE TEC
16:15 16:20 |Welcome T. Lautsch/BGE
16:20 16:25 |Welcome H.-C. Pape/BMWi
16:25 16:30 |[Welcome T. Gunter/DOE

16:30 17:00 |Status of US Program T. Gunter/DOE
17:00 17:30 |Status of German site selection A. Gébel/BGE
Long term Dutch research program on rock-
17:30 18:00 _ J. Bartol/COVRA
salt and updated disposal concept
18:00 18:30 [Status of site selection UK S. Norris/NDA
Discussion/Feedback
K. Kuhlman/SNL
18:30 19:00 _ _ _
Presentation of potential focus topics for P. Herold/BGE TEC
Part 2 and survey by the auditory

BGE TEC 2021-19




34

NT(

\flﬁ\" U.S. DEPARTMENT OF

\@/' ENERGY Nuclear Energy

Status of the United States
Spent Nuclear Fuel and
High-Level Radioactive Waste
Management Program

Timothy C. Gunter

Federal Program Manager
Spent Fuel & Waste Science and Technology
Office of Nuclear Energy

11th U.S./German Workshop
on Salt Repository Research,
Design, and Operation
February 2, 2021

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Overview

B U.S. SNF/HLW Inventory

B Fuel Cycle Research and Development (R&D)

e Spent Fuel and Waste Disposition R&D
® |[ntegrated Waste Management System

B Interim Storage/Nuclear Waste Fund Oversight

B Summary
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U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Sources of Nuclear Waste

3
U.S. DEPARTMENT OF /
Nuclear Energy
39 States with SNF/Reprocessing Waste
Approximate amounts shown in Metric Tons Heavy Metal (MTHM)
Estimated Total Inventory:
~ 84,400 MTHM Commercial SNF
~2,300 MTHM Non-commercial SNF
~10,500 MTHM?* Reprocessing Waste
(vitrified, tank, and calcine)
Inventory Projected through December 2019
A State totals rounded to the nearest ten
*Includes Non-commercial SNF and Totalinventory rounded to nearest hundred
Reprocessing Waste: 3 States (SC, ID, WA) :
HI ** Includes Commercial HLW: 1 State (NY) !includes Defense Reprocessing Waste
2 and Commercial HLW in units of MTHM
‘ Research Reactors Only: No waste: 11 States based on historical conversion factors.
4 States (RI, IN, NM, UT) [:] (DE, WV, KY, OK, SD, ND, WY, MT, NV, AK, HI)
Source: SRNL 2020 2
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U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Spent Fuel Inventory Projection

Commercial Spent Nuclear Fuel Inventory

Inventory (MTU)

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
Year
w— Total Inventory (MTU) w—Pool Inventory (MTU) = Dry StoOrage inventory (MTU)

Source: Modified from Figure 1-5, SNL 2019

U.S. DEPARTMENT OF

ENERGY Fuel Cycle
Nuclear Energy Research & Development

Office of Spent Fuel and Waste Disposition (SFWD)

= Spent Fuel Disposition R&D - Conduct generic
research and development activities related to
storage and transportation of spent nuclear fuel
and geologic disposal.

= Integrated Waste Management System (IWMS) -
develop and implement the design of an IWMS in
support of the management and disposal of spent

.
BV adloactlive waste
AR Pry S B i RS TRt <ol A e A
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"B U.S. DEPARTMENT OF

)ENERGY Storage and Transportation
Nuclear Energy Research & Development

B Extended storage of spent nuclear fuel

® Dry Canister Stress Corrosion Cracking R&D

e Electric Power Research Institute (EPRI)/DOE High-Burnup
Confirmatory Spent Fuel Data Project

B Fuel retrievability and transportation after extended storage

¢ EPRI/DOE High-Burnup Confirmatory Spent Fuel Data Project
® Thermal analysis of dry storage canisters

B Transportation of high-burnup spent nuclear fuel
B Security assessments

B U.S. DEPARTMENT OF

© ENERGY Generic Disposal
Nuclear Energy Research & Development

B Direct Disposal of Dual Purpose Canisters (DPC)

¢ As-loaded criticality calculations

® Recommendations for design enhancement options for existing and
future DPCs

e Potential canister filler materials (moderator exclusion)
B Improved geologic disposal safety assessment modeling
capabilities

¢ High performance computing for future repository system
performance (PFLOTRAN)

M International collaborations and enhanced R&D to support
disposal concepts in multiple geologic media

® Experimental and modeling activities in salt, argillite, and crystalline
rock, including collaboration with international communities
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U.S. DEPARTMENT OF

ENERGY Integrated Waste
Nuclear Energy Management System

B |[WMS - Develop and implement the design of an integrated
waste management system
e Site preparation activities at stranded sites
® Transportation coordination efforts
e Evaluation of options for rail cars

U.S. DEPARTMENT OF

ENERGY Interim Storage and
Nuclear Energy Nuclear Waste Fund Oversight

M Interim Storage

® Development of interim storage capabilities authorized by Congress
in the FY2021 appropriation (December 2020)

B Nuclear Waste Fund Oversight
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Appendix

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Summary

DOE’s focus is on near-term progress and sustainable solutions:

= Continue R&D in areas of storage and transportation, generic
geologic disposal, and direct disposal of dual-purpose canisters

= Continue development of transportation capabilities (railcar and
programmatic elements)

= Planning for possible interim storage

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Questions

Questions/Comments?

Additional information at

WWW.energy.gov
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U.S. DEPARTMENT OF

ENERGY

Nuclear Energy
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11" US/German Workshop on Salt Repository
Research, Design, and Operation

Astrid Gobel
r'h ﬁggg‘:al Bundesgesellschaft fir Endlagerung mbH
Laboratories

i AR Part 1 of the online workshop

= February 2, 2021

BGE TECHNOLOGY GmbH

US/GERMAN WORKSHOP
Salt rch,

Brief retrospect

1977 Selection of the Gorleben site

1979 Start of investigation works at Gorleben site
2000 Moratorium to the Gorleben Site

1999 — 2002 AKEnd (issued its final report in 2002)

2013 restart The 'StandAG' (Repository Site Selection Act)
comes into force. The aim of the site selection procedure is to
find a site for a geological repository for mainly high-level
radioactive waste (HLW) by means of a science-based and
transparent procedure.

2016 restructuring The operational tasks of site selection,
construction and the operation of the repositories and the Asse Il
and Gorleben mine sites are to be bundled in a state-owned
company, the Bundesgesellschaft fur Endlagerung mbH (BGE).
The 'Commission for the Financing of the Nuclear Phase-Out',
set up by the government, presents its recommendations:
energy supply companies are to transfer around € 23.3 billion
from the accrued provisions to a state fund.

2017 revision The revised StandAG (Repository Site Selection
Act) comes into force.
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Appendix

BGE as German implementer

construction
Konrad
(ILW)/LLW
Clay stone

Site Selection
HLW
Rock salt,Clay stone,
Crytalline rock

Operation/closure
Morsleben
(ILW)LLW
Rock salt

Sanda
Naronsd
[

BCE g4

P
i

Profile of the BGE:
= Establishedin 2016
= ~2000 employees

= ManagementBoard:
+ Stefan Studt (chair)
+ Steffen Kanitz

+ Beate Kallenbach-
Herbert

* Dr. Thomas Lautsch

= Site Selection Procedure
financed by repository fund

Product Control

Responsibilities

@

Nosorad

bz
& e

~
Federal Ministry for the Environment, Nature POLITICAL
Conservation and Nuclear Safety (BMU) RESPONSIBILITY

National Public Federal Office for the Federal Company for N
A e aard anidibation Safety of Nuclear Waste Radioactive Waste SPLITTED
3 Battelp) Management (BASE) Disposal (BGE) RESPONSIBILITIES
(NBG) FOR
N " Ve a—— @& IMPLEMENTATION
AND
Review of proposals and Implementation of REVIEW &
the site selection SUPERVISION

legal supervision in the site
selection procedure

procedure

Repository site

O

selection procedure
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Appendix

Regulatory framework

= Best possible safety conditions for the storage of HLW

= Repository location must be within the Federal Republic

of Germany

= Deep geological disposal mine

= Best possible safety for a period of 1 million years
= Retrievability during operating phase

= Recoverability (Bergbarkeit) for 500 years after closure

of the mine
= Science-based, transparent and participative selection
procedure

= Self-questioning and learning process

n e SRS

Phase wise implementation

Decision on surface exploration  Decision on subsurface exploration

(Section 15 StandAG) (Section 17 StandAG)
Decision on repository site
28/09/2020 2031
I
)

Phase | 1 Phase Il Phase Il ‘
Step 1: ‘ Step 2: Surface exploration, analyses of  Subsurface exploration, Environmental
Identification of Identification of socio-economic potential and Impact Assessment Report (Section 18
sub-areas regions for surface proposal for subsurface StandAG),
(Section 13 exploration exploration Final site comparison and site
StandAG) (Section 14 StandAG)  (Section 16 StandAG) recommendation

(Section 19 StandAG)

Application of exclusion criteria (Section 22 StandAG)
Application of minimum requirements (Section 23 StandAG)
Application of geoscientific weighing criteria (Section 24 StandAG)

Preliminary safety assessment (Section 27 StandAG)
Planning scientific weighing criteria (Section 25 StandAG)
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=
. . n it
Towards determination of sub-areas =
where favourable geological conditions can be expected for the safe final
disposal of high-level radioactive waste
From data delivery to the visualization of the data
+ Review, homogenization, storing
+ Around 280 data deliveries (>1 000 000 files, approx. 450 file types)
* Quantity and quality increase during the process
« Use of reference data sets, if needed
Application Application of Application of minimum | | Application of
methodology exclusion criteria requirements (Section geoscientific weighing
* ngelop_ment (Section 22 StandAG) 23 StandAG) considering criteria (Section 24
e Dlscy55|on to the whole of the host rocks rock salt, StandAG) pursuant to
* Testing . Germany — each of clay rock and crystalline annexes 1-11, assessing
*  Consutations them as ko criterion rock the favourability of each
* Adjustments identified area by
: * Property of the
_ criterion
+ Indicat
Identified areas i \7al:.::ea o
ﬁl
Sub-areas
7
=
= 8 . n e SO
Milestone — sub-areas interim report =

Interim Sub-Areas

Report i Short Version of the |

(German / English) | %| Interim Sub-Areas
. J Report
(German / English)

[ : 8 | Minimum ‘ Geoscientific
Exclusion Gritelta Requirements Weighting Criteria [ Interactive Map with the
Methods, Gutcomes, Methods, Outcomes, Methods, Outcomes, Sub-Areas (single sub-
Maps (Chronology) | Maps (Chronology) ‘ Maps (Chronology) areas can be chosen)

S, -
‘ Minimum ﬁi’ i \
&a Exclusion Criteria ] Requirements and ‘ Quoted o
—— Data Base — Geoscientific | Secondary
—r (Chronology) —— Weighting Criteria Literature &

Data Base (Chronology) |
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Sanda

Naronsd
[

Sub-areas interim report

General map of the identified sub-areas (all
host rocks)

« There were no areas that could not be
classified due to insufficient geological data

+ Atotal of 90 sub-areas with an area of
approx. 240 874 km? are identified which
are expected to have favourable geological
conditions for the final disposal of high-level
radioactive waste (~54% of Germany)

* The sub-areas were identified according to
stratigraphic units, therefore this map
representation shows a partial overlapping
of several sub-areas

General map of the sub-areas in the
host rock claystone

= 9 sub-areas with a surface of approx.

129 639 km? are identified in claystone

host rock
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|dentified sub-areas 2 - crystalline|g

General map of the sub-areas in the
crystalline host rock

= 7 sub-areas with a surface of approx.
80 786 km?*were determined in

crystalline host rock

General map of the sub-areas in the
host rock salt

= 74 sub-areas with a surface of approx.
30 450 km? were identified in salt host
rock

= 60 are located in steep rock salt
structures

» 14 sub-areas are in stratiform salt

formations
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Results — example Gorleben

BCE g4

Overall evaluation of Gorleben-Rambow salt dome:

= All exclusion criteria according to § 22 StandAG were applied to the Gorleben-
Rambow salt dome. As a result, the drillings for oil/natural gas exploration with a
radius of 25 m around the drilling track are excluded.

= |n the current phase of the site selection procedure, the Gorleben-Rambow salt
dome meets all minimum requirements according to § 23 StandAG. It has been
designated as identified area no. 020_00IG_S_s_z.

= On the basis of the application of the geoscientific weighing criteria in
accordance with Section 24 StandAG, the summarised assessment of the identified
Gorleben-Rambow area was "not favourable“ (Annex 11 (to Section 24 para. 5), the
protection of the effective containment zone by the overburden)

This means that the provision of § 36 (1) sentence 5 no. 1 StandAG, according to which

the Gorleben-Rambow salt dome is excluded from the procedure, applies. Therefore, the

identified Gorleben-Rambow area was not identified as a sub-area.

The Gorleben-Rambow salt dome will therefore not be considered in the further

work of the BGE on the proposals concerning the siting regions.

@

Nosorad

bz
& e

Information & interactivity

BGE encourages participation

= Comprehensive information available on the dedicated information
platform hosted by BASE

= Presentation ofthe sub-areas interim report (18-10in Kasseland
online, available on YouTube)

= Short explanation videos (available on YouTube and BGE homepage)

= Openaccesstotechnical meetings or dedicated sessions for
discussion oftechnical aspects with CS
= |nteractive map of Germany including links to further information
about each sub-area, offering a search tool
=  Online consultation sessions for each sub-area (available on [ Onine=
LSprechstunde

YouTube) / —_

= Online consultation of the methodology (BGE forum)
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Research & development 1

According to § 1 of the StandAG, the Site Selection
Procedure is, among other requirements, science-
based sce s

= The inclusion of RD&D is crucial for Standortauswah!
implementation of the German Site Selection FORGROR S50
Procedure to close gaps and to gain knowledge

= To implement the Site Selection Procedure, relevant
research needs have been identified and listed in .
a research agenda , -

gbedarte D Urmsetzung des

= Current focus of RD&D projects:
= Disposal container

= Uncertainty management

= Limit temperatures

= Characterisation of host rocks
=  THMC(B)-processes

= Climate change

Research & development 2

The Site Selection Department participates in national and
international RD&D cooperations incl. URL activities

The exchange with the BMWi on RD&D has been reinforced with the
overall objectives

Joint efforts to foster the progress of the German disposal
programme

= Optimisation of applicability through

= Continiuous exchange on the BGE RD&D plan and the
BMWi research funding programme

= Continuous and up-to-date information about the site
selection related plannings, schedules, needs and priorities

= |dentification of themes and projects, suitable for cooperative
coordination (e.g. co-funding)

= Fostering transfer of knowledge and state-of-the-art
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Outlook

* BGE has launched Step 2 of Phase | with the aim to identify
regions for surface exploration (Section 14 StandAG)

» Execution of representative preliminary safety
assessments (Section 27 StandAG, EndISiUntV) to all
determined sub-areas

» Based on the results, re-application of the geoscientific
weighing criteriaand, if necessary, consideration of
planning scientific weighing criteria (Section 25 StandAG)

* Throughout the next months sub-area conferences will take
place and will be supported

* RDA&D planning will be refined

Thank you for your attention

Sandia
1 Netional
Laboratories

PTKA
Project Management Agency Karbiruhe
sruhe Institute of Technolo

US/GERMAN WORKSHOP
Salt Re, ; BGE TEC
4 GE TECHNOLOGY CmbM

Des

BG

Contact

Bundesgesellschaft fur EndlagerungmbH (BGE)
Eschenstr. 55

31224 Peine

+49 (0)5171 43-0

dialog@bge.de

www.bge.de
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11" US/German Workshop on Salt Repository
Research, Design, and Operation

Jeroen Bartol

Sandi
"1 Na'}m'?al COVRA, the Netherlands
Laboratories
[ — Part X of the online workshop
02 02, 2021

US/GERMAN WORKSHOP
Salt search,
De 0

BCET

)
Nosorad
= ="
& e

Content

Long term research programme
Overview of the new long-term programme
Research questions

Disposal concept

Overview of the disposal concept
HLW disposal
LILW & (TE)NORM
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Research programme

Start | ! End |

 operation |  operation |
! PALLAS ! PALLAS '
Es::li:h- op:{:‘:lon Decision | GOFin
n disposal operation
COVRA HOR Fe e

201
2017
2050
£2100

22130

Research programme

period with important period with limited number of ‘'nuclear organisations’ foreseen
developments abroad .~~~ T T T T T T T T T -
2025: 2050: 2080: 2100:
begin Pallas horizon URENCO horizon Pallas decision

geological

2025: 2034: 2050: disposal
end HFR end KCB horizon HOR

long-term research programme

generic safety case (clayandsalt) = —————————————— —
specific safety case (clay or salt)

more fundamental research more applied research

52 BGE TEC 2021-19



Appendix

Research programme

Natural barrier
system

Radionuciide Solubility in Brine
Lar apoten

Geological setting
Modera T More

Sanda
Nrond
Laborsris.

93 TEC

Research programme

Task 4A.1: Geotechnical properties

Setting up a (rock) salt THM database. The focus
will be on rock salt of the Zechstein formation, but
other types of salts and formations can also be
included.

Task 4B.2: Evolution of the permeability-porosity in rock salt

What is the long-term evolution (10*3 -10"6 years) of the permeability-
Compaction of porosity of rock salt (backfill and EDZ) under in-situ conditions?
crushed Salt for
the safe Containment

KOMPASS

Task 4B.2.2: Gas-Rock Salt interaction
How does the build-up of gas pressure affect the long-

term evolution of permeability and porosity of rock salt
and how does it, inturn, affect the closure of the GDF?
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Research programme

2023

Task 4B.4.1: Bedded salt of the R6t formation

Mapping and characterizing the Rot formation, and
more specifically the rock salt within this formation in
the Netherlands.

Research programme

Task 4B.2.3: Brine availability

What is the availability of brine in a rock salt
repository, which processes influence this availability,
and can a numerical model be developed to predict
the brine availability?

Utrecht
University

Task 4B.4.2: Understanding past. present and future

subrosion rates in the Netherlands

What have the subrosion rates been in the Netherlands in
the past, what are they currently and what subrosion rates
can be predicted for the future using numerical models?

& e

Task 4B.4.3: Diapirism rates in the Netherlands (Past — Present -

Future)

What have the diapirism rates been in the Netherlands in the past, what
are they currently and what diapirism rates can be predicted for the

future?

Task 4B.2.1: Gas Production

How much gas is produced and how will (through time) gas
pressure build up in the repository after closure based on the new

repository concept including the overpacks?

Jask 5.1: Impact of tunnel valleys

What is the radiological consequence of deep
glacial erosion?

54
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Research programme =

Task 3.3.1: Waste package for HLW

What are the (dis)advantages of the use of a self-shielded “super”
container? When it has clear advantages: design a self-shielded
“super” container that provides complete containment during the
period that the backfill and EDZ still have permeability.

Cost estimate Initial safety case Performance Assessment model

Sanda

93 TEC

Research programme

More information on the long-term research programme
can be found on our website www.covra.nl
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Disposal concept

Surface facilities

Connection to the surface

LILW - (TE)NORM level

Salt dome

A
|

HLW level

Subrosion 0

Uplift salt dome (7]

1

.
[ B

BCE pidd

Disposal concept

e A —-—-—-—A» ‘

et

Legend

= Heat generating HLW
[J Non-Heat generating HLW
3 Ventilation tunnel

[ Transport tunnel

[J Service tunnel

4&9, :
e e ‘_A|rﬂow
e

Disposal
container o

|

Disposal gallery

EESEENEESESESESSERN
1]
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Disposal concept

E Legend
5 Open

i = [ Backfill
Bl Seal

Open borehole

. . @ Filled borehole
Long term Permeability — Porosity 0

In the lower disposal

level, disposaland
: construction is alternated

13

.
[ e

BCE pidd

Disposal concept

&
P
Figures from Wendelinand Suikki, 2008

I
Bl
n
[ ]

. FIP;
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Disposal concept

Legend

I 200L drum

] 1000L drum (1)

[ 1000Ldrum (2)

[ Conrad container
[] Ventilation tunnel
[] Transport tunnel
Disposal gallery

@

Naronsd

[
YEC

==

=

.
[ e

BCE pidd

Legend

B Ventilation tunnel

[ Transport tunnel

This level will be
constructed first and only
then waste is disposed.
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=.
Disposal concept e
oce R
[=——=] _- — FR— Legend
ﬂ . [ Rock salt
ﬁ [ Backiil
Transport Placement  Operational period  Backfilling B Rack
[TT1 Walkway
17
.

BCE pidd

OIIIarn
Operational period Filling

Legend
[ Rock sait
D Backfill

771 Walkway
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=
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Disposal concept -
[ — I —
TITTITT :
NN n%
Operational period Filing
Legend
[ Rock salt
|:| Backfill
[TT7 Walkway
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[ \
Status of Si&;gSelection in UK — Présentation to "
US/German: Wi

\ A }t .
and Operations 20

;
2" February 20,2%
Dr Simon: Norris i Radioactive Waste
Management

Working together to protect the future

Finding a willing community and a suitable site

Drilling Boreholes

5 Years 10 - 15 Years

Radioactive Waste Management [
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.|
What makes up a suitable site?

We will evaluate potential areas and sites according
to six siting factors:

« Safety and security — safety and security must
be assured and endorsed by independent
regulators. A GDF will not be built unless we,
and they, are satisfied it is safe.

+ Community — communities are at the heart of the
process, and we will consider social and economic
opportunities, community wellbeing, and how a
GDF can align with the potential host community’s
vision.

Environment—a GDF is a major environmental
protection endeavour. Construction of a GDF will
need to meet independent regulatory
requirements.

Engineering feasibility — we will need to ensure
there is scope for sustainable design and the
ability to construct and operate a GDF in a given
location.

Transport —the safe and secure transport of
waste, people and other materials.

Value formoney — we have a duty to ensure
that value for money is delivered.

Radioactive Waste Management n

Range of community benefits

Infrastructure
investment

Transport, health,
education, connectivity,
etc.

Jobs and skills

Long-term, sustainable
employment, skilled, well
paid, construction & supply
chain, local and regional,
training, apprenticeships, etc.

Community support

Local projects, facilities,
environment protection,
land remediation, civil
facilities, etc.

Radioactive Waste Management n
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GDF geology

+ To help communities to start discussions with us — we’'ve summarised information
about geology across the country into the National Geological Screening (NGS)
reports.

» We can potentially constructa GDF in any one of three rock types, commonly found
all over the UK: Higher strength rock, Lower strength sedimentary rock, Evaporite.

» Wewill be looking to build a GDF at depths of between 200m — 1000m.
+ This could be under the seabed or under the land.

Higher strength Lower strength Evaporite

rocks sedimentary rocks rocks
for example for example for example
Granite Clay Rock Salt

Radioactive Waste Management [[E

The Siting Process and Site Evaluation

Interested parties engage with RWM
Evaluations focus on safety

Initial Discussions - R A S >
Short and concise qualitative evaluation based on existing information

Search Area identified
High level qualitative evaluation based on existing information

Working Group Identify data gaps and what additional information is required

New surveys and studies commissioned

Search Area refined

Potential sites identified

Potential sites evaluated

Greater certainty around implications of developing a GDF
Recommendation for site(s) to be characterised

Community

Partnership Multi-year programme of site characterisation by drilling boreholes
Detailed understanding of sub-surface environment enabling designs to be developed
Potential host community identified to enable Test of Public Support
Recommendation for a preferred site

Radioactive Waste Management n
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.. ]
What could a GDF look like?

- Surface facility c1km? but could be as small as 0.6km?2.
+ Underground vaults between 200m and 1,000m deep.

- Surface connected to underground by shafts or
inclined tunnels called “drifts”.

« Underground can be directly below surface facility or
can be latterly displaced by 10-15km.

- Surface facilities built onshore.

« Underground vaults can be positioned under
the land surface or under the sea in the
inshore zone which extends up to 22km from
the shoreline.

« Coastal locations open up the possibility to
establish sea transport for construction and
other materials.

« Spoil from construction can be used to
screen the facility or other beneficial uses.

Radioactive Waste Management

GDF: facts and figures

+ Size — While the underground part of a GDF
may cover an area of up to 20km?, the surface
facilities will occupy around 1 square kilometre
of land - typically the size of a small industrial
estate.

« Cost — AGDF is projected to cost £££ multi-
billions. As with any major infrastructure project at
this early stage, the cost range is wide due to the
current levels of uncertainty. It will be narrowed
down as we develop greater certainty on issues
like final site geology, facility design and the
eventual waste inventory for disposal.

64

Volume — We are currently planning to dispose
of around 750,000 cubic metres of packaged
waste in total. This would include all of the
materials (like spent fuel and plutonium) that
are not currently classified as waste and all the
waste and fuel from a future 16GWe
programme of new nuclear power stations.

Radioactivity — Whilst 99% of the radioactivity
will decay naturally in less than 1,000 years,
some of the radioactive waste will remain
hazardous for over 100,000 years.

Timescale — A GDF will operate for over 100
years to receive all of the legacy waste and waste
arising from new nuclear stations.

Radioactive Waste Management [}
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Permian - summary
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Knowledge Base

e RWM report “UK Halite Deposits -
Structure, Stratigraphy, Properties and Post-
closure Performance — a lot of information,
experience, knowledge available, acquired via
non-radwaste originated activities

e International precedents, e.g. USA (WIPP)
and Germany (Gorleben, Morsleben (ERAM)
and Asse)

e Specific international collaborations, e.g.
“US/German workshop on Salt Repository
Research, Design and Operation”

e OECD NEA Salt Club

Radioactive Waste
B Management

Salt deposits of northern Germany —
from BGR (2008). Pale blue colour
shows salt pillows (precursors to salt
domes — dark blue)

Site Age Depth range (top, m)

Gorlsben Permian | Approx800m

LLW725mto 750m
Assell Permian
LWsllm

Morsleben Permian At least 480 metras below the surface

]
RWM Halite Work

* UK halites considered in recent RWM geosphere and gas work, and routinely

considered in ongoing / to-commence work.

* Borehole sealing work will consider sealing a borehole penetrating halite, as a
‘can do’ demonstration (likely to be in Germany).

* PhD ongoing — gas migration in halite (BP Institute University of Cambridge).

* DECOVALEX project - coupled THMC processes relating to the availability of
heating, mechanical deformation, and water to flow into heated excavations in

bedded salt.

* Benefitting from international participation and experience key for RWM.

Radioactive Waste
B Management

66
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-
GDF: roles and responsibilities

’ @ Environment
HM Government W Agency

+ Government-— sets the policy on dealing with higher-activity
radioactive waste (see slide 2).

Office for
@ Nuclear Regulation

* NDA - sets the strategy for the management of 4 Cyfoeth Naturiol Cymru
radioactive waste. 9 Natural Resources Wales

Radioactive Waste

M Management « Regulators —responsible for ensuring GDF safety and for

+ RWM - responsible for designing, siting, building, granting permits and licences.
operating and closing a GDF safely.

+ COoRWM - provides independent scrutiny and advice to
government.

Radioactive Waste Management m
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Appendix B — Program and Presentations of Part 2 (17" June 2021)

Berlin time 17 June 2021

M. Biihler/PTKA

16:00 | 16:10 |Welcome by th i
eicome by the organizers W. Bollingerfehr/BGE TEC

Crushed salt — testing and modelling

Chair: M. Biihler

16:10 | 16:40 | Role of crushed salt in the repository concept N. Miller-Hoeppe/BGE TEC

16:40 | 1720 The KOMPASS project — Microstructural M. Mills/Sandia
’ ’ investigations presentation K. Svensson/BGR

The KOMPASS project — Natural technical

17:20 | 17:40 D. Naumann /IfG

analogues

17:40 | 17:50 10 min Break / Group Photo
The KOMPASS project — Modelling related

17:50 | 18:10 S. Lerche/TUC

experimental aspects

The KOMPASS project — Future work of .
18:10 | 18:20 L. Friedenberg/GRS
relevance for LTS

Investigations on in-situ material behavior of
matrix-stabilized crushed rock salt backfill
18:20 | 18:50 under consideration of different filling S. Potzsch/TUBAF
technologies
— Review of the GESAV |l Project

M. Buhler/PTKA

18:50 | 19:00 |Summary and Outlook
v W. Bollingerfehr/BGE TEC

BGE TEC 2021-19 69



Appendix

el LY 21 98 el
T

11t US/German Workshop on Salt Repository
Research, Design, and Operation

Role of crushed salt in the repository concept

Nina Miller-Hoeppe

'11 sa"'dial_ Christian Lerch
Laboratories BGE TECHOLOGY GmbH

PTKA
Project Management Agency Karturuhe
stube lastitute of Technolog

Part 2 of the online workshop

June 17, 2021
ey TEC

TEC
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Role of crushed salt

» In the operational phase
(1) Radiation protection
(2) Fire and explosion protection (prevents propagation)

» In the operational and post operational phase

(3) Transfer of decay heat from the heat generating waste to the
host rock

(4) Improving stability of repository mine and supporting integrity of
geological barrier
» Post closure phase

(5) Reduction of void volume in the repository mine (limiting
amount of brine and constituting a barrier of k~ 1-10-4 m?)

(6) New: Recovery of the salt barrier”s tightness comparable
to the hostrock in order to achieve isolation of radwaste

Functional Requirements

» High initial density and placeable without gap in the roof
is sufficient to fulfil functions (1) to (5)
Furthermore

» Dry crushed salt close to the metallic containers to limit corrosion
effects (natural moisture content~ 0.02 M%)

» Possible emplacement technologies to achieve this goal
considering additionally staff” s radiation protection (neutrons!)

» Slinger truck technology appeared to be the best option

I
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GEN
Functional Requirements =5
» Compliance with functional | e, SR
requirements (1) — (5) was
demonstrated by the
TSS/BAMBUS R&D projects
» No gap in the roof (1), (2), (4)
1
i 2
gt.o : g
gl 8

0,10 0,15 0,20 0,25 0,30 0,35 040
Porosity / -

= Backfill compaction proceeded: =~
= Within 15 years a further R
reduction of backfill porosity by =7
3 — 5% was observed
(~ drift convergence at the
800-m-level). <3
= The backfill was very dry. N
» The working conditions were =

5 . Boreholes for stress
1000 ~~__| measurements in rock salt
B (October 2015)

5 o - Boreholes for st
Warm-CO|d ; B & ot {f_ejg'u & V. feors mea:ur:en‘:::tsoin n:ls(ssalt
- 1210 o
" B W Wi
“’ . < ~ 8 < B\
20 0\..‘
0?’.
=15 Dy
£ = Porosity: 23 -17%
2u \ = Thermal conductivity: 2.3 W/(m-K)
»= Gas permeability: ca. 5 - 10-13 m?
5
SANDIA, 2016
A IfG, 2016
1,50 1,70 1% 2,10 2,30
Density [g/cm’]
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Functional Requirements

» Compliance with functional requirements (1) — (5) was
demonstrated by the TSS/BAMBUS R&D projects

» Considering heat transfer properties (3) and limitation of
void volume (5) early stage at high porosity is decisive

e
E o o

o
W

1 8 Waltar&Mene 2
= 1 s+ BBILTib28IR | '™ 19
X .. | BGR Schnier85 5,000
€ 37 o + BGR Schnier85 10"
£ Pl [ s |
; T T | 4500
el = o0 10"
"é T 3.500 ;é.
%37 q;] prog 1"
% ] s la g0
g ,4 0 &
® 2 1 |
% ] E 10 ‘ -
1 e
,g ] 10" ‘ ....‘ 8 ‘ ° BGR Triax
.. - BGR Lauge
7 i e Lell e BGROI
- L] .rﬂ ° e v G3.S Stickstoff |
e e o ‘ A GRS Stickstoff
g%; o 10 ——=
= o 10 10° 10 10°
Porositat [-]

QA-measures

» QA-measures considering functions (1) to (5)

» Initial porosity by recording mass of emplaced crushed salt and
volume of cavity

» Grain size distribution within a drift”s cross-section
| | southemndrift | _ Northerndrift |

Backfill material [10° kg] 1,347 1,363
Drift volume [m?3] 963 o a/R
1
Initial bulk density [kg/m?3] 1,399 0,00 m from roof

‘ 90 + —*—0.38m from roof
Specified deviation [%] +2 .26 =+=0.70 m rom roof

80 == 1.05m from rool
Range of initial density

1,363 ...1,427 2 210 m from roof

fhahe o i
Porosity [-] 0R4TN(035) T 0370 § 1] rdiemeeed
o o i ~=—3.85 m from rool
Void ratio [-] 052...(0.54)...058 ¢ 4  —~s2mommt
s ~+—4.55 m from roof

¥ s R

BAMBUS Il project (2004) R el

100.0
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Functional Requirement (6)

BMU 2010
» From limited release to isolation of radionuclides

03 —— B
| % i B )
] —01%| I [
£ 024 - -1.0 b ' "0 5 Current knowledge
< ] o . ¢ gives confidence that
= . Jiniection | | . £ granular salt will
L N -~ & compactto a final
3 ] - 2 porosity in the order of
5 012 s 205
&7 Ttemperature ] B v -2 1=1 % within less than
] : : e, ; o 5 1000 a, but this has to
] - »
0.06 20 8
- - 2 5 be_demonstrated,
Asl‘_'ffia—’_—A'\\kw \&%. [ reliably
0 st —1- 0
0 500 1000 1500
time [d] characterization after
dismantling yields
REPOPERM I, 2017 porosities of 1 - 2%

First Application of BMU 2010 Requirements - VSG

™\ Harmed and cokd
3 vananty
W\ Dry andcotd
TS e
'y P

Backfill and seals: ' g
B Dry crushed salt in Result
emplacement drifts and cross-cuts Safe confinement of
Humid crushed salt in access drifts - s B o
B Drift seals (made of MgO-concrete) radionuclides within
I Shaft seals include humid crushed salt 1 million years!

sealing elements
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Sanda
Naronsd
[

Applicationto Bedded Salt Formation - KOSINA

it
% {g Repository layout

Py

0

Emplacement fields  —
AS:

: -
=) T
- - A\
T
i il
Z_i BE-Strukturteile "1

i
= X CSD- Pollux-9, ~
Infrastructure Pollux-10 Pollux-10 Pollux-10 CSD-V Arepid
Castor
Performance assessment model
INFRA-RK RK-V1 RK-V2 RK-4
CL L reo [ RK-A I RK2 [ R [ ] Result

sV
(vertikal] 'NFRA-B Gt Qz Q) b

gl & [E @ = Saf_e conﬁneme'nt pf
radionuclides within
R O T RU-1 | RU-2 | RU-3 T ]

INFRA-RU RU-V1 RU-V2 RU-4 1 million yearS!

Dry crushed salt in

emplacement drifts, cross-cuts, access drifts

Humid crushed salt in selected parts of access drifts
Drift seals, shaft seals

Functional Requirement (6) — Knowledge Gaps

& e

» Current knowledge gives confidence that granular salt
will compact to a final porosity in the order of 11 %
within less than 1000 a

» but this has reliably to be demonstrated in order to show salt
barrier”s recovery

» Scientific challenge

» long lasting processes must be accelerated in order to achieve
results within a reasonable time span

» Consequently, it must be demonstrated as well that accelerated
results are equivalent to that of long lasting processes

» Furthermore, to predict long-term behaviour of a
repository verified and validated numerical models are
required
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The KOMPASS Project— Closing Knowledge Gaps

KOMPASS -
Compaction of Crushed Salt for the Safe Containment
(.Kompaktion von Salzgrus far den sicheren Einschluss®)

» The overall objective of the project is to reduce the
knowledge gaps to enhance the safety case for a
repository in rock salt

» This includes
» the completion of the experimental database
» the improvement of process understanding

» and the enhancement and calibration of models to enable a
reliable prediction of crushed salt reconsolidation

s

Nosorad

bz
| B

The KOMPASS Project - Phase |

» KOMPASS - Phase | (01.09.2018 — 31.08.2020) was funded by
the Federal Ministry for Economic Affairs and Energy (BMWi)
under support code 02E11708. Results of phase | are presented
here

» The authors are sincerely thankful for the financial support

The project partners would also like to express their special
thanks to our colleagues from Sandia for fruitful cooperation

\

Partners
BGE TEC: Christian Lerch, Nina Mller-Hoeppe ﬂ Profektriger Kartsrube
BGR: Ralf Eickemeier, Ben Laurich, Wenting Liu, Kt o e Tchookoghe
Dieter Stuhrenberg, Kristoff Svensson, Kornelia Zemke
GRS: Larissa Friedenberg, Klaus Wieczorek, Supported by:
Oliver Czaikowski (Coordinator)
IfG: Christoph Lideling, Till Popp ﬂ? fericia) Minisoy. .
E Aff
TUC: Uwe Dusterloh, Svetlana Lerche, Juan Zhao a?:d Ecﬁgfg'cm o=

Institut for s on the basis of a decision
TEC BGR soorgsmoomns 1115 Clausthal by the German Bundestag
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The KOMPASS Project — Phase |l

» KOMPASS — Phase Il (01.07.2021 — 30.06.2023) is also funded by the
Federal Ministry for Economic Affairs and Energy (BMWi) under support
code 02E11951

» A joint project of BGE TEC, BGR, GRS, IfG, and TUC
» Cooperation with Sandia and Utrecht University as associated partners is
planned

» The overall objective of the project is to reduce furthermore the knowledge
gaps to enhance the safety case for a repository in rock salt

> This includes

PTKA
» Advanced experimental investigations based on ﬂ P Rer Farnte
results of KOMPASS |
» Advanced microstructure investigations based on
results of KOMPASS | Supported by:
» Numerical modelling aiming at to establish a Federal Ministry
virtual demonstrator ’;B I for Economic Affairs
> Evaluating of numerical models referring to the and Eneryy

requirements of long-term safety

Institut for s on the basis of a decision
TEC ‘Pan IfGil g;:,"ﬁm""‘ ']‘U Clausthal by the German Bundestag

| E
f.‘. n ———

Remarks and Outlook

» Keep in mind that crushed salt must be emplaced by
mining techniques

» Knowledge on initial conditions relies on presently
available QA-measures

» Initial porosity by recording mass of emplaced crushed salt and
volume of cavity

» Grain size distribution

» (Surface) moisture content
- Mineral composition

» Temperature

» |If humid backfill is used preservation of humidity
distribution over time is a research issue — clay salt may
act as a natural analogue

7

BGE TEC 2021-19 77



; @
o
Y ="
| ] ‘ —————
§ WO TEC

Acknowledgement

The projects are funded by the German Federal Ministry for Economic
Affairs and Energy (BMWi) and managed by the Project Management
Agency Karlsruhe (PTKA)

Thank you for your attention!

ELSA I

78 BGE TEC 2021-19



s g el B
{

Microstructural Investigations of Pre-Compacted
Samples from IfG

Melissa Mills
Sandia National Laboratories
Sandia
ﬂ-‘ National Albuquerque, NM, USA
Laboratories
PTKA A
Proct Mansgement Agecy Krruhe Part 2 of the online workshop
- : June 17, 2021
US/GERMAN WORKSHOP SAND2021-6966 PE
arch, TEC Sandia National L ies is a multi-mission lab y ged and by National
or TROLOEV ki Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell
International Inc. for the U.S. Department of Energy’s National Nuclear Security Administration

under contract DE-NA0Q03525.

KOMPASS Project Pre-Compacted Samples

) Resulting Controlled by strain rate Stress ) Remaining Material Number of
Technique i ) Runtime i
sample size I load regime porosity tests
. Preliminary tests on not
Radial load 3
’ 2 3d 2-11% classified crushed salt 8
; . (Omax = 5/10/15 MPa) Plain strain
Plain Strain d=90 mm Y w=0.5/1/2/3 %
(longest axis
(TuC) h =180 mm KOMPASS
Radial load fixed) i
2-7d 2-19% reference material 23
(Omax = 2/4/5/10/15 MPa)
w=0.1/0.3/0.5/1 %
Small Cell d=80mm Axial load, stepwise . KOMPASS
Oedometric 1-5d 10-20% . 3
(fG) h =100 mm (omax = 20 MPa) reference material
A : KOMPASS
i d =500 mm Axial load, stepwise ; :
Big Cell (IfG) Oedometric <28d 10-20% reference material 2
h =620 mm (omax = 20 MPa)
w=dry/1 %
Strain rate, stepwise Various > 40
d =100 mm o
BGR e (max = 9.1710% 1/s) Oedometric <28d ~15% (shown in this study: (2 shown in this
= mm
(omax = 20 MPa) ASSE/DEBORA) study)

= Sandia received small and big cell samples from IfG in
late 2019, and two samples from TUC in late 2020
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Pre-Compacted Samples (IfG)

681/0edo 1 “Cold™

Oedometer
Inner Diameter Temperature Axial Stress Final Relative
Sample ID (m) (°C) (MPa) Duration (days) Porosity (%)
681/0ed 1 0.1 Ambient 20 5 14.8
681/0Oed 2 0.1 94 20 1 10.5
681/0ed 3 0.1 94 20 5 10
B(Eug-esir?lep':ezgy 0.514 Ambient 20 28 136

ST
e

‘J’m

Big Oed Cell-Dry
“Sub-samples”

Pre-Compacted Samples (IfG): Small [l c

25

N
(=]

[
w

681_Oedo3 94°C - warm

I == == 6581 OedolRT - cool

— 581_0Oedo2 94°C - warm

w
1

Axial stress ¢, (MPa)
5
= |

0 : | ‘ —
0 50000 100000 150000 200000 250000 300000 350000 400000 450000

time (s)

T-probe
PT 100

Steel piston:
L= 300mm

D= 100mm
Brass liner

Bottom
plate
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Appendix

Pre-Compacted Samples (lfG): Big = "“‘
I
a t

5' \ = Stepwise sample preparation

= Multistep load test

= Desired sub-samples to be
more uniform

25,0 0,25
adal load
——Average backfill pressure
—tps v (dry)
20,0 w—ps V (wet) 0.2 o
)
S ju
o
15,0 015 @
g £
a
@
10,0 - 0,1 5
o
>
5,0 . ’ 0,05
0,0 T y : . 0
0 5 10 15 20 25
time (d)

» Microcracks with
planes of fluid
inclusions;
cataclastic grain
rearrangement by
intragranular cracks

BGE TEC 2021-19 81



Appendix

Mlcrostructures Oed 2 (94ec, 1 day)

= Microcracks;
cohered contact |
points between i
grains likely
assisted from
temperature

Microstructures: Oed 3 (s4°c, 5 days)

» Fluid inclusion planes;
plastic deformation seen
at grain contacts; possible
pressure solution
redisposition and/or
dislocation motion

Y .
| f
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Swdis
Natorsl
Laboratories:

a g

Microstructures: Big Oed @mbient, 28 days) |

=T - o o i
y - = . o B .
« y " s : \
¥e & & - ¢ o
. .. i . ¢ A AN
. ‘. - | i 4 3 ¢ -
. s v 3 - ) / LR
, = 3 ~ . .
¥ S e 4 )
. ) 5 109 e
o s s - 2
-
o 7

\N e

= Microcracks with
transgranular crack;
cataclastic deformation;
mechanically abraded
surface between grains

T T Ll T T T T 1 1

EHEH Crushed Salt Rawmaterial
[l Pre-Compacted Crushed Salt (IfG)
888 Compacted Crushed Salt (Oedo-117)

N
&
=
©
=3
(e}
Cad ] <\ « &
\*’6"\\)‘ LS o (\@c\\)( ¢ % \'\’\Na c}°6 G‘p é\@a“ \ﬁ\&‘ o
o e‘péo 2 S o«"‘db Q@“\vp
& o Flud inclusions (FI) " o
Cataclasis Diffusive mass transfer Intracrystalline plasticity
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Appendix

Future

= Subgrain analysis by SEM

» Preparation and analysis of additional pre-compacted
samples from TUC, with varying conditions
» Received samples #14 & #15 (15MPa, 2 days, w=0.5%)

= Examination of fully compacted samples

*Extra time for any unanticipated shipping delays ©
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Appendix

Microstructural indicators for deformation mechanisms

Kristoff Svensson

BGR

US-German Workshop
Part 2 of the online workshop

June 17, 2021

US/GERMAN WORKSHOP

Salt Repository Research,
Design, & Operation

Bundesanstalt fir
Geowissenschaften

o ammm.  und Rohstoffe

Why should we study microstructures?

- Microstructures are indicators for deformation mechanisms
- Which deformation mechanism was active and what were the circumstances?
- Microstructures help to quantify the deformation mechanism

- Comparing microstructures in differently compacted samples can reveal the dominant deformation
mechanisms for numerical modeling

= Bundesanstalt fur
— I honephanan
s und Rohstoffe
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Appendix

Microstructures and correlated deformation mechanisms

P S I P - Three types of deformation
sacaoraacrunas, [ ] mechanisms in rock salt:
ol — AL - Plasticity, microcracking
o [ - Cataclasis
| 3 p—— - Dilatancy
e
T | v | e - Dislocation creep
T 7] i : :
P 1] - Dislocations
ey i 7 - Subgrains
Intracrystaline deformation o Recovery - -
R [ A—— - Recrystallization
flh!ul.u’m Girain shape fabrics & ribbons 4 PLASTICITY (4.)
il i il . o
— — - Squtlon—preC|p|tat|on creep
il ; o - Grain boundary sliding and
st . ! ey rotation
e [ — [ e - Dissolution Jackson, M. P.A., Hudec, M. R. 2017, Salt
= s ini i Tectonics — Principles and Practice, Book,
‘ Blenkinsop, T. 2002, Deformation Microstructures and Mechanisms in Minerals ‘ Precipitation f&“‘é‘{‘;ﬁi lslniversity Press, ISBN: 978-1-

and Rocks, Book, Kiuwer Academic Publishers, ISBN: 0-412-73480-X

n Bundesanstalt fir
Geowissenschaften
s, und Rohstoffe

3
Deformation mechanisms and respective indicators
deformation mechanism m quantification
microcracks
cataclasis microfaults statistical
breaking-index
bended grains subjective
dislocation creep
subgrain size and
subgrain orientation statistical
recrystallization subjective
solution-precipitation creep overgrows
fluid inclusions statistical
- Bundesanstalt fur
L BGR i
Mmoo, und Rohstoffe
4
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cataclasis solution/ precipitation intracrystalline plasticity

increasing compaction*

v
main controls
pressure time fiiiio
grain strength moisture
: e temperature
grain shape grain size

*at laboratory
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Microcracks in crushed salt raw material
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Fluid inclusions (oedometric compaction; 50°C, max. 30 MPa)
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Subgrains in compacted crushed salt (oedometric compaction; 50°C, max. 30 MPa)

|

-
(=]
£
] -
c
j ©
=
o
Q
>
=
(%}
@
] -
2
=]
(0]

AN

Preliminary results

Precompacted crushed salt (RT, max. 20 MPa)

[ Crushed salt raw material
B Compacted crushed salt (50°C, max. 30 MPa)
=

Subjective quantitiy [-]

Bundesanstall fur
Geowissenschaften
g, und Rohstoffe

14
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Appendix

Preliminary conclusions

- Compacting the sample increases the quantity of the observed microstructures

- Precompaction shows only minorinfluence on the abundance of observed
microstructures compared to uncompacted crushed salt

- Compacting samples (<6% porosity) increases the abundancy of both:

- plastic and cataclastic indicators

Bundesanstalt fur
Geowissenschaften

s, und Rohstoffe

15

Future work

- Preliminary results showed differences in the investigated
samples but further investigations are necessary

- Assign deformation indicators to certain compaction states

- Ongoing comparison of differently compacted crushed salt
(KOMPASS 1)

- Comparison of real-used backfill material with laboratory
material

- Isolated generation of deformation indicators

- Bundesanstalt fur
Geowissenschaften

92

mo e, und Rohstoffe
16
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Thank you for your attention
and patience!

US/GERMAN WORKSHOP

Salt Repository Research,
Design, & Operation

Bundesanstalt fir
Geowissenschaften
o ammm.  und Rohstoffe

17
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Granular salt compaction and healing
Natural and Technical analogues

Dirk Naumann / Till Popp (IfG

d
i

Leipzig)

Outline 0% HLwW
= + Background
e + Natural and technical analogues
e + Fundamental micro-structural processes
TEC + Summary / Open questions

» Crushed saltis expectedto be
compactedwith time by the convergence

The problem addressed

process, andto finallyreach a similar
mechanical stability and hydraulic

Complex Multi-Phase System

resistance like the surrounding rock sallt. Solid phase S: grains of salt minerals (matrix)
. - : iquid phase F: i
» Dilatedsaltis expected to be healed e e e
with time by the convergence process, Gas phase G: mixture of gases (z.B. air, _
restoringthe original rock tightness. hydrocarbons) + water vapour pr ke
+ Which processes are acting » Experimental results

during compaction of crushed >
salt or healing of disturbed salt
+ Is the final porosity negligible,
i.e. capability for fluid- or gas-
transport?
» The necessary time scales?

Microstructural investigation of
dilated and re-compacted salt or
crushed salt samples =
»Mellisa/ BGR“

Investigations of analogues —
link between nature and
experiments

7 US/German Workshop
’ e Part 2 of the online workshop - June 17, 2021

KOMPASS — Crushed salt analogues

BGE TEC 2021-19

RS B« BGR @

S~

D=
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Appendix

Dead Sea salt sediments (crushed salt)

Shallow salt layers buried within the Dead Sea
fill during several quartenary time periods:

T

» Duration of compaction
processes of several hundreds
up to some thousands of years

= comparable to our time scales

|+ Low vertical stresses due to low * ‘i. \
|| depth (up to 100 metres) : .

| | Presentation of literature
..H | findings from boreholes

and seismic investigations

# g [2 y
(after Goretsky, personal commun.) oh-eore sample W ’ . ,"“

) US/German Workshop
Part 2 of the online workshop - June 17, 2021 KOMPASS — Crushed salt analogues GRS B BGR I ) v @)

Syndepositional and postdepoptional diagenesis of salt rocks (crushed salt)

(1) Formation of halite cumulates begins with crystal
nucleation at the brine/air interface (e.g. hoppercrystals). Atthe
bottom loosely packed layers of cumulates with halite cementas
overgrowths (after Handford, 1991).

(2) Diagenesis:
Schematic cross
sectionacross
the Deap Sea

=*N

Salt crust of salt at the Dead Sea (from Melanie Lidman/Times ofisrael)

(Yechieli et al., 2006).

§ Gsnnn Worlshop KOMPASS — Crushed salt analogues RSE«BGRDm B

Part 2 of the online workshop - June 17, 2021
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Appendix

Porosity decrease during diagenesis — core investigations

+ Quaternary halite layers at about 10 m have

; o porosities of 10%, and layers at depths below
ol o/ about 45 m are tightly cemented and contain no
% visible porosity.
. + Casas and Lowenstein (1989) showed that the
s je® porosity loss was entirely due to early post-
g‘o‘;. depositional diagenetic cementation by clear
§ ¢ halite.
of e oo * Mechanical effects on porosity reduction are of
o] . :v::a:: minor importance
e ?u:mw V- - All effective porosity is lost by 70 m burial
kil + Hydro-chemical effects (pore cementation)
Figure 1.31. Porosity in Quaternary halite beds versus depth 2 = %
l(:z.l;y?tmm;l in, 1989). All effective porosity is ) are of major importance

KOMPASS — Crushed salt analogues RSB« BGRID 0 @2

Deep Sea

Dry samples:
T ory P snd ol oo i Gyt Voom 456101

(R-squared) = 0.70
Vs =.2699 * ¢ +2563 (N =32)
Costhciont of (R-squered

s

X i e B

E 8

20

BE S

'y RS Compaction of crushed salt with simultaneous

Vs (Popp Kem, 1998)- $=0P=43620.)X-00008)

The lab trend is confirmed for the natural

g &

Vp. Vs. mis
N Ji il ld 1 1 CRX AR L1l LiL) -1 1
s, o

0

(after Goretsky, personal commun.)

005 01
Porosity ¢

salt samples from swallow depth

KOMPASS — Crushed salt analogues GRS\« BGRID 0 @2
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Appendix

Core investigations — permeability measurements

Deep Sea

® This study. 20kPa eff press, CTS
0.01 -5 o This study, 20kPa eff press, VWIS
El fractures

4 | @ This study, samples with &
000t +-{* Friedman et al (2008), WMS E

3 2
00001 %

E @
1E-005 * E

3 &
1E-006

Dead Sea salt Fit: Power

| Equation In(K) = 3.684" In(¢
Alternate K = pow($.3684)
Number of data points used

C}?S !"‘ _Bvc_nﬂu Classinal ([,

1013 10 E
's:;nul.ln-nn. ‘(
’
10 TG zawes 1]
O A T6MPa g
1015 B
? 2> Compressive strain
= e 01+ 0 Exp.3922HS1:5 MPa
2 1016 e A Exp. 101 22HG : 5 MPa
= 2 o Exp.126230S0:2 MP3
1017 0014 Compaction p
T - — TR
st 1 Intact salt |
0001 +—V——"+—+——"++—T—++—
1019 4 42 44 46 438
3 Vp (km/s)
o 510 %
1 T -
* No unique permeability-porosity or—
porosity (0 - 1) v velocity relation in the low porosity

range
« Change of inclination - final porosity?

25 — Crushed salt analogues GRS\« BGRD | @2,
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Appendix

Re-compaction of dilated salt — Case study Teutschenthal

» Permeability testing of re-consolidated self-
backfill-material (heavily damaged salt)

200 - 1,0E-16.
: Repeating the presqurisation |
a — Diatancy b s
s — gy | _cycle demonstrates fightness, |
gﬁ— A58 —— Gaspressuce| @, no gas flow was =tz E
© detectable. ] o
@ 100 | 1.0E-18
E (measunng rdsoution: 0.4 mimin) £
¥ !ﬁﬂ """ Time dependent 1 &
Main access drift 2. level between the cavities 345445. NS | @ =28 | 7 G consolidation |
View to the East {originally mined: 10/1962}. .

Lessons learned at the Teutschenthal site:

Natural closure of underground openings due to salt
creep is a fact, but take into account: it’s carnallite
Despite room cl of ground openings is a
long-lasting process, it will happen within periods of up
to 1000 years depending on, e.g. the salt type.
repository depth ...
During re-consolidation the natural salt properties (e.g.
gth, tight ) of the crushed salt will be restored

Humidity will accelerate this process

8
r

A

*‘ US/German Workshop
Part 2 of the online workshop - June 17, 2021

* Humidity — associated
healing seems to be

most relevant

» How does it work?

KOMPASS — Crushed salt analogues

(RSH<BGRD,

o~ —

al @S

Underlying mechanisms: Volumetric creep of salt — Long term

&, =

High stress,
high strain-rate,
coarse grain size

=~

B

US/German Workshop
Part 2 of the online workshop - June 17, 2021

BGE TEC 2021-19

4

Pressure solution
creep (Utrecht)

—_-

Low stress,
low strain-rate,
fine grain size

KOMPASS — Crushed salt analogues

AT).[,$)0% + B(I).[y(#)—r+...?
&

Dislocation
creep (BGR)

4

Plasticity coupled
solution transfer

High stress
conditions

(Spiers et al. 2005)

GREE«BGRD (..

| BE
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Appendix

Microphysical model for pore disconnection — Fluid transport

Driving force for material transport by diffusion = surface energy !!

Brine
filled or Material transported by diffusion
coated @ | from grain corners to walls of
tubular ~ tubes at grain edges
pores ¢ 2
< Final configuration: Cubic grains with

Starting configuration: Cubic grains isolated spherical at corners (porosity = @)

with tubes at edges (porosity = &) (ahter Spiers)

Time for pore disconnection:
._ _ 3¢d°RT
32 aDC Q yF (¢)

$ is porosity, d grain size, T temperature, » =02 J/m?,
5x10°m’s1 (70 °C) (diffusion coefiicient),
1

D=
C =02 m/n? (solubility of salt), 3( ¢ )2 3¢ %
02 = 2.7x107 m/mol (molar volume of salt) and TP = (S;] - [.—1_; ]

9w

*‘ US/German Workshop
Part 2 of the online workshop - June 17, 2021

KOMPASS — Crushed salt analogues GREBE«BGRD (. @,

o~ —

Closure of interconnecting pore space — crushed salt

8)

8t 100 °C
a) b) porosity ~6.3 %

Very intense indentation and grain
boundary straightening by pressure
solution showing presence of 120° porosity ~0.6 %

‘equilibrium’ grain boundary triple junctions
(grain size 180-212 pm; bulk compaction
strain 27%; wet compaction stress 5 MPa)

Jobmann et al. (2014)

Percolation network model
ok Beoketal./ Techoopiysics 0T (1999) In the porosity range of 6 — 3 % the connectivity of the
pore space decreases rapidly

- SN Wotishop KOMPASS — Crushed salt analogues RSB\« BGRE (0 @

Part 2 of the online workshop - June 17, 2021
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Summary / open questions

+ Natural analogues of Dead Sea salt sediments show that all
effective porosity is lost by 70 m burial

+ Direct measurements of porosity and permeability resp.
ultrasonic wave velocities demonstrate recovery of a low
porosity = hydraulic tightness,

+ The Teutschenthal-example confirms healing / consolidation in
situ, i.e. crushed salt approaches intact salt properties with time

but

» Mechanical-induced crack/pore closure is not sufficient to
explain healing, i.e. development of cohesion!

» Humidity-assisted deformation mechanisms are the key-

factor for healing and crushed salt consolidation! x;
Despite a significant process understanding exists :
sufficient experimental data and appropriate modelling Follow-Up R&D-Project
approaches are still missing .... ,KOMPASS II*
US/German Workshop

KOMPASS — Crushed salt analogues RS ®E« BGR D W

o~ —

|UG Part 2 of the online workshop - June 17,2029 = 0 OES o wmemER sen anEnmgEEE o LR W Son= BRI Clavsinal ()=,

THANKS YOU FQ;I{' ,
B  ATTENTION=
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11t US/German Workshop on Salt Repository
Research, Design, and Operation

The KOMPASS project
Modelling related experimental aspects

Sandia Svetlana Lerche

"1 {“;,“J’,S?ém Uwe Dusterloh
PTKA Juan Zhao
e TUG
TEC Part 2 of the online workshop
Juni 17, 2021

Overview

& e

1. General reasons for need in modelling related lab tests
2. Modelling related lab program design for crushed salt

3. Results and next steps: KOMPASS | and KOMPASS I

BGE TEC 2021-19 103



General reasons for need in modelling related lab tests

What? Basic task in the numerical analyses
Idealized/simplified reproduction of reality
Geomechanics: underground system with
antropogenic consturction and geogenic structure

rock salt -

real geometry

real behavior

s

Nosorad

bz
& e

General reasons for need in modelling related lab tests

What? Basic task in the numerical analyses
Idealized/simplified reproduction of reality
Geomechanics: underground system with

€
5[ 8 )
antropogenic consturction and geogenic structure 2 3 65
8| \ e
, What for? Two main aims in geomechanics
T geamay - safety state: evaluation of current stability state real behavior 't

- long-term safety: prediction of future evolution
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Appendix

General reasons for need in modelling related lab tests

What? Basic task in the numerical analyses

Idealized/simplified reproduction of reality €
Geomechanics: underground system with =) 8 g
antropogenic consturction and geogenic structure 2 3
Q %
o
- What for? Two main aims in geomechanics
S -> safety state: evaluation of current stability state real behavior 't
\ - long-term safety: prediction of future evolution

How? Two necessary components
-> Idealized reproduction of geometry
for underground construction and its environment
-> ldealized representation of the processes
taking place due to the material behavior
in the construction elements of the
studied underground system

General reasons for need in modelling related lab tests ‘!;_”‘
BCE pidd
Main steps
to be done regarding the constitutive models
to ensure the generation of reliable statements
What? What for?
- development - use
of constitutive models
for generation
of reliable statements

- validation

- demonstration
of functionality

BGE TEC 2021-19 105



General reasons for need in modelling related lab tests

Main steps
to be done regarding the constitutive models
to ensure the generation of reliable statements

What? How? What for?
- development - use
? Ny of constitutive models
/'~ model structure for generation
- considered of reliable statements

{ processes & j
% influence factors  /

. -> validation .
2 8

1.step: lab tests to identify
the main processes & influence factors

- demonstration
of functionality

.
General reasons for need in modelling related lab tests ‘Z:“'“
BCE pidd
Main steps
to be done regarding the constitutive models
to ensure the generation of reliable statements
What? How? What for?
-> development - use
res Ny of constitutive models
S ) for generation
; .9 - model structure z
improved 5 = nsidera 2. improved of reliable statements

- practicability
- functionality |

3. - measurement

processes & - load type

influence factors

N
‘§
N

bt s
-> validation
B
1.step: lab tests to identify
the main processes & influence factors
2. step: modeling related lab tests
to investigate systematically and isolated

- demonstration
of functionality
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=
General reasons for need in modelling related lab tests s
BCE g4
Main steps
to be done regarding the constitutive models
to ensure the generation of reliable statements
What? How? What for?
- development - use
3 of constitutive models
; ; " model structure ™ ; d for generation
) pramgﬁm - considered 3 '_"rf;g\éﬁ I of reliable statements
- functionality processes & " - load type

influence factors

-> validation
B,
1.step: lab tests to identify
the main processes & influence factors
2. step: modeling related lab tests
to investigate systematically and isolated

- demonstration
of functionality

L
in situ tests with measurement

=
General reasons for need in modelling related lab tests ‘Z;_"‘
BCE pidd
Main steps
to be done regarding the constitutive models
to ensure the generation of reliable statements
What? How? What for?
-> development - use
Ny of constitutive models
i S/77 - model structure “0\Q d . for generation
; pra?t}g;%‘illietg - considered EY '-n:r?;g\éﬁrement N i T of reliable statements
¥ Rttt processes & N | =
funcionallty influence factors ; 2 e e = E =
S D uww
. . KKK : m w
-> validation mo«
gt < -
LW = improved
1.step: lab tests to identify me o =practicabiii
the main processes & influence factors & 1) Ef ? ionali y
2. step: modeling related lab tests —_— - U“Qt'ona ity
to investigate systematically and isolated n= - realism
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=ag
=82
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of functionality T
L
in situ tests with measurement C"US:‘ed
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Overview

1. General reasons for need in modelling related lab tests
2. Modelling related lab program design for crushed salt

I

3. Results and next steps: KOMPASS | and KOMPAS
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Modelling related lab program design for crushed salt

previous investigations

. N\
Influence of  |BGR | Influence of |
Nasional strain rate J[C1 7| humidity i
Karlsruhe-INE, Korthau: Isborstodes - i - 3
" P 5 e ot e R\ 5 {“z
o= b . = {
JE == g : S i
fu - g S |
i | | =| ’ . T e e e > i
;3 D © . -
r | - Ql > T -
t_‘ ey N | ©
S .
£ @
S Q| & | | Influence of T I Influence of S b
ol gl % — additives a i
“
= S EANT ¢ — 2 o9 |
. 9 SLAR LTS FLA 3 £
2 . 2 I\ S -3
7 5 W\ L L\ 8 I
. G s X §
i P J(’/" | ]
it al TTY=— m £
N ) [ 3 { - {semehe 3/
| = [ TK-031: long term multistage-test, am=const ] < - == 1
p : 4] — — g,‘_ e o i =t |
= 3 = = - 20 y  INOCAN F tul
o ge 32| i = e
T i t,._'_,_;,,,_#f'
ov-influence(!) + cube-cell ov-influence(!) | g ¥ ! T : T
Scurce = g — I i
Koahaus, INE. Consosdetion and Source: =l 8 - — - —
deviatoric deformation behaviour of dry Callahan Crush salt Y P8
crushed selt at tempevatures up o 150°C. MM o é Y J \ A
binthert bt te ol Sources: REPOPERM 1 (2009), REPOPERM Il (2017) Source: REPOPERM Il (2017)
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Modelling related lab program design for crushed salt

previous investigations

1. step: LAB
identification of
main processes &
influence factors

2 Ss

1. step: MODEL
- model structure -
- considered \

{
|

Influence of
~| humidity

L) Bt

Influence of
strain rate
A

i
¥

i
T

Influence of
additives

processes &
influence factors |
ISl |
g

extensive ()

oedometer cell tests

2. step: LAB
modeling related:
systematically and isolated
investigations

=

[ TK-031: long term muitistage-test, am=const ]
T

n =

~~

2. step: MODEL
- improved
functionality
- increased realism
- extended
range of validity

Long term multistage-tests ca. 3*1500d (/)

- Influence of T, om, humidity

——ty

ov-influence(!) ‘

Triaxial cell
om=const, clear B/C ()

nace;
Wiahan Crush salt

A3btstne MO
ZSPEC, Rapid Cty, 1999
Sources: REPOPERM | (2009), REPOPERM Il (2017)

> State of the art in science and technology —

Modelling related lab program design for crushed salt

concept for modelling related lab program design
Principles/Guidelines for planning

a——

ssH

"1
-
"l
=]

1. step: LAB
identification of

main processes &
influence factors

<

1. step: MODEL
- model structure
- considered

processes &

influence factors

B
2. step: LAB

mdaéfing related:
systematically and isolated

investigations

yEg

2. step: MODEL
- improved
functionality
- increased realism
- extended
range of validity

@
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(for the system of tests
Completeness —
Systematics -
Reliability &
Effectiveness -
for individual tests
Clearness/
unambiguity/ >
clear-cut
analysis
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Modelling related lab program design for crushed salt s
concept for modelling related lab program design
Principles/Guidelines for planning How?

(for the system of tests

Completeness

Systematics

Reliability &
Effectiveness

for individual tests

Clearness/
unambiguity/
clear-cut
analysis

o All known/assumed influence factors

uniform material for all tests
» Comparability of tests: coordinated test types (B/C) and
coordinated areas/values of infulence factors

» Exclusion of material variations/scattering: multi-stage tests
M, H, T

e Structure - influence factors groups: material state internal factors
external influence factors

. ... _.. _in situ relevant factors

o Prioritization:. : :
insufficient studied factors

« New technoligies for more precise measurement

e Several labs with different measurement technologies and optimized B/C

e Isolation of studied process: avoid/switch off the remaining processes
« |solation of studied influence factor: keep all remaining factors constant
due to special partly innovative B/C
» Area of the currently investigated influence factor:
a) continuous range: in situ relevant range, broad area

\

b) discrete levels: min 5 levels (for clear identification of dependency) )

Modelling related lab program design for crushed salt

concept for analysis and structural decomposition of constitutive models

methodical approach
in frame of physical modeling

step 1: .
current requ:rements

+ areas of application
review for existing models &
evaluation of current status

* Art of model strucure
* Quality
+ Areas of application

S et'P :

data base/lab tests

* interpretability/clearness

« completness

+ systematics

s,t,e‘f) 3.

building of model structure
hypothesis generating

* options/systematic

+ ,Occam's razor'

+ dimentional analysis
hypothesis test/corroborate

« lisolation of influencing factors
step 4:

validation

* implementation

* plausibility

* realism

'l'U Clausthal

@ Sanda
et
bz
AQuUA’: shema for evaluative analysis for constitutive models
« model features, capability, areas of application
- model limints of
[ ) 0 e ) (
Art of model e Quality C> Areas
structure of model of application
|
:/ ¥ %
* practicability E
« statement of grounds pn'::;g;sz:
; « plausibility ) !
e.g. phenomenological P
(g0 Nopical) s - space of time
|+ structure * functionality for in situ application
SRR (re-analysis, prognosis)
)
h for ition of a itutive model
3 g couping variadle
%g [p«ocessll +‘~.[p¢ocessl| + (%) | process il | 4 (%)
£  A—— R S
85 R Teee
% - state variables S
§ - influencing factors
2 L. tunctional [
relatonships
I' . - variable = value'DD |
) = HIFy) " {IF2)
4 - state variables | valve= G ) i
8 be -influencing factors e=5T sG b
g L. tonctional ’ 0= 56 & Ma | svemmmee
relatonships  REaaes “ IF = influencing factor
- o * directionsl disinbution
SG = stross

MA = eatorial anisotrogie
1) = tunkfiona’ rolatonship

110

BGE TEC 2021-19



Appendix

Modelling related lab program design for crushed salt

structural decomposition of constitutive models s
schema for ion.of model o Lo
§§ process | 3 ‘ /7 i
s VCHVS |
l
g g L - stato variables
~ infuencing factors
== - )
Z: e state variable -‘vcluo‘on |
ﬁg..'f“'"“'*?m L™ wa? | =
g L tunctonat { 00= ggam TV =
S el
. B
\ MeinKortheus
3 ;| ook
\ E
+
Callahan, Sandie. Crushed-Sall consttutive.
E

Vo B~
EXPO-COM/ TUG 2921 " m TU Clausthal[ ™}
ey

Modelling related lab program design for crushed salt ‘l:“
e TEC
constitutive models and assumed influence factors
constitutive models for crushed salt in the project community
! | | GRS:
H H o ve VS 1 Olivella/Gens
i ) Y A4 ~ '
processes ! dislocation grain hymidity ! BGR:
assumed . E E creep rearrangm.  creep : Heemann
: P e = ol FEREE 5
: : ' IfG:
: S + VS : I C-WIPP-mod
' | & A i
: E E {St J . I BGE-Tec:
: E (m] 5 i similar to rock _sl_alt E PRI
i i ‘ i [x¥] } ovorem i BGE-Tec:
i E qi/lel/f T (po/‘ci"l"['l i Bedsdorv 1 [T Hein/Korthaus
influence | | | i .4 | crushed salt '
factors | (p/e/p" = ‘ LI speciic ; I TUC (2019):
assumed ! ""Ul _ |Cirln| I GEI 1 e | o/elp 5 C-WIPP-mod
| o |MEREREEEES SNV [H] A i | Tuc (z0z1):
: ;| d/k Loo/S | 1 | Expo-com
: i . AT r‘l b ®o/evol !
| | | a1 Wi sandi:
____________ H ___________:______________________________________:_____________“______: . Callahan
* E - elastic deformation M - mechanical d/k -9rain size 1| - model
o il B hiag - corors
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Modelling related lab program design for crushed salt =
BCE pidd
constitutive models, assumed influence factors and validation status
constitutive models for crushed salt in the project community
5 + VC + Vs , Existence
: i . et — i detected
processes! ! dislocation grain hymidity i due to lab tests
assumed ! E | ! creep | rearrangm. | creep (mostly Oedo)
5 . Of c=——— = i
5 4+ |ve 4 VS l i Functional
H i b : relationship
: : = i not sufficiently
____________ L] (st] EGsestigated
! m i similar to rock salt | due fo llab d'EStS
: ! i : ovorot, T ; :gg;;saoles times or
E i (p/ e/ P (p()/ Evol E T E L fgr] _Sgr/_’ ORV E - not for the whole
influence | o/g/, | m— | e | crushedsalt | range.of porosily
factors | ! e specific :
assumed | —— | Om Oy e | o/elp : Functional
|| — | ——— |1 [H] relationship
: (po : E—| I | : : B ——— : isolated
: ! d/k | /S | ; : sufficiently
| | . ! || Po/Evol : investigated
! E — = i due to lab tests
* E - elastic deformation M - mechanical dJk -9rain size
VC - viscous compaction H - hydraulic and distribution
VS - viscous shear T - thermal
Modelling related lab program design for crushed salt ‘!"-——~
3 TEC

new designed extensive systematic lab program

Plan for extended systematic laborato

rogram

for crushed salt compaction

Objective: Creation of solid systematic data base

—> isolated observation of processes and influencing factors,
for developing and validation of constitutive models

porosity /
compaction status

isotropic deviatoric
load load temperature

£ (o)

If(fp)A

f(ov)

o,

Eve EE  Evs
water content /
saturation

Load type
1. Stress geometry

Load type
2. stress/strain rate

f(S)

iso/TC/TE
TE+ g,=0

& =const
vs o=const
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Modelling related lab program design for crushed salt

new designed extensive systematic lab program
Plan for extended systematic laboratory program

for crushed salt compaction

Objective: Creation of solid systematic data base
— isolated observation of processes and influencing factors,

@ for developing and validation of constitutive models

f(S)

iso/TC/TE
TE+ ¢,=0

& =const
vs oc=const

porosity / isotropic deviatoric
compaction status load load temperature
L@ | [Ifew| [ren| |[rm
Eve €E  Evs
water content / Load type Load type
saturation 1. Stress geometry 2. stress/strain rate

- external influence mechanical
- external influence thermal
- internal state

Modelling related lab program design for crushed salt

new designed extensive systematic lab program

Plan for extended systematic laborato
for crushed salt compaction
Objective: Creation of solid systematic data base

—> isolated observation of processes and influencing factors,
for developing and validation of constitutive models

rogram

porosity / isotropic deviatoric
compaction status load load temperature
lr@ | [lfew| [[re | [lr@
Eve EE  Evs
water content / Load type Load type ro-combact
saturation 1. Stress geometry 2. stress/strain rate

f(S)

iso/TC/TE
TE+ g,=0

& =const
vs o=const

& e

specific goals
1) verification of
admissibility
of rapid
pre-compaction

2) comparison of
Z pre-compaction

techniques

- external influence mechanical

- external influence thermal

- internal state

- internal structure due to pre-compaction

BGE TEC 2021-19 113



Appendix

Sanda
Modelling related lab program design for crushed salt s '.""“
e TEC
new designed extensive systematic lab program
Plan for extended systematic laboratory program
for crushed salt compaction
Objective: Creation of solid systematic data base
—> isolated observation of processes and influencing factors,
M for developing and validation of constitutive models
porosity / isotropic deviatoric
compaction status load load temperature
Vil fv2) V3] e T N re )
@ [ (o] [se] |[r@]
: Y > )
Eve EE €vs
water content / Load type Load type Ycombach
saturation 1. Stress geometry 2. stress/strain rate \
1] ] s2] : (s3] TCrTE, 154 N
f ( S) iso/TC/TE & =E°'75t S =copst specific goals
TE+ £,=0 vs o=const vs G=const 1) verification of
T T T admissibility
- T T of rapid
pre-compaction
* S - series of tests, V - individual test 2) comparison of
» Z pre-c(_)mpaction
- external influence mechanical techniques
- external influence thermal
- internal state
- internal structure due to pre-compaction
23
() =
Modelling related lab program design for crushed salt ¢ ‘._"‘
3 TEC

new designed extensive systematic lab program
Plan for extended systematic laboratory program

E for crushed salt compaction
porosity / isotropic deviatoric
compaction status load load temperalure
S Sf(om) Sfloy S(D)
oSl ov=0 oSl ov=0 o S| om=const oS| ov=0
| om=const | 0= 1.2 63 o | 0= 102 63 %w| om=const
T = const T = const T = const do =¢2
0 10 ¢, % 40 0 om MPa 30 0 oy, MPa 20 0 T.°C 100

[cm=const=10MPa / $1=0%, b2 =15%, b3 =30% / r=consf=50°c]

water content / Load type Load type rezcompaction
. 2 Q_ 2L __2___
saturation 1. stress geometry 2. stress/strain rate
fS) iso/TC/TE §~consl TCvs TE
= =0 5 5 vs o=const 5
S| Ov=
97| om = const ¢~| ©m = const ¢>| ov=0() 9~ _
@ = @l g0 =2 Bl I T o 0=6
do =2 k2 & T = const
T = const T = const _ T=const R
0 S, % 2 0 o, % 15 0 o, % 15 0 b, % 15
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Modelling related lab program design for crushed salt

A . [ors mepn ','\ - - wot| —u

! ) Lowdty
i

ol
o) (N

]

¥

t e B
Ll omen
T const
Y -0
T
e compacted - Ovmater ot

& =g

A

enpecied resets.
very vimsdar % 039, bt BC 0 ()

1] e

n for crushed salt

Results and next steps: KOMPASS | and KOMPASS I
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Results and next steps: KOMPASS | and KOMPASS Il

pre-compaction techniques

Oedometric conditions

KOMPASS |
Feasibility
1) pre-compaction techniques:
- development and testing
2) pre-compacted samples:
-> creation for further investigation

T Institut fur
fG || Gebirgsmechanix
\ GmbH Leipzg

-> comparison and verification of

admissibility of pre-compaction

pre-compaction tests Q]
procedure with using of storage cell
In situ similar B/C: TE + s, =0
KOMPASS | KOMPASS I
(Seres17C ) KOMPASS I
technical realization & < ?‘!’,’3;”;{":?‘};‘" e )
; abio valu .

first experience ontol garealers Serles 4 -TUC - creation of samples
» tochnical reaVzation _W_-vaniation » inGroasing the ditotase
» fitst @xperiance for guide values o/t Total ca. 10 tests during the pre-compaction E .
3 sompo grepartion T | ol 12 tests, tax cel () with target porosity

for further investigations Series 2-TUC
O » systomatic research
sukabie viruos for F
control parametors Series 5 -TUC

- systematic

¢ + variation —+ Jong term behavior S
|_Total ca. 20 tests » i situ simitar ow stross value researc h series
" | reaching of $ S 1%
Total ea. 25 tosts Series 3-TUC Total: 1-2 tests, long term (1)

» Systemetic research
sukable values for
control parameters
vaviation
Total. ca, 24 tests

27
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Results and next steps: KOMPASS | and KOMPASS Il

long-term multistage tests with isotropic load: TK-031 and TK-033 (BGR)

porosity / isotropic
compaction status load
= R —]
S o —
3| fle lf(am) ——
~ : g ¢ gt TN b
§u| | u
fa —vtrmme
i § §
. ] i =} o
i [z | -
B
b | "
o E e w w m W Te e m m m % ™ pge
o T i i w4 | [ty o simgers ooy |
n e s
& »
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Results and next steps: KOMPASS | and KOMPASS Il

long-term multistage tests with isotropic load: 5 tests (IfG)

porosity / isotropic
compaction status load

Om) 4

]
£ve

\,’

N
Li

e |
220 356-02 . - . . - nsttutor
=T 176) Eiee
P i ™~ N < measurement -

@AOEDOITCC oy s N 103 | we 3.0E-02 hydrostatic_st1 Maﬂf'
) ) 0 1 e | ne - - hydrostatic_st2 P

oy 2 "o 13er "o : hydrostatic_st3 A\'
Tomwsitoe 1072 | T(0°C) E) T 2 25602 &'&o’
BAOLDoITEC oy 0 i) 1560 V54 o o
(25°C) o £ X} wa | ue '; &

3 2.0E-02 2 2 1

ooy % o 126 T E hydroatanc a2 hydroatatic 383

Total test tme 1072 T80 °C) 2 8o . s oy = 10MPa o1 = 20MPa
g 1.5E-02

S44L0EDOVTCCY oy 1 e 1250 128 § ©; = 10MPa o3 = 20MPa
24°C) oy s »1 1224 ny 8 a0 = OMP 4o = ONPs

r w wo | nw | ww g 1,0E-02 T = 208K T = 208K
Tormwet b 1972 |+ (80°0) 0 3o g
GIOEDOTTCCS | |wet (1) B W e | Ta - |
125°C) et 1% 1 X} e ) § 5.0E-03
Tetwat e 1974 | wetii%) £ e < (3
€34 0EDOVTCCE - 1% 1 ns 192 0 0.06+00 s

+ : U i ,

25°C) -t (1% s »1 1043 S0 | s O 20 40 60 so 1w 120 1‘0 160
Totsd tent tme 197 2 - (1% 10 2o an ose 8| W[d]

Results and next steps: KOMPASS | and KOMPASS Il

long-term multistage test with isotropic and deviatoric load: TUC_V2

Qorqsitz/ isotropic deviatoric porosity /
compaction status load load compaction status

£ve

V1 V4 .V5 V3 a
f (<P ' (Gm f (dv 2| F (4) -

« Innovative B/C with isolated cv
« Measurableinfluence

Vi ic ph
28 — l > e
24 | TUCV2 1
Boundary conditions (8/C): time f¢]
Gy = const (5 main load steps) 3 = a Smooth . »
20 O = 4.2/8.2/12.2/16.2/20.2 MPa | f— — e SRS S
for each main load step: | ] ‘ 1E08 R
— oy = 0.5MPa or 8.0MPs r ) | 8 -
& 16 iso or deviatoric | — —1
= \ |
2 t i "
g2 ] ‘ = 11’:‘ z
= s wut
4 H {
8 | ‘ g 1 %‘ \ \\_\ \ ﬁ-\\ -2%
8 \ VIV
— | i \\ \ \J Ny
4 3 i iR
’ ‘ 1 L]
0 H_H_/H_JH_/H__/ f
0 1.step 30 2.step 60 3step 90 4.step 120 S5step 150 f
time [d] @ 5 % e
—sig_z —sig.x  —sig_v —sig_m = TU Clausthal s &
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volumetric stain [-]
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Results and next steps: KOMPASS | and KOMPASS Il
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recalculation results for the multistage isotropic test: TK-031 (BGR)
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o °

©
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Results and next steps: KOMPASS | and KOMPASS Il

OvelaGens - GRS
w—C-WIPP-BGE-Tec
HeinKorthaus.
e C-WIPP-G
—C-WIPP.TUC
= Calahan - Sancia

o measurements

Ofvela/Gens - GRS

—C-WIPP-BGE-Tee

Modelling

Basic functionality/
Qualitative agreement:
All models used here

are capable of reproducing

- reduction of compaction with decrease of porosity
- increase of compaction with increase of main stress

Realism/

Quantitative Agreement:
Quantitative fit is still
improvable in several models
-> Functional relationship

- Material parameter set

Completeness

of the validation:

-> only 2 influence factors:
main stress, porosity

- only in a limited range

om = [0— [10=20] —25] MPa
o= [1— [17-7] — 301 %

porosity /
compaction status

éve
E

s |

5]

& e

recalculation results for the multistage isotropic and deviatoric test: TUC_V2

01

0.0

0.0

0.07

002

0.08

0.0¢

volumetric strain [-]

0.03

=" Uevistoricphasst

v —

—

20

&
&

volumetric strain rate [1/s]
I
M
&
@

1.06-08

OfvellwGens - GRS

——C-WIPP-BGE-Tec

~Hein'Korthaus.

—C-WIPP-4G

—C-WIPP-TUC

==—Callahan - Sandia

—— measuremerts

==sgm

gV

5. 1oad step

Modelling

Basic functionality/
Qualitative agreement:

Most models used here

are capable of reproducing
increase of compaction

by activation of deviatoric stress

Realism/

Quantitative Agreement:
Quantitative fit is still
improvable in several models
-> Functional relationship

- Material parameter set

Completeness

of the validation:

- only 3 influence factors:
porosity, main, deviatoric stress
- only in a limited range

om = [0— [4+20] —25] MPa
@= [1—[17+9] — 30] %
ov= [0 — [8] — 20] MPa

stross [MPa)

Lab

* Innovative B/C
with isolated Gv
+ Measurable
influence
deviatoric
load
vs]
f(oy)

=

B
]
5
0
<
~

compaction status

T3
2| fle

B

porosity /
compaction status

2

d

isotropic
load

=
S
N
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Results and next steps: KOMPASS | and KOMPASS Il

1. step: LAB
identification of

main processes &
influence factors

8,

1. step: MODEL
- model structure
- considered

processes &

influence factors

L
2. step: LAB
modeling related:
systematically and isolat
investigations

<

2. step: MODEL
- improved
functionality
- increased realism
- extended
range of validity

Plan for extended systematic laboratory program
for crushed salt compaction

Objective:
Creation of solid systematic data base
~» isolated observation of processes and influencing factors,
M for de ping and lon of models
porosity / isotropic deviatoric
compaction status load load

.

H

e
[f(@n

va] vs|
] ]

S

Objective:

- tightness

""" Load type Load type
1.Stress geometry 2. stress/strain rate

- in situ relevant

pre-compaction = permeability:

s2| s3]

K= f($, o3) for low

S4
TC/TE, » Py influence

=canst _|Ill

iso/TC/TE & =const
TE + &, = 0] vs o=const

- It ]

creating a new systematic database
i 84

validation and development
of the functional relationships in constitutive models

<

new level of realism and robustness
A8
new state of the art in science and technology

in the modeling of material behavior
of crushed salt

i
for crushed salt co io,
jon status Isokl;:glc do;g:(gnc temperature
@[ |rew] [re] [r® [
b;c £E ;;‘vs k :
tent / Load Load
was’f:f.m;}f e o gob,gn’ex_e_lry 2 slress/s?a;‘?:my ere-compaction
r {s2 s3 e 154
o8 forons) [ie® [
f ‘ ‘ TE + ¢, ::JJJ Wsn:cons;l vs azconst
b - Y = x—l -
S« sevies of fests, V-« indwiue fest
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11" US/German Workshop on Salt Repository
Research, Design, and Operation

The KOMPASS project — Future work of relevance for LTS

Sandia L. Friedenberg, O. Czaikowski, J. Wolf
P | Netional
Laboratories Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS)

PTKA
- Project Management Agency Karturuhe
stube lastitute of Technolo

Part 2 of the online workshop

June 17, 2021

BCET

@ Sunda
g N
> Uabersies

] ﬂ e —
ol

Outline

1. KOMPASS objectives
2. Requirements for long-term safety

3. KOMPASS future
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1. KOMPASS objectives -~
+
Q |-
Phrediction : Prognosis quatlity
a 4
Microstructural
investigations
2 =7
B CE >
Numerical strategies
o e v
1. KOMPASS obijectives “o.

Q

Prediction Prognosis quality
enhancement improvement
1013
Stormont & Daemen,
1992

1014 1 - !.
>4
“M Lo

E < 8/,/ %
L /
g " TN /)Y )
P g /Cha s Microstructural
Y/ "bé: /) S investigations
108 2 / @
y -84 < - = :
109 a :;; ::
1020 + + T
0.0001 0.001 0.01 01

porosity (0 - 1)

®
{5 o
Numerical strategies

‘Q Further work with relevance for long-term safety
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2. Requirements for LTS
(DECOVALEX 2023 TASK F)

= Staged model development to build up to a full PA

L

AT o B

\

Flow + radionuclide mobilization and transport

+ drift convergence (salt creep and backfill consolidation)
+ heat flow and temperature-dependence of drift convergence
+ model uncertainty in backfill consolidation model

(+ gas generation)

Experimental basis: porosity vs. permeability relationship

» Physical equation: permeability derivative with time

» Implementation and application for LTS modelling

3. KOMPASS future

s

Nosorad

bz
| B

BGE TEC 2021-19 123



Appendix

3. KOMPASS future
RS g

TU Clausthal

Institut fir Gebirgsmechanik GmbH
If G Untersuchung-Priifung-Beratung-Begutachtung

Ln

COVRA.

Prognosis quality
improvement

Bundesanstalt fiir
Geowissenschaften

M ammmmm.  und Rohstoffe

Sandia
r'l National
Laboratories

BGE TECHNOLOGY GmbH

Thank you

o

BGE TECHNOLOGY GmbH

'[‘U Clausthal

Supported by:

* Federal Ministry
p* | for Economic Affairs
and Energy

on the basis of a decision
by the German Bundestag

Bundesanstalt fir
Geowissenschaften

e und Rohstoffe

COVRA.

Attended by:

k PTKA
- Projekttrager Karlsruhe
Karlsruher Institut fir Technologie

n e SRS

Institut fir Gebirgsmechanik GmbH
L Prif B

i

Sandia
National
Laboratories

& ”1% U.S. DEPARTMENT OF
(@) ENERGY

Emily Stein for the excellent support

... for you attention!
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Investigations on in-situ material behavior of matrix-

stabilized crushed rock salt backfill under
consideration of different filling technologies

— Review of the GESAV |l Project —

US/GERMAN WORKSHOP
Sal ch,

BCET

Stefan Pétzsch (Presenter)

r-h ﬁgggi:al TU Bergakademie Freiberg (until April 30, 2021)
Laboratories
B e e Prof. Dr. Helmut Mischo (Project Leader)
HISSEASIIVe o1 Tacheole TU Bergakademie Freiberg

TEC Part 2 of the online workshop
June 17, 2021

Investigations on in-situ material behavior of

& e

matrix-stabilized crushed rock salt backfill under
consideration of different filling technologies

— Review of the GESAV Il Project

Agenda

» GESAV-Material — Approach / Application

= Underground Test Site and Measurement Technology

= Suitable Filling Technologies and their Adaption
= Results of the Underground Tests
= Summary and Outlook

BGE TEC 2021-19
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=
Approach and Application =
Crushed Rock Salt (dry or wet) Building Materials (e.g. salt-concrete)
+ Easily available / characteristic + No settlements
+ Simple backfillingmethods + Lowinitial porosity
- Noinitial load bearing capacity - Complex processingmethods
- Highinitial porosity - Long-term cement stability

GESAV-Material

Characteristic for salt formations
Early load bearing capacity
Favorable porosity development
Lowbrine content (<4 M.-%)
High filling progress

Stabilisation of underground openings =
minimisation of the EDZ-development
Qualified and fast back filling of access drifts =
support of waste retrieval

.
[ e

BCE pidd

Chemical Composition of
GESAV-Material

Rock salt— NaCl: 85 %

— Salt binder: 19%
= CaSO,-0,5H,0
= Kieserite - MgSO, - H,O
= K,SO,
= MgCl,-H,0 brine

\
b/

W\

EEERREEREE AR EENERE

— Formation of Polyhalite K,Ca,Mg(SO,), - 2 H,0
(via Syngenite and Kainite)

N

» Polyhalite is long-term stable (thermo-dynamically stable) in

the hexanary oceanic salt system
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Structure of the GESAV-Material

= Optimized crushed rock salt fractions
(85 %)

= Max. grain size of 14 mm
= Moisture content 3,75 %

» Moistened bulk material

= Salt binder forms polyhalite-bridges
on the contact surfaces of the rock salt
grains

» Matrix-stabilization, no gap filling

SEM MV 2000 kV Date{m/dlyy 0426/16 10 ym
Device: TS512088

Vac Hivac TU Bergakasemie Freerg aocH [l

Experimental Approach
Relevant Material Parameters

Time dependent settlement Load bearing capacity Integral permeability

Backfilled drift cross section

1
1
i Al =settlement
1

gees Sest

55" be

Backfilled drift cross section Backfilled drift side view
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@

Naronsd

[
YEC

In situ Measurement Systems

Settlement sensor

Earth pressure sensor

Flow-through installation

Not visible:

*  Moisture & temperature sensors

* 3D-Laserscans
+ Convergence measurements

93 TEC

Filling Technologies in
Salt Mining

(Pneumatic Stowing |

Hydraulic fill
Paste fill

GESAV-Material before backfilling

Stack fill

> 4 Mock-Up tests: =y |
salt mine Sondershausen d GESAV.
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(=
[
(1) Pneumatic Stowing T
= Adapted shotcrete machine D @

=  Compressor with pressure vessel
= Additional Feeding hopper

= Mobile Loader
= Fan (Dust)

hitps://wvav.wemermader.de/c i o/ pritzen

b i swisstuck chisur]_detsl.
grefloccson=SPRATES_1078333

(2) Slinger Fill

= Adapted slinger machine
= Load-Haul-Dump machine

BGE TEC 2021-19 129
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(3a) Push Fill

=  Dam-construction machine
(based on LHD & scaler)

= Load-Haul-Dump machine

hitps://wwav.Imby. hp/ver t. html

BCE pidd

= Small loader
= Attachment vibratory plate
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Material proof

Grain Size
Distribution

(1) Pneumatic Stowing:

= Fine grain surplusin
the upper parts of the
backfill body |

= Coarse grain surplusin =
the lower parts of the |::
backfill body

All other technologies:
= Grain size distribution
close to target

n"_"_._._.
TE(
Time dependent settlement
Time [h]
0 1000 2000 3000 4000 5000 6000 7000
0,00 . : 1 . . . )
B
\
10,00 —
Final settlements
2000 ——
Push fill & vibratory compaction (o= 1,5...1,6 g/cm?3): 0,3%

- Optimized push fill & vibratory compaction(o= 1,5...1,6 g/cm?®): 0,1%

- Settlement behavior (and other parameter)
may be coupled to in situ density

Settlement [mm]

IS
=)
(=3
S

50.00

60,00
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Sampling

= Hammer drill
= Chainsaw

Sanda
Naronsd
[

:led TEC

Shear strength

= Confirmation of the results of prior
testing of laboratory samples

= Shear strength
depends on the
material density

Push fill &
vibratoy compaction:

c =0,21 MPa
@ =34°

Mohr-Coulomb - diagram

93 TEC

Shear strength (MPa)
o
1 8

® Peatfestgkeiten 1,7
O Restfestgketen 1.7
© Peafestgketen 1,6

L
© Festigkotspiateay 1.5
- = Mme 17
- uuul]'v-n'
M 15,
.
u 701 (Blockd)
4 701 @iocki1)
701 [Block13)
701 [Biock15)

701 (Block17)
| 701-Rottel

00 05 1.0
Normal stress (MPa)

IfG, 2021
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Sanda
Naronsd
[

Uniaxial compressive
strength

1,2
* PushFill & Vibratory
Compaction
1+ M Slingery backfill

= Also clear dependence
on the material density

Uniaxial stength (MPa)
o
o

04 =]
0,2 ».
= Max. approx. 1,1 MPa
0 4 4
1 11 1,2 13
Density (g/cm?)

15

IfG, 2021

& e

Gas-

1,00€-06

Klinkenberg — diagram (lab-samples)

Permeability

__ 100e07
E 70113-1:1,3- 108m° | : * GESAV6/1
; WGESAV 6/2
H - = 5 . A GESAV 6/3
= Slinger fill: R (e ; —
Koae: 4 -10°0m2 & f R P
P . o IO CETEREE EEEERREEES EEee e S s
© v
b { & ~701-11-2
;C-; s Ik( < =1-1019m? ] 033
= Push fill & vibratory gl,oos.mj [ ssmsnts =20
compaction i
kGas: 1 5 10'10 m2 Looe-ub 1000 2000 3000 4000 5000 6000
1/p - reciprocal gas pressure (1/ MPa)
IfG, 2021

BGE TEC 2021-19
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Lessons learned

» Requirements on the filling technology:

= Guarantee of uniform material properties during filling process
= Achieving of a high material density!

-> Push fill & vibratory compaction techniques are identified as the most
suitable filling technology for bulk-like backfill materials in HAW-
Repositories in Salt formations

» Characterisation of material properties (lab & in situ):

= A comprehensive understanding of binding processes exist

= Parameters of the load bearing capacity (e.g. strength, settlement) for
GESAV-Material are determined

= Permeability values of backfill samples exist,

but the integral permeability of the system (backfill — roof void — EDZ)
has to be further investigated

)

Nosorad

bz
& e

Outlook

» Application in future backfill operations:

= Gain of technical experience for choice of the best filling
technology

= Improvement of the emplacement technology: Combination
of pushing & compaction in one machine

= Follow-Up R&D-Project ,,SAVER":

= Comparison of backfill bodies made of conventional crushed
rock salt and GESAV-Material regarding the scope of
application in future HAW-Repositories

= |nfluence of the backfill material on waste retrieval
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Project Team:

Stefan Pétzsch; Ute Fliege; Ronny Jentzsch; Matthias Gruner; George Barakos;
Helmut Mischo; Regina MoRig; Melanie Pannach; Iris Paschke; Daniela Freyer; Till
Popp; Michael Wiedemann; Christopher Roélke; Thomas Kielling; Christian Baum

@ Sanda
e
Uabersios
‘f ———

THANK YOU FOR YOUR ATTENTION.

Sandia
1Y | Nationai
Laboratories

PTKA
Project Management Agency Karturuhe
: Karlsruhe Institute of Technology

US/GERMAN WORKSHOP
Salt itory Research, BGE TEC

D & Operation

BGE TECHNOLC

GLUCKAUF!
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Appendix C — Program and Presentations of Part 3 (8" September 2021)

Berintime | 8t September 2021 - Part 3

K. Kuhlman/SNL

16:00 16:10 | Wel by th i
elcome by the organizers P. Herold/BGE TEC

EBS, Materials and Backfilling

Chair: P. Herold

Development of methods for evaluating the
16:10 |16:40 properties of backfilling and sealing materials
taking into account corrosion

R. Gholami, M. Heidmann-
Ruhz, F. Rempel (all BGE)

ELSA - Bitumen and asphalt sealing elements for
16:40 17:10 | shaft seals - results of borehole tests and J. Aurich/TU Freiberg
conclusions for the sealing concept

Investigation of T-H-M-C processes on sealing
17:10 17:40 i T. Meyer/GRS
systems in rock salt

17:40 17:50 10 min Break

17:50 18:20 | Clay seam laboratory testing S. Sobolik/SNL

STROEFUN Il - Fluidic functional verification for

- . . J.B ister/TU
18:20 18:50 | closuring structures and fluid-supported sealing of auermeister/T

Clausthal
the contact area

K. Kuhlman/SNL

18:50 | 19:00 |s d Outlook
ummary and Dutioo P. Herold/BGE TEC
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Development of methods for evaluating the
properties of backfilling and sealing materials
taking into account corrosion

R. Gholami, F. Rempel, M. Heidmann-Ruhz

Sandi N
r'h Nago'l?al BGE, EMO-SL.3
Laboratories
. PTKA Part 3 of the online workshop

Project Management Agency Karturuhe
stube lastitute of Technolo

September 8, 2021

US/GERMAN WORKSHOP
Salt Reposi Research,
Design, & eration

Be

Content

Introduction

Corrosion

Challenges in assessing corrosion
Selected materials for drift seals

g IO =
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Morsleben Repository (ERAM)

Closure Concept and Sealing Measures

solution inflow location ,Lager H* . |

:;ma“\* o ) I drift seal locations
S 8= -
> ?’*‘—\ : Central Part

Eastern Field (EF)

= Extensive backfilling of excavations ~5 million m®salt concrete
= 2 shaft seals

= 24 (rock salt) + 1 (anhydrite) drift seals in Bartensleben and Marie

= (Ca. 100 borehole seals

Material groups for drift seals
considered in the closure concept ERAM

Salt concrete MgO-material
Mass concrete Mass concrete m

= Sufficient long-term stability in salt environment (solution
composition at the respective sealing site)

» Compatibility with the host rock (Saline)
» |Low permeability
= Sufficient strength and stiffness

= At least constant volume (no shrinkage), otherwise if
necessary combination with injection material

» Handling should not be to complex
= Combination of material groups possible

BGE TEC 2021-19 139
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Sanda
Naronsd
[

Long term safety analysis

Assumptions based on experiences/Plausibility
Calculations

Corrosion

Evaluation of properties under influence of Corrosion
(Material behaviour and prognosis of composition of solution)
| |

Evaluation of drift seal materials o=
taking into account corrosion

.........................................................................................................................

Parameter Numerical Simulation :

: Initial condition Corroded condition lnpute Boundany condltl.o s
: (Independent of material)
Characterization of corrosion process A Pt ]
- Porosity - Diffusion coefficient ’p' !
- Pore size distribution - Saturation s ¥
-Cap|l|ary.b_r|ne|ntake - Chem. composition Simulation ol indisiduat pr =
- Permeability

'\
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Why can corrosion be important?

preferred homogenous
flow path corrosion

1. Homogenous corrosion
* No preferred flow path

» Plane corrosion

= Slow, no issue |
2. Local corrosion . rocksat
+ Preferred flow path (EDZ)

+ Mass transport is deciding, not flow rate

« Higher permeability + lower porosity

* Much higher flow velocity

* Process can be exponential

= Reality: Mixture of both concepts

corrosive
solution

local corrosion

7
mE.
n LA
'rzc

Sample preparation: Drying

Methods
: 11%/33%
COI’T]DOSITIOI'\
r.h.
40°C, 60°C, 105°C

Specimen 100mm diameter, 10mm height

Drying technique

= Development of
methods

— Additional
measurements

. Abbruch der L bei 75%r.L. (Serie 6] :1
ruch de¢ Lagerun bel TSXE.L (Sai € i1 year

100 150 200 250 300 356. 400

&

Verinderung in M.-%
&
*

&

Beginn 40 “C-Trocknung

Beginn 60 §C-Trocknung

~—

0.10/°l d S \f’\ ¢ Serie & L
German Committee for Structural Concrete :
(DAfStb-Richtlinie, Heft 422) :

Trocknung in Tagen

————Serie 1 M4-01 =~=-Serie 1 M4-02 ... Serie 1 M3-03 ———Serie 2 M4-04 ====Serie 2 M4-05 ---veee Serie 2 M4-06
~——Serie 3 M4-07 -~ --Serie 3 M4-08 Serie 3 M4-09 ———Serie4d M4-10 -~~-Seried M4-11 ----oer Serie4 M4-12
weSerie 5 M4-13 ~~~-Serie 5 M4-14 Serie 5 M4-15 ———Serie 6 M4-16 ===-=Serie 6 Ma-17 --ceee Serie 6 M4-18
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Sample preparation: Summary

* Drying (in progress)

= Salt precipitations unavoidable (solution can‘t be displaced)

» Saturation (in progress)

= |nteractions between solution and material unavoidable

- < n

Sanda
Naronsd
[

= Measurements without (unwanted) material changes not

possible

— Affects almost all measurements of corrosion parameters

= Plausibility check
= Validation/cross check

— Measurements are really substantial and complex

Structure analysis - Background

SN
80,0 —— 1 180
| dift. Porenvolumen

"

Lyt diff. Porenvolumon

Summenvolumen der Poren [%]
g 8
© ©

@ .

& e

Literatur

8
°
sasSsmEvEEasLun.,
'._,M?«.\sgmmoou Vortaheors' * ey,
o

= Goal: Visualization of structure from nm to mm
= Not possible with one method

142
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Structure analysis - Procedure

sample polished npIt*
10 mm il i pnf -
10 mm
0,3 pm
R re=T]
= Combination + connecting of 4 methods i_f N “I
= Pore distribution + EDX s

Summary - corrosion

* Prognosis of corrosion is highly challenging:
= Unwanted material changes

= Additional investigations
= Develop methods
= Validation (results and software)
= Understanding of corrosion

= Long term experiments (sealing material)

= Further challenges
= Permeability measurement (low flow + material changes)
= Parameter changes due to corrosion
= Diffusion
= Simulation (including validation)

= Conclusion: Avoid corrosion, if you can v/
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Long term safety analysis
with corrosion effects

Construction stages Structural integrity and functionality

Long term saftey
analysis ERAM

corrosion

Uncertainty

corrosion

1 Million years

I

Case of brine inflow

= Corrosion increases uncertainty of prognosis

Long term safety analysis

n e SO
without corrosion effects
Construction stages Structural integrity and functionality L::agl ;zir;nEsr::;y

ﬁ

1 Million years

= Optimization of the drift sealing system and its
functionality

= Significant improvement in the prognosis quality
= Less uncertainties in the properties of drift seal
= Less uncertainties in long-term safety analysis
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Selected materials for drift seals

Current knowledge:
=  Solution composition at sealing sites:
= MgCl,-concentration content at all sites
= Stability of MgO-Phases
= Stable even at low concentration of Mg?* (= 0.5 £ 0.6 molal)
= No corrosion of MgO-material expected

= MgO-material: solely drift sealing material in ERAMI
= Salt concrete: no more drift sealing material in ERAMI

= Bitumen as an optional additional material for some drift seals
locations is taken into consideration (e.g. in anhydrite and “Lager H”)

@
Nosorad
bz
& e

Thank you for listening

& \AI»:| : W i
*‘QX%’ TECHNISCHE UNIVERSITAT S Tachoteche
: ¥ % BERGAKADEMIE FREIBERG 8% Universitit
. - o
7, v
3

. , vy s ./ ‘;s N -
Technische Universitat Hamburg PErpe® < Braunschweig
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11th US/German Workshop on Salt Repository Research,
Design, and Operation

ELSA - Bitumen and asphalt sealing elements for shaft seals -
results of borehole tests and conclusions for the sealing concept

Jan Aurich

"1 ﬁgml TU Bergakademie Freiberg
Laboratories

PTKA Part 3 of the online workshop

Project Management Agency Karturuhe
Karlsrube lastitute of Technolo

September 81, 2021

. - : -
ELSA - a joint project of:
= Prof. Wolfram Kudla Iememny || Bergakademie Freiberg
= )( é BERGAKADEMIE FREIBERG
= Jan Aurich ’F‘ ISR |nstitute of Mining and Special Civil Engineering
= Philipp Herold TEC BGE TECHNOLOGY GmbH
BOETECHNOLOGY Ginbi Department Research and Development
= Coordination ﬂ PTKA Karlsruhe Institute of Technology (KIT)
Projekttrager Karlsruhe )
im Karlsruher Institat for Technologie Project Management Agency Karlsruhe (PTKA)
; 4 Bundesministerium s : :
= Funding 5& fir Wirtschaft Federal Ministry for Economic Affairs
und Energie and Energy (BMWi)
( ]] =, C ) MM 1 =i GSES
ki — e T GIS

x4 TECHNISCHE UNIVERSITAT
Z BERGAKADEMIE FREIBERG TEC
(G The Uity of encorco: S

BCGE TECHNOLOGY CmbH
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Contents

Introduction into the ELSA |1 project
Experimental objectives
Experimental setup und overview of trials

Experimental results

S e o DT

Summary and conclusions

& X %  TECHNISCHE UNIVERSITAT
> * z sercakaDemie FREBERG |BGE Rl Y@
[ v‘_\\‘,-‘ The University of Resources. Sirce 1765,

BCGE TECHNOLOGY CmbH

s

Nosorad

bz
| B

Introduction

The R&D Project ELSA |l — Concept development for shaft seals and
testing of sealing elements for HAW repositories aims at:

+ developmentof shaft sealing concepts for salt and clay rock
formations, which meets the requirements of safety for a HAW
repository

+ testing multiple shaft sealing elements made of bentonite, asphalt,
MgO concrete or crushed salt-clay-mixture

» modelling the behavior of sealing elements in the context of
construction and future hydraulic evolution

» simulating possible earthquake induced settlements in backfilled
shafts

ELSA Phase 2 FC 02E11193A/B 2013 - 2020

JOAK,
;“x % TECHNISCHE UNIVERSITAT
5> {p Z BERGAKADEMIE FREIBERG BGE TEC
’D'!%\ o9& The University of Rmources. Sivce 1765,

BCGE TECHNOLOGY CmbH
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Experimental objectives

Some Kkey points on Bitumen:

» Very proven sealing material in
underground mining and landfill
construction

» No diffusion of water or aqueous
solutions (sealing capacity)

* Rheologic properties lead to a
autonomous closure of flow paths
(liquid behavior of bitumen)

= Possible transport mechanism/
routes through EDZ and contactgap
between sealing element and host rock.

')< "% TECHNISCHE UNIVERSITAT
) \? z sercakaDemie FREBERG |BGE Rl Y@
45 71N & The University of Rasourcen. Sirce 1765

fipt

BCGE TECHNOLOGY CmbH

Experimental objectives

Investigation objectives:

* Examination of possible contact
gap formation 1

» Examination of possible mobile
voids (due to differences in fluid
densities) 2

» Observation of thermal
evolution of the sealing system
and host rock properties (hot
installation) 3 = specified
temperature criterion 100 °C,
because of evaporation of
water

X TECHNISCHE UNIVERSITAT
2 Z sercakaDemie FReBERG |BGE R @
2 7] o& T Univensity of Rasources. Since 1765

fipt

BGE TECHNOLOGY GmbH

BGE TEC 2021-19
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Sanda
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Laborsris.

Problem with excess
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Experimental setup

Basic concept bitumen (principle hard shell — soft core)

+ Hard shell: oxidized bitumen BIT-01 Y‘¥
STELOX 85/25 — position \mem
connection pipe

stability of sealing element

2 s : : | N — E— — 432 e Dutment

(Prevention of gravimetric drain) L LA 2 M50 conce

«  Soft core: distilled bitumen 7 7 7. it
AZALT 70/100 — facilitated inflow L[ ettt g oused ben
in pathways (optimized sealing L L L] T 141 om dstiled bitumen
properties) L L ] 55 cm_ ondised biumen

. ]
* Pressurization with traced air L LB B 9 27,9 cmpressure chamber

and NaCl-Solution

© temperature sensor

oy | BE0000
4 ,.;‘ L ’L/l/L—)y\—‘ rock salt (Halite)

TECHNISCHE UNIVERSITAT
BERGAKADEMIE FREIBERG

BCGE TECHNOLOGY CmbH

sity of Resources. Since 1765

@ .
= [
Experimental setup
Basic concept gravel column filled with bitumen
- 3 ASP-01 ’ ’ feeding pipe pressure chamber
« Installation stepwise (1 gravel ——l:Ercﬁgmmn chamber
installation, 2" grouting hot ek o doeabiomch

abutment
325cm MgO-concrete

bitumen)

150

* increase of positional stability

» Obstruction of uprising gas /
liquid voids

BGE TECHNOLOGY GmbH

[

- 2707 7 A7 -

Wl 7/ ",_L\
,

| |

)

( 480N sreioxsses

/55 cm _control chamber

height wih cone 8ip7.2 cm

graded gravel
height without cone tip 5.5 cm

d bitumen

gravel column + bitumen
36,4 €M gy 2183 na AZALT 701100

59cm Oxidised bitumen
STELOX 8525

16.6 cm Pressure chamber
oraded gravel
height without cone tp 166 cm
height wth cone bp4.5cm
rock salt (Halite)
© temperature sensor
® siress sensor
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Experimental setup

Basic concept dense stone asphalt

» Installationin one step
(premixing of the bitumen and
mineral aggregate)

* Prevention of dust accumulation

(resulting from attrition during
gravel installation)

% TECHNISCHE UNIVERSITAT

BERGAKADEMIE FREIBERG TEC s
The University of Rmsourcen. Since 1765, ﬁ .

BCGE TECHNOLOGY CmbH

Overview of in-situ trials

Name Material

BIT-01 core: AZALT 70/100
shell: STELOX 85/25
BIT-02 core: AZALT 70/100
shell: STELOX 85/25
core: gravel column filled with AZALT
70/100
shell: STELOX 85/25

core: dense stone asphalt with AZALT
70/100 and rounded basalt gravel
“Saxorund 20/40"

shell: STELOX 85/25

core: AZALT 70/100

shell: STELOX 85/25

core: gravel column filled with AZALT
70/100
shell: STELOX 85/25

~ core: dense stone asphalt with AZALT
70/100 and rounded basalt gravel
“Saxorund 20/40"
shell: STELOX 85/25

%" TECHNISCHE UNIVERSITAT
: z percakaemie FReBeRG |BGE i@
- 4 o The University of Resources. Snce 1765,

BCGE TECHNOLOGY CmbH

BGE TEC 2021-19

(Sondershausen mine)

Sanda
[

BCE g4

feeding pipe pressure chamber
feeding pipe control chamber
connection pipe control chamber
connection pipe pressure chamber

abutment
32,5 6Myy0.concrete

55cm control chamber

graded gravel
|7 heigth without cene tip 5.5 cm
] } height with cone tip 7.2 cm

S oxidised bitumen
480M e loxesas

stone asphalt
36,4 €M 2 20 140 and AZALT 70/100

5 [ 5,9 cm oxidised bitumen
2 STELOX 85/25

| 16,6 cm Pressure chamber
= graded gravel
f height without cone tip 16,6 cm
' height with cone tp 4,5¢m
rock salt (Halite)
® temperature sensor
® stress sensor

@

Nosorad
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Investigations
temperature

gas permeability
dismantling

gas permeability
fluid permeability
dismantling
temperature
pressure

gas permeability
temperature
pressure

gas permeability

temperature
gas permeability
dismantling
temperature
gas permeability
dismantling
temperature
gas permeability
dismantling
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Results of thermal investigations

Hostrock

T

Design principle | Maximum temp.in Initial temp.
‘ the middle Rock / test side

rock salt pure bitumen 146°C 2705C
clay pure bitumen 163°C 18°C

rock salt bitumen filled gravel column 109°C 25°C

rock salt dense stone asphalt 131°C 27 °C

clay bitumen filled gravel column 142°C 20°C

clay dense stone asphalt 149°C 23°C

rov T T a1 & o E 5 =T

T
——BIT1-T2

high temperatures

] —8m3T decrease viscosity
150 | ) | of bitumen =
1 ASP1-T3| 1
1 ————gill enhanced
_ASPJATZj » .
120 . permeation into
] [ Asp274 1 gaps and voids

Temperature [°C]
8
L

60 —

—asPaT2) 1

Results of thermal investigations

T
4

BGE TECHNOLOGY GmbH

— Tttt
8 12 16 20 24

time [h]

between gravel
grains

Snda
N
Laborsris.

‘f e SO
YEC

Hostrock Design principle | Maximum temp. on Initial temp.
contour Rock / test side
BIT-1 rock salt pure bitumen 131°C 27°C
clay pure bitumen 101°C 18°C
EEE rocksalt bitumen filled gravel column 103°C 25°C
PS8 rocksalt dense stone asphalt 105°C 27°C
clay bitumen filled gravel column 95°C 20°C
clay dense stone asphalt 67 °C 23°C
| ' ' | E; 8iTiTel | * Max. temperature
120 ;:*’g.}‘;fg; ® for a very shorttime
O | 100°C limit E—=AsPiT4] Ig(er;-.,rai:ence from
& |—— ASP3-T5[| e e
= m | irst trials led to
5 [ ASP2-T§] | adjustments on the
© —— ASP4-T7| later trials
[}
2 -
IS
[}
= -
0 T T I LIS N N S [ B
0 4 8 12 16 20 24

time [h]

S“;é"’g TECHNISCHE UNIVERSITAT .
: ¥ Z sercakaDemie FResERG | BGE R X @
“

The University of Revources. Sce 1765,

Perpe®

BGE TECHNOLOGY GmbH
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Results of thermal investigations
Thermal evolution in clay (2cm, 5 cm, 10cm, 15 cm from contour)
« BIT-03: pure bitumen with borehole diameter of 30 cm
« ASP-03: bitumen filled gravel column with diameter of 50 cm
+ ASP-04: dense stone asphalt with diameter of 50 cm
50 T T T T [——BIT3-T10|
1 —BIT3-T11]
o (S
5 | =
o 35 ]_aseams
= | ——AsP4-T10
= {;ASPA-Tﬂ
« 30 ~ |~ ASP4-T12
o {l—AspaTia
£ 25- 2
()
20-. y 7]
15 4 n
10 - T T T T T T T T T -
0 8 16 24 32 40 48
S94X10,  TECHNISCHE UNIVERSITAT ‘ time [h]
bt 103 TEC
.
' = : s
Results of thermal investigations

Comparison of heat balance:

« Considerably differences of total thermal energy amount AQ
between pure bitumen, bitumen filled gravel column and dense
stone asphalt

« Approx. same relative thermal energy input (AQ / lateral surface)
into host rock resp. contour by comparison of pure bitumen and
bitumen filled gravel column

+ Higher relative thermal energy input (AQ / lateral surface) in dense
stone asphalt trials due to additionally heated gravel

Mass Mass Initial temp. Initial temp. Thermmal | AQ/ lateral surface

bitumen| gravel | bitumen/asphalt | Rock/ testside | energy AQ
[kg] [ka] [°C] [°C] [kJ] [kd/m?]
10.2 - 143 27 2,130 16,148
15.5 - 163 18 4,046 20,942
| ASP-1 YR | 96.0 170 25 6,290 13,953
EEX] 263 1388 140 27 15,732 27,820
28.6 94.9 171 20 1003 16,440
d O 112 K 168 23 16,357 36,666

K
% TECHNISCHE UNIVERSITAT

\"\‘ Kq
S {0 % BERGAKADEMIE FREIBERG TEC
o L go The <o 1765,

University of Resources. Sinc
BCGE TECHNOLOGY CmbH
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Results of pressurization

* Pressurization with compressed air (doted with FREON) and saline
solution (NaCl saturated)

* No detection of FREON gas on test sides within control chambers =
systeminitial gastight

+ Closed contactgap

» Hydraulic behavior of EDZ shows no damage due to hot installation

Name |Hostrock |Pressure medium pressure | Permeability | Remarks
BIT-01 rocksalt dopedcompressedair 0.12MPa 3:102'm?
- doped compressedair 1.05MPa 21020 m?
BIT-02 rock salt dopedcompressedair 1.05MPa 6:1020m?
saline solution 1.20 MPa 1-102°m?
clay - - -
PEZE)  rocksalt dopedcompressedair 0.20MPa 4-1020m?
PGP rocksalt dopedcompressedair 0.23MPa 3-10"9m?
clay dopedcompressedair 0.15MPa 1,5:10"*m?
clay dopedcompressedair 0.15MPa - pressure buildup not possible
Natural gas permeability at test side — rock salt 1:102'm?

WAk, y
& TECHNISCHE UNIVERSITAT
serGAKADEMIE FREBERG | BGE Bl X
A o The Univensity of Rasourcen. Sirce 1765,

BGE TECHNOLOGY GmbH

not performed

ca. 1-10"7" m?

Dismantling of trials

Results and observations:

* Detection of gas filled voids within
pure bitumen trials (green arrow fist-
sized void, red arrows smaller
impressions)

* No voids detected within asphalt trials

« Sufficient adhesion of bitumen on
host rock surface (primer used in rock
salt)

» Penetration of bitumen into gaps in
salt rock and clay (fluid character and
viscosity of distilled bitumen)
= Obstruction of transport through
EDZ and contact gap between
sealing element and host rock

Ak, f
4n"% TECHNISCHE UNIVERSITAT
BERGAKADEMIE FREIBERG BGE TEC
" q& The University of Ranources. Since 1765,

BCGE TECHNOLOGY CmbH
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Appendix

Micro section analysis by BGE TEC

max. 0,5 cm ca. 4 il : ca.3mm —
.« > : 7
S22 g~ 1 : ] 2
R e & e W
i A 4
o 2 = A SN e s, (% SN )
';/‘:)- & . i ‘., % . g ““'“ — ‘ k
G /' S - g i oA Magnified sections: visualization of
ortour®™ | %) o3 penetration into rock salt
{ L S
e Al ~"'A o
) A
Penetrated /Ad ; g TN
bitumen [ A RS B
;. v

Micro sections from BIT 01 and BIT-02 in
radial direction from borehole contour (left site)

= approx. 5 mm deep penetration of the
bitumen into rock salt with a gap width down to
approx. 10 ym

SN0, TECHNISCHE UNIVERSITAT
% BERGAKADEMIE FREIBERG TEC
(R The L sity of Resourcen. Since 1765

BCGE TECHNOLOGY CmbH

Summary

« Sufficient hydraulic properties of bitumen based sealing elements
esp. in result of the penetration into small gaps and adhesive
character

» With elements made of pure bitumen a risk of uprising gas voids is
given, dense stone asphalt and bitumen filled gravel columns
obstruct mobile voids

» Stone asphalt and bitumen filled gravel columns have both a static
function (abutment) and sealing function (rheologic properties of hot
bitumen)

» Thermal energy input into host rock adjustable as a result of the
scale of a later shaft (setting of installed mass resp. installed layer
thickness)

» No dust accumulations in stone asphalt due to the premixing, but
more work-intensive, heatable containers for shafts still have to be
developed

CHNISCHE UNIVERSIT,
RGAKADEMIE BGE TEC

BGE TECHNOLOGY GmbH
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Conclusions for sealing concepts

Shaft Cover

Generic sealing concept with
diversified and redundant sealing
system for the host rock salt: one
element made of bitumen filled
gravel.

« Bitumen filled gravel column has

0 - Ground Level

Quatemary Upper Filling Column

Tertiary

-200

Mastic Asphalt or Crushed Basait
Rock filled with Bitumen

-300

been tested on a large scale:

- orWaterproof Lining A _
Crushd Rk S0 iy Mo Project BISETO, Hermsdorf,
400 - Compaced St i Eqs Germany, 2013 and at ERA
A s st Morsleben, “IB Gesenk”, 2017
predominant (I :
50 -3 MO-Concele (318)win » Dense stone asphalt still needs to
integr: imenlayer a .
? kit Gomect Gop be verified in large scale
-600 -+ -— & :i"‘
Repository Rooms with &
Backfill and Drift Sealing
I s T — Systems
00 (oAt
Carboniferous Rock and Red
-Conglomerate
Depth [m]

\*&1 TECHNISCHE UNIVERSITAT
2 ¥ z eercakaDemie FReBERG |BGE R X ™
Ay 2O The University of Resources. Since 1765,

BCGE TECHNOLOGY CmbH
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Investigation of T-H-M-C processes on

sealing systems in rock salt

Thorsten Meyer
GRS

EBS, Materials and Backfilling
8!h September, 2021

Project Management Agency Karturuhe
stube lastitute of Technolog,

US/GERMAN WORKS
Sa rch

Morsleben

» ERAM - Sealing locations (BfS 2015)

corroded concrete

BGE TEC 2021-19
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Appendix

Performance Assessment

= development of the hydraulic resistivity

Resistance [Pa-a/m?]

system

1010 o

Drift

10°

10° E

Sealing

original concrote

10° —r———n

Integrated inflow [m?]

@

Noorad

aborzorwn.
YEC

of the sealing

] I
I
107 - |
] Sealing L
----- EDZ 8
Concrete core \
10° 0 RN BRI RS ”'4\'
10 10 10 10 10
Time [a]

GRS-415 - Performance Assessment of Sealing Systems - Conceptual and integrated modelling of plugs and seals

Motivation / Objectives

Assessment of the sealing system
= excavation damage zone
» sealing material

contact seam

Excavation
damage zone

Cross-section
of the drift

3

@

Nosorad

bz
& e

[Stahimann 2013]
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Appendix

T-H-M-C processes — sealing system

Convergence

11111 el 1

Intrusion ofbrine
aimeladwa)l

SRR

Convergence

% concrete Contactzone | | EDZ

Experimental Model System

Assessment of the sealing system

= sealing material salt cylinder (EDZ) sealing system

159
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Appendix

(=
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:led TEC

Experimental Model System

metal jacket
Araldit (resin)

salt cylinder

= Asse
= ERAM

concrete

= M2 (salt concrete)

= M4 (salt concrete)

= A1 (Sorel concrete)

= Asse concrete (in-situ)

Sanda
Nasonsd
Laborsris.

93 TEC

Materials

Sorel concrete A1
(318-Rezeptur)

Salt concrete M2 Salt concrete M4

53,8 wt% crushed 32,8 wt% crushed
salt salt

63,7 wt% crushed 68,1 Ma-% gravel ‘
salt (4 mm) /sand (0—-8 mm)

16,4 wt% 21,3 wt% sand
hard coal fly ash 16,9 wt% limestone

In-situ samles ;
(HKV / PA VIII21)

M2 -from ERAM sealing
SBA - Salt concrete,, Type Asse“(contactzone)
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HC - Investigations

= permeability
= Probe Schnellkupplung measurement =
o % no confining pres.
"“! E*T@_&/  ad .
- advection cells

bl = fluids: NaCl, 1P21
= pegel—— (Q-TEC 4.0)
1 & IDSqution up to 2 MPa

Feck iSOGt '

ol " monolithic samples

~y=f——  (sealing material)
& P = combined samples

(sealing system)

.
- - — & -—
HC - Investigations
= Salt concrete (M2_KP_6)/ NaCl solution
1E-16 : . 6,
Al = ".;:;’-'- ’ ;
E / | =
2 m Y =
= 1E18 o
g 1E19 s T . 2
. 20
‘0 L = % s %
1E20 & s - 2 o 2
1,E21 , . ; . : . ; ; 0,0
0 20 40 60 80 100 120 140 160
Time (d)
¢ Permeability K === |njection pressure
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HC - Investigations

» Salt concrete (M2_KP_7)/1P21 solution

1E15 6,00
= 1E16 . 5,00
E o
z . w\w" M.‘ La00 8
= 1EA7 o
8 . E
2 qr\ r— 00 @
S 1E18 a
c
200 §
1E19 H
GEE 100 =
1,E20 0,00

T T T T T T T T TN R § YT 1
0,00 50,00 100,00 150,00 200,00 250,00 300,00 350,00 400,00 450,00

Time (d)

+ Permeability K === |njection pressure

G
THC - Investigations =
advection cells
permeability
measurement
* no confining
pressure
I:)Solution up to 2 MPa
T=60" C

» monolithic sample
(sealing material)

» combined samples
(sealing system)
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Appendix

o -
- ' ;; e [l ——
THC - Investigations =
» Comparison of Sorel concrete A1 at 25°C and 60°C
7,0
T=60°C -
L
£ L50 0§
£ a
3 - 40 %
E o t0e 4 ° T=25°C 30 §
o ‘00 **® s
CEITTVTS 96 Yog 004 000 o7 o®T *% 20 §
- 1,0 =
1,618 ; . j . < 0,0
0 20 40 60 80 100
Time (d)
+A1_MP_1 aA1_MP_7_60°C
13
" L] n_r:_
THC - Investigations
= Sorel concrete A1 at 60° / NaCl solution
DO=-000-00 OOO=-000=-000-000-000-000-000=-0—=0=1 - 5,0
LN i 40
l§-| PRt JE —‘E
2 3 L3l =
3 B ° - 3,0 £
L] I
£ = g
&' o o o S o o * L 2,0 g-
= soo failure— o
e te, o, et see 800 o ’ﬁgte’rigr:ﬁ:n X
1,E-18 T T T T T T T r T 0,0
0 10 20 30 40 50 60 70 80 90 100
Time (d)
+ Permeability K === |njection pressure
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Appendix

EBe=

THC - Investigations

Rl i E N S s

o
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THC - Investigations ‘o
= Comparison of A1 at 25°C (long-term) and 60°C
: !
§1,E-16 : !
E 1,E-17 £ o
4"»&, :\Mmo\"o"o“"'ﬁ/
ki oé,oo 2’071,_0:. * 306,00 406.00 506.00 sod,oo 706,00
Time (d)
17
_— o=
THC - Investigations - .

= Salt concrete (M2_KP_11) at 60°C

1,E-16 6,00
Jmomo-o-o—o-oo—ooo-ooo-o—ooo-o - 5,00
T 1EAT
£ “_M S i r 400
2 \\0"—‘ N&.
g 1E18 3,00
™
&
- 2,00
1,619
1,00
1,620 , : : : ; ; ; ; ; 0,00
000 20,00 40,00 60,00 80,00 100,00 120,00 140,00 160,00 180,00 200,00

Time (d)

+ Permeability K

=== |njection pressure

injection pressure (bar)
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Appendix

HMC - Investigations

@

Naronsd

[
YEC

* permeability
measurements

* autoclaves

» confining pressure

* PeonsUp to 10 MPa

«T=25" C

* monolithic sample
(sealing material)

- combined samples
(sealing system)

HMC - Investigations

= Salt concrete M2 (M2_KP_4)/1P21

Sanda
Nrond
Laborsris.

n e SRS

Permeability K [m?]

1,0E-17

1,0E-18

1,0E-18

1,0E-20

Injection pressure [bar] / temperature [C°]

(]
. F .
Iy \
° \
) X
.
~ T L]

T T e

v o . § § L] i 0
0 500 1000 1500 2000 2500

Time [h]
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HMC - Investigations

= Sorel concrete A1 (A1_KP8) /P21

1,00E415
:% 100

1,00E-16

80

ty K []
g
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Injection pressure [bar] / Temperature [C°]

S1.00E18
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THMC - Investigations

e

solution reservoi
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Appendix

C - Investigations

= Batch experiments ,@
= solution /7 N\
- NaCl (sat.) - &

- IP21-, Q-brine, Q-TEC 4.0 Next cascade

= reactiontime: 1-360d \Q /

= analysis eluate: ICP-OES,
ICP-MS

= analysis solid: XRD,
ICP-OES, ICP-MS

Fresh solid

= Cascade experiments

= reactiontime: 4-90d
(estimated by pre-
experiments)

= analysis solid: XRD,
ICP-OES, ICP-MS

= Diffusion experiments
= through-diffusion

C — Cascade Experiments

» Salt concrete M2 / Q-TEC 4.0 (reference solution)

cascade Nr.
0 1 2 3 4 s 6 7 8 9 10 1 12
L @ Nat
* Kalium
iy >
e — 2 | T— ® o ®  Magnesium
: @ Sulfat
] © Bromid 8
§ @ ® ® ® A Calcium
— Mg PHREEQC
4 : — 3 PHREEQC
5‘ w— K PHREEQC
:‘:“ sweNa PHREEQC
SO4 PHREEQC 6
g ] PHREEQ( 5‘:
T
3
£ >
3 =
3 g
o 4 =
= (3}
© 2
[&]
N
<
= 2
1
*
o
0 o & o 28— & - 0
) 05 1 15 2 25 3 35 4

solid/solution ratio [kg/kg]
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C — Cascade Experiments

= Salt concrete M4 / Q-TEC 4.0 (reference solution)

cascade Nr.
0 1 2 3 4 5 6 7 8 9 10 11 12

13 14

15

Na, K, Ca, Mg, SO, [mol/kg H,0]

0 =8 <1> G 2

solid/solution ratio [kg/kg]

1= -
2 3 4

Cl [mol/kg H,0]

Summary

= Results of T-H-M-C investigations

= C-experiments
= geochemical millieu
— solution evolution
— corrosion products
= definition of reference solutions

J : ‘z:'._._._..

s
Nrond
Laborsris.

& e

= source term for assessment of elements/substances eluted by
intruding solutions and further release into the biosphere: Cr, Pb

= HC/THC-experiments

= hydraulic development of the sealing material / model system
= evolution of the flow-through solution

= porosity of the system -> CT-measurements

= corrosion products -> REM

kinetc aspects

- Comparison of THC and long-term experiments

BGE TEC 2021-19
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Summary

= HMC/-experiments
= simulation of confining pressure
= hydraulic development of the material/sealing system
= evolution of the flow-through solution
= porosity of the system -> CT-measurements
= corrosion products -> REM
- long-term experiments

= THMC-experiments
= experimental simulation of sealing model systems
= experimental set-up developed and procured
= in-flow/out-flow monitoring

-> Basis for coupled process modeling
-> Firstanswers for PA

|
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Clay Seam Laboratory Testing

11t US/German Workshop on Salt Repository
Research, Design, and Operation

Steven Sobolik, Benjamin Reedlunn, Chet Vignes

"1 ﬁggg‘:al Sandia National Laboratories, USA
Laboratories Evan Keffeler, Stuart Buchholz
PTKA
oo Mg Agiady ke RESPEC, USA
PSS SR Part 3 of the online workshop
[ September 8, 2021
BG E T E C Sandia National Laboratories is a multi-mission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell
BGE TECHNOLOGY GmbH International Inc. for the U.S. Department of Energy’s National Nuclear Security Administration under

contract DE-NA0O003525. This research is funded by WIPP programs administered by the Office of
Environmental Management (EM) of the U.S. Department of Energy. SAND2021-10894C.

Joint Project WEIMOS:

Further Development and Qualification of the Rock Mechanical Modeling
for the Final HLW Disposal in Rock Salt

April 2016 — (March 2019) extended: September 2021,
(writing of synthesis report until March 2022)

Partners
Supported by:
SR p;B I fy::’ézi'n'f‘m“i?‘u.m
Dr. Andreas Hampel, Mainz (Coordinator of WEIMOS) —
Institut flir Gebirgsmechanik GmbH (IfG), Leipzig 57 the German Bundestag
Leibniz Universitat Hannover (LUH) r—
Technische Universitat Braunschweig (TUBS) ﬁl.'i‘l.ww“

Technische Universitat Clausthal (TUC)

United States:

Sandia National Laboratories, Albuquerque & Carisbad

Sandi J
'l‘lf Clausthal s

| WEIMOS !’"—‘lf‘ l' Dr. Anr.ireasHar‘rpel ‘@ m::gpz;birgsmedﬁarik M
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Joint Project WEIMOS:

Further Development and Qualification of the Rock Mechanical Modeling i
for the Final HLW Disposal in Rock Salt

Work Packages

WP 1: Deformation behavior at small deviatoric stresses

WP 2: Influence of temperature and stress state on
damage reduction (“healing”)

WP 3: Deformation behavior resulting from tensile stresses

WP 4: Influence of inhomogeneities (layer boundaries, interfaces) on

0 deformation > )

WP 5: Virtual demonstrator

"0 _I' Dr. Andreas Harrpel Institut fir Gebirgsmecharik Loz iy I - . Sandia
| WEIMOS ; l@ bl o] ey & b . [U Clausthal s |

Pictures of Clay Seams at WIPP =

- n e SRS
5 'rzc

» Clay seam G is thin (~8-25 mm), somewhat linear,
contains clay and little else

» Clay seam F is thick (up to 50 cm), wavy, contains clay +
other materials, possibly has intersecting salt crystals

172 BGE TEC 2021-19



Appendix

Motivation

l

Interface Sliding

CLAYF_ ( 3" diam obse&rvation boreholes 1_ = |

Sanda
Naronsd
[

n st
TEC

Simulated room closure
rates are highly
dependent on bedding
plane interfaces, such as
clay seams.

Roof falls frequently
detach at clay seams

The mechanical behavior
of bedding plane
interfaces is one of five
Joint Project WEIMOS
work packages.

WP 4: Influence of inhomogeneities (layer

boundaries, interfaces)

Piop
Lower Horizon Disposal Room
r—
Clay Seams
/ll f ¥ *
crool
| o o -
1 1 L, = -
4 [L_1] ; sl
H | f

G i

= left ¢ t
Gy =0+ B

N Jfioar g roof
&, =0, +9,

[ sat [ Anhydrite [I] Polyhalite

(@) R
="
—pf=02, =0
— =02
—p=
6 50
Ly
(%)
\ 25 1 /
7 /
Clay G 0 -
0 100 200 300 400 500
100
//
- L
&% 75 /
Ly
(%)
50 4
A
251
0 ™ T T T
0 100 200 300 400 500
—t (yr)

Reedlunn, B. and Bean, J. (2020). Impact of Properly
Specifying the Clay F and Clay G Friction Coefficients in
Disposal Room Closure Simulations atthe Waste Isolation
Pilot Plant. Memorandum. SAND2020-3575 CTF.

Modeling results show room closure rate is highly dependent on
characterization of inhomogeneities such as clay seams.

BGE TEC 2021-19
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"
15t series samples

Intact test,
0,=1500 psi
(10.3 MPa);
salt crystals
cross through
interface

WY

B,

Clay

, Salt
|
!

Intact test,
Salt/clay interface 0,=500 psi
Fracture shown is (3.4 MPa),
typical of all tests side view

Influence of inhomogeneities (layer S
boundaries, interfaces) — First test series
Shear tests of interfaces in salt

First series of tests completed in 2018 at RESPEC ~

with intact samples — NM salt, salt/clay, H

salt/polyhalite, salt/anhydrite. E

Tests performed at four different normal stresses :

(3.4, 6.8, 10.3, 16.6 MPa), shear velocity of 0.25

mm/min.

Some repeatability observedin maximum residual v

shear stress at same normal stress after interface e T

fractured in intact test, fractured samples sheared + san/poiyhaiie

in residual test. B i (et .

Clay/salt contacts much stronger than anticipated; 21 Bl s

interstitial salt crystals grown through contacts.

Sample stiffness much higher than anticipated.

Residual Shear Stress (MPa)
-
)

Consistent behavior among different samples on =
intact tests. 1l

Resulting stiffness, strength values assumed to be o
“upper bound”' 2 * K $ nomzusum‘(:am % " “ G
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Influence of inhomogeneities (artificial clay
seams) — Second test series .

Artificial clay seam tests:

+ Goal: Establish plausible lower bound for
strength and stiffness of clay seams in
salt formations

+ Shear tests with manufactured clay seam
(consolidated in pressure chamber) using =
bentonite/brine mixture, available salt
core samples.

* Prototype test (pictured at right) i
performed at 3.4 MPa normal stress, S
yielded at 0.6-0.7 MPa shear stress.

* Full test series completed March 2020:
8 tests performed by RESPEC

* Pre-consolidation thicknesses of 6
mm, 12 mm (%, 'z inches);

+ 3 different normal pressures of 3.4,
6.8, 10.3 MPa (500, 1000, 1500 psi).

s

Nosorad

bz
| B

Artificial clay seam shear tests —
Description

= 8 samples total: 4 with seam with pre-consolidation thickness 6 mm
(a"), 4 with thickness 12 mm (7%")

= Clay was made with mixture of bentonite, nearly-saturated brine

= Moisture content of clay pre-consolidation: 60% (1st batch), 54%
(2nd batch)

= Samples held in consolidation chamber at 3000 psi for 2 weeks

= Post-consolidation seam height thicknesses: 12 mm down t0 4.8
mm (3/16”); 6 mm down to 1.6 mm (1/16%)

= Normal pressures for tests: 3.4,6.8, 10.3 MPa (500, 1000, 1500 psi)
= Post-consolidation moisture content from chips: 13-17%

= Very little consolidation during test itself; less than 1 mm average
normal displacement during test, nearly all salt deformation

= Shear ram velocity 0.004 mm/sec
= True residual tests were marginally achieved only on 4 tests
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Specimen Construction — e
Samples from Core

Carlsbad/Art-Seam/1A-1B

Seam-side— where clay is applied Outside — where normal stressis applied

Asperities were 1.3 mm deep, spaced 6 mm apart

@ Sanda
A Masonad
= {abersorios
- ﬂ ———

Specimen Construction — Mixing Clay

= Clay is mixture of bentonite,
nearly saturated brine.

= Moisture content of clay
pre-consolidation: 60% (1st
batch), 54% (2nd batch).
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Specimen Construction — Clay
Application

Top of PVC tube placed
either 6 or 12 mm (%4” or %%")
above top of salt surface;
clay mixture troweled into
grooves up to top of PVC.

Specimen Construction

Other cylinder is placed on top of clay, pressed downward
while PVC contains clay.
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Specimen Construction —
Consolidation

Specimen wrapped with
Kimberly Clark BLOCK-
IT wrap, electrical tape
prior to placement in
consolidation chamber.

Swnda
=,
S B

Specimen Fabrication

= 4 specimens with initial seam thickness
of 6 mm

= 4 specimens with initial seam thickness
of 12 mm

= (Consolidated

= 14 days at 20,7 MPa (3000 psi) hydrostatic
stress and 21C

= Excess pore fluid vented

= After consolidation

= Approximately 1/3 of pre-consolidation
thickness

= Clay hardened

Consolidated Seam Thickness

= Fresh water moisture content 13 to 17%
= No asperity-to-asperity contact
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Direct Shear Test Setup

N NN

Normal load ram

Spherical seat

Rollers

AAAAAAAAAAAAA

K Shear load ram
| ('.
4 . A
v b \\" X
'
\\ s
0 /

112°Gap |,
|

n ® - * £

Note: All force profiles depend on contrast in stiffness
between the specimen and grout

Direct Shear Test Machine

= S-shaped load cell — gaps
opened during some tests
» 4 normal displacement gages,

average displacement used to
calculate stiffness
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Shear Stress vs. Shear Displacement:
Sample #6, 6-mm seam pre-consolidation,

6.89 MPa (1000 psi) normal stress

400.00

350.00 +

Shear Stress (psi)

Specimen ID: Carslbad/Art-Seam/6A-68
Test Type: Intact Specimen

Normal Stress: 992 psi

0.00

0.10

0.20

0.30 0.40 0.50 0.60 0.70 0.80
Shear Displacement (inches)

Shear Stress vs. Shear Displacement:
Sample #3, 12-mm seam pre-consolidation,

6.89 MPa (1000 psi) normal stress

250.00

Shear Stress (psi)

150.00

100.00

50.00

0.00

20000 H1

Specimen 1D: Carslbad/Art-Seam/3A-38
Test Type: intact Specimen

Normal Stress: 1000 psi

0.00

0.20

030 0.40 0.50 0.60 0.70 0.80
Shear Displacement (inches)

Blue: Stress calculated
with constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual nominal normal
stress = 992 psi (6.84 MPa)

Peak shear stress =282
psi (1.94 MPa)

Never reached residual
stress after initiation of
shear movement
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Blue: Stress calculated
with constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual nominal normal
stress = 1000 psi (6.89
MPa)

Peak shear stress =215
psi (1.48 MPa)

Never reached residual
stress after initiation of
shear movement

Power-related disturbance
near beginning of test
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Shear Stress vs. Shear Displacement:
Sample #7, 12-mm seam pre-consolidation,
6.89 MPa (1000 psi) normal stress | Ropeat oiieti doa

power-related disturbance
near beginning of test

400,

Specimen ID: Carslbad/Art-Seam/7A-78
Test Type: Intact Specimen

» Actual nominal normal
ik stress = 990 psi (6.83 MPa)

* Peak shear stress = 239 psi
(1.65 MPa)

* Reached apparent residual
stress of ~150 psi (1.03
MPa) at 0.75” (19 mm)
shear displacement after
initiation of shear

9.0 movement
+ 13 ” H
oo +- o = = e o = = - |* “Apparent” residual stress
Shear Displacement (inches) because un(:hanged

normal load, changing
contact area mean
changing normal stress

- (DF="
Intact Peak Stresses e
3 'rzc
1000
Friction Ar?gle: 24 degrees __."
e R P < + Average friction angle
=1 Y 8.7°, average cohesion
T 125 psi (0.86 MPa)
=
§ o * Much lower than for
3 previous salt interface
Z i tests: friction angle 24°,
£ 400 2 pe
E E [ 1T T 1T T 1T ke cohesion 546 psi
-------- A
O | 0 | iscaaes i
I il i .. Friction Angle: 9 degrees
200 1 T i | Cohesion: 125 psi
............ A
) + + + +
0 200 400 600 800 1000 1200 1400 1600
Nominal Normal Stress
@ 1/2-inch Intact Peak A 1/4.inchintact Peak  ====-Strength Fit
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Intact shear tests — Residual

Stresses

2,500

2,000

1,500

1,000

Residual Shear Stress (psi)

500

= = |inear (Post-peak residual stress-artificial seams) e

0

® Post-peak residual stress-artificial seams

® 2018 Pure Salt

Intact Shear Tests - Residual Stress

® 2018 Salt/Clay interface

 Linear (2018 Salt/Clay interface)

Uinear (2018 Pure Salt)

Interface - nominal residual shear stress
Seam - Cauchy residual shear stress
Nominal normal stress for both

1=0.41930,+131.27 .

2018 tests - salt interfaces with

intergrown halite crystals
""" 1= 0.41960, + 118.98

'.'
.v )
t=0.02920, + 124.52
| SR et gt . S
Artificial clay seam
500 1000 1500 2000

Nominal Normal Stress (psi)

Shear stress at 0.75-inch displacement

2500

Sanda
Naronsd
[

a st
'rzc

Only 4 of 8 tests attained
apparent residual stresses
after initiation of shear
displacement

Friction angle 1.7°, cohesion
~125 psi (0.86 MPa)

Lower friction angle than for
previous salt interface tests:
angle 13-23°, cohesion 119-
355 psi (0.82-2.45 MPa)

Values much lower than
expected; softness of clay,
asperity size may be factors

Current assumption is that
Clay Seam G test results will
plot between interface and
artificial seam results

Effect of clay seam on porosity
response - zero gas generation

1 T T T T T
wf Allclayseams — F==ameaell | o f All clay seams =l

—0.0349 (¢=2.0) — =4
o] D2G SHIE vy || W o e g |

coefficient of — | coefficient of e

*1 friction E?E::;’ [ *’| friction except Clay
08 — 02 (:u'u) 4 06 Seam F - 02

- -~ 0.5 I‘UII.II

°0s <05
“ ** Preliminary ** i ** Preliminary **
03
02
——————
01
°0 4000 6000 l:m 10000
t[yrs]

For case of zero gas generation, only clay seams in close
proximity to drifts have influence on porosity response surface.
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Effect of clay seam on porosity B
response - gas generation f=0.5
[ Allclay seams T o [Allclay seams o i
"I have same wmeria || “I'have same coeff. | —iame:a |
' coefficient of ——os_w-ns]] °°fof friction except ——121 anall
o7 friction - 07 Clay SeamF=0.2
0'3’ * Preliminary ™ " ** Preliminary **
[} 2000 4000 sl 6000 8000 10000 0 2000 4000 - 6000 8000 10000

= For case of gas generation, analyses indicate larger
sensitivity at short times, and insensitivity at longer times.
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Artificial clay seam shear tests —
Conclusions

= Eight samples of salt with artificial clay seams of two different
thicknesses were subjected to displacement-controlled direct shear

tests at three different normal loads.
= Maximum, final shear strength were determined for each test.

= Although none of the tests achieved a true residual stress plateau, the
final shear stresses reasonably conformed to Mohr-Coulomb behavior.
= The Mohr-Coulomb parameters were similar to those of a highly

consolidated, saturated, clay, which is to say they were quite low.

= |nsitu WIPP clay seams F, G, others vary significantly in visual, tactile
character; relation to artificial seam tests will be unknown until tests on

in situ samples can be performed.
s
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Questions?

Thank you for your attention!

Results of the other artificial seam shear tests

184 BGE TEC 2021-19



Shear Stress vs. Shear Displacement:
Sample #1, V4" seam pre-consolidation, 500

psi normal stress

[Peak Shear Stress: 140 psi

Shear Stress (psi)

Specimen 1D: Carlsbad/Art-Seam/1A-18
Test Type: Intact Specimen

Normal Stress: 504 psi

0.30 0.40 0.50 0.60 0.70 0.80
Shear Displacement (inches)
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Blue: Stress calculated
with constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual normal stress = 504
psi

Peak shear stress = 140
psi

Never reached residual

stress after initiation of
shear movement

Test data was very noisy,
although probably no
effect on main result;
Sample #8 tested at same
conditions

Shear Stress vs. Shear Displacement:
Sample #8, V4" seam pre-consolidation, 500

psi normal stress

Specimen 1D: Carstbad/Art-Seam/8A-88
Test Type: Intact Specimen

Normal Stress: 496 psi

0.00 0.10 0.20

0.30 0.40 0.50 0.60 0.70 0.80
Shear Displacement (inches)
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Blue: Stress calculated with
constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual normal stress = 496
psi

Peak shear stress = 234 psi
Reached residual stress of

~150 psi after initiation of
shear movement

BGE TEC 2021-19
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Shear Stress vs. Shear Displacement:
Sample #2, V4" seam pre-consolidation,

1500 psi normal stress

400.00

Shear Stress (psi)

150.00

100.00

50.00 4

0.00 +

Specimen 1D: Carslbad/Art-Seam/2A-28
Test Type: Intact Specimen

Normal Stress: 1494 psi

0.00

0.20

0.30 0.40

0.50 0.60 0.70 0.80

Shear Displacement (inches)

Shear Stress vs. Shear Displacement:
Sample #4, 2" seam pre-consolidation,

500 psi normal stress

400.00

350.00 +

ihen ID: Carsibad/Ar-Sean/aA48
Test Type: intact Specimen

Normal Stress: 507 ps|

0.20

0.30 0.40 0.50 0.60 0.70 0.80

Shear Displacement (inches)
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Blue: Stress calculated
with constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual normal stress =
1494 psi

Peak shear stress = 325
psi

Reached residual stress
of ~170 psi after initiation
of shear movement
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Blue: Stress calculated
with constant contact area

Orange: Stress calculated
with contact area modified
by shear displacement

Actual normal stress = 507
psi

Peak shear stress =277
psi

Reached residual stress
of ~130 psi after initiation
of shear movement
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Shear Stress vs. Shear Displacement:

n"_"._._._
Sample #5, 2" seam pre-consolidation,
1500 psi normal stress

Spcimen [ Corimi s/ 58 I * Blue: Stress calculated
s with constant contact area

+ Orange: Stress calculated
with contact area modified
by shear displacement

+ Actual normal stress =
1487 psi

+ Peak shear stress =427
psi
* Never reached residual

stress after initiation of
shear movement

Normal Stress: 1487 psi

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Shear Displacement (inches)
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11th US/German Workshop on Salt Repository
Research, Design and Operation

STROEFUN Il

Sandia
P | National
Laboratories

PTKA
Project Management Agency Karturuhe
rlstube tastitute of Technolo

BCET

US/GERMAN WORKSHOP

Salt R arch,
De 0

Table of content

= |ntroduction

= Goals

= Concept

= Virtual tour

= Dam construction

» Pressure and temperature
development

= Qutlook

Julius Bauermeister
TU Clausthal

Part 3 of the online workshop
September 08, 2021

BGE TEC 2021-19
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STROEFUN IlI- Introduction

= Whatis STROEFUN IIl about?

= Fluidic functional verification for closuring structures and fluid
supported sealing of the contactarea

» Project from Jan. 2019 up to July 2022
= 5 different partners and 2 service providers

- AN HZDR
[U Clausthal % L—
K-UITEC TEC
SALT TECHNOLOGIES e TR Supported by
* Federal Ministry
L for Economic Affairs
and Energy
A -
PTKA
Project Management Agency Karlsruhe on the basis of a decision
Karlsruhe Institute of Technology by the German Bundestag
@ =
9 Labersone
STROEFUN llI- Goals S
3 'rzc

= Developing a concept for proving the fluidic properties of a
closure structure

= Measures for the subsequent modification of higher permeability
in the contactzone

= Testing of the treatment concept on a laboratory and semi-
technical scale (in situ)
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STROEFUN llI- Concept

Ventilation pipes

Filling pipe

Concept: IBeWa (2019)

s
Nosorad
9 bz
& e

STROEFUN IlI- Concept

» Drift after excavation = Drift before concreting
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STROEFUN IlI- Virtual tour

STROEFUN IlI- Dam construction

= The concrete is based on the
A1-recipe from the BGE Tec
= Anhydrate as an adjustment

» Challenge: Finding the suitable

Source: BGE Tec (2021)

192 BGE TEC 2021-19



Appendix

STROEFUN IlI- Dam construction

» Crack formation after a 2 hours break; July 27,
2021- 16:36

Source: IBeWa (2021)

STROEFUN IlI- Dam construction

= Cracks on the surface = 14 meters of crack-
close to the formwork free-concrete
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STROEFUN IlI- Dam construction

= Firm connection between

the concrete and the
surrounding salt

= Small gap between the
sewer pipe and the sorel
concrete

STROEFUN IlI- Pressure and
temperature

= Temperature detection
110 4
100 4 : | =5 cm below the floor; TO1
t———Surface of the floor; TO2
=1 m above the floor; TO3
90 4 N . =125 m above the floor; T04
1,5 m above the floor; TO5
1,25 m above the floor and 5 cm in the the side wall; TO8 | [
80 E +—f——5 cm above the surface of the dam; T07
i \ pee 5 cm in the overburden; TO8
70

Temperature [°C]

60:
50—-
20-
30:

20

» I ' 1 > 1 5 1 i 1
25 Jul 1 Aug 8 Aug 15 Aug 22 Aug 29 Aug

Date

Temperature [°C]
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STROEFUN IllI- Pressure and o=
temperature

.
- rssss—

Source: IBeWa (2021)

STROEFUN IlI- Pressure and

temperature

= Wireless sensor 1 (KLS 01)

50 = — — — —————— 50
1 :’\ —+— Pressure I

40 - - - 40
s 35-: ',' -—35 s'j-
3 30+ - 30 E‘
1 / I =
S 25 : 25 ©
2 .
O 20+ 20 £
o L ©
15 L5

10 T~ : : - 10

54 ! ‘ | | | ! L5

0 X / T T ¥ T T Y T X 0

25Jul - 27Jul 29Jul 31Jul 2Aug  4Aug  6Aug

Date

BGE TEC 2021-19 195



STROEFUN IlI- Pressure and
temperature

= July 27", 2021-17:02, the helght of KLS 02 has been
reached s W R ] : -

Source: IBeWa (2021)

STROEFUN IlI- Pressure and
temperature

= Wireless sensor 2 (KLS 02)

04— 60

~— Pressure
+— Temperature

50

S
o
|

Pressure [bar]
8
8
Temperature [°C]

N
o
" | L
N
o

\ i . |
. ‘ \‘/ -10
0 < 1 1 I 14 I I 4 0
25 Jul 1 Aug 8 Aug 15 Aug 22 Aug 29 Aug

Date
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STROEFUN IllI- Pressure and
temperature

= Wireless sensor 3 (KLS 03)

55 — r T — —

90 ' ' ' —«— Pressure 20

45 ] i | | | -— Temperature
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STROEFUN liI- Outlook

Permeability measurements
Injection with MFBBa and Epojet LV
Drill core extraction
Documentation
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STROEFUN IlI- Questions

» Feel free to ask questions ©
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Appendix D — Program and Presentations of Part 4 (9" September 2021)

Berintime | 9th September 2021 — Day 2

M. Bihler/PTKA
16:00 16:10 | Welcome by the organizers W. Bollingerfehr/
BGE TEC

Modelling

Chair: K. Kuhlman

UVERSTOFF — The viscous behaviour of MgO- | N. Miiller-Hoeppe/BGE

16:10 |16:40 . . .
concrete and its numerical modelling TEC

RANGERS — Development of Guidelines for
16:40 17:10 |Design and Integrity of Repository Sealsin
a Salt Host

E. Matteo/SNL,
E. Simo/BGETEC

BenVaSim - Benchmarking Results for

M. Rutenberg/ TU
17:10 17:40 |Heterogeneous H*M and TH*M Models 8/

Clausthal
17:40 17:50 10 min Break
17-50 1820 BATS - summary of the experiment and M. Mills/SNL
results
BATS field test and related DECOVALEX i ilti
18:20 18:50 ! Eric Guiltinan/LANL, R.
modeling Jayne/SNL
M. Bihler/PTKA
18:50 19:00 |Summaryand Outlook W. Bollingerfehr/
BGE TEC
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11t US/German Workshop on Salt Repository
Research, Design, and Operation

UVERSTOFF — The Viscous Behavior of MgO-Concrete

Christian Lerch

"1 ﬁgml Nina Muller-Hoeppe
Laboratories BGE TECHNOLOGY GmbH

PTKA
Project Management Agency Karturuhe
Karlsrube lastitute of Technolo

Part 4 of the online workshop

September 9, 2021
ey TEC

BOE TECH

Snda
Nrond
Laborsris.

n gy

Backfill and seals:

B Dry crushed salt in , . y
S B CTIEHEHHS i roesssits ... until crushed salt is sufficiently

Humid crushed salt in access drifts compacted shaft and drift seals
Il DOrift seals (made of MgO-concrete) guarantee safe confinement!

I Shaft seals include humid crushed salt
sealing elements
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Drift Seals — Thermal Impact

= Drift seals are subjected to a long-lasting thermal impact/load
= The temperature maximum will appear after repository closure

= Question: Does the thermal impact affect drift seals” functionality due to

thermomechanical induced crack formation?
80

70
o %)
2 . 60
= N
E g_ 50
e ]
B =
""" ._,u""“— Steckemerschiusssandort | Schacht2 40
On Ve Vs fors |~ Teve S armme, | [eReE
—  — ——MNog| —--ET0m e = i) R 1
S — - = - Mite| =2 708m R PN [ e
% Base —imm.-Sid | — 870m 20 " v e o < 500 fe 4 z70m
T T T T T T T =1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Zeit [a] nach Einlagerungsbeginn Zeit [a]

= Argumentation so far: The MgO-concrete structure was subjected to higher
temperatures in its past

= However, the only significant thermal load considered is hydration heat at early age
(mass concrete)

= Does this argumentation hold?

n e SRS

Structural Model — Material Model

= The geometry of a drift seal is simple
» Simple structural model

Seitenansicht I it SOOI ==
i Sreckanstmenl == Sreckanstummel
_ s I _ == [
N AT, b | A7 e e || 17 [wwguirecke
§ ohom sonie. |4 I o s |4 1
Weedager = Woedager  Widedoger = Witorage
Otertaven Obechaven
Draufsicht Sreckanstumes Strockenstommnl
M\ = " =
5’59¢,s 5,9’”’" ‘%
e Y — VA —
L, oem. S8 R eemses
Widsager e Widedtager Wiedager T r—

= The material behavior of concrete is complicated even in the case of conventional
concrete

= So-called engineering models are used whose validness is restricted to special
applications

= Question: But what about the material behavior of MgO-concrete with MgO
constituting the binding agent and crushed salt the aggregate?
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Starting Point: Conventional Concrete

Knowledge on material behavior of conventional mass concrete

= Heat release due to hydration process and coupling of concrete age to temperature
history

= Evolution of elastic material properties depending on concrete age

= Evolution of mechanical strength depending on concrete age
= Evolution of shrinking/swelling depending on concrete age and hygric state

= Evolution of viscous behavior depending on concrete age and additional factors

= Distinguishing two™* types of creep behavior
= Basic creep (long term creep/viscous flow)

= Transient creep (short term creep/delayed elastic)

* The existence of one or two types of creep was frequently discussed in the past and the
scientific discussion is ongoing. Presently, the discussion tends to two parts.

Conventional Concrete — Decomposition of Strains

Stress

Occ o)

A

n f——
Tit

l
|

Time

Eccltito)

Eselitol

Z L/ lnstcntc'\ecus

% //V [

Depends on age

Creep depends
on age and
additional factors

/ De[oyed elashc

Y ey szccus

T I T Permenent [T TEEER=————" In the case of very early loading

Byfors 1980

Time
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Conventional Concrete - Creep Influencing Factors|§

Under repository conditions thermal impact occurs at
= High concrete age

= Dry constant climate (expected repository conditions)

= One long-lasting thermal impact

» Some influencing factors could be neglected

a
g 3 §
S © o
Loading- time Stress Constant RH
’ ‘ Varying temp or RH
g. 8’ % {constant stress)
@ g &
o o S
Constont climate
constant stress)
Age k Temperofure) Time
Byfors 1980
7
O
Labersone
Selection of Rheological Model “‘.—“
3 TEC
= Basic rheological models used for = Rheological model used for salt
concrete
HOOKE ‘, . K o M e
e & [ fsw :
o wbyt " 1 1y t
n*
asti delayed )
NEWTON | aT elastic elastic viscous
i3 ;‘ | ) Eyo< 0 Ey=0 ey =0
esmo¢ 4 t ¢ reversible reversible non-reversible
MARWELL “ L = First choice of rheological model for
. ] ) By =
o W [/L‘" \ MgO-concrete with crushed salt
—W{H— 2 @ | N
et s 7. L aggregate
® 16 o & LB R
a By @ ny el =y e ™ C
(3 [}
AvAvAY, {F
KELVIN Ty Dy
& Dy
Lr—wMt'u' .
2w t% e »E | o o2
v(l)-4:- o+ oft) Ex )= &'l 1-0 ¥ - § = £3
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MgO-Concrete - Laboratory Investigations

= Challenge: Test specimens of high concrete age kept at

constant climate

» Availability of test specimens of MgO-concrete that were
produced in the context of the building of flow barriers in the

Asse mine

= Definition of the load-temperature conditions of
laboratory tests conjointly with GRS taking into account
conditions of the VSG drift seals

> Triaxial tests starting at 30 °C heating up to 60 °C, loading
condition 22 MPa axial stress and 2 MPa radial stress but well
below MgO-concrete”s strength

» Triaxial tests were performed twice under nearly similar
conditions to control the reproducibility of test results

MgO-Concrete — Laboratory Test Results

0,015

s

Nosorad
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| B

— —466, 15 :
| _imegwiniars Different trends
0,010 - 'with “frozen” state /9"7
googd L1 L1 1 11111 Lot 4 5
P R =700 = Th;' Mottests were not
- e i et o Lo o = sufficien
L0005 ey ~gwls &
o | ) 2 » GRS performed two
‘® -0,010+ 2 504-10 S
& I © @ additional tests
-0,015 i Qa{-15 0 \ By
l g & » Application of the recent test
-0,020 -j——f=—— \ A — - R concept to distinguish
1071 1072 i H 1 i
-0,025 axial rad./circ. axial rad./circ. 2028 mamly deVlatOflC and.r_namly
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Experimental Results and Numerical Adjustments

Some numerical adjustments to available tests in the waiting period for additional test results

0,000 4

totale axiale Dehnung [ - ]

-0,005 ~

-0,010

M1071 ]
VOO =--V01
v |
v3
-0,015 V5 ——VE |
V7 —V8
VO V10|
V14

T

—_V2
—V4

T T

-0,020 T

» Numerical adjustments were too stiff

0 10

20

T T T

30 40 50

Versuchszeit [d ]
*= Hein s crushed salt approach for the Maxwell element supplemented by an Arrhenius term

= Linear Kelvin element with constant elastic module and constant viscosity supplemented
by an Arrhenius term

= Accompanying checks whether parameter values remained within reasonable limits

60

totale Umfangsdehnung [ -]

0,0030 T T T T T
e 1071
—V00 = --V0.1
00025 4 V1 —V2 4
V3 —V4
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00020 4 =——V7 ——vV8 -
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Vi1
0,0015 E
r_
0,0010 & =
0,0005 - -
V cm—
0,0000 -
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Decomposition of test regime in mainly
spherical and mainly deviatoric tests
utilizes the mathematical orthogonality
of spherical tensor and deviator in the
material model
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Maxwell Element and Successive Parameter

Identification

= Parameter values and their
explanation:

= Exponents:1-3
= |ndicating main influence of
pressure solution creep

= Spherical activation energy
shows negligible dependency on
temperature

= Deviatoric activation energy
shows dependency on
temperature in the range of salt
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= Requiring that all experiments should be captured by the same set of parameters the
identified parameter set is unsatisfactory as the Kelvin element remains too stiff

= Typically, thermal activation plays a role of ,softening” the material

» Consequently, temperature dependency of strain rate immediately after
mechanical/thermal load step was investigated in detail (assuming that in this time
period the Kelvin element dominates the strain rate)
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Influence of Temperature

Temperature dependency of strain rate decomposed in deviatoric and
spherical part shortly after temperature rise
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= Result: None or very low temperature dependency
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Process Understanding and Conclusions

= The short term process seems to be governed by viscoelasticity (like concrete)

» Due to the limitations of engineering concrete models further applications of
viscoelasticity were considered

= Literature from modeling of polymers was included

» The finding: The viscoelastic behavior of polymers is described by a
spectrum

» This issue is explained by the internal structure of the polymers being
composed of different molecular chains

= This argumentation also holds for concrete being a multi-aggregate material

» The argumentation explains the stiff behavior of one Kelvin element
(missing internal degrees of freedom to represent the spectrum)

» The Maxwell and Kelvin chains applied in concrete models on a semi-
empirical basis are an adequate approach, the parameters of the chains,
however, are not independent (as they treated) but belong to a spectrum

» The parameters of the spectrum must be identified, experimentally
» The mathematics to describe these relationships is non-standard
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Summary and Outlook

= A material model for MgO-concrete was established consisting of
rheological elements - Maxwell and Kelvin type - and being able to capture
thermal activation

= Experimental results gained from complex experiments formed the basis
for parameter identification

= The Maxwell element shows thermally activated behavior and seems to
capture mainly the salt aggregate”s influence

» The range of exponents identified indicates the dominance of pressure
solution creep

= The Kelvin element did not agree well with the experimental results — too
stiff

= Surprisingly, the Kelvin element shows low temperature dependency
indicating that a different (unexpected) type of process is acting

= Based on further information the conclusion is drawn that an internal
“dynamic” process may act that is characterized by a spectrum

» Due to the “dynamics” of the process potentially it might be neglectedin
long-lasting processes with small changes on the time scale
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RANGERS:
Methodology and Numerical Applications

11t US/German Workshop on Salt Repository
Research, Design, and Operation

Eric Simo, Philipp Herold, Andreas Keller,

r-h ﬁgggi:al Andree Lommerzheim, Paola Léon-Vargas

Lahoratories BGE TECHNOLOGY GmbH

. PTKA Edward Matteo, Kristopher Kuhiman, Teklu
Project Management Agency Karturuhe

ey T e Hadgu, Richard Jayne, Melissa Mills

SANDIA National Laboratories

What is RANGERS? :z;_

= RANGERS stands for:

= (german) Entwicklung eines methodischen Ansatzes zur
Auslegung und zum Nachweis von geo-technischen Barrieren
fur ein HAW Endlager in Salzformationen Design

= (english) Methodology for design and performance assessment
of geotechnical barriers in a HLW repository in salt formations

» Joint-Project between BGE TECHNOLOGY and SANDIA
National Lab

* Project duration: 2020 - 2022
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Project Goals

= Main goals:

= Compilation of existing knowledge and experience for the design
geotechnical barriers and compilation of new concepts and
technologies on the subject of geotechnical barriers.

= Development of a methodology based on the state of the art in
science and technology for the design and verification of
geotechnical barriers.

= Preliminary design and verification of the geotechnical barrier
system for the selected repository system based on the
developed methodology.

= Comparison of design results according to the new methodology
with results of previous design and assessment.

)
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Project Goals

= Secondary goals:
= Estimation of the optimization potential of EBS in salt
repositories
= Analysis of the impact of gases on EBS in salt
= Exploiting synergy effects between BGE TEC and SANDIA in the

numerical treatment of EBS in the course of the overall safety
assessment of salt repositories:

= The expertise of BGE TEC on numerical based design of EBS will
be used for the dimensioning of the components of the EBS.

= The expertise of SNL in the performance assessment of large
repository systems will serve to analyze the geochemical evolution
and radionuclide transport through the EBS
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RANGERS Methodology

Regulatory Framework + Safety Concept Reference shaftseal concept forsalt from ELSA
Genericsalt pillow model from KOSINA Drift seal concept from KOSINA
Selected Geological Site Repository Concept Sealing Concept
. Based on
| FEP Analysis FEP-Catalogue of VSG
Total System Evolution (Scenario)
Load Combinations derived from FEPs Modelling of Processes derived from FEPs Assessment
: - of Human
( ¥ ) ( ¥ Intrusion
BGE TEC SANDIA
(1)
Integrity Assessment of the Integrated Performance Assessment of the
Engineered Barrier System (2) Repository System
Based on insights from safety assessmentsin Based on insights from performance
Germany ( VSG, Morsleben, ELSA) assessments in the USA
Design of the Engineered Barrier . . .
g Systgem Assessment of Radiological Impact to the Biosphefe and Humans
\ J \ J

(1): Treatment of uncertainties for PA & Determination of time-dependent parameter
(2): Design adjustment according to PA results

Repository in the selected geological site

LEGEND

Q- Quaternary
T - Tertiary
S - Bunter Sandstone
NA4 - Aller rock salt
B AM3 - Anhydritmittelsalz
Bl K3 - Ronnenberg potash seam
B NA3 - Leine rock salt
A3 - Main Anhydrite
Bl K2 - StaRfurt potash seam
NA2 - StaRfurt rock salt : v
Bl A2/C2 - Anhydrite/Carbonate : DLW =’
R - Underlying Red 5 2 : :

with courtesy of BGR
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Sealing concept: Shaft seals

Quaternary
-100 = Tertia Water tight liner with
gravel column

Bitumen filled gravel column

& Crushed salt and clay mixture B NA3
Bentonite A3
. K2
NA2
m A2/C2
Gravel column filled with Mg-salts R

600 ==

Salt pillow

=700 =t=
MgO-concrete

-800-

.
n ———

Sealing concept: Drift seals

Long-term sealing made of
crushed salt-clay mixture

Sealing elements and abutments
made of MgO-concrete
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Preliminary FEPs for EBS in salt formation

2ub system: | Frocess Description Impact on EBS 2 s|6|7]8|o SRS
? ;
Drift Group P P e 2| 3| 4| s

Components 1: Drift seal
3: Drift Backfill
10: Concrete injection
7:EDZ
XX: ..
Processes/ Mechanical Example: Earth quake
Events

Example: Gasflow
processes

Hydraulic

Thermal Example: Heat flow

Example: Concrete
corrosion

Chemical

The release of accumulated geologic
stress via rapid relative movements
within the earth’s crust usually along

Describes the gas flow due to potential
gradients. Gas flow is responsible for
transport of volatile compounds.

Means the energy transport as a result of
temperature differences. There are 3
main sources for heat flow: dimate,
geothermic and radionuclide decay of the
waste

tectonic movements resulting from an
earth quake may yield in fractures in the
drift seal. The drift lining may collapse.

Gas flow transport is important for
chemical processes and radio-nuclide
spreading.

The impact of waste produced heat on
geotechnical barriers depends on the
distance between barrier and empla-
cement field.

Describes the chemical
concrete

Scenario relevant for EBS

The don processes will impair the
function of all concrete components in
the drifts

Components affected by process

X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X

X X X X X X X

Snda
Laborsris.

f.‘. n e SRS
5 'rzc

= Reference Scenario: The EBS retains its function over 50000

years

= Case 1: Water flow from overburden through the shaft to the

disposal zones

= Case 2: Gas production inside the repository from corrosion of

the casks

= Case 3: Water source inside the repository from inter-/
intragranular salt solutions

= Alternative Scenario 1: Shaft seal loses its function and drift
seals retain their function

= Same cases

= Alternative Scenario 2: Shaft seal retains its function and
drift seals lose their function

= Same cases

BGE TEC 2021-19

215



Appendix

.
n st

Modelling Concept

* |ntegrity assessment:

Hecuremant L

I M-lkmnl:'u l Demonstration of structural integrity I

c —

Ppdrovic | Hydeauic | Mpdrale
ek Firmatien |Leng temd
sesteg | comsr | 102 evitanion| Benatcn. | stasiny | suabiey
clement | sene
\ & vt

= |
Verification Concept

= T = ST = S
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Modelling Concept

* |ntegrity assessment:

Hydraulic resistance |Hydraulic resistance |Hydraulic resistance |Structural stability |Crack limitation Deformation Filtration stability |Long-term stability
-sealing element -contact zone

Reference Scenar over 50000 years
No numerical
modelling needed,
design and
assessment based
on existing
standards
Not relevant Not relevant Not relevant

Case 1: Water flow
from overburden
through the shaft to
the disposal zones

Case 2: Gas
production inside
the repository from

corrosion of the
casks

Case 3: Water Not relevant
source inside the

repository from
Inter-/ intragranular

salt solutions

BGE TEC
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Modelling Concept

= Performance assessment

) S,-DKF,
RGI =-

RGI

Verification Concept

T =~ TN = S = ST

@ .
n i

Modelling Concept

= Performance assessment

. leroceses [TargetCriteria

Nuclide Advection Convection/ | 2-Phase- Boiling Recon- Dose constraints
decay conduction | flow densation

Reference Scenario: The EBS retains its function over 500

Case 1: Water flow from overburden through the shaft
Case 2: Gas production inside the repository from

Case 3: Water source inside the repository from inter-/
intragranular salt solutions
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Modelling Concept

» |nteractions between integrity and performance
assessment
Interaction with performance assessment: Determination of

permeability/porosity-functions of EBS-components for the PA
simulations

Interaction with Integrity assessment: Sensitivity analyses —
Optimization of the EBS-parameters in the PA simulations

e

Numerical Model

= BGE TEC:
= T: Analysis of the thermal evolution in the EBS components
= H: 1-phase hydraulic evolution of the repository
=  TM-compaction of crushed salt in the repository — determination of permeability function
= SANDIA:
= Performance Assessment Simulations
=  Gas transport simulations

[ A2c2

B a3

L AM3
BunterSandstone
K2

K3
NA2Hostrock
NA3

NA4
Quarternary
Rolliegend
Shaft1
Shaft2
Tertiary
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Thermal evolution in the repository
(BGE TEC)

= Goal: Determination of the temperature increase in the EBS

5a

FLAC3D 5.01

©2018 Itasca Consulting Group, Inc.

Temperature, °C
1.1000E+02
1.0500E+02
1.0000E+02
9.5000E+01
9.0000E+01
8.5000E+01
8.0000E+01
7.5000E+01

. 7.0000E+01
6.5000E+01
6.0000E+01
5.5000E+01
5.0000E+01

~ 4.5000E+01
4.0000E+01
3.5000E+01
3.0000E+01
2.5000E+01
2.0000E+01
1.5000E+01
1.0000E+01

Thermal evolution in the repository -
(BGE TEC)
= Temperature evolution in the drift seal
U =

35

0 100 200 300 400 500 600
Drift seal length, m
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Thermal evolution in the repository
(BGE TEC)

= Temperature evolution in the shaft

Depth, m

s
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Thermomechanical compaction of
crushed salt in the repository (BGE TEC)

= Goal: Determination of porosity/permeability-function for PA
5a

FLAC3D 5.01

©2018 Itasca Consulting Group, Inc.

Porosity
3.4000E-01
3.2500E-01

* 3.0000E-01

* 2.7500E-01 p—
2.5000E-01 ,
2.2500E-01 —
2.0000E-01 2
1.7500E-01 —
1.5000E-01
1.2500E-01 —
1.0000E-01

m 7.5000E-02 =
I 5.0000E-02

2.5000E-02
0.0000E+00

220 BGE TEC 2021-19




Appendix

Sanda
[

. st
BGE R

o

Demonstration PFLOTRAN Simulations
(SANDIA)

= Goal: Test of the capacity of PFLOTRAN to simulate the
relevant processes considered in the scenario evolution

» Assumption for the test case:

= Two-phase flow of air and water

= Drifts, seals, and shafts are initially air-filled

= Host rock is initially water-filled

= 20 years pressure equilibration, then heating

= Small inventory: 765 Pollux-10 and 279 Pollux-9 canisters

= |ndividual waste packages not resolved

= Assumed fuel 100 years out-of-reactor

= Next step: more realistic scenarios

PFLOTRAN Simulations (200 yr)

= Seals re-saturating and gas pressure increasing
» Flow in hostrock confined to near repository

i
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PFLOTRAN Simulations (2000 yr)

= Seals re-saturating and gas pressure increasing
»= Flow in host rock confined to near repository

Conclusions

= A methodology for the for design and performance assessment of
EBS in a HLW repository in salt formations has been developed

= The methodology has been applied for the preliminary design of the
EBS of a generic repository systemin Germany based on the
generic salt pillow model developed in the KOSINA project

= The methodology is now being used to assess the integrity of the
EBS and the long term evolution of the repository system:

= A unigue numerical model used at BGE TEC and at SANDIA has been
developed for this purpose

= First results show that the temperature evolution in the EBS remain transient in
the first 2000 years

= The evolution of the compaction of crushed salt in the repository will be used to
derive the time dependent permeability in the repository mine

= The capabilities of PFLOTRAN to analyze all relevant processes occurring in the
near- and far-field of the repository system have been successfully shown
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Next steps

= Structural integrity of the drift seals
= Structural integrity of the shaft seals

= Performance Assessment Simulations of the whole repository using
the realistic geological material parameters and the actual waste
inventory available in Germany

= Model optimizations and several case studies

.
» g

Questions?

Thank you for your attention!
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Contents

Processes and Simulators

Considered TH?M processes and applied simulators
(H? two-phase flow — liquid and gaseous phases with water and air)

Some simulation results for a H*M-coupled model
Some simulation results for a TH*M-coupled model

Conclusions of the work

)
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— THM processes — models and equations

mechanical process:
equation of motion (no gravity, small strains), Hooke’s model

hydrological processes:
mass-balance equation (for each phase ¢), Darcy’s model

thermal processes:
heat-balance equation (int. energy/enthalpy), Fourier's model

no M—T coupling

T—M coupling:
thermal expansion of the solid skeleton: & = —a®™"T]

226
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Processes and Simulators

— THM processes — models and equations

* H—M coupling:
Biot's effective-stress definition: o,.7r = 0o — apeql

= M—H coupling part: —p<p+ S = A€y

» H—-T coupling:
advective transport of energy, saturation-dependent
thermal parameters of the bulk (1 and ¢)

» T—H coupling:
temperature-dependent hydraulic properties

Processes and Simulators

— Simulators used by the partners

= BGR — OpenGeoSys

= ENSI — TOUGH-FLAC, OpenGeoSys,
COMSOL Multiphysics

= GRS — CODE_BRIGHT, TFC

(2 teams)

= LBNL — TOUGH-FLAC

Kolditz et al. (2012)

Rutqvist (2011); Rinaldi et al. (2018)
COMSOL (2012)

UPC (2017)

= TUC — FTK Hotzel (2014)

Lux et al. (2015)
Pruess et al. (2012); Jung et al. (2018); ltasca (2009/2012)
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: =
H?M Model: Basic Scenario =
P /m (backfill) 5m (drift seal) 8m (backfill) A
L ~m o
Otot;ins = o MPa Ototo = 5 MPa Upps = 0m
Pgins = 4 MPa §l Pgo = 0.25MPa  § pgo = 0.2 MPa  pg.,ps = 0.25 MPa
Sl lhs — 0.20 3 Slo == 025 g Slo = 0.70 Sl;ThS - 025

parameters

Y 0
« !
S0 0
EE TS
n 18107 MPas i
n o 100 MPa-s S
k 220MPa o

|
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n
.
|
|
|

H2M Model: Basic Scenario

7m (backfill) 5m (drift seal) 8m (backfill)

e : ; {]l ,
‘—:II:% E— J—s

Otot,ins = © MPa Ototo = > MPa Upps = 0m
Pgins = 4 MPa § Pgo = 0.25MPa  § pgo = 0.2 MPa  pg,ps = 0.25MPa
Sl;th = 0.20 § SlO =025 E Sl() = 0.70 Sl;ThS = 025

E 200 600 MPa -
6 04 03
K 2100 100 m
S, 001 005
m o 047 037
van Genuchten pre-factor [SWAIEEETINNE 7 RN =

228 BGE TEC 2021-19



Appendix

- (=
= s g
H2M Model: Basic Scenario
Model 1.3 = Scenario (a)
4.5
4
3.5
£ a3
=3
S 25
2
@
2 2
%
£ 15
= — —BGR
1 — - ~ENSI(TF)
— - -ENSI{0GS)
0.5 — - ~ENSI (CM)
— -+ GRS 85
0
0 2 4 6 8 10 12 14 16 18 20 | === uc
position {(m)
{ ; BE:
. [l n.__._._
H2M Model: Basic Scenario
Model 1.3 — Scenario (a)
0
0 2 3 6 8 10 12 14 16 18 20
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2 5 . n::.:._
H*M Model: Mobile Phases
/m (backfill) 5m (drift seal) 8m (backfill)
E— K
Otot;ins = > MPa Ototo = 5 MPa Upps = 0m
Pg.ns = 4 MPa § Pgo = 0.25MPa  § pgo = 0.2 MPa  pg,ps = 0.25MPa
Sine =020 8 59 =025 g S, = 0.70 Siwhs — 0.25
Krap =1
in place of Mualem/van Genuchten’s relative permeability
other parameters and functions as before
> =
. " g n:.“._._._.
H*M Model: Mobile Phases
Model 1.3 —Scenario (d)
- 1.0E-1
| ﬁ,{si;\
‘[]]]]]]IIIIIIIIIII]IH]]H]]]]II Illlll]]]]]] — IL :'f 1.0E-1
Model 1.3 — Scenario (d) L5E1
4 2.0E-1
% . m% position {m)
LTS N
7 \\\ . A\ = very good matches to
e\ N\ steady-state analytical
1\ \  _— solutions
= a\\ RN \ M:Q%
o -0.063a
( 1( 15 20
position (m)
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H?M Model: Constant Gas Sourcefss “ -~
_ /m (backfill) 5m (drift seal) 8m (backfill)
§—>.) ‘<]I
Otot;ins = > MPa Ototo = 5\1‘/”3(1 Upps = 0m
Qm;g;lhs % Pgo = 0.25 MPa é Pgo = 0.2 MPa  pg.rps i 0.25 MPa
=6- 10—9 kg/s Q SIO =1.25 5 SlO = 0.70 Sl;ThS =0.25

other parameters and functions as before

(="
M Model: C Gas S ]
H odel: Constant Gas Source
iéG,OOOa
— 30,000 & 1,6
el £8 .0000,0004 Model 1.3 = Scenario (e)
3.5 ;‘.‘Eﬁr_-:g-r‘i-,-agr—:'7=
;_.’; ) _6.3_05:,:.—_—. ....
g 2.5
@
2 2
2]
Qﬁ
g 15 e
2 — —BGR ‘
1 633 = — - =ENSI{TF)
?\“&.—.‘ ) — - -ENSI {0GS)
— . <ENSI(CM) |
05 W _ ‘ ~onses |
i TO.63 a
o 00633 1 6 8 10 12 14 16 18 20 | ==--- uc ‘
position (m) e - ‘
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So— =
Labex e

H2M Model: Constant Gas Sourcelssd “-—

| == ENS )

;[ﬂ]]lll]lllIIIIIIII[I]II]]]IIIIIIIIII[ﬂ]]]]]]]]]]]IIIIIIIlII[[I]]]]{
| L | uc
100 11111 1

Model 1.3 — Scenario (e) [
“.;‘ 1.2E-8
E 1.0E-8
Z:j 8.0£-9 630,000a & 1,600,000a
= 16,000a
3 6069 pecmcliais constant gas source:
= L oeo M\ U830
3 A SN e e, | @ 900d agreements of
2N R Ny gas-flow rates
o 0.0E+0 > : ==
- of0.063a 0 ¢ 1 20| ™ as opposed to Scattered gas-

position (m) pressure distributions

H2M Model: Constant Gas Source

a 1.2E-8 t
:—--;\sa"-:' EL.O:S
&
= 8.0£9
— -+ GRS BS ©
> 6.0E-9 =
9 na
EEEETETTEETETT | u g 40E9 1
{10 A1 2
Model 1.3 —Scenario (e) | 555 gf;m 5
:m: 1.2E-8 \ v T 5
E 1068 el Y “.2089
» position {m)
“3’, 8.0E-9 630,000a & 1,600,000a
. 16,000a A k.
3 6OES Jesimnsie basic scenario:
NN s .
% 4089 4\ \'\\ =30, (with constant gas pressure b.c.)
T NN i S
£ zogas IV X S
g 2059 TS \ﬁ = scattered gas-flow rates
%) '\\ g 2 g
g 0.0E+0 = : :
g " fooesa . b 7 i .| ™ asopposed to well agreed
© -2.0E-9 . . .
S gas-pressure distributions
position (m)
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H2M Model: Constant Gas Source

Model 1.3 — Scenario (e)

0 2 4 6 8
-10

10 12 14 16 18 20

-20

-30

-40

-50

-60

pore-water pressure (MPa)

-70

-80

-90

-100 5

e o m |
position (m) {1 TTIMM T TTIMmmCTTT 1T TT0m)

—===TUC

Ups =0m Ototo =8 MPa Upps =0mM
8'4 3 Pgo=0.1013 MPa ‘gm Pgo =4 MPa Dgirns =4 MPa
o3 S, =0.75 <82 5,=1.00 St.rns = 1.00
T,=25°C Tine—=25°C
parameters
Young’s modulus (drained) E 45 150 400 8,000 MPa
Biot’s coefficient a 1 1 1 0.8
porosity [0} 0.42 0.37 0.35 0.17
intrinsic permeability K 2-10718 175 1058 182 - 107220 NS 10a22 fm?
residual liquid saturation Sir 0.03 0.03 0.1 0.16
van Genuchten parameter m 0.5 0.5 0.3 0.28
van Genuchten pre-factor S 12 12 26 30 MPa
thermal conductivity (grains) : 21 11.75 21 23 W/(mK)
specific heat capacity (grains) [ 1,100 830 950 900 J/(kg K)
density (grains) Ps 2,500 3,450 2,500 2,700 kg/m?
lin. th. exp. coeff. (skeleton) e | BeaiiEs 59-10°°® 4-10® 36-:10° K!
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TH?M Model

1.5m 2m 3m  2m 3m 5m 3.5m 20m
1+ 4l i ek A \,\ - —\‘.l | I I S -//’ E:
Ups =0m Ototo =8 MPa Upps =0m
g'gl pg0=01013 MPa *g|§l pg()=4 MPa pg;‘rhs=4MPa
o3 S =0.75 <8 5,=1.00 St.rns = 1.00
Ty=25°C Tons—25°C

v
residual gas saturation Syr
pore connectivity parameters [E3-5 22

peak gas generation rate mame;g Wi |y

::
peak heating power max Qq 15 W \

TH2M Model R «-—

liquid saturation (dimensionless)

:/' — —BGR

0.70 — - -ENSI (0GS)
g PV PV T %] = [=x £ 1S — -~ GRS BS
O.GS—XA—y
0 20,000 40,000 60,000 80,000 100,000 | ====- TuC

time (a)
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TH?M Model

— Initial attempts with FTk) — T processes

* in TOUGHZ2, there is no module without H processes

= fast temperature increase to over 100°C
— pressure increase to 100 MPa (s, = 100%) A

(109
0.91
1.20 0]
:\1 D.7
=1 1.00 0.6
£ =
0.5
O 030 gos
£ =04
- 0.60 —0.34
Q-O 2
0.40 :
01
0.20+ T T T T T T T T T J 0.0 T T T T T T T T T J
00 02 04 06 08 10 1.2 14 16 18 20 00 02 04 06 08 10 1.2 14 16 18 20
Xinmx10*1 Xinmx10*1

(model yet without host rock area)

e
2 - — o ias
TH2M Model
— Initial attempts (with FTk) — adding fluid flow
= before, high pressure kept ¥ |
water from boiling ;
7
* now: drainage 5}
— when pressure-dependent s1 - ,
IF . - . -, liquid water /
boiling point is attained, Top o o ey
a gas phase develops - /-
/
Ao steam
0 —v—l HE "”{/////%/ +
0 50 100 1?006 200 250 300
vaporpressure curve
change of TH state
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TH?M Model

— it is expected that simulators treat the underlying thermo-
dynamical processes differently so that discrepancies in
results are stronger the more processes are involved

— not the aim of this project

i phase dennity twater wih Gssohved i) 995 phase densdty (s wih water vapor)

N kpm’
.o 288 8 E

phase densities vs. p and T from TOUGH?2 for two-phase states,
might be implemented differently in the other simulators

| E
f.‘. n ———

Conclusions

» models look simple, but simulating is not straightforward

= comprehension for TH*M processes and for simulators
could be promoted and intensified by this project

» 1.3 results can be used as benchmarks by third parties

» differences in implemented equations and processes in

the various simulators (computation of phase densities and other
properties, phase-extraneous components)

— not easy to guarantee equal framework conditions

Supported by:

Federal Ministry
* | for Economic Affairs MANAGED BY

and Energy

Thank you for your
attention! ‘z PTKA

. e Project Management Agency Karlsruhe
on the basis of a decision

by the German Bundestag Karlsruhe Institute of Technology
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Brine Availability Test in Salt (BATS): Overview and Update

Melissa Mills
Sandia National Laboratories
Sandia

"1 National Albuguerque, NM, USA

Laboratories

PTKA :

“ roact Mansgament Agency Krruhe Part 3 of the online workshop
e ' September 9, 2021
US/GERMAN WORKSHOP SAND2021-10966 PE
S [o2 193 TEC Sandia National Laboratories is a multi-mission laboratory managed and operated by National
= SCE TECNOL OGS Givbia Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell
Intemational Inc. for the U.S. Department of Energy’s National Nuclear Security Administration

under contract DE-NA0003525.

Brine Availability Test in Salt at WIPP (BATS) ¥ b

» Field test being conducted underground at WIPP

= Monitoring brine movement and production from heated
salt using geophysics and sampling methods
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@ &=,
. B
Multi-Lab Team ENERGY | =
Office of Nuclear Energy

Sandia National Laboratories (SNL)
Kris Kuhlman, Melissa Mills, Rick Jayne, Ed Matteo, Courtney @ Sandia

Herrick, Charles Choens, Jason Heath, Martin Nemer, Yongliang National
Xiong, Matt Paul Laboratories

Los Alamos National Laboratory (LANL)
Phil Stauffer, Hakim Boukhalfa, Thom Rahn, Eric Guiltinan, Mike
Janicke

a)

« Los Alamos
NATIONAL LABORATORY

WIPP Test Coordination Office (LANL)
Shawn Otto, Jon Davis, Brian Dozier*, Dave Guerin*

Lawrence Berkeley National Laboratory (LBNL) = \
Jonny Rutqvist, Yuxin Wu, Mengsu Hu, Jiannan Wang rrfrr>| '"|

BERKELEY LAB

*Retired March 2021

Sencis
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Test Overview: Phase 1

Two Arrays mainly in Map Unit 3 (clean halite): Heated / Unheated
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Gas. CYlinder Rack

(2020 730

b ]

Thermocouple 750-W infrared lamp heater Rear centralizer
VDT (no LVDT)

Beh|nd Central paCker ‘ Control thermocouples

Circulate dry N ——— \" i
Quartz lamp heater (750 W) te ot
Borehole closure gage (LVDT)

Reflectors
27in [69 cm]
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Test Overview: Data Being Collected

Samples / Analyses
Gas stream (natural / applied tracers and isotopic makeup)
Liquid brine (natural chemistry and natural / applied tracers)
Cores (X-ray CT & fluorescence at NETL)

Intragranular Fluid
Inclusions Clay

10.1 cm diameter core X-ray CT data from BATS (Betters et al., 2020)

Cement Seals
Sorel cement + Salt concrete: strain & temperature

Geophysics
3 x Electrical resistivity tomography (ERT)
3 X Acoustic emissions (AE)
2 X Fiber optic distributed straintemperature sensing

Lab-made seal installed in borehole
subseques

ntly sealed behind packer

AE sensors on de-centralizers

Heater/Nz (HP) et i
Fiber (F2) ‘ AE3 Field (BATS)

Thermocouples (T1-2) [ ‘ s 3
@ . 4 & ¢ o

Sampling (SM) Lab (GRS)
- e
22 *4 ' (&3
Fiber optic DSS/DST <>== ‘ i '
B x 1L NS 1 ERT controller Fieer i) ‘ { : h
« # -" 3 ‘
A N. ‘7.—' : — - V

e
) il 0 Czaikowski et al. (2016)
Acoustic Emission (AE2) =Y

(Borehole layout drawing by WIPP TCO)

.
¥

’ Diamonds = grouted

. Circles = not grouted/packer

SFWST
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Data Collection Methods of Outflow

Isotopic Composition of water

Picarro cavity ringdown spectrometer (CRDS): continuous measurement
of isotopic makeup from humidity stream

Gives info on brine source (fluid inclusions vs. clays) and types
Useful for advection / diffusion / reaction information

Gas Stream Composition
SRS quadrupole mass spectrometer (QMS) gas analyzer
Types of gases interested in:

Dissolved in brine
Sorbed to salt (CO.,)
Geogenic gases within salt (e.g., He & Ar) &
Added gas tracers (Ne, Kr & SFg)

Gas Stream Humidity
LI-COR 850 CO4/H;0
Drierite canisters weighed ~weekly

Geophysical Methods

Acoustic Emissions (AE)
Listening to salt cracking with piezoelectric transducers
AE correlated with increases in permeability
Informs when, where, and extent of damage

Electrical Resistivity Tomography (ERT)

Measuring voltage from applied current at electrode pairs
v Maps evolution of brine content —
;v i‘\ 1l 0 & )"Y‘v
. 7 ! . . W WA
“ " = Fiber Optics " W
- : : Measuring temperature and strain e
Sub-mm resolution in space e
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BATS Stages

BATS 1 borehole drilling and install (2019)
BATS 1a heated phase (Jan-Mar 2020)
COVID-19

Gas & liquid tracer tests (Jan-July 2021)
Cyclic heating (summer-fall 2021)

New BATS 2 boreholes (October 2021)
New array in argillaceous halite (MU-0)

Similar heater test in new boreholes

BATS 1b Overcore

BATS 1a
Heating Cooling |COVID-19 |Gas tracer tests Liquid tracer tests |Cyclic heating | BATS heated |New Heated Array Tests

L}

SFWST

Brine Inflow Data (Jan 2020 — Aug 2021)

% — heated RH O Hdesiccant

1071 — unheated RH A U desiccant

H,0 conc
[g H,0/L air]

Collected from outflow of borehole
with relative humidity sensors and
desiccant weights
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Isotopic Data (Jan 2020 — Aug 2021)

I 1% heating phasﬂ I Unheated gas tracer tests I I Heated gas tracer test
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Temperature Data from Heating Events

Over 50 thermocouples installed throughout the heated array
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ERT Data (May-July 2021)
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Gas Tracer Tests (2021)

Injected gas tracer into D-borehole of both arrays

(5 tests total)
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Liquid Tracer Test (July 2021)
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BATS Outcomes

BGE gy

Generating field data for validating numerical models
Complex processes in a salt repository
Impacts of heat on amount of expected brine
Improve confidence in predictions to 106 years
New geophysical methods on hard problems

New generation of repository scientists
Significant testing in 1980s (replace retired staff)

BATS Future Plans ot

TEC
BATS 1 & 2: coordinated around  “C&F’ {
central borehole M
Interference between tests (ERT vs. TC, MU-3
ERT vs. AE) polyhalitic
MU-2
EDZ from 14 boreholes MU-1 (OMB)

Layout of WIPP North End
BATS 3 (2022) MU-0

llllll argillaceous
BATS 1/2 (2020-21)
l Leso = ﬁ M = : “: . ”
D-r - BATS 3 will be more “distributed
= %Igzg i L New infrastructure
,/,/ P Lﬁ Decoupled smaller tests into SDI area

Long-term heated borehole

1 7 i e
””’/”””’, N AE during drilling (EDZ development
e g drilling p
o T e Cementitious EBS / seals experiments

Gas and brine permeability k(o, T)

BATS
Shakedown (2018)

SFWST
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3D Numerical Study of BATS Field Test — Meshing
and Modeling Complex Geometry

Richard Jayne

Sandia ; i ;

'1.' Natioral Sandia National Laboratories
Laboratories

e Part 4 of the online workshop

" Project Management Agency Kartsruhe
Karlstube lastitute of Technolog

September 9th, 2021

Sanda Natowd Lfwraonies s a muSmssion
SAND2021-10940 C  UEzs0cty omm mbsiiey o toompet

BGE TECH Imerngionsd b, for e U.S. Deprement of
Energy's Naiond Nudess: Secuity Adminisraion
under conract DE-NAQOO3535

US/GERMAN WORKSHOP
E rch,

BATS EXPERIMENTAL SETUP

Heated array - side view
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o
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AE1 Source (D) = ' -1 £
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I Heater/N; (HP) * 1
Thermocouples (T1-2) Fiber (F2) o AE3 it
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4

_Sampling (SM]”
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Acoustic Emission (AE2) =
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@

Noorad

aborzorwn.
TEC

JANUARY - MARCH 2020 BATS
TEST DATA

IHP; Central HF1: Fiberl (4° below) HF2: Fiber2 (7° left)

HEL: ERT1 (12* above) HE2: ERT2 (9" below-left) HE3 ERY)(IZ below-right)

a8 q{T
so{lg o
as / [
400

HAEL: AE1 (12° above-left) HAE2: AE2 (13" below-left) HAE3: AE3 (13" right)
LYY e T
50
as
200
S
Zars
3.0
2
20
HT1: TC1 (36" left) HT2: TC2 (24" left) Heater Controller
ars — ) 100
5.0 pest-t 600
s 1 %00 [
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PREVIOUSLY UTILIZED 1-D
MODELS TO MATCH FIELD TEST

1D radially symmetric
= 121 grid cells
= 1 l)<m total model domain (0.03 — 150
m
= DRZ0.03-1.75m
» Heater in contact with salt
= air causes issues with matching field

h (m! Heater
data (radiative heating) 00 Wl
* Simulate 29 days of heating and L —
13 of cooling O I g | R P

= On/off cycling in early test
s DecreaSIng power lnpUt P=01-124 MPa Relative Permeability  Capillary Pressure

L2 : A=041 A=0412

» Matched temperatures measured Tems poiosonll - i
at thermocoup|es o -0001-001 s,=10 a(Pa)=65x10°

=20-7.0Wim°C s,=02 5,099
= 366 - 1000 Jikg °C

RESERVOIR PARAMETERS

(Jayne and Kuhiman, 2020)
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Appendix

1-D MoDELS WERE EFFECTIVE
MATCHING BATS FIELD DATA

Matching Thermocouples

Change in Temperature ('C)
2 3

20 25 30
Time (days)

Sanda
Naronsd
[

n st
YEC

Permeability (m?)

10?2
Porosity

(Jayne and Kuhiman, 2020)

10"

Total Brine Inflow (g)

MESHING THE COMPLEX GEOMETRY}™=

OF BATS

» Create surfaces
= Using LaGrit

» |nput for Vorocrust
= .0bj

= Few required
parameters

= Complex geometry
with orthogonal
discretization

BGE TEC 2021-19
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Surface spheres

Volumetric mesh

?

-
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Appendix

MESHING THE COMPLEX GEOMETRY
OF BATS

m— (=
;,;,t, [ P S—

» Create surfaces
= E.g.LaGrit

* |nput for Vorocrust
= .0bj

= Few required
parameters

= Complex geometry
with orthogonal
discretization

MESHING THE COMPLEX GEOMETR
OF BATS
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STARTING WITH ONLY THE HEATER
BOREHOLE

BUILDING COMPLEXITY - UTILIZING 3-D
MODELS TO MATCH FIELD TEST

= 3D Model Domain
= ~ 65,000 grid cells
= 10m X 10m X 10 m
= Heater in contact with salt

= air causes issues with matching field
data (radiative heating)

= Simulate 29 days of heating and 13

= |ncorporates the on/off cycles in early
time and gradual lowering of energy
input
* Match temperatures measured at 3
thermocouples in-plane with heater
= HE1-TC3-04m
= HF1 -TC2 - 0.5 m
= HT2-TC1-1.68 m
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9.

INITIAL CONDITIONS - FLUID PRESSURE o= :

TEMPERATURE AND FLUID
PRESSURE AT THE END OF HEATING
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MODELED TEMPERATURE AT

[HERMOCOUPLES ol
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CONCLUSIONS AND FUTURE WORK

- Preliminary 3D Modeling — LaGrit + Vorocrust leads to a
much more accurate representation of the BATS field
test vs. a hex mesh

- Continue to build complexity

- Add more wells
- Add heterogeneity
- Add DRZ
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BATS Field Test and Related Modeling

Eric Guiltinan', Thomas Rahn’, Shawn

"1 ﬁgml Otto?, Melissa Mills2, Kristopher.KuhImanZ,
Laboratories and Phil Stauffer?

a A Los Alamos National Laboratory
2Sandi National Laboratories
LA-UR-21-28810

TEC Part 4 of the online workshop
September 9th, 2021

)
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Stable Isotopes in Salt

Evaporating Sea Water

Initial
3 Sources of brine at WIPP Chevron Crystals
Fluid Inclusions
Interstitial Water
Water bound in clay
Desiccated Pan
Stable isotopes have the potential to
characterize the source of brine to heat
generating waste
Meteoric Influx
Dissolution Surface
However this requires unique signatures Recrystallized
Hl.“tl.&"O(O‘.

from the different sources and the ability
to accurately measure them. Evaporating Meteoric Water

® AR
AIAINIEAS
NN

FIG. 10. Relationship between textures in halite and isotopic
ition of fluid inclusions. Di fer S
(1978).

From Knauth & Beeanus, 1985
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Appendix

Phase 1a Isotopes

H,0 vapor concentration as well as
d’80 and d?H in the heated and
unheated boreholes as a function of
time.

Jan-21-2020: heat on

Jan-27-2020: gas reduced (H:50, U:25)
Feb-18-2020: heat off (leak)
Feb-22-2020: gas spent, leak stops

Phase 1a Isotopes

Unheated

g e L —r
g0 L
S i
© -20 i
et
£ I
s £l
® 100

|

15 2 Feb o8 1% 22

Unheated array shows steady
concentrations of d?H -1.25 and d'80 =-2

6°H %e

Heated Unheated
*ﬁ
IS \ 20000
(\!\\\MJ \J 10000 et
‘.
b I\’
0
1035 10
0 M,_,__Tﬁ R
-10 -10
-20 -20
-30 =30
50 ,* 5041
* ™.
o SOFTTTITII 11T o “ﬁ“ww
-50 L -50
-100 -100
21 25 29Feb 05 09 13 17 21 21 25 29Feb 05 09 13 17 21
2020-Feb 2020-Fed
50 50 .
-
7
0 o
’(T 7
-50 -50 !
7
-100 -100
-3 -20 -10 0 10 -3 -20 -10 0 10
510 % 510 %

* Heateron Gas flow reduced

* Heater off

Literature values forisotopic values of local natural waters
(including fluid inclusions in WIPP salt) from Lambert, 1992
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Appendix

Phase 1a Isotopes

. Henry's Law | Fractional Vapor Liquid
2D Radial FEHM Model Isotope Constant Henry's Law | Diffusion Diffusion
species (Mpa) C Coefficient | Coefficient

H'*0 2.332x10° 1.0000 2.57x10% | 2.23x10°
H)**0 2.309x10° |  0.9903 250x10° | 2.23x10°
HD*0 2.149x107 | 09217 2.51x10% | 223x10°

Each isotope species treated as a

liquid and vapor conservative tracer

with different liquid and vapor

diffusion coefficients. g - : :
£ Parameter (units) Value
~
Air is circulated behind the packer to Salt initial porosity (-) 0.001
remove water and stable isotopes Salt initial permeability (m?) 5x 107
which are monitored at an atm Borehole permeability (m?) 107
boundary at the packer. Packer permeability (m?) 10%
Salt thermal conductivity at 31.5 °C (W/m K) 5.25
Air thermal conductivity (W/m K) 0.03
= Initial formation pressure (MPa) 12
| 3 meters ’ Initial formation temperature (°C) 285
e . . 3.06x10°/
RS R v 2 2 2 3 Air source behind heater (kg/sec) 1.06x 106
Permeability (1e) Residual saturation (-) 0.1
Maximum capillary pressure (MPa) 1.00
Molecular diffusion coefficients from Smiles et al (1995)
Henry's partitioning from Friedman and O’Neil (1977) S ion at which capillary p is zero () 10

and Marilvate and Coantic (1975).

Phase 1a Isotopes

0 Days 10 Days 100 Days

l 0.0190
0.0185

moles *O/kgH,0

I 0.110
0.108

Model results through time. o,
ZH o
2
) 00180 =
The heater causes a lot of evaporation %
which leads to an enriching of 120 and 2H I 00175 2
within the borehole and less 180 and 2H 00170 ©
observed at the outlet
After the heater turns off the system
returns to equilibrium 0122
0.120
180 0.115
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Phase 1a Isotopes

d80 and d2H behavior:

=  Heater on — Water concentration rises
and d2H and d'20 equilibrate

= Air reduced — d2H falls / d'20 rises

= Heater off - d2H/d'80 fall sharply and then
recover to new background

= FEHM model generally follows the d'20
response but returns to background after
heater off.

Different behavior between 2H and 80 is
difficult to explain. Are we seeing a
contribution of different sources?

620 (%o)

62H (%o0)

Sanda
-
[ f——
BCE g4
Simulation Experimental Data
~ 10 *
\ * 0+ M‘V‘
: -10- !
-20
B30h——— —
*
5040
| *
-50

0
21 2529 01 0509 13 17 21

Jan Feb

-100 -+——r——r—r—r—
21 2529010509 13 17 21

Jan Feb

* Heateron Gas flow reduced

* Heater off

Laboratory Experiments

Laboratory experiments are underway to
investigate the isotopic signature of each brine
source within the WIPP formation:
Pyrex capillary tube method is being targeted
for fluid inclusion extraction
Mechanical crushing in pyrex glass paired
with heating is being considered for smaller
volumes of clean salt
Decrepitation via heating to 800 C followed by
cryogenic collection

Laboratory experiments have been delayed due
to Covid but are ramping up now.

@

Nosorad

bz
& e

Viton O-rinqg
300mm
Pyrex glass\
alumina ball\
mineral sample_| @
& |
—| 4smm p——

Fig. 1. Ball-mill made of Pyrex glass used in this study

From Horita, 1986
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Tracer Gas Experiments - e

Tracer gas experiment performed on 50 1.6x10?
the unheated array P
el | 14x10° £
D-Borehole pressured to 45 psi 40 D-Borchole | :-;
: P st - \ Pressure 1.2x10° 2
Gas monitored at the HP Boreholes é_ 35(| \ Ke ]
(24 \ -9 (-9
5 30 — SF, Moy E
P £ 25 0.8x10° &
te i
. \—1 » o < 0.6x10° =
(PSSR 1) £
[ L VTA ‘ I iy 0.4x10° %
T~ | R 10 ©
-] ) 5 T St 0.2x10°
0.0

0 ~
1/11/21 1/16/21 1/21/21 1/26/21 1/31/21
Time

Snda
Nrond
Laborsris.

‘! ———

Tracer Gas Experiments

25m
Parameter (units) Value
Salt initial porosity (-) 0.01
Salt permeability (m?) 1x10" -
Borehole permeability (m?) 10"
Formation pressure (MPa) 0.05
D borehole pressure (MPa) 0.31
Air source behind heater (kg/sec) 1.33x10°
Residual saturation (-) 0.1
Maximum capillary pressure (MPa) 1.00
Saturation at which capillary pressure is zero (-) 1.00 o B
SFs Henry's Law Constant (mol/(kg*MPa) 24x107 h’\h.‘
SF¢ Vapor Diffusion Coefficient m%s 9.1x 107
SFs Liquid Diffusion Coefficient m¥/s 1.2x10%
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Tracer Gas Experiments

Results are still fairly preliminary.

30 — Experiment
In reality the area between the — Simulation
boreholes is more like a fracture

network than it is porous media. 15

Gas Pressure (psi)
»
2

Long linear pressure decrease is
difficult to match. L, 1,4,

PR Py sl o in o sy o o s ol o s o Ly o 2
DR Tl DT Y RRVG RGO Y7

Time

Need to consider appropriate relative
permeability curves.

1.20x10™

o)

1Loxlo™

SF molkg Water

Gas Analyzer Partial Pressure (1

s
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Conclusions and Future Work

» Consider treating the DRZ as a fractured network which
could potentially be characterized using the dual
continuum model in FEHM

= Consider appropriate relative permeability curves for the
fractured system

= Continue laboratory work to isolate the three separate
brine sources in the vicinity of the BATS experiments
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