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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 10th 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 12th 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 10th 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 

11th 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 11th US/German Workshop was a success and 

ties in with its predecessors. 

 

The report in hand summarizes the 11th 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: 

 

 84,400 MTHM commercial SNF,  

   2,300 MTHM non-commercial SNF, and  

 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). 

 

 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. 

 

 Generic Disposal 
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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. 

 

 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. 

 

2.1.4 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 Göbel 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 10th 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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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 km², 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.  

 

 

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: 

 

 9 sub-areas in claystone host rock: surface of approx. 129 639 km²  

 7 sub-areas in crystalline host rock: surface of approx. 80 786 km²  

 74 sub-areas in salt host rock (60 steep salt rock structures + 14 stratiform salt for-

mations): surface of approx. 30 450 km²  

 

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.  



National Programs 

BGE TEC 2021-19  7 

 

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. 

 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: 

 

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

 Ventilation and safety measures 

 Decision process for waste package selection 

 Transport and emplacement technology 

 Engineered barriers (backfill, seals etc.) 

 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: 

 

 Safety and security – safety and security must be assured and endorsed. 

 Community – social and economic opportunities, community wellbeing, and how a GDF 

can align with the potential host community’s vision. 
 Environment – independent regulatory requirements have to be met when constructing 

a GDF. 

 Engineering feasibility – the ability to construct and operate a GDF in a given location 

will need to be ensured. 

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

 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. 
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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: 

 

 Advancement of different techniques for producing pre-compacted samples for further 

investigations; 

 Systematic investigations of permeability to demonstrate hydraulic tightness in the 

long-term; 

 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; 

 Execution of long-term compaction experiments following the complex experimental 

investigation strategy developed in KOMPASS I to derive necessary model parameters 

taking into account individual functional dependencies; 

 Benchmarking of the long-term compaction tests with various existing numerical mod-

els for model development and optimization; 

 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 

Dislocation creep 
Subgrain size and subgrain 

orientation 
Statistical 

Solution-precipitation creep 
Recrystallization and over-

grows 
Subjective 

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 5c and 

Figure 5d show indicators for solution-precipitation creep – fluid inclusions (5c) 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 %. 

 

 
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 (ρx) 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 Kröhn 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. 

 

 
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): 

 

 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. 

 

 
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 θ. In the case of θ > 60°, the fluids will be present inside 

isolated inclusions, whereas for θ < 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. 

 

3.4 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 I 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 I with dura-

tion of 150d) was performed from the designed laboratory database and made available within 

the framework of KOMPASS I 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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Figure 10: Proposal for an extended laboratory program for the systematic determination of the 

THM-coupled long-term behavior of crushed salt with prioritization (red) and allocation 

of the TUC-V2 test phases I, II and III (green), absed on Friedenberg et al. (2021) 

 

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 10-18 m² in the long-term. 

 

 

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, 

MgCl2-rich brine is expected whose MgCl2 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. 

 

 

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 II (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) 

 

 

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 Müller-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 LaGrit, 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 12th 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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