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Executive Summary

The  Full-scale  Demonstration  of  Plugs  and  Seals  (DOPAS)  Project  was  a  European
Commission (EC) programme of work jointly funded by the Euratom Seventh Framework
Programme and European nuclear waste management organisations (WMOs).  A set of full-
scale experiments, materials research projects and performance assessment studies of plugs
and seals for geological repositories were carried out in the course of the project.

The DOPAS Project focused on tunnel, drift, vault and shaft plugs and seals for crystalline,
clay and salt rocks.  The project was coordinated by Posiva Oy, Finland.

The DOPAS Project was initiated by the Implementing Geological Disposal of Radioactive
Waste Technology Platform’s (IGD-TP’s) Executive Group as part of the deployment of the
IGD-TP’s Strategic Research Agenda (SRA) including the common vision that, by 2025, the
first geological disposal facilities for spent fuel, high-level waste, and other long-lived
radioactive waste will be operating safely in Europe.

At the start of the Project, the participating WMOs included organisations that were close to
licensing (i.e. had either submitted a licence application or expected to within a few years).
Consistent with the IGD-TP Vision, for these organisations, the driver for participation in the
Project was to support the development of reference or alternative plug/seal designs for
which detailed design is required in the next few years.

The Project also included WMOs with plans to submit licence applications in several
decades.  For these organisations, the primary driver for involvement in the DOPAS Project
was  to  support  long-term research  and  development  (R&D) on  the  feasibility  of  geological
disposal.   In  addition,  the  results  of  the  DOPAS  Project  are  of  benefit  to  other  European
WMOs.  This report is Deliverable D4.9 of the DOPAS Project, and describes the lessons that
can be learnt from the Project by WMOs that are not close to licensing.

At the request of the EC, Radioactive Waste Management (RWM) and Galson Sciences
Limited (GSL), who are both partners in the DOPAS Project, have worked collaboratively to
identify the lessons that can be learnt from the DOPAS Project by WMOs that are less close
to licensing.  The report identifies a series of topics addressed in the DOPAS Project that are
potentially of interest to WMOs that are not close to licensing.  For each topic, a high-level
discussion of the work undertaken in the DOPAS Project related to that topic is provided and
used as a basis for identifying the potential lessons for the relevant WMOs.  The topics are:
design basis process; types of plugs and seals, and their functions; conceptual designs of
plugs and seals; plug and seal materials, and detailed design; technical aspects of siting,
excavation and installation; monitoring of plugs and seals; performance of plugs and seals;
and project management.
The DOPAS Project provides a significant number of lessons for programmes that are less
close to licensing.  At a high-level, these include the demonstration of the feasibility of plug
and seal designs which can be used to underpin geological disposal feasibility demonstration
projects;  an illustration of the work required to develop detailed designs of plugs and seals,
which can be used for planning design work; and potential solutions for plug and seal
designs, which can act as a starting point for programme-specific designs.  In particular, the
work  of  the  DOPAS  Project  provides  a  significant  body  of  work  on  the  challenges  and
potential solutions for repository plugs and seals both for generic studies and for programmes
considering specific host rocks.
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1 Introduction

1.1 Background

The Full-Scale Demonstration of Plugs and Seals (DOPAS) Project was a European
Commission (EC) programme of work jointly funded by the Euratom Seventh Framework
Programme and European nuclear waste management organisations (WMOs).  The DOPAS
Project was undertaken in the period September 2012 – August 2016.  Fourteen European
WMOs and research and consultancy institutions from eight European countries participated
in the DOPAS Project,  which was coordinated by Posiva,  Finland.  The Project focused on
tunnel, drift, vault and shaft plugs and seals for crystalline, clay and salt rocks.  A set of full-
scale experiments, materials research projects, and performance assessment studies of plugs
and seals for geological repositories were carried out in the course of the Project.

The DOPAS Project was initiated by the Implementing Geological Disposal of Radioactive
Waste Technology Platform’s (IGD-TP’s) Executive Group as part of the deployment of the
IGD-TP’s Strategic Research Agenda (SRA) including the common vision that, by 2025, the
first geological disposal facilities for spent fuel, high-level waste, and other long-lived
radioactive waste will be operating safely in Europe.

At the start of the Project, the participating WMOs included organisations that were close to
licensing (i.e. had either submitted a licence application or expected to within a few years1).
Consistent with the IGD-TP Vision, for these organisations, the driver for participation in the
Project was to support the development of reference or alternative plug/seal designs for
which detailed design is required in the next few years.

The Project also included WMOs with plans to submit licence applications in several
decades.  For these organisations, the primary driver for involvement in the DOPAS Project
is  to  support  long-term  research  and  development  (R&D)  on  the  feasibility  of  geological
disposal.   In  addition,  the  results  of  the  DOPAS  Project  are  of  benefit  to  other  European
WMOs.

1.2 Report Objective

At the request of the EC, Radioactive Waste Management (RWM) and Galson Sciences
Limited (GSL), who are both partners in the DOPAS Project, have worked collaboratively to
identify the lessons that can be learnt from the DOPAS Project by WMOs that are less close
to  licensing.   This  report  is  Deliverable  D4.9  of  the  DOPAS  Project,  and  describes  such
learning.

1.3 Scope and Terminology

This  report  provides  a  succinct  summary  of  the  lessons  from  the  DOPAS  Project  for
programmes that have not submitted a licence application and do not expect to do so in the
next few years.  These programmes are referred to as less close to licensing in this report.  It
is  not  a  detailed  summary  of  the  results  of  the  Project.   Such  summaries  are  provided
elsewhere, in particular, in a series of experiment summary reports (Noiret et al., 2016a;

1 Posiva received a construction licence for the Olkiluoto spent fuel repository in November 2015.
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Svoboda et al., 2016a; Grahm et al., 2015; Holt and Koho, 2016; Jantschik and Moog, 2016;
Czaikowski and Wieczorek, 2016; and Zhang, 2016), in a series of work package (WP)
reports (DOPAS, 2016a; DOPAS, 2016b; DOPAS, 2016c; and DOPAS, 2016d), and in the
Project Synthesis (DOPAS, 2016e).  Instead, the focus is on highlighting lessons that can be
learned by programmes that are not close to licensing and signposting the reports where
further information is available.

In discussing lessons that can be learnt from programmes that are not close to licensing, it is
of benefit to identify different types of programmes in relation to the progress in siting and
licensing activities.  In the early stages of implementation, disposal programmes may be
entirely generic and  not  be  focusing  on  any  particular  region  or  host  rock.   The  aim of  the
generic phase is to examine a wide range of potentially suitable geological disposal concepts
(e.g. in crystalline rocks, clay rocks and salt rocks) so that a well-informed assessment of
options can be carried out at appropriate decision points in the future as the programme
progresses.  Other programmes may be host-rock-type specific, i.e. be focused on a particular
type  of  rock  such  as  granite,  clay  or  salt.   Programmes  at  the host-rock-type-specific stage
aim to apply the learnings from the generic phase to the particular host rock of interest, and to
focus the resources on the sites or regions that would be suitable for geological disposal in
such a host rock.  Once a preferred siting region is identified,  programmes may focus on a
particular geological unit in which disposal is planned.  These are referred to as formation-
specific programmes in this report.  Examples include the Opalinus clay in Switzerland or the
Callovo-Oxfordian clay in France.

The extent to which lessons can be learned from the DOPAS Project is affected by the stage
to which any disposal programme has advanced, and specific examples are provided
throughout this report.  The scope of this report is not to comprehensively identify lessons
specific to each of the three groups identified above.  Rather, general lessons are drawn, and,
only where obvious distinction between the three groups is possible, are the lessons specified
accordingly.

1.4 The DOPAS Project Structure

The DOPAS Project aimed to improve the technical feasibility of full-scale plugs and seals,
the measurement of their characteristics, the control of their behaviour in repository
conditions,  and  their  performance  with  respect  to  their  safety  and  other  objectives.   To
achieve these objectives, development activities were divided between work on the design
basis, technology, and material development, on full-scale implementation; and on
performance assessment of the materials and components.  Figure 1.1 shows the interaction
and integration of work in the DOPAS Project, and how a new state-of-the-art resulted from
the Project.

The work breakdown structure of the DOPAS Project (Figure 1.2) responded to the
conceptualisation shown in Figure 1.1.  The Project was undertaken in seven Work Packages
(WPs).  WP1 of the DOPAS Project included project management and coordination and was
led by Posiva.

WP2 addressed the design basis for plugs and seals. WP2 was led by SKB (Sweden).  The
WP2  summary  report  is  Deliverable  D2.4  of  the  DOPAS  Project  (DOPAS,  2016a).   The
report  describes  the  outcomes  from  WP2,  including  the  requirements  on  plugs  and  seals
considered in the DOPAS Project, conceptual and basic designs, and the strategy adopted in
programmes for demonstrating compliance of the designs with the design basis.  The design
basis is presented for both the repository reference design, i.e., the design used to underpin
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the safety case or licence application, and the full-scale experiment design, i.e., the design of
the plug or seal that is being tested in the DOPAS Project.

WP3 addressed the detailed design and construction of the full-scale tests in DOPAS.  WP3
was led by Andra (France).  The WP3 summary report is Deliverable D3.30 of the DOPAS
Project (DOPAS, 2016b).  The report describes the outcomes from WP3, and summarises the
work undertaken and the lessons learned from the detailed design, site selection and
characterisation, and construction of the experiments.  These include the full-scale
demonstrators, materials research and its upscaling, and the learning provided by the practical
experience in constructing the experiments.

WP4 addressed the performance appraisal of the full-scale experiments in DOPAS.  WP4 was
led by RWM (United Kingdom).  The WP4 summary report is Deliverable D4.4 of the
DOPAS  Project  (DOPAS,  2016c).   The  report  describes  the  outcomes  from  WP4,  and
summarises what was learnt in the DOPAS Project with respect to the repository reference
designs for plugs and seals, drawing heavily on the summary reports for the five experiments
and materials research projects (Noiret et al., 2016a; Svoboda et al., 2016a; Grahm et al.,
2015; Holt and Koho, 2016; Jantschik and Moog, 2016; Czaikowski and Wieczorek, 2016;
and Zhang, 2016).  The WP4 summary report also considers alternatives to the reference
designs.  It considers what can be concluded from the experiments conducted in the DOPAS
Project with respect to the technical feasibility of installing the reference designs, the
performance of the reference designs with respect to the safety functions listed in the design
basis, and identifies and summarises achievements of WP2, WP3 and WP4. D4.4 also
considers the feedback from the work to the design basis which may include modifications to
the design basis.

WP5 addressed the performance assessment of plugs and seals. WP5 was led by GRS
(Germany).  The WP5 summary report is Deliverable D5.10 of the DOPAS Project (DOPAS,
2016d).  In the DOPAS Project, performance assessment was taken to cover the performance
of plugs and seals following the installation of the plug/seal materials in the
experiment/repository.  This included, therefore, the saturation of the materials following
installation, their long-term thermal, hydraulic, mechanical and chemical (THMC) behaviour,
and their representation in safety assessments.  Much of the work in WP5 was used to support
the design of the experiments in WP3.

WP6 was  led  by  Posiva.   In  WP6 an  Expert  Elicitation  (EE)  process  was  used  to  integrate
critical analyses of the achievements and results from the implementation and monitoring of
the DOPAS Project plugs and seals, including external experts’ review of drafts of the main
WP2 - WP5 summary reports.  In addition, three staff exchanges were organised under WP6
for competence exchange between the experiments and the participating organisations’ staff.
The production and compilation of the DOPAS Project final public technical summary report
(Deliverable D6.4, DOPAS, 2016e) is a part of this work package, too.

WP7 addressed dissemination activities of the Project results to other interested organisations
in Europe and beyond.  WP7 included dissemination around the full-scale experiments and
two major events, an international seminar, DOPAS 2016, and a training workshop, the
DOPAS Training Workshop 2015, both of which were used to facilitate dissemination of the
Project results. WP7 was also led by Posiva.
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Figure 1.1: Schematic illustration of the development and demonstration of plug and seal
designs for feasibility and safety performance, as conceptualised in the
DOPAS Project.

Figure 1.2: The work breakdown structure of the DOPAS Project.
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1.5 The DOPAS Project Experiments

The  DOPAS  Project  focused  on  tunnel/drift,  vault  and  shaft  plugs  and  seals  for  clay,
crystalline and salt rocks (Figure 1.2):

· Clay rocks: the Full-scale Seal (FSS) experiment (Figure 1.3), undertaken by Andra in
a surface facility at  St Dizier,  France,  is  an experiment of the construction of a drift
and intermediate-level waste (ILW) disposal vault seal.  The results of the FSS
experiment are reported in the FSS experiment summary report, Deliverable D4.8
(Noiret et al., 2016a).

· Crystalline rocks: experiments related to plugs in disposal tunnels, including the
Experimental Pressure and Sealing Plug (EPSP) experiment undertaken by SÚRAO
and CTU at the Josef underground research centre (URC) and underground laboratory
in the Czech Republic (Figure 1.4), the Dome Plug (DOMPLU) experiment
undertaken  by  SKB  and  Posiva  at  the  Äspö  Hard  Rock  Laboratory  (Äspö  HRL)  in
Sweden (Figure 1.5 and Figure 1.6), and the Posiva Plug (POPLU) experiment
undertaken by Posiva,  SKB, VTT and BTECH at the ONKALO Underground Rock
Characterisation Facility (URCF) in Finland (Figure 1.7).  The results of the
experiments are reported in the EPSP, DOMPLU and POPLU experiment summary
reports, which are Deliverables D4.7 (Svoboda et al., 2016a), D4.3 (Grahm et al.,
2015) and D4.5 (Holt and Koho, 2016) respectively.

· Salt rocks: tests related to seals in vertical shafts under the banner of the Entwicklung
von Schachtverschlusskonzepten (development of shaft closure concepts – ELSA)
experiment (Figure 1.8), being undertaken by DBE TEC together with the Technical
University of Freiburg and associated partners, complemented by materials research
projects performed by GRS and co-funded by the German Federal Ministry for
Economic Affairs and Energy (BMWi).  The ELSA experiment is being undertaken in
three phases. The work carried out as part of the ELSA Project’s Phase 1 and Phase 2,
and performed under the DOPAS Project, consisted of work method and material tests
as a part  of the conceptual design for shaft  sealing in salt  rock.  The work included
materials research and performance assessment studies, and will feed into a full-scale
experiment of prototype shaft seal components in Phase 3 of the ELSA Project to be
carried out after the DOPAS Project.  The materials research undertaken by GRS
includes work in the Langzeitsicherer Schachtverschluß im Salinar (LASA and
LAVA) and Untersuchung der THM-Prozesse im Nahfeld von Endlagern in
Tonformationen (THM-Ton) Projects, and addressed sealing materials planned to be
utilised in the shaft seals.  The materials research undertaken by GRS provided
supporting information to the ELSA Project.   The results of the LAVA, LASA, and
THM-Ton Projects are reported in the DOPAS Deliverables D3.29 (Jantschik and
Moog, 2016), D3.31 (Czaikowski and Wieczorek, 2016), and D3.32 (Zhang, 2016)
respectively.  The results of the ELSA Phase 2 experiments are described in the ELSA
Phase 2 report (Kudla et al. 2016).

The DOPAS experiments are related to plugs and seals at different stages of development in
their  respective  programmes.   Three  of  the  experiments,  FSS,  DOMPLU  and  POPLU,  are
full-scale experiments of plugs and seals in the basic design stage. The FSS and DOMPLU
experimental designs are based on the reference designs for Andra’s, SKB’s and Posiva’s
repositories. The POPLU experiment represents an alternative basic design to the DOMPLU
experiment and may become a reference design.  The Czech EPSP experiment design and the
German ELSA related material tests and work method developments are part of a work
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programme to develop the conceptual designs of plugs and seals for the Czech and German
programmes,  and  they  will  contribute  to  the  preliminary  design  requirements  of  a  future
reference design.

The timing of the work on the DOPAS experiments and their  implementation also differed.
The  DOMPLU  experiment  was  started  prior  to  the  start  of  the  DOPAS  Project  and  was
pressurised  during  the  early  months  of  the  DOPAS  Project.   The  POPLU,  EPSP  and  FSS
experiments were designed and constructed during the Project.  Initial pressurisation of the
POPLU and EPSP experiments occurred within the last year of the DOPAS Project.

The French FSS experiment was a full-scale surface-based technical feasibility demonstration
of seal material emplacement and, therefore, the experiment did not include the pressurisation
of the seal.  However, dismantling of the FSS experiment was undertaken during the Project.
The work in the FSS experiment is supported by a laboratory-scale experiment, entitled
REM, which is investigating saturation of the same bentonite admixture as used in the FSS
experiment (Conil et al., 2015).

Description of the progress in the full-scale demonstrations and of the experimental work is
provided in the experiment summary reports (Noiret et al., 2016a; Svoboda et al., 2016a;
Grahm et al., 2015; Holt and Koho, 2016; Jantschik and Moog, 2016; Czaikowski and
Wieczorek, 2016; and Zhang, 2016), in a series of WP reports (DOPAS, 2016a; DOPAS,
2016b; DOPAS, 2016c; and DOPAS, 2016d), and in the Project Synthesis (DOPAS, 2016e).
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Figure 1.3: Schematic illustration of the FSS experiment design.  From Bosgiraud and
Foin (2013).

Figure 1.4: Schematic illustration of the EPSP experiment design. Dimensions are in mm.
From Svoboda et al. (2016a).
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Figure 1.5: Schematic illustration of the deposition tunnel plug components in SKB’s
reference conceptual design (SKB, 2010b).  There are three concrete beams in
the conceptual design; these are sometimes referred to as the inner, middle and
outer concrete beams or delimiters, with the inner concrete beam being
adjacent to the backfill end zone.

Figure 1.6: Schematic illustration of the DOMPLU experiment design (Grahm et al.,
2015).
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Figure 1.7: Schematic illustration of the Posiva’s wedge-shaped plug being tested in
POPLU (Holt, 2014).

Figure 1.8: Schematic illustration of the German shaft seal reference conceptual design in
a salt dome (Müller-Hoeppe et al., 2012a).  The Gorleben-Bank is a folded
anhydrite layer in the rock salt.
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1.6 Approach and Report Structure

The identification and discussion of lessons to be learned by programmes less close to
licensing has been approached on a topic-by-topic basis.  The topics discussed are those that
have been presented in the main technical WP summary reports from the Project (DOPAS,
2016a; DOPAS, 2016b; DOPAS, 2016c; DOPAS, 2016d; and DOPAS, 2016e).  Each topic is
discussed in a separate section of this report, with the section separated into a summary of the
work undertaken and main outcomes from the DOPAS Project, and a discussion of the main
lessons for programmes less close to licensing.  Referencing to underpinning reports and
documents, where more detailed information can be found, is extensively used in the sections
summarising the work undertaken in DOPAS and the main outcomes.  The topics discussed
in this report and section numbers are as follows:

· Design basis process (Section 2).

· Types of plugs and seals and their functions (Section 3).

· Conceptual designs of plugs and seals (Section 4).

· Plug and seal materials, and detailed design (Section 5).

· Technical aspects of siting, excavation and installation (Section 6).

· Monitoring of plugs and seals (Section 7).

· Post-closure safety (Section 8).

· Project management in plug and seal design and construction (Section 9).

Conclusions focused on the high-level lessons to be learned by programmes less close to
licensing are presented in Section 10.
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2 Design Basis Process

2.1 Design Basis Process Work in the DOPAS Project

The design basis is the set of requirements and conditions taken into account in design (White
et al., 2014; NASA, 1995).

In WP2 of the DOPAS Project, detailed design bases were collated for the four full-scale
experiments (FSS, EPSP, DOMPLU and POPLU) and for the design of the German shaft seal
(ELSA).  The design bases are presented in White et al. (2014).  The collation of the design
basis for each experiment did not follow a predefined method or structure the requirements
according to a standard, to allow for programme-specific approaches or issues to be included
within the resulting design basis.

However, cross-comparison of the design bases following their collation allowed a common
consideration of current practice with regard to the process used to develop and describe the
design basis.  The design basis is developed in an iterative fashion with inputs from
regulations, technology transfer, tests and full-scale demonstrations, and performance and
safety assessments.  The learning provided by WP2 was therefore used to describe a generic
process for development of the design basis for plugs and seals called the “DOPAS Design
Basis Workflow” (Figure 2.1).  The terms used in the Workflow are defined in the glossary of
DOPAS (2016a).  The Workflow is structured to be consistent with a hierarchy of
increasingly detailed designs (IAEA, 2001), as follows:

· Conceptual Design: Conceptual designs describe the general layout of a repository
structure, including the different repository components and how they are arranged,
and the type of material used for each component (e.g., concrete, bentonite, gravel).
In a conceptual design, the environmental conditions (including rock characteristics)
are presented in generic terms, for example by describing the nature of the processes
occurring rather than quantifying the processes.  The performance of the components
and the overall structure are generally described qualitatively, although quantitative
information may also be used to a lesser extent.

· Basic Design:  In a basic design, the components in the conceptual design are
described in more detail with an approximate quantitative specification of geometry
and material parameters.  The properties of the environmental conditions are
presented in detail, which requires characterisation of the site or elaboration of the
assumptions underpinning the design.  Performance is described quantitatively.

· Detailed Design: In a detailed design, the concept is presented in such detail that it can
be constructed, i.e., it provides precise information on all aspects of the structure’s
components.  The detailed design specifications need to be defined in a manner that
would allow them to be checked and verified during construction.

The work in the DOPAS Project has demonstrated how a systems engineering approach that
uses a structured hierarchy of requirements management can be applied in repository design.
The Design Basis Workflow and the general lessons derived from the DOPAS Project work
on  design  basis  development  are  discussed  in  the  WP2  Summary  Report  (D2.4;  DOPAS,
2016a).
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Figure 2.1: The DOPAS Design Basis Workflow, which illustrates the iterative
development of the design basis, undertaken in parallel with the development
of  conceptual,  basic  and  detailed  designs.   Dashed  boxes  are  used  to  show
activities undertaken in parallel.  Terminology used in the Workflow is defined
in DOPAS (2016a), which includes a glossary of the terms in the Workflow.












































