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1. Executive Summary

1. Executive Summary

Salt formations have long been recognized as a highly favorable host rock for the �nal disposal
of high-level radioactive waste (HLW) in deep geological repositories. Their unique properties,
including exceptional impermeability, self-healing capabilities, and thermal conductivity, make
them a reliable natural barrier for the deep disposal of radioactive waste. This report focuses
on the development and application of a methodology for assessing the integrity and per-
formance of the Engineered Barrier System (EBS) within salt-based repositories, a critical
component of the multi-barrier system ensuring safe radioactive waste disposal.

The RANGERS project, a collaboration between BGE TECHNOLOGY GmbH (BGE TEC) and
Sandia National Laboratories (SNL), leverages decades of expertise from Germany and the
United States to establish a uni�ed approach for the design, evaluation, and performance as-
sessment of EBS in salt repositories. The methodology developed under this project provides
a comprehensive framework for addressing the regulatory, geotechnical, and safety require-
ments for HLW repositories, ensuring containment and isolation over regulatory timeframes.

At the core of this methodology is the integration of Features, Events, and Processes (FEP)
analysis to evaluate the loads and stresses acting on the EBS, predict its evolution, and as-
sess its performance through rigorous numerical simulations. The approach begins with the
selection of a geological site and repository design, followed by the de�nition of a tailored
sealing concept. The repository system, comprising the geological site, infrastructure, and
EBS, is subjected to FEP analysis to identify relevant processes affecting the EBS's structural
and functional integrity. This analysis informs the integrity assessment, which evaluates the
EBS's capacity to withstand thermomechanical, hydraulic, and chemical loads over regulatory
timeframes.

The integrity of the repository system is veri�ed through a dual-path framework, consisting of
an Integrity Demonstration under a reference scenario and an Integrity Evaluation under alter-
native scenarios. This comprehensive approach, as outlined in regulatory guidelines, provides
a deeper understanding of repository robustness and reliability. The Integrity Demonstration
ensures the sealing function by analyzing hydraulic resistance and structural stability under
thermal-hydraulic-mechanical-chemical (THMC) conditions. It is inspired by engineering stan-
dards such as EUROCODE, utilizing partial safety factors to address uncertainties in loads
and resistance, ensuring structural integrity of the EBS. The Integrity Evaluation, meanwhile,
focuses on the hydraulic evolution of the EBS under alternative scenarios, enhancing robust-
ness and resilience by optimizing its design. While mechanical analysis dominates integrity
demonstration, the hydraulic evolution assessed in alternative scenarios directly contributes to
radiological performance, aligning these evaluations within the broader performance assess-
ment framework.

Building on this approach, a robust and comprehensive modeling concept has been developed
to derive systematic numerical analyses for both integrity and performance assessments. This
advanced concept enables precise and rigorous safety evaluations, ensuring the long-term
containment of high-level radioactive waste (HLW) and spent nuclear fuel (SNF). By leveraging
recent advancements in performance assessment (PA) codes and the availability of powerful
computational resources, the concept integrates a wide range of FEPs into uni�ed numerical
models. These models employ variable discretization strategies tailored to the speci�c focus
of each investigation, allowing for optimized resolution and computational ef�ciency. This ap-
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proach ensures that all critical aspects of repository performance are captured with suf�cient
accuracy, enhancing con�dence in the overall safety and robustness of the repository system.

The present report consolidates two separate studies into a synthesis document: one focusing
on the development of the methodology, and the other on its application to a generic repository
system in salt formations through numerical analyses.

Key �ndings from the RANGERS project, derived from the application of this methodology,
con�rm that the engineered barrier system (EBS) can withstand THMC repository conditions,
maintain structural integrity, and ensure effective containment under repository conditions:

• Thermal Evolution and Back�ll Compaction: The crushed salt back�ll, which serves as
the long-term sealing component in repository drifts, achieves signi�cant compaction
within approximately 1,000 years. Elevated temperature, generated by the decay heat
from HLW and SNF, facilitate rapid compaction in the early stages, ensuring effective
containment within decades of emplacement. Thermal conductivity of the salt rock con-
tributes to ef�cient heat dissipation, minimizing the impact on the structural stability of
the repository.

• Mechanical integrity: The repository system demonstrates robust mechanical stability
under thermomechanical loads. Dilatancy zones, which form locally around the drift
and shaft walls, are predicted to remain spatially limited and recover naturally over time
due to salt's creep and convergence properties. This recovery ensures the repository's
structural integrity over extended timescales. It has been shown that the sealing com-
ponents in the EBS will be subject to compressive stresses over time as a result of the
creep behaviour of the salt.

• Hydraulic Sealing Performance: Hydraulic assessments reveal minimal �uid migration
through the shaft seal, with calculated in�ow volumes into the infrastructure remaining
below signi�cant levels for up to 50,000 years. This ensures the hydraulic sealing func-
tion of the EBS under both normal and extreme scenarios. The evolving permeability
of the compacted crushed salt is shown to effectively prevent advective transport of
potential contamined �uids, further contributing to the containment function.

• Gas Generation and Transport: Simulations indicate low gas pressures within the repos-
itory due to the initial migration of evaporated water into the surrounding salt rock, driven
by elevated temperatures. This process reduces the potential for gas-induced hydraulic
loading, ensuring that the EBS's structural integrity is maintained over time. Further
analyses have shown that, at low gas pressures, the in�uence on the compaction of
crushed salt is relatively modest, allowing the back�ll to consolidate as intended. How-
ever, at elevated gas pressures, the impact becomes more pronounced, with the po-
tential to signi�cantly delay the compaction process by several decades, or in extreme
cases, even centuries. Under conditions of extremely high gas pressure, the compaction
process may not only be halted entirely but could also reverse, leading to the dilation of
the back�ll material.

• Integrated Performance Assessment: The methodology effectively integrates the results
of numerical simulations into an overarching performance assessment framework. This
includes evaluating the evolution of the EBS under the reference and alternative sce-
narios. These assessments have shown that gases generated within the repository will
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be dissolved in the crystalline water of the salt. It is therefore unlikely that high gas
pressure will develop in a salt repository. The developed numerical simulations can now
be further elaborated for the consideration of radiological assessment.

The �ndings emphasize the suitability of salt formations and the engineered barrier system for
radioactive waste disposal. The RANGERS methodology offers a structured work�ow for de-
signing, evaluating, and optimizing EBS performance in salt repositories. By focusing on the
integrity and functionality of each EBS component and its evolution, the methodology reduces
uncertainties in performance assessment models and ensures compliance with stringent reg-
ulatory standards.

The project RANGERS provides a solid foundation for advancing EBS integrity assessments,
optimizing repository designs, and improving long-term safety for HLW disposal. The results
validate the EBS's capacity to maintain its structural and functional integrity over regulatory
timeframes, supporting sustainable, long-term radioactive waste management in salt reposi-
tories. Through its rigorous and adaptable framework, the RANGERS project establishes a
new standard for the safe and effective disposal of radioactive waste in salt formations.
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2. Introduction

Salt formations are one of the potential host rocks for the �nal disposal of high-level radioac-
tive waste (HLW) in deep geological repositories, both in Germany and the United States. The
safe isolation of radioactive waste in these repositories relies on a multi-barrier system, com-
bining engineered and natural barriers. The natural barrier is provided by the salt rock itself,
known for its self-sealing properties and long-term stability. The engineered barrier, on the
other hand, comprises sealing components strategically placed within the repository to en-
hance its containment capabilities. In both Germany and the United States, long-term safety
assessments require demonstrating the integrity of the natural barrier for a period of up to 1
million years. Concurrently, the engineered barrier system (EBS) must maintain its structural
and functional integrity until the long-term seal, such as the granular salt back�ll material, has
re-consolidated to its �nal low porosity and permeability.

Based on extensive expertise and experience with engineered barriers in salt formations,
BGE TECHNOLOGY GmbH and Sandia National Laboratories have partnered to develop a
robust methodology for the integrity and performance assessment of EBS in HLW repositories
through the RANGERS project. This collaborative effort aims to establish a uni�ed approach
to geotechnical engineering, repository design, integrity and performance evaluation of EBS
in salt repositories.

This report presents a comprehensive framework for the design and evaluation of EBS in
salt-based repositories, offering detailed guidance on regulatory compliance, safety concepts,
design and long-term performance. The developed methodology provides a structured path-
way for designing and assessing the EBS's performance, aligned with the speci�c geological
site and repository concept. From the selected geological site and repository design, a tailored
sealing concept is de�ned, which forms the basis of the EBS. The overall repository system,
comprising the geological site, repository infrastructure, and EBS, is then subjected to a rig-
orous analysis of Features, Events, and Processes (FEPs). Only FEPs relevant to the EBS
are considered, from which the loads and stresses acting on the system are derived. These
loads form the foundation for the integrity assessment. The FEPs are also used to evaluate
the evolution of the EBS over the reference period in the scope of performance assessment.

By focusing on the long-term structural integrity and containment effectiveness of the EBS,
the RANGERS project sets a new standard for the future of safe radioactive waste disposal
in salt formations. Through comprehensive performance assessment simulations, this project
ensures that the EBS will meet the stringent safety requirements necessary to demonstrate
the safety proof of HLW repositories in salt.
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3. General Context

Rock salt formations are considered in Germany and in the United State as suitable host rock
for the �nal disposal of radioactive waste. A radioactive waste repository in salt can take
advantage of the extremely low connected porosity and practical impermeability of natural
rock salt formations to solutions on one hand, and their self-healing ability on the other hand,
to achieve long-term secure containment of the disposed waste and its isolation from the
biosphere Kreienmeyer et al. (2008). In a repository in rock salt, it is generally assumed
that there are no pathways in the undisturbed host rock that allow the in�ow of solutions
from the overburden into the disposal areas. Through appropriate exploration, it is ensured
that no solution inclusions are encountered in the host rock or that they are emptied during
the excavation of the mining structures (Kindlein et al., 2018). This makes rock salt a safe
medium for radioactive waste disposal in deep geological formations.

The safety of a repository in a salt formation is based on a multi-barrier concept. The multi-
ple barriers in salt repositories consist of a technical barrier, a geological barrier, the crushed
salt back�ll serving as long term barrier, and the geotechnical barriers. The technical bar-
rier is provided by the disposal casks. The safety function of the casks is to ensure the safe
transport and handling during the operational phase and to ensure the requirements for re-
trievability and recoverability up to 500 years in Germany (StandAG, 2023). The geological
barrier is provided by the salt host rock. The geological barrier aims to ensure the long-term
and secure containment of radioactive waste. The effectiveness of a repository in rock salt is
highly dependent on the integrity of the geological barrier in the rock formation (Mönig et al.,
2012).

Another important barrier for a salt repository is the back�ll material, crushed salt. Due to
its self-healing properties, this barrier ensures the safe containment of radioactive waste for
long periods of time, even beyond the time frame required for quantitative veri�cation (Müller-
Hoeppe and Krone, 1999). During the excavation of the mine, the geological barrier is
breached, temporarily creating direct pathways from the waste to the biosphere. In addition,
in areas close to the excavations, the geological barrier is damaged and locally weakened. To
ensure long-term stability and permanent �lling of the cavities, the mined salt rock generated
during excavation will be used as back�ll material, �lling excavations with essentially the same
material as the surrounding geological barrier. Over time, the compaction of the back�ll ma-
terial develops a sealing effect comparable to that of the undisturbed geological barrier. The
time required to reach the �nal states can vary from tens to thousands of years. It depends
on the convergence rate, moisture content, and ambient temperature. Therefore, additional
geotechnical sealing structures such as shaft seals and drift seals are planned, which will
provide a speci�ed sealing ability directly at the closure of the repository (Mönig et al., 2012).

According to AkEnd (2002), the closure of shafts holds a similar signi�cance in terms of long-
term safety as the function of the geological barrier. In AkEnd (2002), it is recommended:
“A repository mine, whose safety case is primarily based on geological barriers, must be
sealed with a geotechnical barrier, the shaft seal, in any case.” The shaft seal is the most
crucial safety component as it restores the integrity of the containment area (Müller-Hoeppe
and Krone, 1999). Its main function is to prevent water or solution ingress from the overlying
rock into the repository after its closure. In the event that radionuclides are mobilized during
the post-closure phase, the shaft seal ensures their retention within the repository through
appropriate sealing measures. The concept of a shaft seal includes sealing components,
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similar to those of a drift seal, as well as supporting and load-bearing elements (Kreienmeyer
et al., 2008).

In a repository for radioactive waste, drift seals are of signi�cant importance as a safety ele-
ment at the edge of the enclosing rock area. The drift seal must seal off the anthropogenic
pathways for solution ingress into the repository, thereby compensating for the temporary loss
of safety caused by the construction of the repository (Orzechowski, 2018).

During the post-closure phase, these sealing structures are subject to external in�uences
and alteration processes (e.g., thermal, mechanical, hydrological, and chemical), which may
affect their effectiveness throughout the entire assessment period. Because of the presence
of the long-term seal, both shaft and drift seals, must not provide their function during the
complete post-closure phase. Thus, the shaft seals and drift seals must remain suf�ciently
tight until the hydraulic resistance of the back�ll material is high enough to prevent or limit
the ingress of solutions to the waste, achieving the protection level speci�ed in the safety
requirements (Mönig et al., 2012).

The design of the geotechnical barriers is a challenging task. These structures require a
reliable and well-documented veri�cation that extends their safety assessment well into the
post-operational phase and includes critical situations, such as the ingress of solutions. The
veri�cation procedures from current engineering recommendations and guidelines only ad-
dress above-ground structures with a lifespan of approximately 100 years and the possibility
of maintenance and repair, but not to underground structures that require a post-operational
lifespan of several thousand years without active intervention (Orzechowski, 2018). The shaft
seal for instance in a salt repository is designed to remain functional until the occurrence of
the next ice age, which is estimated to occur in 50,000 years. However, after the ice age,
changes in hydrogeological and topographic conditions caused by glaciation introduce signif-
icant uncertainty in predicting the chemical composition of in�ltrating waters. Consequently,
designing robust seals capable of withstanding these uncertain chemical conditions becomes
impossible. In later periods, after the ice age, the primary sealing function is achieved by the
host rock and the compacted back�ll (Rübel et al., 2016). For the drift seals, a similar or longer
functional life time can be expected. The shaft seal would be expected to lose its function �rst,
being the �rst geotechnical structure in contact with corrosive water. After the failure of the
shaft, the drift seals would also provide resistance to �ow, keeping brine away from the waste.
Therefore, a methodological approach to the design of the engineered barrier system over
such a long period of time is critical to the overall safety of a repository in salt.

In Germany, signi�cant efforts have been made to design and assess the safety of engi-
neered barrier systems for repositories in salt formations. These efforts are aimed at ensuring
the long-term isolation and containment of radioactive waste. Several noteworthy projects
exemplify these efforts and are outlined below.

A new approach to evaluating the effectiveness of barriers in a repository system, as proposed
by Müller-Hoeppe and Krone (1999), presents a methodology for evaluation the effectiveness
of an underground repository system and its geotechnical barriers in a salt host rock. The key
aspect is the introduction of a method for estimating the risk posed by a repository. The funda-
mental assumption is that a mine speci�cally designed for disposal purposes is excavated in
an undisturbed salt formation. After disposal, the mine is sealed using a multi-barrier system,
which requires comprehensive evidence for the entire system as well as individual compo-
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nents. No institutional control is planned following the closure of the repository. Referring to
past experiences with �ooded salt mines, it is noted that while salt itself is impermeable, there
is a distinction between the pure material (halite) and the salt rock formation, which is char-
acterized by layering and geometric features. The authors proposes the following de�nition of
tightness as a central argument to assess the safety of the disposal in salt (Müller-Hoeppe and
Krone, 1999): A barrier is considered tight if the penetration front of the contaminated �uids
does not reach the opposite end of the barrier within the designated period of exposure..

According to Müller-Hoeppe and Krone (1999), previous considerations assumed the prema-
ture failure of barriers as a regular load case, and then considered them as �ow barriers in the
veri�cation process, assuming gradual release of contaminants. However, if barrier failure is
assumed as a normal load case, it eliminates the signi�cant advantage of the salt host rock,
as the compaction of the back�ll is disrupted and it does not become hydraulically resistive.
This assumes the occurrence of an event that only happens in exceptional cases. Such an
approach is not provided in engineering and buildings standard such as the Eurocode (DIN
EN 1990, 2010) or in the regulations for the design of nuclear facilities by the Nuclear Technol-
ogy Committee (Kerntechnische Ausschuss (KTA), 1988). These standards initially assume
the expected behavior of the system during the design process (Müller-Hoeppe and Krone,
1999).

In this context, Müller-Hoeppe and Krone (1999) proposes a veri�cation method using the limit
state design concept with partial safety factors for model and material uncertainties, similar to
the Eurocode methodology. However, this method focuses on tightness rather than structural
stability. The essential steps are as follows: 1. Description of the limit state for which the
actions and resistances are determined. 2. Development of models for actions (i.e. loads or
impacts), material properties, and geometric values. The aim is to demonstrate that the limit
states are not exceeded using the determined design values and selected models.

The authors also raise concerns about the feasibility of applying veri�cation concepts to proba-
bilistic approaches. Probabilistic veri�cation with a speci�ed con�dence level requires a sam-
ple size proportional to the reciprocal of the con�dence level, which signi�cantly increases
computational demands. Given the complexity of the system, this approach appears imprac-
tical due to the substantial computational resources required. Only for very improbable sce-
narios where a low con�dence level on the order of 10 � 2 is suf�cient, is this fully probabilistic
method considered applicable (Müller-Hoeppe and Krone, 1999). However, it is important to
note that this statement should be reconsidered in light of the advancements in computational
capacities in recent years (Sanders, 2020; Kuhlman et al., 2024).

The approach put forward by Müller-Hoeppe and Krone (1999) has been further developed
in the project ISIBEL. The project ISIBEL (Veri�cation and Evaluation of the Instrumentation
for the Safety Assessment of High-Level Radioactive Waste Repositories – Buhmann et al.
(2008)) provides a systematic inventory of the state of research and development in the dis-
posal of heat-generating radioactive waste. Work package 5 of this project focuses on the
status of design and planning of geotechnical barriers. The follow-up project ISIBEL II, called
KOMTESSA, incorporated �ndings from the previous project and mentioned these results in
a chapter on geotechnical barriers.

In the ISIBEL project, the impacts and resistances are derived from a collection of features,
events, and processes (FEP) that are generic to salt repositories and need to be speci�ed
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for a speci�c site. The goal of this project is not to provide speci�c evidence but rather to
demonstrate how such evidence can be obtained and that it is theoretically feasible. As de-
scribed in Müller-Hoeppe and Krone (1999), the aim is to show how the safe containment
can be demonstrated through a combination of geological and geotechnical barriers, and how
the maximum individual dose or maximum risk can be determined using release scenarios.
The regular demonstration in this project does not involve conservative release scenarios but
focuses on the safe containment of the waste. Possible developments and their probabilities
are derived from a combination of scenario analysis (Buhmann et al., 2008).

The ISIBEL project considered release scenarios but did not perform a detailed analysis of
their likelihood of occurrence. In the safety concept, developments outside the probable range
of the repository are differentiated from less likely and unlikely developments. Release scenar-
ios (design-based events) are considered for the less likely developments, while the unlikely
developments serve to assess their impact and enhance the understanding of the system
(Buhmann et al., 2008).

Following the proposed approach in Müller-Hoeppe and Krone (1999), the integrity assess-
ment consists of two components. The requirements for hydraulic properties are derived from
the long-term safety analysis (LZSA) and need to be demonstrated for geotechnical barriers.
Together with the structural integrity evidence, they constitute the functional demonstration for
the safety of geotechnical barriers (Buhmann et al., 2008).

The VSG Project (Preliminary Safety Analysis of the Gorleben Site) was a major scienti�c
study undertaken to evaluate the long-term safety and feasibility of using the Gorleben salt
dome as a repository for high-level radioactive waste in Germany. VSG integrated previous
developments and research efforts, and provided a comprehensive overview. The methods
developed in ISIBEL have been re�ned. Unlike the ISIBEL project, the updated safety re-
quirements of the Federal Ministry for the Environment, Nature Conservation, and Nuclear
Safety (BMU) from 2010 are available in the VSG and can be incorporated (BMU, 2010). This
means that the theoretical considerations from previous projects have been transformed into
directives by the responsible institution, and policy decisions have been made regarding open
questions such as monitoring and the possibility of retrieval.

The VSG safety concept is based on the fundamental safety requirements:

• Integrity concept (continuity and barrier function of the engineered barrier system remain
intact),

• Containment concept (rapid and tight containment of waste through salt rock and barri-
ers), and

• Criticality exclusion.

14 objectives and 17 measures are derived to concretize these requirements. Some of them
are directly linked to the EBS. From the safety concept, a veri�cation concept is derived. The
VSG veri�cation concept demonstrates how compliance with limits and requirements can be
quantitatively demonstrated under the measures mentioned in safety concept. It serves as
the basis for all work within the system analysis in the project. The veri�cation includes the
following aspects:
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1. Procedure for delineating the engineered barrier system.

2. Preservation of the engineered barrier system and its components during the veri�cation
period.

3. Criticality exclusion.

4. Containment of radioactive waste within the multi barrier system.

5. Radiological consequences/release scenarios.

The second point speci�cally addresses the veri�cation of the engineered barrier system. The
veri�cation period continues until another barrier can demonstrably ful�ll the safety function.
During this period, the hydraulic resistance and structural integrity of the EBS must be main-
tained (Mönig et al., 2012). In this purpose, coupled analyses consider thermal, hydrological,
mechanical, and chemical (THMC) processes and examine aspects such as crack limitation,
stability, durability, integral permeability, and failure probability that was introduced as veri�-
cation criteria in the project ISIBEL. Similar to the ISIBEL project, feasibility and robustness
must be demonstrated (Mönig et al., 2012).

In the context of the VSG project, Müller-Hoeppe et al. (2012b) proposed a comprehensive
design for the engineered barrier system (EBS) speci�cally tailored to the Gorleben site, which
has been extensively studied. This design represents the �rst of its kind for a high-level ra-
dioactive waste repository in Germany. It has since served as a foundation for subsequent
research and development, as well as a source of inspiration for EBS designs in other host
rock formations. In a subsequent analysis by Müller-Hoeppe et al. (2012a), the proposed de-
sign was evaluated to ensure compliance with the safety and veri�cation concept discussed
earlier.

To achieve this, geochemical process modeling was employed to simulate dissolution and pre-
cipitation processes within the shaft sealing elements. This modeling considered the in�ow of
brine from the overburden and the resulting changes in solution composition throughout the
entire sealing system. Geomechanical process modeling was also conducted to assess the
mechanical loads on the sealing elements, including rock pressure and hydraulic pressure, to
verify no damage would occur. Furthermore, hydraulic assessments were performed to de-
termine the water �ow through the sealing system and assess whether the permeability of the
system met the required safety function of preventing contact between the waste and external
water sources. Based on the results of the performance assessments, design modi�cations
were implemented to �nalize the layout of the sealing system.

Building on the pioneering work of Müller-Hoeppe et al. (2012b), the practical design of shaft
seals was a focal point of the ELSA project. This project seeks to further advance the knowl-
edge and implementation of shaft seals for repositories of high-level radioactive waste. The
insights and �ndings from Müller-Hoeppe et al. (2012b) have provided valuable inspiration
and guidance for the design considerations in the ELSA project. By incorporating the site-
speci�c characteristics of different host rock formations, the project aimed to develop practical
and effective designs for shaft seals that ensure the long-term safety and containment of ra-
dioactive waste. The focus was on existing and planned shaft seals in repositories located
in clay and salt formations. Insights into the use of materials in geotechnical barriers were
discussed, which can be applied to the shaft seals examined in this report and incorporated
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into recommendations. Due to the requirements for sealing former mining shafts outlined in
relevant standards, there is a greater wealth of experience in sealing shafts compared to drift
seals (Kudla and al., 2020).

Within the ELSA project, a comprehensive analysis was conducted, providing a detailed de-
scription of shaft seal systems in various rock formations. This analysis encompassed an
in-depth examination of rock mechanics properties, �ow and transport processes, and the
speci�c conditions present at each sealing location. It is crucial to consider that shaft seals
serve as the primary geotechnical barriers, being the �rst point of contact for in�ltrating solu-
tions from the overlying strata or the shaft itself. As a result, the range of in�ltrating solutions
for which shaft seals need to be designed is relatively large compared to those encountered
at drift seals. This distinction is signi�cant as it directly in�uences the chemical environment
experienced by the drift seals located within the repository, situated behind the shaft seal.
Furthermore, it is noteworthy that the presence of geochemically unsaturated brine solutions
at the barrier represents a key differentiation from the drift seals within the repository.

During the second phase of the ELSA project (ELSA II), signi�cant advancements were made
in the development and testing of functional elements for shaft seals. Extensive laboratory
programs have been conducted to re�ne and evaluate the materials used in shaft seals. Field
experiments have been carried out to assess the constructibility of shaft seals, including the
back�lling of a mock-up shaft. Additionally, simulations have been performed to analyze the
settlement stability of the gravel column in the shaft during seismic events. The results demon-
strate that the expected settlement after a seismic event will be within the range of centimeters,
indicating the effectiveness of the design in maintaining stability. These �ndings contribute to
the overall improvement and reliability of shaft seals for repositories of high-level radioactive
waste (Kudla and al., 2020).

The assessment of safety for underground closure structures in salt rock formations was also
studied by Wagner (2005). Given the lack of practical experience in constructing long-term se-
cure underground closure structures, this dissertation presents a semi-probabilistic approach
to safety assessment.

For this purpose, distribution functions (deterministic value, normal or log-normal distribution)
are de�ned for the in�uencing factors of different closure elements, and failure probabilities
for individual elements (i.e., bentonite sealing elements, gravel columns) are calculated using
these distributions. A deterministic model is established to represent the failure mechanism.
Subsequently, input parameters for this model are linked to the stochastic models, and failure
probabilities are calculated using the Monte Carlo method (Wagner, 2005).

Wagner also acknowledges the need for large sample sizes to determine small failure prob-
abilities as a signi�cant weakness of this method. However, considering the considerably
improved computational power today, this statement needs to be reassessed. A maximum
volume �ow of Q = 10 m 3/year (Wagner, 2005) within a demonstration period of one million
years is assumed as the limit state for the design. It is emphasized that the imprecise data
basis and the dif�culty of determining material properties for such long periods make it critical
to evaluate the derived nominal values of failure probabilities (Wagner, 2005).

Wagner (2005) determines failure probabilities related to the service life for drift closure struc-
tures ranging from 10� 4 and 6 � 10� 3. The failure probability can be interpreted as a mono-
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tonically increasing function of time during the demonstration period, with failure occurring
at a random point in time. Improving the results can be achieved through investigations of
input parameters, their probabilities, and the arrangement of redundant elements. The calcu-
lated failure probabilities in the study can only describe the considered limit states, making the
determination of these limit states a crucial task in the design process (Wagner, 2005).

Furthermore, Wagner (2005) notes that a rational determination of the limit value for failure
probability is not straightforward. As demonstrated in the past, it is a politically made decision
indirectly re�ected in the safety requirements of the Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (BMU) through the establishment of limit values.
However, the linkage between failure probabilities and compliance with these limits or a limit
risk remains the task of the safety case (Wagner, 2005).

Orzechowski (2018) presents an approach to reconcile requirements from existing standards
with those related to long-term safety for a repository. The relevant standards are based on
past experiences and consolidate established knowledge in a methodical and structured man-
ner for practical application. However, the fundamentals for designing repositories signi�cantly
deviate from those of existing standards, making their direct transferability uncertain. Two cru-
cial aspects are the extended demonstration period in a repository and the requirement for
maintenance-free operation.

In the relevant standards, the demonstration period for typical structures is on the order of 100
years, during which failure can be reasonably excluded. When this period is extended without
appropriately considering safety measures, the failure probability for structures increases to
an unacceptable level Orzechowski (2018)[ pp. 128, 131]. According to Orzechowski (2018),
simply increasing the resistance values does not address this issue since it would exceed
the magnitude of typical material properties. Furthermore, the problem is exacerbated by the
impracticality of maintenance for the closures in the intended system, which rules out later
inspections and repairs. Orzechowski (2018) concludes that the validity of the design with the
principle of partial safety factors is questionable.

In Müller-Hoeppe et al. (2017), the assertion by Orzechowski (2018) is reassessed. Müller-
Hoeppe et al. argue that if the potential values for the characteristics during the demonstration
period are known, there is no basis for simply extrapolating the failure probability from the
standards. Such extrapolation relies on a statistical distribution of values that cannot become
arbitrarily large while the applicable laws of nature remain valid. This representation may
be appropriate for continuous processes (e.g., corrosion) due to the varying deterministic
components. However, this statement should be quali�ed when considering infrequent events
(e.g., earthquakes) (Müller-Hoeppe et al., 2017).

Orzechowski (2018) also introduces a �ve-step methodology aimed at combining approaches
from standards and long-term safety. In the �rst step, requirements from both schemes are
initially considered separately. Then, conditions and speci�cations are derived from the FEPs
relevant for the design in the chosen scenarios. In the second step, these conditions are
compared and supplemented with the requirements from the standards. Subsequently, in step
three, the actual planning process for the barrier is carried out. Step four involves comparing
the properties with the requirements, leading to either con�rmation of the construction or,
through iteration, revising the structure or adjusting the basis for the requirements. The �fth
step entails documenting the process.

BGE TEC 2025-07 / SAND2025-02745R 15



3. General Context

In summary, the design of engineered barrier systems in salt geotechnical barriers has reached
a mature state of development. However, designing geotechnical barriers for repositories in
salt formations over a long period of time presents signi�cant challenges and requires a reli-
able and well-documented demonstration of their safety.

Different approaches have been proposed to address these challenges. One approach, as
suggested by Müller-Hoeppe and Krone (1999), is based on a semi-probabilistic philosophy
that incorporates safety factors to account for the spatial and temporal variability of the mate-
rials used in the system.

Another approach, advocated by (Wagner, 2005), is a fully probabilistic method. While this
approach provides a more comprehensive assessment of the failure probability and resilience
level of the engineered barrier system, it requires a signi�cant amount of computational effort.

The criticism raised by Orzechowski (2018) regarding the use of safety factors can be disre-
garded by carefully considering the underlying physical and chemical processes governing the
degradation of the building materials. This consideration helps to better determine the nec-
essary safety factors. Additionally, Orzechowski (2018) acknowledges the veri�cation criteria
proposed by Müller-Höppe in the ISIBEL project (Buhmann et al., 2008).

Overall, these different approaches and considerations contribute to the ongoing development
and improvement of engineered barrier systems for repositories in salt formations. They will
be further developed in the present report in a broader context of an engineered barrier system
(EBS) centric view of the safety assessment of repositories in salt.
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Based on the international methodological standards, the evolution of HLW/SF repositories in
salt formations must be analyzed in terms of a safety case, which means an assessment of
the total system performance (IAEA, 2008). In the USA and Germany, site-speci�c concepts
have been analyzed for salt domes (Gorleben site) and bedded salt formations–WIPP site
and generic German sites (the KOSINA project, (Bollingerfehr et al., 2018)). Safety and safety
demonstration concept for repositories in salt should take full credit of the favorable properties
of salt formations. This concept is based on the safe containment of radioactive waste in a
speci�c part of the host rock formation (the containment-providing rock zone – CRZ), which
comprises the geological barrier and the EBS, including the back�ll (crushed salt or run-of-
mine salt). The long term safety of the mine excavations will be ensured by the crushed salt.
Crushed salt acquires its sealing capacity through compaction, driven by the convergence
of the host rock. Convergence rate increases with heat produced from radioactive decay and
increases with higher humidity and the water content in the rock. After several thousand years,
it is expected that the crushed salt will reach the same mechanical and hydraulic properties
as undisturbed rock salt. Until this time, the EBS ensures the con�nement of the disposed
waste.

The methodology presented in this report was developed within the RANGERS project and
serves as the base for the detailed integrity and performance assessment of the EBS. It sum-
marizes the main aspects to consider during the design, the integrity assessment of the EBS,
and the treatment of the EBS in the integrated total performance assessment. It comprises
elements of the regulatory framework from which a safety concept is developed for a given
geological site. This is the basis for the development of a repository concept and a sealing
concept for the selected geological site. The evolution of the resulting repository system can
be analyzed by utilizing a standardized FEP catalog that describes all features characterizing
the system and all processes and events occurring during future evolution. The abstraction of
the developed scenarios into modeling cases are the basis for the numerical based integrity
assessment and performance assessment (Kuhlman et al., 2024).

4.1 VSG concept for integrity assessment

Maintaining the integrity of the repository system must be demonstrated for the reference sce-
nario, the most probable evolution of the repository, as per EndlSiAnfV (2020). Less probable
variant scenarios should be considered within the framework of the radiological long-term
assessment, according to EndlSiAnfV (2020). Any alteration of the barrier effect must then
be taken into account in the radiological consequence analysis. The proposed methodology
extends this requirement to the integrity assessment of the repository system. This is be-
cause the analysis of alternative scenarios provides essential insights into the robustness of
the repository system and can be used to optimize it (i.e., considering role of different safety
functions). This has been already acknowledged in integrity analysis methodology adopted in
the preliminary safety assessment of the Gorleben site (Beuth et al., 2012). This methodology
formally comprises two parts:

• Integrity demonstration: The integrity analysis for the reference scenario.

• Integrity evaluation: The integrity analysis for less likely repository evolutions.
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Figure 4.-1 illustrates a process diagram for the integrity analysis. In practice, the two parts
of the integrity analysis are indistinguishable. They differ only in the consequences resulting
from their analysis. The results of the integrity evaluation are further used in the analyses for
the radiological long-term assessment and for determining the robustness of the repository
system, while the results of the integrity demonstration analyses �ow directly into the evalua-
tion of whether the repository is meeting its ultimate objective of con�ning radioactive waste
over the veri�cation period. In the event that the integrity demonstration for the likely scenar-
ios cannot be established, the safety requirements are not met. Then the repository concept
and/or the site selection must be reexamined (Kock et al., 2012; Beuth et al., 2012).

The application of this approach in the proposed methodology allows a bifurcation in the pro-
cess chain to assess the integrity of the EBS by examining in one branch the integrity demon-
stration for the reference scenario and in another branch, the integrity evaluation is carried
out in closed interaction with the integrated performance and radiological assessment of the
repository system. This step is carried out by means of comprehensive and speci�c numeri-
cal analyses of the behavior of the EBS under thermal-hydrological-mechanical and chemical
(THMC) conditions. The link between the two types of assessment plays a key role in the
optimization of the EBS.

Figure 4.-1: VSG concept for integrity assessment of geological and geotechnical barriers
extract from Beuth et al. (2012).
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4.2 Methodology for integrity and performance assessment of the EBS

Figure 4.-2 gives an overview of the proposed methodology using the birfucation inspired by
the VSG philosophy.

Figure 4.-2: RANGERS methodology diagram for the design, integrity and performance of the
engineered barrier system (EBS) in a salt repository.

4.2.1 Basics and requirements

The methodology begins with the regulatory framework, which establishes the foundational
requirements for constructing a repository. From this framework, a safety concept is devel-
oped, serving as the cornerstone for the design of the repository system, where radioactive
waste will be securely con�ned. The safety concept articulates, through detailed explanations
and structured arguments, how the interplay of natural conditions, engineered measures, and
dynamic processes collectively ensures safety in the technical sense (Mönig et al., 2012). It
embodies the overarching strategy to achieve the key objectives of concentration, isolation,
and secure con�nement of radioactive waste (BGE, 2022b).

The geological conditions at the site form critical boundary conditions for the repository and
play a key role in de�ning the mine layout. The dimensions, thickness, and geomechanical
properties of the rock formation directly in�uence the selection of the emplacement concept
and the positioning of emplacement areas, access drifts, and other subsurface infrastructure
such as utility and operational facilities.
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4.2.2 Repository and sealing concept

The repository concept, as a technical component, is signi�cantly in�uenced by the charac-
teristics of the waste form and the selection of waste packages, as well as the corresponding
emplacement method. Various emplacement concepts are available, including vertical or hor-
izontal borehole disposal and drift disposal. Operational factors, such as whether shielded or
unshielded waste packages are used, further impact this decision. Understanding the waste
package design and the basic requirements for emplacement drifts or boreholes enables the
precise selection of equipment and the design of drift geometry and lengths. A well-developed
repository concept should also outline the necessary equipment and processes for excavation,
emplacement, and other key operational activities.

The sealing concept encompasses the conceptual design of the geotechnical barriers or the
Engineered Barrier System (EBS). It speci�es the intended functions of these barriers and
de�nes the timeframes over which these functions are required to ensure the safe containment
of radioactive waste.

4.2.3 FEPs and scenario development

A comprehensive description of the repository system forms the foundation for conducting a
robust long-term safety assessment. An internationally recognized tool for this purpose is the
development of a Features, Events, and Processes (FEP) catalogue. The primary goal of the
FEP catalogue is to characterize the initial state (features) of the repository system and to
identify events and processes that may in�uence its future evolution. This tool not only ful�lls
the requirements for demonstrating long-term safety (e.g., through scenario development) but
also enhances the clarity and traceability of evaluations, which are critical for gaining public
acceptance.

The FEP catalogue outlines the key features that de�ne the repository system, as well as
the events and processes that are likely to occur during its future evolution. The interactions
between features, events, and processes are systematically described in the form of scenar-
ios. These scenarios are developed based on information from the FEP catalogue and are
designed to account for uncertainties in predicting the repository system's future evolution.

Since future system evolution cannot be precisely predicted, a spectrum of potential future
scenarios must be identi�ed to address these uncertainties. FEPs within the catalogue are
categorized according to their probability of occurrence. The combination of probable and
expected FEPs forms the basis for an expected reference scenario, which represents the
most likely evolution of the repository system. However, other potential evolutions cannot be
excluded. For example, deviations in hydrochemistry could accelerate the corrosion of EBS
components, potentially leading to the failure of one or more barriers.

Scenario development represents the next critical step in this process and will serve as the
foundation for the integrated performance assessment of the repository system. By system-
atically identifying and categorizing FEPs and their interactions, the FEP catalogue ensures
that the repository system is evaluated comprehensively, transparently, and in a manner that
addresses both safety and public con�dence.

To verify the performance of the Engineered Barrier System (EBS), it is crucial to identify the
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processes that may impair its function during the evolution of the repository system and to
evaluate its long-term integrity under expected future boundary conditions. The focus should
be on identifying and assessing the most relevant processes occurring in the near-�eld of
the barriers, where interactions are most critical. To achieve this, subsystem-speci�c FEP
(Features, Events, and Processes) lists and scenarios must be developed and systematically
evaluated. Additionally, it is essential to account for the interactions between the near-�eld
and the far-�eld to fully understand the loads acting on the EBS.

Within the framework of a numerical-based safety demonstration concept, these subsystem-
speci�c FEPs are aggregated into scenarios and translated into numerical models. These
models allow for direct consideration of the speci�c processes and coupled phenomena asso-
ciated with the FEPs. The more FEPs that are integrated into a numerical model, the closer
the model will align with the realistic evolution of the repository system. However, due to the
current technical limitations of numerical modeling tools, it is often necessary to use multiple
models to adequately account for all FEPs and their interactions with the EBS.

This systematic approach ensures that the numerical simulations provide a robust basis for
assessing the EBS's performance and verifying its ability to maintain its intended functions
over the repository's operational and post-closure phases.

4.2.4 Integrity demonstration

The integrity demonstration of the EBS focuses on the sealing function and consists of sev-
eral speci�c lines of evidence. It includes for sealing function the hydraulic resistances of the
EBS, contact zone, and excavation disturbed zone (EDZ). Evaluation of the structural integrity
of EBS includes the structural stability, crack limitation, deformation limitation, (if applicable)
�ltration stability, and chemical/ mineralogical long-term stability. Because the EBS is an engi-
neered structure, the procedure for the design and integrity demonstration of the EBS can rely
on adequate regulations or recommendations in engineering. In Germany, the EBS is seen
as structures of civil engineering and their adequate design has to be veri�ed by a technical
functional proof in accordance with EUROCODE (national implementation by DIN-EN-1997-1
(DIN EN 1997, 2014), DIN-EN-1990 (DIN EN 1990, 2010)) (Müller-Hoeppe et al., 2012b,a).
In the USA, the national engineering code requirements such as (ACI 318-14, 2014) for struc-
tural Concrete can be considered for the design of the EBS in compliance with other state
speci�c regulations. The aim is to verify the required level of reliability of EBS construction.

The methodological approach bases on the concept of ultimate limit states in combination with
the partial safety factor method. Therefore, the quantitative values of actions (i.e., impacts) or
loads that may impair a structure's safety function are compared with the value of the structure-
speci�c load resistances. With regard to construction integrity it is necessary that the load
resistance is higher than the impacts. If the ultimate limit state is exceeded, the construction
fails. For geotechnical barriers, ultimate limit states (e.g. cracking and deformation) can be
described by crack limits (e.g., material speci�c fracture strength and dilatancy), deformation
limits (e.g., volume and shear deformations) and tension limits (e.g., �uid pressure criterion).

The objective of the partial safety factor method is to cover uncertainties, for example, vari-
ations of representative values and modeling inaccuracies. For application of this method
the values of the impacts or loads and the load resistances are multiplied by safety factors.
The load resistances depend on construction material properties and the outline design of the
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EBS. The load resistances and the ultimate limit states are speci�c for a selected EBS design.

The EBS will be dimensioned according to technical regulations although their functional life-
time exceeds the usual functional lifetime of conventional structures in civil engineering (50 to
100 y) signi�cantly. In order to extend the veri�cation far beyond the conventional time of the
engineering structure, one can rely on materials with proven long-term stability that can be
demonstrated by natural analogues. It is also important to take into account the corrosion and
alteration of the geomaterials in the design and veri�cation process. Therefore, the chem-
ical/mineralogical long-term stability of the EBS in contact with corrosive in�ltrating waters
must also be shown.

In the same way hydraulic resistance of the EBS can be veri�ed. For the integrity assessment,
the contact zone to the surrounding rock as well as the excavation damaged zone have to be
considered beside the constructed barrier itself.

4.2.5 Integrity evaluation

The integrity evaluation of the EBS focuses on the hydraulic evolution of the EBS for the alter-
native scenarios identi�ed that affect the EBS. During this analysis, the EBS sealing function
under altered conditions is analyzed and metrics can be derived from this analyses to optimize
the EBS and to increase its robustness. For the integrity evaluation, no mechanical analyses
are considered. This is the scope of the integrity demonstration. The integrity evaluation is
intrinsically connected with the integrated performance assessment of the repository because
the process involved in the alternative scenarios affect the radiological evolution of the repos-
itory system. Depending on the modeling approach, the integrity evaluation can be treated in
the scope of the performance assessment of the repository system. These two assessments
are therefore combined in the proposed methodology.

The integrity evaluation and performance assessment are intrinsically linked. While integrity
demonstration focuses on meeting regulatory safety requirements, integrity evaluation pro-
vides insights into optimizing the EBS's robustness. This dual approach ensures that the
repository system not only meets immediate safety standards but also remains resilient against
uncertainties.

4.2.6 Summary

The methodology developed within the RANGERS project provides a framework for assess-
ing the integrity and performance of the Engineered Barrier System, optimizing repository
designs, and ensuring the long-term safety of high-level radioactive waste (HLW) disposal in
salt repositories. It integrates key elements, including regulatory requirements, safety con-
cepts, geological conditions, and repository design, into a cohesive approach for evaluating
the performance of the EBS and its role in isolating radioactive waste. The components of the
proposed methodology will be described in the following chapters.
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5.1 Regulatory framework

The national statutory and sub-statutory regulations establish the essential framework for the
disposal of radioactive waste.

In Germany, these include, among others, the Atomic Energy Act (AtG 10), the Radiation
Protection Ordinance (STV 08), and the Federal Mining Act (BBG 09) with its associated Fed-
eral Mining Ordinance (ABV 09) and especially the The StandAG, or Standortauswahlgesetz,
which is the German law on the selection of repository sites for the disposal of radioactive
waste (StandAG (2023)).

The StandAG (2023) empowers the Federal Ministry for the Environment, Nature Conser-
vation and Nuclear Safety (BMUV) to establish safety requirements for �nal disposal (§ 26(3)
StandAG) and requirements for conducting preliminary safety investigations (§ 27(6) StandAG)
through regulations based on these safety principles. Based on these authorizations, the
"Regulation on Safety Requirements and Preliminary Safety Investigations for the Final Dis-
posal of High-Level Radioactive Waste" was published in October 2020. It includes the "Reg-
ulation on Safety Requirements for the Final Disposal of High-Level Radioactive Waste" (End-
lagersicherheitsanforderungsverordnung – EndlSiAnfV) (EndlSiAnfV, 2020) and the regulation
on requirements for conducting preliminary safety investigations in the site selection process
for the �nal disposal of high-level radioactive waste (Regulation on Preliminary Safety Investi-
gations for Final Disposal - EndlSiUntV)(EndlSiUntV, 2020) (BGE, 2022a).

Additionally, the relevant international recommendations from the International Commission
on Radiological Protection (ICRP), the International Atomic Energy Agency (IAEA) (2011),
and the OECD Nuclear Energy Agency (2004) must also be considered, especially in terms
of providing supplementary or detailed guidance to the national regulations. The International
Atomic Energy Agency (IAEA) (2011) has been formulated for all types of repositories, includ-
ing near-surface ones. More speci�c requirements for a deep geological repository can be
found in International Atomic Energy Agency (IAEA) (2006) (Mönig et al., 2012).

In the US, the safety standards and regulations play a crucial role in evaluating the safety
of a conceptual geologic repository for high-level radioactive waste (HLW) and spent nuclear
fuel (SNF) managed by the US Department of Energy (DOE). The speci�c regulations from
the US Environmental Protection Agency (EPA) and the US Nuclear Regulatory Commission
(NRC), namely 40 CFR 197 (U.S. Environmental Protection Agency, 2001) and 10 CFR 63
(U.S. Nuclear Regulatory Commission, 2001) for Yucca Mountain, are not applicable to a sep-
arate DOE HLW/SNF repository. However, the existing EPA and NRC regulations for geologic
repositories still remain in effect, as outlined in 40 CFR 191 (U.S. Environmental Protection
Agency, 1985) and 10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983), which govern
the disposal of high-level radioactive waste (MacKinnon et al., 2012).

Nevertheless, these existing regulations may be replaced for a future DOE HLW/SNF reposi-
tory (they were developed almost 30 years ago), to enhance consistency with the more con-
temporary approach to regulating geologic repositories, which emphasizes a risk-informed,
performance-based methodology in U.S. Nuclear Regulatory Commission (2004), similar to
the site-speci�c regulations for Yucca Mountain. Despite the uncertainty surrounding speci�c
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future safety standards, a robust safety case can still be constructed based on the existing
standards (40 CFR 191 and 10 CFR 60) or on generic standards that incorporate internation-
ally recognized dose or risk metrics important for establishing repository safety (MacKinnon
et al., 2012) .

If the DOE decides to pursue the development of a deep geologic repository for DOE-managed
HLW and SNF, additional requirements, such as those outlined in the National Environmental
Policy Act (NEPA) (U.S. Congress, 1969) and 40 CFR 1500–1508 (Council on Environmental
Quality, 1978), would need to be ful�lled. An Environmental Impact Statement (EIS) (US De-
partment of Energy, 1980) mandated by NEPA for any future new repository in the Delaware
Basin could potentially leverage the EIS prepared for the Waste Isolation Pilot Plant (WIPP)
(U.S. Department of Energy (DOE), 1997) and the technical foundation established in the
present study (MacKinnon et al., 2012).

Lastly, the WIPP Land Withdrawal Act, Public Law 102–579 (U.S. Congress, 1992) as amended
by Public Law 104–201, Section 12 (U.S. Congress, 1996), prohibits the disposal of HLW or
SNF at the WIPP site (only defense-generated transuranic waste is licensed for disposal at
WIPP). However, the extensive presence of Salado bedded salts in the Delaware Basin of
southeast New Mexico and western Texas suggests that much of the technical basis devel-
oped for the WIPP site could be applied to other potential salt repository sites in the same
region (MacKinnon et al., 2012).

5.2 Safety concept

The safety concept describes, through verbal and argumentative means, how the combina-
tion of natural conditions, technical measures, and ongoing processes collectively contribute
to achieving safety in the technical sense (Mönig et al., 2012). It re�ects the fundamental
strategy to achieve the goals of concentration, isolation, and secure con�nement of radioac-
tive waste (BGE, 2022b).

In Germany, the basis for the development of a safety concept within the framework of the
licensing documents is anchored in the StandAG where the fundamental safety requirements
are de�ned. It is given as:

• The radioactive and other pollutants in the waste must be concentrated and
securely contained within a con�nement-providing rock zone or, in accor-
dance with § 23 (1) in conjunction with (4), within these barriers mainly based
on technical and geotechnical barriers, with the aim of keeping these sub-
stances away from the biosphere. For a period of one million years, it must
be ensured, with regard to the protection of humans and, to the extent it
concerns the long-term protection of human health, the environment, that
exposures due to releases of radioactive substances from the repository are
negligible compared to natural radiation exposure.

• It must be ensured that the impacts of �nal disposal on humans and the
environment abroad are no greater than permissible in the country.

• It must be ensured that, during the operational phase, the possibility of re-
trieval of the emplaced waste exists, and that suf�cient provisions are made
for potential recovery of the waste for a period of 500 years after the intended
closure of the repository.
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• The repository must be designed and operated in such a way that no in-
terventions or maintenance work are required for reliable long-term contain-
ment of the radioactive waste in the post-closure phase."

The EndlSiAnfV elaborates on these fundamental requirements outlined in the StandAG and
speci�es the requirements for formulating a safety concept. Section § 10 of the EndlSiAnfV
states:

• (1) In a safety concept, it must be demonstrated how the objective of con-
centrating and securely containing the radioactive waste according to § 4
paragraph 1 is to be achieved. The entire repository system, including its
construction, operation, decommissioning, and the assessment period, must
be taken into account.

• (2) The expected developments of the repository system during the assess-
ment period form the basis for the development of the safety concept. Devi-
ating developments must be considered.

• (3) The safety concept must consider the results of the comprehensive pre-
liminary safety investigation according to § 18 paragraph 1 sentence 2 of the
Site Selection Act. In particular, changes compared to the preliminary safety
concept based on the comprehensive preliminary safety investigation must
be indicated and justi�ed.

• (4) It must be demonstrated that the optimization of the safety concept ac-
cording to § 12 paragraph 2 has been completed.

• (5) The safety concept must include a representation of all planned barriers
of the repository system, in particular the essential barriers according to § 4
paragraph 3, their respective safety functions, and their interaction. The rep-
resentation must also include a closure concept for sealing cavities that have
been loaded with radioactive waste. It must be shown that the safety func-
tions of the repository system and its barriers are insensitive to internal and
external in�uences and disturbances, and that the behavior of the barriers is
well predictable.

• (6) The safety concept must also include: 1. a schedule for the construc-
tion, operation, and decommissioning of the repository, demonstrating how
the safety of the repository according to § 17 can be ensured and how the
radioactive waste can be maintained in a safe condition, 2. a representation
of the measures ensuring the retrievability of the emplaced radioactive waste
until the start of decommissioning according to § 13, and 3. a representation
of the provisions made to enable the recovery of the emplaced radioactive
waste according to § 14.

• (7) The safety concept must take into account measures necessary until the
completion of decommissioning, 1. to ensure the necessary protection of the
repository from interference and other in�uences by third parties, and 2. for
the monitoring of nuclear material.

BGE (2022a) as the implementer in Germany summarizes the basic safety requirements for
a repository system regulated in the StandAG and the EndlSiAnfV as follows:
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• The assessment period is one million years from the intended closure of the
repository" (§ 3 (1) EndlSiAnfV).

• Future developments of the repository system and the geological situation
at the repository site must be considered during the assessment period (§ 3
(2) EndlSiAnfV).

• The intended repository system must ensure the secure containment of ra-
dioactive waste passively and maintenance-free through a robust, tiered sys-
tem of various barriers with different safety functions" (§ 4 (2) EndlSiAnfV).

• All underground cavities must be excavated in a geologically benign manner
and subsequently closed in a way that preserves the relevant properties of
the barriers necessary for the secure containment of radioactive waste (§ 9
(2) EndlSiAnfV), and they must be limited to an unavoidable extent (§ 11 (4)
EndlSiAnfV).

• The preliminary safety investigations must comply with the state of science
and technology (§ 27 (2) StandAG).

• The disposal casks emplaced in the repository must be retrievable until the
start of decommissioning of the repository (§ 13 (1) EndlSiAnfV).

• Suf�cient provisions must be made to enable the recovery of the emplaced
repository packages during decommissioning and for a period of 500 years
after the intended closure of the repository (§ 14 (1) EndlSiAnfV).

• Regarding operational safety, the operation must have been successfully
tested in advance (§ 16 (1) EndlSiAnfV), and the relevant plant conditions
for

Furthermore, the following safety requirements exist regarding the achievement of the protec-
tion objectives of concentration and secure containment, as well as exposure. These require-
ments are to be examined based on criteria speci�ed in the EndlSiAnfV and in the long-term
safety analysis (BGE, 2022a):

• Compliance with limits regarding the mass and quantity of substances re-
leased from the essential barriers of the repository system (§ 4(5) Endl-
SiAnfV).

• Demonstration of the integrity and robustness of the essential barriers, as
well as the robustness of additional barriers (§§ 5 and 6 EndlSiAnfV).

• Estimation of radiation dose values throughout the assessment period (§ 7
EndlSiAnfV).

• Prevention of self-sustaining chain reactions (§ 8 EndlSiAnfV).

In order to ensure compliance with the aforementioned safety requirements, it is necessary to
formulate measures within the repository concept, sealing concept, and veri�cation concept.
Within the scope of the VSG project, various measures pertaining to the sealing concept have
been developed. Although these measures were initially based on outdated safety require-
ments of the BMU (BMU, 2010), they remain partially valid for the new safety requirements
of the EndlSiAnfV. These measures provide the framework for the development of the sealing
concept and will be presented in the relevant section dedicated to the sealing concept.
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5.3 Geological site

The geological conditions of the site form the primary constraints for the repository and the
delineation of the mine layout. Both Germany and the United States are in the nascent phases
of their site selection procedures (MacKinnon et al., 2012; BGE, 2022b), indicating that there
is not a speci�c site or rock type under speci�c scrutiny that could guide the further elabora-
tion of the repository concept. During the site selection phase, preliminary site explorations,
encompassing deep drilling or mining excavation, will yield an array of technical data such
as geological, hydrological, geochemical, geophysical, and thermal-mechanical data from the
potential sites (MacKinnon et al., 2012; BGE, 2022b).

At this stage, one leans on prior research projects to comprehend the characteristics of the salt
geological formations. From the available geological exploration data available in Germany, a
representative overall geological situation with a synthesized sequence of layers was created
for the generic considerations in the KOSINA project (Völkner et al., 2017a). This will serve to
illustrate the proposed methodology.

5.3.1 Salt formations in USA

The main historical survey and nation-wide inventories of salt formations in the contiguous
United States was conducted in the 1960s (Pierce and Rich, 1962) and 1970s (Johnson and
Gonzales, 1978). These efforts started with high-level studies of the regions with bedded and
domal salt formations at appropriate depths for a radioactive waste repository (Figure 5.-1). It
was noted that salt deposits are "widely distributed" in 24 of the 50 states (Pierce and Rich,
1962).

Figure 5.-1: Map of bedded and domal salt deposits in the United States. (Kuhlman et al.,
2012; Johnson and Gonzales, 1978).
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These studies were done in response to initial investigations by the US National Academy of
Sciences into the concept of radioactive waste disposal that indicated disposal in salt forma-
tions would likely be feasible and would be worth pursuing further investigations (Hess et al.,
2057; Lomenick, 1996).

There have been several more detailed historical investigations into locations for disposal in
salt, including bedded and domal salt sites (see red stars in Figure 5.-1). The bedded salt
of the Permian Basin underlies several states (New Mexico, Texas, Oklahoma, Colorado, and
Kansas – Figure 5.-2), and has been the subject of three separate salt repository investiga-
tions (Kuhlman et al., 2012).

Figure 5.-2: Distribution of sub-basins within larger Permian Basin (Johnson and Gonzales,
1978).

In in the 1960s in Lyons Kansas (Figure 5.-2), Project Salt Vault (Bradshaw and McClain,
1971) utilized a bedded salt mine as an underground research laboratory, with the initial ex-
pectation that the facility could be used for disposal after the initial investigation. Due to local
opposition to the project and unanswered questions about solution mining activities in the
area, the investigation moved on to salt sites elsewhere (Lomenick, 1996).

By the mid-1970s, the site selection process then turned its focus to bedded salt of the
Delaware basin (Figure 5.-2) in southeastern New Mexico (Kuhlman et al., 2012). After the ini-
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tial site investigation into the Salado formation with boreholes in the late 1970s (Powers et al.,
1978), the �rst excavations that would become WIPP began in the early 1980s (US Depart-
ment of Energy, 1980). During construction, the licensing process was still being �nalized,
and the details of the exact mission for the WIPP site continued to change until the Land
Withdrawal Act (U.S. Congress, 1992, 1996) (no spent fuel or high-level waste at WIPP, only
defense-generated transuranic waste). After approval form the US EPA and New Mexico Envi-
ronment Department (NMED), WIPP accepted its �rst shipment of transuranic waste in 1999.

A series of drif-scale thermal/mechanical demonstration experiments were conducted at WIPP
(Matalucci, 1987) for a future salt-based site for heat-generating waste, which located in bed-
ded salt of Palo Duro Basin (Figure 5.-2) in Deaf Smith County, Texas Of�ce of Civilian Ra-
dioactive Waste Management (1988). This site was investigated from the surface through
boreholes, but was abandoned by 1987 when Yucca Mountain was picked by law to be the
�nal destination for high-level waste and spent fuel in the United States (Lomenick, 1996).

From the late 1970s into the 1980s, underground research laboratory experiments relevant
to radioactive waste disposal were conducted in a mine at the salt dome at Avery Island,
Louisiana (Van Sambeek et al., 1980; Kuhlman et al., 2012). This location was never seriously
considered for disposal, but is characteristic of the numerous salt domes in the US Gulf Coast,
which evolved in a manner characterized by Figure 5.-3.

Figure 5.-3: Evolution of domal salt in the US Gulf Coast Johnson and Gonzales (1978).

Additional investigations were performed in other sedimentary basins (e.g., Michigan, Ap-
palachian, and Williston basins – Figure 5.-1), but no signi�cant site characterization activities
were performed related to radioactive waste disposal (Lomenick, 1996). Other salt domes
in the Gulf Coast and a salt anticline (i.e., Paradox Basin) were brie�y investigated, but no
signi�cant site activities were conducted.
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5.3.2 Salt formations in Germany

The enactment of the Site Selection Act (StandAG, 2023) in 2013 marked the restart of Ger-
many's search for a suitable site for a high-level radioactive waste repository. In accordance
with § 13 StandAG and the objectives outlined in § 1 (3) StandAG, the Federal Company for
Radioactive Waste Disposal (BGE) is considering three potential host rock types: rock salt,
claystone, and crystalline rock.

During the �rst step of Phase 1 in the site selection process, BGE identi�ed sub-areas across
Germany with favorable geological conditions for hosting a high-level waste repository within
one of the three host rock types. This assessment resulted in 90 sub-areas, covering approx-
imately 54% of Germany's land area.

In the second step of Phase 1, BGE is conducting representative preliminary safety analyses
for each of these 90 sub-areas to evaluate and re�ne the selection of suitable regions for
further exploration in Phases 2 and 3. As part of this phase, and in compliance with § 6
(4) EndlSiUntV (EndlSiUntV, 2020), a preliminary repository design is being developed. This
design must de�ne key aspects, including a description of essential barriers in accordance
with § 4 (3) EndlSiAnfV (EndlSiAnfV, 2020), their fundamental characteristics, spatial extent,
and other repository system components, such as potential sealing and back�ll measures.

In this project, we do not consider Phase 1 of the Site Selection Act, as it is already being
implemented by BGE. Instead, our focus is on providing insights that are more relevant for
the later phases of the site selection process. Rather than concentrating on a speci�c site,
we present a comprehensive overview of salt formations in Germany. From this analysis, we
introduce a generic model, which serves as the basis for illustrating the proposed methodology
within this project.

Salt formations are composed of sequences of sedimentary rocks that form through the re-
peated evaporation of water in ocean basins under arid climatic conditions. Initially, �ne clastic
sediments settled on the basin �oor. As salinity increased, carbonates were deposited, fol-
lowed by sulfates, and �nally chlorides, which precipitated and accumulated at the bottom.
The repetition of this cycle resulted in the formation of layered salt deposits, with combined
thicknesses reaching up to several hundred meters (Figure 5.-4,a).

Due to the relatively low density of salt and its ability to deform plastically (creep), older and
more mobile salt layers in some cases began migrating upward toward the surface. Con-
currently, salt from surrounding areas moved laterally toward the center, resulting in thicker
accumulations of salt with increased geological complexity, known as salt pillows (Figure 5.-
4,b). This upward migration stretched and thinned the overlying sedimentary layers.

As uplift continued and the deposit evolved, the �anks of the salt became steeper, eventu-
ally rupturing the overlying sediment layers. This process culminated in the formation of salt
domes (Figure 5.-4,c). These features often exhibit signi�cant micro-folding within the salt
layers, contributing to their complex geological structure.

In Germany, rock salt has been deposited in several sequences, forming distinct lithostrati-
graphic groups. From oldest to youngest, these groups are: Rotliegend, Zechstein, Röt,
Muschelkalk, Keuper, Malm, and Tertiary. Among these, only the Zechstein-Salinar and, in
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Figure 5.-4: a. Schematic diagram of a �at bedded salt after Völkner et al. (2017a), b.
Schematic diagram of a salt pillow after Völkner et al. (2017a) and c. Schematic diagram
of a salt dome after Klinge et al. (2007).

speci�c cases, the Malm-Salinar are considered potentially suitable for hosting a repository,
based on regulatory requirements (Reinhold et al., 2014). The Malm-Salinar, consisting of in-
terbedded salt, clay, and anhydrite layers, occurs in highly localized successions. This neces-
sitates further investigation to de�ne its boundaries before generic models can be developed
(Reinhold et al., 2014).

The InSpEE project, which explored the distribution and geological properties of salt structures
in Germany (von Goerne et al., 2016), highlighted that the genesis of pillow salt structures is
primarily in�uenced by rock salt deposits from a single stratigraphic unit, such as the Zech-
stein. In rare cases, two evaporitic sequences of different ages may contribute to the formation
of salt pillows, but in Germany, such structures typically occur at depths exceeding 2,000 me-
ters below sea level (Gast and Riesenberg, 2016; Pollok et al., 2016). Consequently, the
Zechstein-Salinar is the focus of this study and has been converted into a generic geological
model.
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The Zechstein-Salinar is strati�ed into seven formations, listed from bottom to top: Werra,
Stassfurt, Leine, Aller, Ohre, Friesland, and Fulda. The Werra, Stassfurt, and Leine forma-
tions are generally the thickest, while the others accumulate only a few tens of meters in
thickness. Each formation begins with basal �ne clastic sedimentation, followed by carbon-
ates and evaporites. The evaporite sequence follows the typical order of precipitation: from
the bottom up, anhydrite, rock salt, potash, and magnesia salts. Local geological conditions
cause signi�cant variations in the thickness of each layer.

In the southern part of the former North German Basin, the base of the rock salt layers begins
at depths of several hundred meters, reaching more than 5,000 meters at the basin's center.
Favorable deposition zones for repository development are primarily located in the southern
regions of the North German Basin. The most promising basins are shown in Figure 5.-5.

Figure 5.-5: Schematic distribution of Zechstein salt formations in Germany, modi�ed after
Reinhold et al. (2014).

5.3.3 Description of a generic salt pillow geological model

As Germany has not yet selected a speci�c geological site for �nal waste disposal, this case
study uses a generalized dataset representing a salt pillow. This dataset captures the fun-
damental properties of the most promising basins for repository development. While the ge-
ological settings between individual sites in these regions vary, their shared deposition and
formation processes enable their behavior to be described using a generic geological model.
Such a model re�ects the key characteristics of multiple potential sites, facilitating the appli-
cation of standardized technical measures.

To create the generic geology, the real lithology of reference areas (Reinhold et al., 2014) was
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used as the basis for deriving a synthetic sequence of layers for the Stassfurt (z2) and Leine
(z3) formations within the Zechstein evaporites (Völkner et al., 2017a). Additional regional-
geological information on the sedimentary sequence was incorporated to de�ne the underly-
ing rock layers and the overlying sediments above the Leine Formation (Bollingerfehr et al.,
2018). Using this approach, a total of 18 regionally well-characterized lithostratigraphic units,
abbreviated with lowercase letters and numbers, were de�ned.

To optimize computational ef�ciency for the generic 3D geological model, these 18 lithostrati-
graphic units were grouped based on similar geomechanical properties into 12 homogeneous
zones, abbreviated with uppercase letters and numbers.

Figure 5.-6 illustrates the lithostratigraphic units and their corresponding homogeneous zones
as derived from the KOSINA project (Bollingerfehr et al., 2018). These layers form the litho-
logical structure of the salt pillow and serve as the foundation for the generic geological model
used in this study.

Following, a literature review of homogeneous geological salt layers including appropriate
constitutive models as well as thermal, mechanical and hydraulic parameters of geological
homogeneous layers was conducted in KOSINA (Liu et al., 2017) to provide the model input
data. Table 5.-1 summarizes material parameters used for the numerical model calculations
for the bedded salt formations, the overburden and the basement rocks.

In the thermo-mechanical calculations, the lithostatic pressure gradient for all layers is set to
0.022 MN/m³ and the thermal conductivity for the salt formations excluding potash seam and
main anhydrite is a parameter dependent on temperature (Bollingerfehr et al., 2018).

Table 5.-1: Model parameters of homogeneous zones after Liu et al. (2017)
Homogeneous zones Symbol �

(kg=m3)
�
(W=(m � K))

cp

(J=(kg � K))
� (1=K) E (GPa) � (-)

Quaternary Q 2000 2.3 950 1.0�10� 5 0.1 0.33

Tertiary T 2100 2.1 905 1.0�10� 5 0.5 0.33

Bunter S 2500 2.6 760 1.0�10� 5 15 0.27

Aller rock salt NA4 2235 5.2 860 4.0�10� 5 25 0.27

Anhydritmittelsalz AM3 2275 5.0 860 3.5�10� 5 30 0.27

Potash seam Ronnenberg K3 1850 1.5 903 2.5�10� 5 16 0.26

Leine rock salt NA3 2160 5.2 860 4.0�10� 5 25 0.25

Main anhydrite A3 2700 4.2 860 1.6�10� 5 60 0.25

Potash seam Staßfurt K2 1850 1.5 903 2.5�10� 5 17 0.28

Staßfurt rock salt NA2 2160 5.2 860 4.0�10� 5 33 0.25

Anhydrite/carbonate A2/C2 2700 4.2 860 1.6�10� 5 30 0.27

Underlying red R 2500 2.7 760 1.0�10� 5 17 0.27
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Figure 5.-6: Generalized standard pro�le of North German salt formation composed of well
charactierizable lithostratigraphic units that are grouped to homogenous layers, after Bollinger-
fehr et al. (2018).

The generic geological model of the salt pillow from the KOSINA project is situated on the
southern crest of the North German Basin. This region is geomorphologically shaped by
ground and end moraines from the Elster and Saale glacial stages, with topography ranging
between 45 and 75 meters above sea level (Völkner et al., 2017a). To represent a typical set-
ting in this area, the previously de�ned 18 lithostratigraphic layers were assigned thicknesses
as shown in Figure 5.-7, and the top of the Stassfurt rock salt was given a general dip of 5°
to 7°. Using this information, a 12.5 km long reference pro�le (AA') oriented east-west, along
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with three additional north-south pro�les (BB', CC', and DD') approximately 10 km in length,
were designed to intersect perpendicularly (Völkner et al., 2017a).

In these reference pro�les, the upper boundary of the Stassfurt rock salt, identi�ed as the
potential repository host layer, lies at depths ranging from 460 to 1,045 meters below ground
level (bgl). With a thickness of 150 to 600 meters, the lower boundary of the Stassfurt rock
salt extends to depths of 670 to 1,220 meters bgl (see Table in Figure 5.-7). The greatest
thickness of the salt pillow occurs at the intersection of pro�les AA' and CC'.

Additionally, it is notable that at the crest of the pillow, the overburden layers have been eroded.
Conversely, toward the ends of the pro�les, the overburden thickness increases signi�cantly
(Völkner et al., 2017a). This variability highlights the geological complexity of the salt structure
and its potential implications for repository design and implementation.

Figure 5.-7: Thickness of layers and generic geological pro�les in the "salt pillow" model
region.

The thickness of the cover rock, comprising the lithostratigraphic units Q, T, sm, and su, varies
signi�cantly across the model area. It ranges from approximately 800 meters in the west to
around 140 meters in the east. The evaporitic host rock, consisting of the Stassfurt, Leine,
Aller, and Ohre formations, reaches a thickness of over 800 meters at the center of the salt
pillow.

No modeling of potentially existing cap rocks atop the salt was undertaken. Instead, the geo-
logical units overlying the z2NA layer in the center of the salt pillow are signi�cantly thinned,
with the Middle Bunter (sm) layer being nearly absent. However, away from the salt pillow, the
sm unit thickens considerably, exceeding 300 meters at the western edge of the model area
(Bollingerfehr et al., 2018).

Within the North German Basin, numerous fault zones are known to exist, with predominant
orientations following NNE-SSW and WNW-ESE to NW-SE directions. However, the model
does not incorporate fault tectonics or salinar tectonics (Baldschun et al., 2001). The char-
acteristics of faults within the pre-saline horizons, as well as the fragmentation of the main
anhydrite into blocks, are not included in the reference pro�le and are therefore excluded from
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the 3D model derived from the pro�le (Bollingerfehr et al., 2018).

Table 5.-2: Vertical extension of the Staßfurt rock salt (z2NA) in the reference pro�le
Parameter Min Max

Depth of top -390 m NN (460 m bgl.) -975 m NN (1,045 m bgl.)

Depth of base -600 m NN (670 m bgl.) -1,150 m NN (1,220 m bgl.)

Thickness 150 m 600 m

The 3D-modeled area is de�ned by the length of pro�le AA' and the width determined by the
intersecting pro�les BB', CC', and DD'. Within this 3D model (see Figure 5.-8), the Stassfurt
rock salt sequence, selected as the emplacement horizon, reaches a maximum thickness of
600 meters at its center. However, this thickness diminishes rapidly, decreasing to less than
300 meters toward the edges of the model and thinning further to below 100 meters in the
northeast (NE) and southeast (SE) regions.

The base of the emplacement horizon (z2NA base) lies at a depth of approximately 600 meters
below sea level (bsl) (about 670 meters below ground level (bgl)) in the east and deepens to
over 1,200 meters bsl (more than 1,270 meters bgl) in the northwest (NW). Similarly, the
depth of the top of the emplacement horizon (z2SF base) decreases westward, reaching over
1,000 meters bsl. In the center of the salt pillow, the top of the emplacement horizon lies at a
shallower depth of less than 400 meters bsl.

In all �gures, the dashed line marks areas where the thickness of the Stassfurt rock salt
exceeds 300 meters, emphasizing zones with adequate thickness for potential repository em-
placement.
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Figure 5.-8: Thickness (A) and depth maps for base (B) and top (C) of the z2NA model unit in
the “salt pillow” model type (Bollingerfehr et al., 2018).
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6. Repository concept

6.1 Regulatory requirements

In salt, a repository concept has to be developed in accordance with the safety concept and
the safety requirements. The safety requirements to be full�led by the repository concept
in Germany have been explicitely addressed in paragraph § 11 of the EndlSiAnfV. Those
requirements are (EndlSiAnfV, 2020, p. 7–8):

• The technical design of the �nal repository must be derived and optimized
from the safety concept.

• It must be demonstrated that the optimization of the design of the �nal repos-
itory according to § 12 paragraph 2 of the EndlSiAnfV is complete.

• [... ] all results from the exploration of the �nal repository site, particularly the
geological �ndings from the underground exploration, including their uncer-
tainties and their relevance for the safety and robustness of the �nal reposi-
tory system, must be taken into account.

• The violation of the geological formation and the containment-providing rock
zone (CRZ) with shafts, excavations or drillings, must be restricted to the
unavoidable extent for the safe construction, safe operation, and safe closure
of the �nal repository.

• For all intended technical components of the �nal repository, the conditions
for safe operation must be documented, justi�ed, and taken into account in
the design of the �nal repository.

§ 11 of the EndlSiAnfV also requires that the repository concept should include the de�nition
of the essential barriers as per § 4 paragraph 3 of EndlSiAnfV. It should include the loca-
tion and dimensions of the CRZ. Additionally, the de�nition of the further barriers of the �nal
repository system, taking into account the �nal repository packages, emplacement technol-
ogy, and emplacement geometry, should be de�ned. The positioning and technical execution
of all underground cavities, particularly areas intended for the emplacement of �nal repos-
itory packages, as well as all surface accesses, should be clari�ed. The speci�cations of
the installations and machines used for handling the �nal waste packages must be detailed.
An emplacement concept, particularly the arrangement and handling and control of the �nal
repository packages, should be developed. Measures to ensure the retrievability of already
emplaced �nal repository packages and the decommissioning measures including the closure
measures, should be planned and implemented.

Additionally, design requirements and technical measures have been de�ned that altogether
will ensure compliance with the objectives of the safety concept. The following requirements
are related to the site selection procedure (StandAG, 2023):

• The construction of the repository will be done in a stable geologic region with charac-
teristics that are well predictable for the demonstration period, e.g. no active fracture
zones, no relevant seismic activity, very low salt diapirism and resulting subrosion.
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• The disposal �elds will be located at a depth that excludes any natural impairment of
the CRZ from the surface, e.g. erosion of glacial channels. So, for northern Germany, a
depth between 600 m and 800 m below sea level has been pursued.

• The thickness of the CRZ has to be 100 m at minimum.

• Due to the extremely low permeability of the undisturbed salt rock there is no relevant
groundwater �ow. Therefore the mass transport of radionuclides by advection will be
comparable to that by diffusion.

For mine construction / operation the following requirements are de�ned:

• The mine workings of the repository are completely surrounded by host rock.

• The construction of disposal �elds will be in a well-characterized salt formation with very
low humidity and high plasticity (high creeping rates).

• The void volume to be excavated for the mine will be minimized, and excavation will be
done by techniques that disturb the rock as little as possible.

• Loaded disposal �elds will be back�lled and abandoned (operation in retreating mode).

• The halite layers of the salt formations have favorable properties to meet the contain-
ment function.

The halite layers have a very low permeability so that slow diffusion is the dominating process
of mass transport and advection is of little relevance. Salt plasticity will seal any impairment of
the rock due to mechanical impacts. Humidity in halite is very low. In the host rock surrounding
the disposal areas, a CRZ will be de�ned that will not be affected by any impacts from the
surface (e.g. ice ages) or evolutions of geosphere (e.g. fracture zones).

Several of the technical measures have the safety function to seal the unavoidable perforation
of the geologic barrier rapidly and effectively. The long-term goal is to restore the host rock's
integrity and to avoid evolutions that result in an impairment of the CRZ. In detail, the following
technical measures are included:

• Shaft seals, drift seals, borehole seals, and buffer: To comply with their safety function,
these barriers have a low integral permeability, which minimizes an advective solution
�ow. The integrity of these barriers has to be demonstrated for 50,000 years. For
this period the development of hydrochemistry can be predicted (no glacial induced
changes of hydrochemistry) and the compaction of the crushed salt back�ll in the mine
excavations has been completed.

• Back�ll: The safety functions of the back�ll comprise the stabilization of the excava-
tions and the limitation of �uid �ow. Back�lling will be done with crushed salt, that
reaches similar mechanical and hydraulic properties like the surrounding salt formation
after completion of compaction.

• Temperature limit: Temperature limits have been de�ned to avoid an alteration of the
spent fuel elements and the glass matrix of the vitri�ed reprocessing waste and – in
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combination with safety distances – the degradation of carnallite layers with low thermal
stability

• Disposal Canisters: The disposal canisters will be designed to be retrievable during the
operation period and to be manageable for 500 years after repository closure and they
will be loaded in such a way that criticality can be excluded.

A penetration of the geologic barrier is inevitable during mine construction and will result in its
local impairment. In the long term, creep processes promoted by the plastic properties of the
salt host rock will lead to the closure of such mine openings. Thus, in the long term, the original
properties of the geologic barrier will be restored. To overcome this period, engineered high-
performance shaft and drift seals will be constructed, which will provide the required sealing
immediately after installation. To guarantee the long-term sealing in the excavated part of the
formation, the mine workings will be back�lled with crushed salt that is stable in the long term.
Over time, the properties of this back�ll will become similar to the surrounding host rock.

6.2 Repository concept development

6.2.1 Considered geological site – Determination of the available space

The geology surrounding a nuclear waste repository must provide conditions that ensure both
safe operation and secure long-term containment. To distinguish clearly inadequate condi-
tions from those that are potentially suitable, the StandAG (StandAG, 2023) outlines speci�c
preconditions for nuclear waste repositories in Germany. According to these regulations, a
site is classi�ed as geologically unsuitable and excluded if it fails to meet any of the de�ned
exclusion criteria. Additionally, a set of minimum requirements is used to evaluate and weigh
the overall suitability of a site.

The requirements de�ne the necessary characteristics of the geological space around the
repository and include qualitative criteria outlined in the preliminary safety analysis of the Gor-
leben site (Mönig et al., 2012), which were further quanti�ed in the KOSINA project (Bollinger-
fehr et al., 2018). These criteria can be summarized as follows (see Figure 6.-1):

1. The depth of the repository has to be between 500 m (600 m according to the safety
concept) and 1,000 m below ground level.

2. The minimum distance between drifts or cavities to top and bottom of the rock salt layer
is 50 m. The rock salt layer therefore needs to be thicker than 100 m.

3. There has to be a 500 m lateral safety pillar around the repository.

4. A minimum distance of 300 m between disposal rooms and shafts must be observed.

In order to determine the available space for a repository within the considered geology, the
safety distances are applied. Based on the boundary positions the respective criteria separate
the suitable from the unsuitable areas within the rock salt formation. Only those areas are
considered for a repository layout that satisfy all requirements:
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Figure 6.-1: Safety distances of the sample repository in rock salt.

1. The generic geology offers a rock salt thickness of more than 100 m over the whole
map section except the far southeast and northeast corner. Therefore the layer offers
enough distance for the repository towards the upper and lower boundary of the rock
salt.

2. As the covering evaporites have more than 150 m thickness in total, this criterion does
not affect the suitability of the rock salt layer.

3. The minimum depth of 600 m below ground limits the position of the repository in the
central and eastern part to a little extent, while the maximum depth of 1,000 m affects
the western part.

Figures 6.-2 and 6.-3 illustrate the simpli�ed geological formation of the study area. The safety
boundaries delineate the rock salt zone into unsuitable areas that fail to meet the de�ned limits
(indicated in blue) and suitable areas that comply with the requirements (highlighted in yellow).
The dashed line represents the intersection of the two pro�les.

With a north-south and east-west extent exceeding 8 kilometers each, and a vertical range of
more than 300 meters, the available space within the rock salt zone offers signi�cant potential
to host a repository. This zone can accommodate a variety of repository sizes, con�gurations,
and depths. Consequently, this 3D body serves as the geological basis for the repository
design.
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Figure 6.-2: South-north cross-section near pro�le C-C' with simpli�ed geology, restricted by
safety distances for a repository (3x superelevated).

Figure 6.-3: East-west cross-section near pro�le A-A' with simpli�ed geology, restricted by
safety distances for a repository (3x superelevated).

6.2.2 Repository design

HLW and SNF repositories must ensure long-term safety while maintaining operational safety
during their construction and use. The design of the underground structures requires a care-
ful balance between geological conditions, technical feasibility, and regulatory requirements.
To achieve an optimal design, the process involves multiple iterative design cycles, where
feedback from each cycle informs subsequent re�nements.

The repository design is driven by the available space within the geological setting and the
de�ned nuclear inventory. The stepwise approach �rst determines the geometry of individual
excavations and organizes them into patterns that are speci�cally tailored to the geological
conditions. Initially, one or more repository concepts are developed, and casks are selected
accordingly for the various types of nuclear waste. Following this, the technical tasks are out-
lined, beginning with the handling of individual casks (how they will be transported, emplaced,
or retrieved) and extending to considerations of necessary equipment and ventilation systems.
These tasks ultimately de�ne the geometry of the drifts. The entire process is illustrated in
Figure 6.-4.
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To ensure the stability of drift contours and the pillars between them, geomechanical design
is essential. Simultaneously, thermal design optimizes the spacing between casks, and, if
needed, increases the distance between drifts to manage heat output. By allowing suf�cient
space around critical areas, the repository design not only enhances passive safety but also
facilitates the installation of the engineered barrier system (EBS).

Figure 6.-4: Concept of the repository design within the legal framework.

The design is then used to plan geotechnical barriers, to verify their integrity considering
different scenarios based on FEP analysis and �nally to simulate radionuclide migration. If
these assessments are successful, the layout can be considered as the �nal one.

The repository concept considers the disposal of self-shielded casks in horizontal emplace-
ment drifts (ED) in one level only. These emplacement drifts that are later back�lled with
crushed salt are allowed to reach a maximum temperature of 200°C. To take advantage of the
salt pillow's thickness the repository is vertically centered in the suitable rock salt zone at a
depth of approximately 750 m bgl. The sublevel structure is composed of the northern and
southern emplacement wing and a central infrastructure area that hosts two vertical shafts.
Each wing represents an emplacement area with multiple emplacement �elds each containing
a number of emplacement drifts. The straight drifts and cross-cuts intersect at a 90°angle.
Additional radii are planned for the transportation of casks via rail-based transport system.

Two shafts serve as dedicated fresh air intake and exhaust pathways, ensuring adequate ven-
tilation while minimizing the disruption of the natural barriers. This design approach maintains
the integrity of the geological layers, balancing operational needs with the preservation of the
repository's natural isolation properties.

The infrastructure area and the emplacement drift are separated by at least 300 m of undis-
turbed rock salt. In order to minimize the quantity of access drifts only one drift leaves the
infrastructure area to the west and one to the east. These split after about 100 m towards
north and south. Each of these straight access drifts to the emplacement wings reserves a
length of 500 m for the construction of drift seals in addition to the �rst 100 m. To ease the
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installation of the EBS these access drifts are inclined according to the allowed parameters
of the transportation system. The shafts are located at the thickest part of the salt pillow to
ensure that the longest natural barrier of rock salt can be used for sealing. Finally a lateral
safety pillar of 500 m is applied (Figure 6.-5).

Figure 6.-5: Elements of the repository concept within the selected geological site.

The HLW/SNF inventory of Germany consists of different types and quantities of waste. There
are SNF from pressurized water reactors (PWR), boiling water reactors (BWR) as well as from
pressurized water reactors of the Russian type (VVER). Additionally there are three types of
waste from reprocessing (CSD), structural parts from dismantling the SNF cells as well as SNF
from prototype and test reactors. According to the safety and repository concept these need
to be separately packed into different types of self-shielded casks. Table 6.-1 summarizes the
radioactive waste inventory in Germany. The heat generating waste from SNF will be packed
in a total of 2,120 POLLUX-10 casks. During packing the structural parts will be separated
and loaded into 2,620 MOSAIK casks of type II. The different types of waste CSD-V, -B and
-C coming from reprocessing will be loaded into a total of 887 POLLUX®-9 casks. Spent
nuclear fuel from prototype and nuclear test reactors will be disposed of in different types of
CASTOR casks which are specially made for each type of waste. These sum up to a total of
530 casks (Bollingerfehr et al., 2018). The selected casks provide enough shielding to handle
them without additional transportation cover.

6.2.3 Thermo-mechanical design of the repository

This section describes the optimization of the repository by means of thermal-mechanical
computations. The objective is to optimize the spacing between the casks in disposal drifts
and between the drifts within the salt formation by maintaining a design temperature of no
more than 200°C at the cask surface.
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Table 6.-1: Summarized German nuclear inventory after Bollingerfehr et al. (2018)
Type of Waste Quantity Type of cask Quantity

SNF 10,445 ton heavy metal POLLUX®-10 2120

CSD-V 3,729 coquilles POLLUX®-9 415

CSD-B & C 4,244 coquilles POLLUX®-9 472

Structural Parts Depending on SNF MOSAIK® (Type II) 2620

SNF from prototype and
nuclear test reactors

905,767 ball fuel
elements + 2,536 fuel
elements

CASTOR®

THTR/AVR/KNK
461

1,359 fuel elements + 16
fuel rods

CASTOR® MTR2 69

Repository layout

The thermal design and optimization of space requirements are based on a schematic concept
of the underground layout of the repository. This concept in�uences the thermal design and
the calculation method for determining space requirements. The repository layout was previ-
ously described. It consists of an infrastructure area, where two shafts provide access to the
surface, connects to the disposal area through two main drifts. These main drifts run parallel
to each other and are interconnected at regular intervals by crosscuts. From these crosscuts,
the disposal drifts branch off, which are parallel to each other and to the main drifts. The
disposal drifts are blind, meaning they only have one access point from the crosscut. In the
disposal drifts, the waste containers are placed on the �oor.

Waste packages

The drift disposal concept for salt formations draws signi�cantly from the comprehensive
insights obtained from the preliminary safety analysis at the Gorleben site, as detailed by
(Bollingerfehr et al., 2013). This analysis not only explored the feasibility of waste emplace-
ment in drifts but also contributed to the foundational knowledge in this domain. Furthermore,
the advancement in emplacement technology for the �nal disposal of POLLUX ® casks, as
documented by Engelmann et al. (1995), continues to stand as contribution to the state of the
art in drift disposal methodologies and techniques.

In this concept, spent fuels and reprocessed waste are package in POLLUX® casks. The
remaining waste type such as waste from prototype, research and experimental reactors are
packaged in various CASTOR® casks. For the thermal design, only the heat generating waste
in POLLUX® casks are considered. Minimal spacings based on mining and pillow stability
requirements are considered for the disposal of the CASTOR® casks.

Figure 6.-6 illustrates the temporal evolution of the thermal output of different types of fuel
elements in a loading con�guration equivalent to that of PWR fuel elements. The mixed load-
ing, comprising 89% UO2 and 11% MOX, conservatively covers the heat release from the
UO2 fuel elements used in BWR (Boiling Water Reactor) and VVER (Water-Water Energetic
Reactor) reactors. The thermal output for pure MOX fuel element loadings is compared in the
�gure.

Additionally, Figure 6.-6 presents the thermal power of reprocessed waste. It exhibits a decay
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behavior distinct from that of the fuel elements. The heat output of such wastes remains
at the level of the UO2 fuel elements initially, then declines more signi�cantly after 50 years
post-reprocessing.

Figure 6.-6: Heat power of different heat generating radioactive waste.

The POLLUX® cask was speci�cally designed and engineered for �nal disposal in salt forma-
tions. For this study, it is assumed that POLLUX® casks can accurately approximate future
�nal disposal containers for drift disposal in rock salt in all relevant characteristics, ensuring
that using this type of container does not introduce a signi�cant error in determining the space
requirements for disposal variants.

The POLLUX® container consists of an inner and an outer container, see Figure 6.-7. The
inner container is made of �ne-grain structural steel (material 1.6210) and is hermetically
sealed with a screwed primary lid and a welded secondary lid. The interior is divided into sev-
eral chambers, each of which can accommodate a fuel rod assembly with fuel rods from two
PWR assemblies or six BWR assemblies. By adjusting the interior, the storage of CSD molds
is conceptually possible. Figure 6.-7 illustratively shows a POLLUX® container with withdrawn
fuel rods from ten PWR assemblies (POLLUX®-10). The external shielding container, like
the primary and secondary lids, is made of ductile cast iron (material 0.7040). This shielding
container is not required to be leak-tight and is closed with a screwed lid. In the shell, rods
of polyethylene are inserted in radially distributed bores to reduce neutron dose rates. The
structural design and material selection of the container ensure the fundamental requirements
for retrievability during the operational phase. Regarding the requirement of handle-ability of
the container up to 500 years (retrievability), no corresponding studies have been conducted
yet. The container underlying this analysis has a length of 5.517 meters and a diameter of
1.56 meters (Bollingerfehr et al., 2013).
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Figure 6.-7: Schematic illustration of a POLLUX® cask (Bollingerfehr et al., 2013).

Numerical modeling

The design temperature for disposal in rock salt was set at 200°C on the outer surface of the
�nal disposal container, aligning with the limit temperature established in previous projects
Bollingerfehr et al. (2013, 2018). Thermal design calculations are conducted for this tem-
perature, varying the casks and drift spacings within a parameterized calculation model. This
model, representing the repository, needs to illustrate thermal superpositions and the resulting
temperature increases. Such representation can be achieved by considering thermal symme-
try boundary conditions as a quarter model of a cask embedded in a partial model of the rock
formation, allowing the simulation of a horizontally extensive disposal �eld with a grid based
on cask and drift distances. In this model, the distance from the drift axis to the model bound-
ary in the transverse direction of the drift equals half the drift distance, and the distance from
the cask's end face to the model boundary in the drift direction equals half the cask distance.
The resulting thermal superpositions are conservative and only occur in storage �elds with
very long storage drifts and a large number of such drifts. This modeling approach has the
advantage of not requiring the entire repository to be modeled, reducing time and numerical
effort. The calculation model is depicted in Figure 6.-8, showing a drift �lled with crushed salt
in a salt formation where a �nal disposal cask is stored. The cask in the model comprises
two components: an outer casing for shielding against radioactive radiation and a container
basket holding the high-level radioactive wastes, acting as a heat source in the model.

For this analysis, models were created for disposal depth of 810 m below the ground level.
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Figure 6.-8: Numerical model for the thermo-mechanical design of disposal drifts with heat
generating waste.

Table 6.-2 summarizes the material areas used in the model to simulate thermal propaga-
tion in the near �eld - rock salt. The crushed salt considered in the calculation model is
compacted over time under the in�uence of lithostatic stresses, changing its thermal proper-
ties, particularly its thermal conductivity. The mechanical material model of the crushed salt
capturing this compaction behavior and its material parameters are detailed in Bollingerfehr
et al. (2013). The compaction of the crushed salt, dictated by the material properties of the
rock salt, exhibits a viscosity-dependent deformation behavior in�uenced by stress and tem-
perature, hence time-dependent. The material model used for rock salt is also described in
Bollingerfehr et al. (2013).

Table 6.-2: Density and thermal parameters of the components in the near �eld of the disposal
drift (� : porosity, T: temperature)

Components Density (kg/m³) Heat Capacity (J/kg K) Thermal Conductivity
(W/m K)

Container 7000 515 15

Container basket 7000 500 20

Crushed salt f(� ) : 1430 � 2200 f(� ) : 562 � 864 f(� ) : 5.4 � 0.7

Rock salt 2200 864 f(T) : 5.4 � 4.2

The computations was carried out thermo-mechanically with FLAC3D in the version 5 (Itasca
Consulting Group, Inc., 2021).

Modeling results

The thermal design is conducted by varying the spacing between the drifts. The spacing
between the casks was set to a constant value of 3 meters allowing to dispose the maximum
amount of casks in a single drift. The drift spacing was varied in increments of �ve meters.
For the design, the loading of the casks with ten fuel elements was considered based on
the experience gained from previous projects. The temperature evolution curves for different
spacing at the design point are depicted in Figure 6.-9.
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The temperature evolution at the design point of a cask in the central area of a disposal
�eld, loaded with PWR mixed fuel elements based on their thermal output, is characterized
by up to three peaks. The �rst peak is reached immediately after storage and is due to the
thermal-mechanical behavior of crushed salt. Right after emplacement, the crushed salt acts
as an insulator due to its initially low thermal conductivity, leading to the formation of the �rst
temperature peak. This peak is in�uenced by the load and the distance between the casks.
Subsequently, as the thermal conductivity of crushed salt increases due to compaction, the
temperature drops. Whether a second peak, a plateau, or a mildly increasing or decreasing
region forms around 50 years depends on the geometric con�guration. Another temperature
peak forms after about 400 years due to thermal superposition effects. Depending on the ge-
ometric setup, different peaks may be signi�cant for the design. The temperature progression
in a disposal �eld where VVER fuel elements are emplaced shows similar behavior as the
PWR �elds. The thermal outputs of PWR mixed and VVER fuel elements have approximately
the same rate of change.

Figure 6.-9: Temperature evolution at the design point of a POLLUX® cask with PWR spent
fuels.

The temperature peaks from Figure 6.-9 were plotted in Figure 6.-10 as a function of the drift
spacing, identi�able by the support points. In Figure 6.-10, it results that a spacing of about
37.5 m and higher is necessary to meet the temperature limit of 200°C at the cask surface.
Thus the spacing of 37.5 m is assumed for the planning of disposal �elds emplaced with PWR
spent fuels. The same spacing is conservatively assumed for VVER emplacement �elds as
the thermal output of this waste type is similar to that of PWR but with a lower amplitude.
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Figure 6.-10: Temperature peak as a function of the drift spacing for POLLUX® cask with PWR
spent fuels.

The thermal design for the CSD-V emplacement �eld is carried out analogously to the spent
fuel with a cask spacing of 3 meters and a cask loaded with a maximum of 9 CSD-V canis-
ters.The temperature evolution curves for different spacings at the design point are depicted in
Figure 6.-11. The design calculations for disposal areas with CSD-V are performed similarly
to those for areas with fuel elements. The characteristic temperature progression for CSD-V,
marked by two temperature peaks, is due to a more signi�cant drop in its thermal power curve,
as shown in Figure 6.-6. A �rst temperature peak forms immediately after storage due to the
previously mentioned thermal-mechanical behavior of crushed salt. The second temperature
peak is reached around 40 years after storage. Depending on the container load and geomet-
ric con�guration, either the �rst or the second temperature peak may be critical. Instead of a
second peak, a slightly declining temperature plateau may also form.

The thermal design for the CSD-V emplacement �eld is carried out analogously to the spent
fuel with a cask spacing of 3 meters and a cask loaded with a maximum of 9 CSD-V canisters.
Thus, only the drift spacing was optimized. The temperature peaks from Figure 6.-11 were
plotted in Figure 6.-12 as a function of the drift spacing, identi�able by the support points.
In Figure 6.-12, it results that a spacing of about 15 m and higher is necessary to meet the
temperature limit of 200°C at the cask surface. Thus the spacing of 15 m is assumed for the
planning of disposal �elds emplaced with CSD-V reprocessed waste.
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Figure 6.-11: Temperature evolution at the design point of a POLLUX® cask with CSD-V
waste.

Figure 6.-12: Temperature peak as a function of the drift spacing for POLLUX® cask with
CSD-V waste.
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6.2.4 Layout of the repository

The rectangular drift system consists of the following types of drifts that are arranged in one
level only:

• Infrastructure cross cut (east-west orientation) from the infrastructure area towards the
main drifts

• Main drift for waste transport (north-south orientation)

• Main drift for excavation transport (north-south orientation)

• Cross cuts between the main drifts inside an emplacement wing (east-west orientation)

• Emplacement drifts (north-south orientation)

The sizes of the drifts are derived from the KOSINA project (Bollingerfehr et al., 2018) (see
Figure 6.-13), leaving the spacing of casks as the primary design consideration at the scale
of individual drifts. From the thermo-mechanical design, the following spacings are derived:

• POLLUX®-10 casks containing spent nuclear fuel (SNF) are spaced 3 meters apart
(shoulder to shoulder) within a drift, with a spacing of 37.5 meters between the axis of a
cask in one drift and the axis of a cask in an adjacent drift.

• POLLUX®-9 casks with CSD-V require a minimum spacing of 3 meters within a drift and
15 meters between drifts.

• For other POLLUX®-9 and CASTOR casks, a 1-meter spacing is maintained within drifts
for technical reasons, with the minimum possible spacing required between emplace-
ment drifts.

In addition to optimizing the repository thermo-mechanically, a geomechanical design is nec-
essary to ensure the stability of the salt pillars. A general rule of thumb dictates that a rock
salt pillar should be at least twice the width of the adjacent drifts. For this model, it is speci�ed
that the pillar must be twice the width of the widest adjacent drift. This approach ensures
stability, even in the event of retrieval operations, by considering the largest potential size of
both current and future drifts.

The size of the main drifts remains unchanged during retrieval, as these drifts do not experi-
ence obstacles or signi�cant heat concentration. Similarly, emplacement drifts used for struc-
tural parts can be reopened without alteration. However, the retrieval process for POLLUX®

casks involves modi�cations. Based on the ERNESTA project concept (Herold et al., 2018),
retrieval is carried out by �rst creating smaller parallel drifts on either side of the original drift.
The remaining salt between these smaller drifts is then removed in a second step, resulting in
a full retrieval pro�le with a width of 9.7 meters.

For CASTOR® casks, the retrieval process is modi�ed. In this case, a single adjacent drift is
used to prepare for reopening the emplacement drift, rather than creating dual parallel drifts.
This variation accommodates the speci�c requirements of CASTOR cask retrieval.
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For the given inventory, the selected spacing between drifts corresponds to the largest re-
quired distance based on retrieval needs and thermal considerations. Table 6.-3 and Fig-
ure 6.-13 summarize the properties and dimensions of the drifts, including the adjustments
necessary for retrieval operations.

Table 6.-3: Width of drifts and required rock salt pillars in meters
Main Drift Main Drift ED spent

fuels
ED vitri�ed
waste

ED cold
waste

ED struc-
tural parts

Control
Area

Monitoring
Area

Pollux®-10
SNF

Pollux®-9
CSD-V

CASTOR® MOSAIK®

Drift width re-
quired for em-
placement

7.60 6.80 5.10 5.10 5.10 5.50

Drift width re-
quired for retrieval

7.60 6.80 9.70 9.70 7.10 5.50

Optimized spac-
ing from thermal
design (axis -
axis) [wall – wall]

0.00 0.00 37.50
[32.40]

15.00 [9.90] 0.00 0.00

Geomechanical
rock pillar width
(wall - wall)

15.20 13.60 19.40 19.40 14.20 11.00

If different types of drifts are adjacent to each other the larger required distance is used. An
exception is made between emplacement drift for SNF and cold drifts e.g. the emplacement
drift for structural parts or the main drifts as these will not increase the maximum temperature.

Figure 6.-13: Illustration of the drift pro�les for POLLUX ® emplacement drift (a), MOSAIK
emplacemnet drift (b), main drift for waste package transport (c) and main drift for mining
operations (d).

The emplacement drift are planned with a length of 250 m of which 225 m can be used for
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disposal. Based on the spacing of casks and their length the maximum quantity per em-
placement drift can be calculated. The total quantity of a cask type divided by the quantity per
emplacement drift equals to the number of emplacement drifts needed. The distance between
main drifts is 800 m. The crosscuts that develop the emplacement �elds are planned with a
maximum length of about 790 m. Based on the spacing between drifts the number of drifts
per cross cut is calculated. The number of emplacement drifts divided by emplacement drift
per crosscut �nally gives the quantity of emplacement �elds needed. In this case a total of 5.8
emplacement �elds is needed, see Table 6.-4.

Table 6.-4: Number of emplacement �elds required for different types of waste
POLLUX®-10 POLLUX®-9 CASTOR®

var. types
MOSAIK®

type II

Cask quantity [m] 2,120 887 530 2,620

Cask length [m] 5.60 5.60 2.90 1/7

Cask spacing [m] 3 3 1 0

Number of casks per 225 m usable ED 26 26 57 1,800

Number of ED needed 82 35 10 2

Drift spacing (axis - axis) [m] 37.5 29.1 21.3 16.5

Number of drifts per 790 m crosscut 20 26 36 46

Number of �elds required 4.1 1.3 0.3 0.04

The arrangement of the drifts uses following principles:

• One emplacement drift can only be used for one type for waste

• If one type of waste requires a multiple emplacement drifts these should be grouped
together

• “Hot” waste is disposed in �elds near to the infrastructure area to foster salt creep and
therefore the self-sealing of drifts that have been back�lled with crushed salt

• The emplacement process starts at the far end of one wing close to the main drift of
the monitoring area. It continues in a retreating operation towards the main drift control
area.

• At �rst the already packed and comparatively “cold” waste types in CASTORS are dis-
posed of, POLLUX®-9 and POLLUX®-10 follow in the next steps

• Waste out of structural parts is commissioned during the packing of SNF. Therefore in
both �elds an emplacement drift is required. As it needs to be open until the last bit of
structural waste is taken from SNF it should be closer to the infrastructure area

• One emplacement drift can only be used for one type for waste

• If one type of waste requires a multiple emplacement drift these should be grouped
together

• “Hot” waste is disposed in �elds near to the infrastructure area to foster salt creep and
therefore the self-sealing of drifts that have been back�lled with crushed salt

• The emplacement process starts at the far end of one wing close to the main drift of
the monitoring area. It continues in a retreating operation towards the main drift control
area.
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• At �rst the already packed and comparatively “cold” waste types in CASTORS are dis-
posed of, POLLUX®-9 and POLLUX®-10 follow in the next steps

Figure 6.-14 illustrates the layout of the proposed repository. The design features a symmet-
rical arrangement of three emplacement �elds in each wing, providing suf�cient space for the
anticipated waste inventory. Although all six �elds are not fully required, the northern wing
will be the �rst to commence operations. This wing will host spent nuclear fuel (SNF) from
test and prototype reactors, waste from reprocessing, and a smaller portion of SNF, including
associated structural components.

At a later stage, the southern wing will be developed and begin operations. It will accommo-
date the remaining SNF inventory along with its corresponding structural parts. If additional
emplacement drifts are needed during the operation of the northern wing, which is expected to
utilize 100% of its capacity, the southern wing includes reserve capacity to meet this demand.

The �nal repository design �ts well within the suitable space of the salt pillow, with a total
length of less than three kilometers and a width of approximately 800 meters. The compact
yet ef�cient layout ensures optimal utilization of the geological formation, as shown in the
�gure.

Figure 6.-14: Repository design in topview and frontview.

The emplacement �elds are separated from the infrastructure area by at least 300 meters of
undisturbed rock salt, ensuring robust isolation. The two shafts are strategically positioned
with safety pillars far apart, ensuring they do not in�uence each other. The straight drifts
provide multiple advantages, including the ability to install belt conveyors and maintain clear
visibility during operations.

Waste transportation is envisioned to be carried out using an electric locomotive. The loco-
motive will move forward through the main drifts, turn into a crosscut, and pass the switch for
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