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Figure 32: 3-D Illustration of the Deposition machine, view from back left side.

The slide plate, on which the lift cradle is sliding, is made of stainless steel and is attached to the main machine
frame. The lift cradle, provided with 24 water cushions, is attached to the radiation shield, which is connected to
the machine frame via three synchronized actuators allowing for the stepwise movement.

Full Scale Tests

Figure 33 shows the emplacement equipment and the control room as set up in the chamber in front of the test
disposal drift at the Aspé HRL, on the -220 m level.

Figure 33: Set-up of equipment at the test site at Aspo HRL, level -220 m. The Super Container is inside
the transport tube with the two shielding gamma gates open.

One of the early results during the pre-tests performed at Aspé showed that it was impossible to properly handle
an unbalanced Super Container. Unbalance occurs if not all fuel positions in the canister are filled. Therefore all
the tests were performed with a properly balanced Super Container.

It was also observed that the mobile ballast (used as a balancing means) on the machine was only capable of
balancing the Super Container in a static situation and not when the container was moving forwards/backwards.
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As soon as the container was moved, it and the lift cradle started to rotate clockwise or counter clockwise. The
only way to keep the Super Container and the lift cradle from rotating during transport was to guide the lift
cradle along the slide plate edge by installing longitudinal rails acting as a guide system.

The tests also showed that this rotation phenomenon could be offset thanks to the ballast system if the correction
was done as soon as an unbalanced condition was detected. Therefore, the ballast system was made automatic.

It was also observed that if the Super Container together with the lift cradle and the slide plate were
(cumulatively) rotated more than 3.5 - 4 degrees, then this movement could create problems for the proper
functioning of the water cushions. The reason for this was that with rotation the water cushions are no longer
equally loaded and the cushions with the heaviest load are no longer capable of lifting the container. It was
therefore considered impossible to properly handle an unbalanced Super Container with the present water
cushion system.

Another observed problem was that the lifting height (between cradle and slide plate) was very sensitive to
pressure variations or load changes. One crucial point with the installed guiding system was the need to
accurately control the lifting height. Too much lift would result in derailment. It was therefore decided to
perform additional tests on the water cushions to verify the actual lifting height in a separate workshop test. This
led to the decision to replace the water cushions with a newly designed model that was less sensitive to pressure
variations and/or load changes.

The performance requirement for the average deposition speed of 20 mm/s (1.2 meter per minute) was finally
reached after correction/adjustment of the water cushion control valves. According to the test programme the
goal was to make, as a minimum, one deposition and one subsequent recovery of the Super Container per day.
The transportation and endurance tests were performed during the period from April 2007 to September 2007
however the operation of the deposition machine has continued. The cumulative total distance travelled by the
Deposition Machine, between the Site Acceptance Tests in February 2007 and mid 2008, is approximately 45
km.

2.3.5.2 SF (CU1) Canister Emplacement System (ANDRA)

Background

In 2003 ANDRA, in France, selected the concept of air cushion transportation technology as the most
appropriate means for the emplacement of SF (Spent Fuel) canisters (also called CUL canisters) inside a
disposal cell, as well as for the transport and emplacement of sets of four pre-assembled buffer rings when
constructing the disposal cell. In the ANDRA case the sets of four pre-assembled buffer rings and the SF
canisters are handled separately (unlike SKB’s integrated Super Container), due in particular to a) the need for
assuring the retrievability of the SF canisters and b) the limitations related to the maximum allowable weight
during transfer in a shaft cage.

The two ANDRA emplacement systems were totally developed within the framework of the ESDRED Project,
as of early 2004. The main components in the ANDRA disposal system for the emplacement of CU1 type SF
canisters were developed first and were subsequently adapted for the emplacement of sets of four pre-assembled
bentonite rings. Each set of rings has a weight of 17 tonnes, with an OD of 2.25 m and a length of 2 m.

Air was selected as the appropriate lifting medium for two main reasons: i) it is a medium compatible with the
clay host formation , ii) the pressure loss experienced over a 40 m long umbilical is still compatible with the
proper functioning of the air cushions, without having to put an air compressor on board the emplacement
machine.

The air cushion cradle enables: i) lifting of heavy loads and minimum effort to achieve forward movement, ii)
minimizing the clearance (annular gap) between the outside diameter of the load (canister or buffer rings) and
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the inside diameter of the cell wall. This geometrical optimization results in lower construction costs as there is
less material to be excavated and also in lower operating costs as less material is needed to backfill the disposal
cell and because there is no need to fill the small annular gaps.

Data and Requirements
The weight of the SF canister is 43 tonnes and it has an OD of 1.25 m and a length of 5.39 m.

The disposal cell is excavated in clay rocks. It has a length of approximately 40 m from mouth to cell dead end.
The annular clearances for a spent fuel canister installed inside a bentonite buffer ring are presented below in
Figure 34. The clearances shown were selected as being the best compromise between the minimum gaps
needed for operational reasons and the confinement (long term safety) requirements. For practical reasons the
bentonite rings actually fabricated as part of Module 1 of the Project, and transported as part of this Module 3,
were the smaller (2.3m OD) rings that were to have been used with the smaller vitrified waste canisters (Module
2 of the ESDRED Project) when this was still part of the ANDRA concept.

Excavation
23,300m

Liner
th. 0,030m
gext : 3,221m

Buffer th. 0,800m
gext : 3,071m

Permanent sleeve
th. 0,040m
gext : 1,451m

Cast-iron insert

CELLTYPE CU1

Clearance 0,078m
in diameter

Clearance 0,090m
in diameter

Clearance 0,020m
in diameter

Clearance 0,100m

in diameter gext : 1,035m
Disposal package
Steel tube gext : 1,255m
th. 0,0125m Stainl teel
gint : 0,365m g
th. 0,005m
Cradle Gext . 0,330m
th. 0,008m Assembly
C.IM.0SES.04.0096.E_E 70,214m

Figure 34: Main components of ANDRA’s emplacement concept for a spent fuel canister disposal cell c/w
annular clearances

Prototype Test Programme
The CU1 spent fuel canister considered in the French concept has a smaller diameter, only 1.25 m, but almost
the same weight (43tonnes) as the SKB/Posiva Super Container.

As the radius of curvature of the cushions on the lifting cradle is significantly smaller than in the SKB/Posiva
case, it was considered necessary to first carry out a preliminary prototype testing with an air cushion cradle
specifically designed for the CU1 spent fuel canister application.

The objectives of the prototype test programme were as follows:
o to verify that the overall air cushion lifting system functioned correctly,
e to assess the required power needs for the proper operation of the overall system,
o to validate particularly the following data: the number and characteristics of the proposed air cushion
modules, the air flow rate and the working pressure, the required annular clearance and the operational
height of the cushions,
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e to determine the required thrust and pulling force,

e to characterise the capability of the overall system to tolerate operational “anomalies”,

e to determine the capability of the system to deal with geometric irregularities, such as bumps or steps
along the emplacement track, misalignment of guide rails and package rebalancing, excessive grade of
the travel path, etc,

e to assess the achievable speed (movement in 1m increments) with the identified acceptable defects and
to extrapolate from them an average advance speed of the canister in the disposal cell.

A Prototype Test Bench was erected at the BERTIN premises near ANDRA’s head office. The design of the
bench was full scale regarding the radius of curvature of the canister, and at a reduced scale (1 to 3) regarding
the length of the canister. This work was successfully carried out in November/December 2004. The test bench
is now installed in ANDRA’s Technology Centre (CTe) near the Bure URL site.

Full Scale Tests
Following the successful implementation of the Prototype Test Programme, it was decided to proceed with the
development of a full scale demonstrator.

The erection, testing and demonstration were carried out in a surface workshop.

The equipment designed during 2005 by Mécachimie for the emplacement of CU1 (SF) canisters consisted of
the following main components:
o Deposition Machine complete with slide plate, air cushion cradle, electric emplacement cart, control &
monitoring system, motorized winches for steel cable/air umbilical/electrical wire,
e Simple mock-up of shielding cask with a motorized shielding gate,
e Mock-up of disposal cell section (first 10m) with a passive shielding gate at mouth,
e A supporting frame.

The test campaign related to the testing of the machine designed for the emplacement of CU1 Spent Nuclear
Fuel Canisters took place from May 2006 to September 2006 in Mécachimie’s premises in Beaumont-Hague,
near Cherbourg, France. This campaign started with the erection of a complete test bench in the configuration
shown below in Figure 35.

Electric cart Umbilical

Figure 35: ANDRA - Set-up of the CU1 canister emplacement system at Mécachimie’s premises. This

equipment is now also installed at the TC at Bure URL site.
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After completion of the tests with the CUL1 canister the test bench was then modified for testing of the
emplacement of the bentonite buffer ring packages and these tests were performed between October 2006 and
January 2007.

The primary objectives and challenges of the test programme for emplacement of CUL canisters were as
follows:

¢ to show that the emplacement equipment could meet or exceed all the specified technical performances,
including the successive emplacement (and subsequent retrieval) of the dummy canister in automatic
mode, the automatic closing and opening of the gamma gates and finally the specified average travel
speed over a complete emplacement cycle;

e to demonstrate that the emplacement equipment could pass over obstacles such as the recesses in the
door frames created by the shielding gates or over the discontinuities between two consecutive sections
of guide rails. For this purpose, the use of a sliding plate could not be avoided;

o to evaluate the sensitivity of the system to the various possible construction defaults (steps,
misalignments, etc) likely to be encountered underground and to any off-centre (radial or longitudinal)
location of the centre of gravity of the dummy canister;

o to identify the weak points of the system likely to require some re-engineering and/or retrofitting in the
real industrial application;

o to identify some potential improvements (mainly in terms of ruggedness and performance).

And for the emplacement of bentonite buffer ring packages these were:
e to check the behaviour of the rings, the air cushion cradle, and their stability under the various
conditions during the emplacement operations,
e to check the relevance of the pre-defined operating parameters since no Preliminary Testing had been
performed.

During the test work it was noted that the emplacement of ring packages (no radioactivity in the disposal drift)
could be simplified by replacing the slide plate with just a fiber glass carpet (sheet) on the bottom of the disposal
drift mock up. The transfer of the bentonite rings into the disposal drift could then be performed in a single
continuous operation instead of the stepwise procedure needed for emplacing canisters. In the absence of any
radioactivity the fiber glass carpet can later be removed manually once all the bentonite rings are emplaced in a
disposal drift.

2.3.6 Main results and critical analysis thereof and perspectives for the future

KBS-3H Deposition Concept (SKB / Posiva)

The tests performed in situ demonstrated that the emplacement equipment can operate effectively for the
transport and deposition of Super Containers and that the specified performances are effectively reached.

The main technical points observed during the test campaigns are listed below:

e The water cushion technique used is sensitive to load variations. This means that the Super Containers
to be transported must be well balanced.

e The operation of the emplacement system is sensitive to the alignment in the set-up between the Super
Container transport tube, the deposition machine start tube and the deposition drift.

e Further tests are required to verify the availability and the reliability of the equipment over a longer
period of time. Further tests are also required for the transportation of Distance Blocks and also to
demonstrate that the machine is capable of placing the Distance Blocks in direct contact with the Super
Container.

e A number of issues regarding the Programmable Logic Controller (PLC) programme were observed
which also need to be improved before further testing.
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The tests have also shown that the integrity of the Super Container is not jeopardised during the
handling/transport phases, but the fixation of the feet to the Distance Blocks must be improved in order
not to jeopardize the integrity of the Blocks.

It should be noted that management of SKB and Posiva have decided to continue the test operation of the KBS-
3H deposition equipment at the Aspé HRL at least during 2009 and 2010.

Spent Fuel Canister, (CU1), Emplacement System (ANDRA)

What follows is a condensed overview of the results with reference to the main functional requirements as well
as other observations noted during the tests.

The commissioning of the emplacement system took place during the months of May and June 2006. PLC
programming was a large part of the work during that period. The main difficulties encountered during this
commissioning period (and their solutions) are listed below:

The friction coefficient between the lower face of the slide plate and the steel invert (sliding track) of
the disposal drift mock up tube turned out to be bigger than anticipated. Consequently, the pushing
force, which had to be exerted by the electrical cart’s pushing jack, exceeded the capacity of that jack.
This problem was solved by attaching a Teflon sheet onto the lower face of the slide plate.

At the end of each 1 m stroke of the pushing jack, the air cushions had to be deflated to lower and place
the canister on the sliding track rails. Subsequently, the sliding plate was advanced by another 1m. The
time needed for deflating and purging the air from the air cushion system turned out to be too long.
Consequently, the cycle time specified could not be achieved. This problem was solved by the
installation of a quick relief (purge) valve.

The compressed air feeding the air cushions carried considerable moisture. This resulted in the
formation of condensation within the air cushions following the quick pressure drop. As a result, the
rubber part of the air cushion tended to separate from its steel supporting plate. Replacement cushions
were glued with a water resistant compound and the problem was solved.

The presence of moisture in the air also impacted the operation of the flow control system. A regular
purging of the electro-valves turned out to be necessary on a regular basis, i.e. at the end of every
emplacement cycle. Later, a desiccator (air dryer) was added to the air system.

As originally designed, the air cushions could raise the air cushion cradle higher than the top of the
guide rails inducing a tendency for derailing the system. This problem was solved by increasing the
height of the guide rails by adding a 5 mm band spacer underneath the rail.

The air cushions also turned out to be quite sensitive to individual load variations. This phenomenon
appeared mainly when simulating the longitudinal imbalance of the SF canister. In the most critical
simulation tested, the canister could not be moved.

The results concerning the emplacement of bentonite ring packages can be summarized as follows.

No particular difficulties were encountered during the test programme, which turned out to be a
complete success.

The specified emplacement performances were easily met.

The emplacement of the set of rings was very smooth, without shocks. Thus, the lateral stability of the
rings was not affected.

A compressor equipped with a desiccator (air dryer) was used and no troubles, such as those
encountered with the CU1 system, appeared.

The air cushions turned out to be also quite sensitive to voids (gaps, rough surfaces), which is why a
temporary layer of fibre glass carpet was installed on the disposal drift invert.
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2.3.7 Contribution to “Common European View”

The work done within Module 3 of ESDRED has clearly demonstrated that water/air cushion technology can be
used for the emplacement of heavy waste containers, bentonite buffer ring packages as well as distance bocks
(spacers) in small diameter disposal drifts. The deposition machine installed at the Aspé HRL in Sweden has
been successfully operated since the completion of the Site Acceptance Test in April 2007. Up to mid 2008 the
total accumulated distance travelled by the emplacement machine exceeds 45 km. This indicates that the
equipment is quite reliable however SKB/Posiva have decided to continue the operation of the equipment during
2009 and 2010. During that period it is also foreseen that the equipment will be modified and improved based
on the additional operating experiences gained.

In the ANDRA case the equipment developed shows that it will be possible to emplace buffer ring packages
and Spent Fuel Canisters (CU1) using a deposition machine utilising an air cushion cradle. This equipment has
not been operated (except for very brief and infrequent demonstrations) after the completion of the Site
Acceptance Test in September 2006. However, the equipment is now installed and operational in ANDRA'’s
Technology Centre (CTe) at the Bure URL. The mock up for the prototype tests for the CU1 emplacement is
also installed at the Technology Centre at the Bure URL.

The installation of the emplacement equipment in the Technology Centre at the Bure URL will contribute to a
better understanding of the use of the technology that has been developed by ANDRA within Module 3. In the
case of SKB/Posiva it will be possible to witness demonstrations of the emplacement of the Super Container in
the bored hard rock tunnel located on the -220 meter level at the Aspd HRL in Sweden. This too will contribute
to confidence building and public acceptance of this new technology as the Aspé HRL has for a long time had
more then 12 000 visitors per year.
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2.4 Retrievability (Module 2)

2.4.1 State of the art and brief discussion of differences between national concepts

The emplacement of radioactive waste in a geological disposal facility is generally considered without any
intent for retrieval. However, the issue of retrievability" is increasingly looked upon as important for enhancing
confidence amongst stakeholder groups as well as to increase the level of flexibility and, thus, the ability to
respond to changes in technical information and policy factors. Besides the normal control and surveillance of
the disposal operation, the concept of retrievability requires the possibility for reversal of operational steps if
desired. Such reversal of operational steps can only be ensured if specific technological measures (e.g. the
construction of disposal cells from which waste packages can safely be recovered) are already implemented in
the design of the repository.

Potential design measures that enhance retrievability of waste prior to repository closure are primarily aimed at
providing easier accessibility to the waste packages (1), particularly in clay and salt host environments, and/or
providing an improved capability to retrieve the waste packages (2). Potential design measures in the first
category include enhancing the stability of openings (e.g. by incorporating concrete or steel liners) and, in the
second category, provision of easily removable buffer materials (e.g. in the form of pre-fabricated bentonite
blocks).

In most disposal concepts relevant to ESDRED these issues are still under consideration and definite positions
may not be reached until countries are much closer to starting the development phase. Likewise, operational and
monitoring strategies are still under development. For some disposal concepts, this may mean that access ways
will remain open for perhaps several decades whilst greater levels of confidence in the disposal concept are
achieved, e.g. as a result of ongoing monitoring of the disposal system. For other concepts, it is likely that
intensive monitoring activities will be focused on a special facility with closure of accesses to the main facility
taking place relatively sooner, on the basis that the risk of neglect or even from deliberate intrusion is thereby
significantly reduced.

2.4.2 Technology issues addressed within ESDRED Module 2 Retrievability

A desk study was carried out within ESDRED concerning retrievability of (high-level) radioactive waste. Since
the retrieval of radioactive waste from a geological repository includes many aspects, the objectives of the desk
study had to be defined more explicitly. Based on the objectives of ESDRED it was decided to exclude non-
technical issues like political, economical, social and ethical aspects. In addition, the desk study should comply
with the time frame of the ESDRED project. Hence, it was decided to confine the review to the operational
phase of the repository in which possibly some design base accidents (as a result of earthquakes, water
intrusion, etc.) might be taken into account.

The potential retrievability measures in the studied disposal concepts have been evaluated along the three basic
conditions, which determine the extent of retrievability provided by a particular disposal system, being:

e Accessibility of waste packages;

e Confinement of the waste in the waste packages; and

e Technical feasibility of retrieving the waste packages.
On this basis the ESDRED retrievability desk study has focused on the retrieval of waste packages
(accessibility) as well as on the availability of equipment and the constraints for retrieval induced by the
ambient environment (technical feasibility). In view of the small time window to be considered within ESDRED

! Retrievability is the ability provided by the repository system to retrieve the waste packages for whatever reason retrieval
might be wanted for (EUR 19145).
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(only the operational phase) confinement of the waste (i.e. the integrity of the waste packages) is not likely to be
a relevant issue, so this aspect got less attention in the study.

2.4.3 Objectives of the Work within ESDRED Module 2 Retrievability

The detailed work programme for Work Package 4 (“Retrievability Desk Study”) of Module 2 was established
at the third technical module meeting. It was agreed between the three module partners that the assessment
phase of this task should focus on two predetermined case studies, representing the two main disposal concepts
considered in Module 2 of ESDRED. These case studies have been agreed in close consultation with the module
partners, viz.:

a. Peer review of the French horizontal disposal concept based on C type waste;

b. Investigating of the possibilities of and/or obstacles for retrieving BSK 3 canisters in the German vertical

borehole concept.

Furthermore, it was decided that this desk study would also contain a review of the current disposal concepts of
the countries participating in the ESDRED project from the perspective of retrievability.

Hence the “Retrievability Desk Study” comprised the following two tasks:

Task 1: A review of retrievability measures in the current disposal concepts of the countries participating in
ESDRED;

Task 2: Two specific retrievability case studies that represent the two main disposal concepts within ESDRED
Module 2: the German vertical (borehole) concept and the French horizontal (disposal cell) concept.

2.4.4 The Partners within Module 2 Retrievability

WP4 of Module 2 had three project partners, viz. DBE TECHNOLOGY (Module leader), ANDRA and NRG
(responsible for WP4).

2.4.5 Execution of the works

NRG, as the organisation responsible for WP4 of Module 2, performed the Retrievability Desk Study. Of course
the precise definition of the work was a concerted action of the three organisations involved. This applies
especially to the description of the two specific retrievability case studies i.e. the German vertical borehole
concept and the French horizontal emplacement technique, of which the prime developers are DBE
TECHNOLOGY and ANDRA, respectively.

Task 1: Review of the current disposal concepts

The approach to Task 1 of the review was to seek information from each of the partner organisations on their
current national disposal concepts from the perspective of retrievability. Rather than doing this by means of a
questionnaire, NRG had documented, as a first step, its understanding of the different national positions, using
the information provided for each country in the European Commission Reports EUR 19145 (“Concerted action
on the retrievability of long-lived radioactive waste in deep underground repositories”) and EUR 21025
(“Thematic network on the role of monitoring in a phased approach to geological disposal of radioactive
waste”). The NRG summary document was then provided to each of the participants.

Each participating organisation was requested:
1. to update or correct the information for their own country in terms of current policy and the current
national strategy concerning retrievability;
2. to add any pertinent comments; and
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3. to provide references to relevant published documents setting out the national policy and strategy.

The findings of the review were recorded in a public ESDRED Memorandum published on 30 May 2005 and
subsequently put on the ESDRED web site (www.esdred.info).

Task 2: Specific retrievability case studies

Because of the advanced status of the French horizontal disposal design with respect to the incorporation of the
concept of retrievability, it was decided that the retrievability desk study for the French disposal technique
would take the form of a peer review. The safety concept of the German vertical disposal concept is based upon
a rapid and permanent isolation of the emplaced waste by the host rock itself. Hence, it was decided that the
retrievability desk study for the German disposal technique would focus on generating potentially technically
feasible ideas for retrieval of what are effectively considered to be non—retrievable waste packages once they are
emplaced.

The results of both case studies were published as two internal ESDRED memoranda in the spring of 2007.
Both documents have a dissemination level restricted to a group specified by the ESDRED partners.

2.4.6 Main results and critical analysis thereof and perspectives for the future

A comparison of the disposal concepts relevant to ESDRED (performed as Task 1 of the Retrievability Desk
Study) showed that there exists today a wide range of national requirements concerning the extent to which the
development of a waste disposal facility should be reversible prior to closure. For example, France now has a
law which says that a repository must be shown to be reversible for at least 100 years before an operating
licence can be granted. By way of contrast, Germany currently has no requirement concerning reversibility or
waste retrievability in the context of any future geological disposal. Within this broad spectrum, most national
disposal concepts aim to show that waste could be retrieved during the operational period of a repository, if so
desired in the future for whatever reason, though only limited provisions are intentionally incorporated in the
design to facilitate easy retrieval of the waste.

The peer review conducted for the French design of a repository for retrievable disposal of radioactive waste
(denoted as Task 2 of the retrievability desk study) has shown that in general the design agrees quite well with
the present state of the art concerning the retrievability concept. In all stages of repository development the three
basic retrievability conditions (noted in Section 2.4.2) have been observed extensively. The review led also to a
number of very specific comments that can be dealt with in due course without serious implications.

The assessment conducted for the German repository design for disposal of radioactive waste in deep vertical
boreholes (also part of Task 2 of the retrievability desk study) has shown that in general the design agrees well
with the present state of the art concerning geological disposal. This assessment also led to some very specific
comments with respect to the construction of a deep geological repository in rock salt, the emplacement
operations, and the topic of retrievability of waste packages. Here too most of the comments on this design can
be dealt with in due course without serious implications for the German borehole concept.

2.4.7 Contribution to “Common European View”

Deep geological disposal remains the only feasible long-term option that provides a safe and ethically sound
method for managing long-lived radioactive waste. However, deep geological disposal is a long-lasting process
in which the key drivers are acceptance and confidence. In addition, there is a natural reluctance on behalf of
decision makers to make irreversible decisions on complex matters such as deep geological disposal. The
adoption of a stepwise approach could avoid difficulties due to disquiet over irreversible decisions. In such a
staged-decision-making process the need for large, more difficult to reverse decisions, is avoided by introducing
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smaller, possibly reversible intermediate decisions (steps) that each have to be accepted before progressing to
the next phase. One element of this approach is the concept of the possible retrieval of the waste.

From the assessment of existing geological disposal concepts with respect to retrievability and reversibility, it
can be concluded that most national disposal concepts aim to show that waste could be retrieved during the
operational phase of the repository, if so desired for whatever reason, though only limited provisions are
intentionally incorporated in the design to facilitate easy retrieval of the waste.

This outcome can be seen as a contribution to a common European view with regard to the vision report EUR
22842; a document that prepares the launch of the European Technology Platform on Sustainable Nuclear
Energy. The proposed roadmaps contribute to the European Commission’s Strategic Energy Technology Plan
towards Europe’s transition to a low-carbon energy mix by 2050. A realistic assessment of the potential of
nuclear energy cannot ignore the essential question of public acceptance and perception in which the (safe)
management of radioactive waste must be addressed properly and satisfactorily. It is most likely that facilitating
retrievability in geological disposal concepts will positively influence the general public’s perception of nuclear
as a viable energy source that fits into a strategy for sustainable development, and will therefore support the
EC’s Strategic Energy Technology Plan.
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2.5 Temporary Sealing Technology (Module 4)

2.5.1 State of the art and brief discussion of differences between national concepts

Except in salt, the construction of underground repositories for the disposal of high activity wastes (high level
vitrified waste and spent fuel) will require the use of large amounts (up to thousands of tonnes) of cementitious
materials for ground structural support and for the construction of auxiliary structures needed for the operation
of the repositories. Besides other applications, most underground repository concepts consider the use of
cementitious materials for the construction of temporary or permanent seals and plugs.

Plugs are required for confining backfills and seals in repository tunnels and shafts during the waste
emplacement phase and in the final phase of closing the repository. Temporary seals/plugs that only need to
provide support and/or tightness for a period of weeks or months can be quite simple and in the extreme may
consist only of a shotcrete coating. However, in practice, many of the temporary seals/plugs will be required to
be strong and tight even for rather short periods of time. The principal design criterion is that the seal elements
must provide at least the same degree of radionuclide containment and isolation as the surrounding rock.

Concrete is not considered to be chemically stable because of the dissolution of the cement and, in reinforced
concrete, the dissolution of some types of reinforcement. The hydrogen gas production associated with this
dissolution can cause piping within adjacent seals, backfills and plugs. The operational lifetime of plugs is
estimated to be on the order of one to a few hundred years. Furthermore, since concrete elements may have a
degrading effect on other EBS components they may have to be removed (temporary) and replaced by
backfills/seals or masonries of compacted clay blocks in conjunction with permanent closure of the repository.

The construction material for the seals/plugs differs in the national concepts. Most concepts favour the use of
concrete for plugs but in some cases (e.g. Switzerland) alternative materials are under discussion for the final
plugs to ensure that the degradation of the cement with time does not influence the function of the seal. For
example frictional gravel supports or constructions including specially designed rock blocks are being
considered.

Concrete plugs are also proposed for salt rock where the creep potential of the salt rock means that the contact
with the plug will become increasingly tight. More complicated plugs may consist of two mechanical abutments
(e.g., constructed from low-pH cement and rock blocks) on either side of a sealing section to provide
mechanical stability for the bentonite seal in between. Depending on the design of the drifts, the abutments may
be keyed in recesses in rock to provide mechanical stability and to project through the EDZ. Seal sections may
require the removal of liners and partial (slots) or full re-excavation of the EDZ in weak rocks to avoid
preferential flow along or through the EDZ and/or engineered structures which will degrade with time.

2.5.2 Technology issues addressed within ESDRED Module 4

For some repository plugs the concrete will be in contact with the bentonite buffer materials and the host rock
and therefore, the interaction and any potentially deleterious effects have to be addressed. Over time, concretes
based on Ordinary Portland Cement (OPC), leached by the ground waters, will give rise to the release of
significant quantities of ions, mainly OH-, K+, Na+ and Ca2+. The resulting leachate could have a pH as high as
13.5. This leaching water might perturb other repository materials such as the engineered barriers (bentonite
buffer and backfill material) and the near-field host rock. In literature this phenomenon is known as the hyper
alkaline plume or plume effect.

From the point of view of creating a solid safety case for a nuclear repository, it is currently impossible to
predict how fast and where cement pore waters may travel during the long periods of time involved.
Furthermore the hyper alkaline plume can last for a very long time (up to thousands of years) and therefore
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cause physiochemical transformations that could modify the radionuclide confinement properties of the disposal
components.

Several studies have been performed on the reactivity of cement pore waters towards minerals, and bentonite in
particular (ECOCLAY II). In several experimental and modelling studies it has been shown that compacted
bentonite is not stable in contact with cement pore waters but the maximum expected alteration will be at the cm
scale. It has also been shown that cement pore waters of low-alkali cement with pH ~ 11 are much less reactive
towards compacted bentonite. In addition, models of spent fuel leaching are uncertain in the high pH range, but
the intrinsic solubility of spent fuel is believed to increase drastically above pH ~ 11 (SFS Project).

Within ESDRED it was proposed to develop low-pH cements as an alternative to standard OPC based ones for
concrete formulation and plug construction, so as to prevent the development of the hyper alkaline plume effect.
On the other hand, although the utilization and performance of standard shotcrete in conventional construction
works is well known, there is no experience with either the workability or the performance of shotcrete
formulated to obtain a final low-pH product and, therefore, testing of this specific material under realistic
conditions was needed. Also the bearing capacity and the hydraulic properties of a plug constructed with low-
pH shotcrete needed to be demonstrated to determine the eventual possibilities.

2.5.3 Objectives of the Work within ESDRED Module 4

The specific objectives of the research carried out for the development of low-pH shotcrete for the construction
of sealing plugs for repository disposal tunnels/drifts were:
e Definition of the design criteria applicable for the construction of low-pH shotcrete plugs in
underground repositories.
e Development of low-pH cement formulations for industrial shotcrete application in repository
construction.
e Design of low-pH shotcretes, compliant with some pre-established functional requirements, to be used
in the construction of repository plugs
e Adaptation and optimization of the shotcrete technique to the construction of concrete plugs in real
underground drifts using the low-pH concrete formulation designed
e Full scale demonstration of a low-pH shotcrete plug.

2.5.4 The Partners within Module 4

The work performed for the construction of low-pH plugs was developed by ENRESA, IETcc-CSIC and
AITEMIN. IETcc-CSIC focused its efforts on the laboratory work and the development of suitable
cement/concrete formulations whereas ENRESA and AITEMIN were mostly involved with the planning,
execution and evaluation of the construction work. SKB, POSIVA and NAGRA focused their work on adapting
the formulations developed by IETcc-CSIC to make them suitable for use in rock support shotcrete. This work
is described in Section 2.6.

2.5.5 Execution of the works

The first step of the project was focused on the definition of the design criteria applicable for the construction of
low-pH shotcrete plugs in underground repositories, with the collaboration of ANDRA, NAGRA, SKB &
POSIVA.

The next step involved the design of low-pH cement formulations, which are responsible for the pH of the
system, and the design of concrete mixes (basic mix) that would be placed using the wet-mix shotcrete
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technique. Concrete mix design involved the optimisation of aggregates grading and the selection of suitable
chemical admixtures.

Before proceeding with the demonstration activities, the elaborated low-pH concrete designs were tested and
verified in realistic field spraying tests, regarding their compliance with the specific functional requirements.
The industrial production of the low-pH concretes in combination with the selected shotcreting equipment and
application techniques were evaluated in conditions similar to those expected in the underground repository.

For determining the feasibility of the obtained solution and the bearing capacity of a plug of this type, which is
needed for the design of the demonstrator, a short low-pH shotcrete plug was constructed and tested up to
failure in a horizontal gallery in the ASPO underground research laboratory (Sweden).

Finally, using the results from the short plug test, a full scale (long) low-pH shotcrete plug was designed and
constructed in the Grimsel underground research laboratory (Switzerland), to be tested under realistic conditions
for demonstration purposes.

2.5.6 Main results and critical analysis thereof and perspectives for the future

The main results from the work performed for the construction of low-pH plugs are as follows:

e The design criteria applicable for low-pH concrete plugs were established at the beginning of the project
by the major national radioactive waste management agencies participating in this Module: ENRESA,
NAGRA, SKB, and POSIVA and ANDRA.

o Different low-pH cement formulations were developed using conventional cement components and
their key properties were characterized. According to the characterisation results, the most suitable low-
pH cements were selected to design the basic concrete composition for shotcreting.

e Results from preliminary field tests confirmed that the concrete materials selected and the proportions
used were suitable to fulfil the design criteria, and that conventional wet-stream shotcreting technique
would be appropriate for the construction of plugs with the selected low-pH concrete.

e Results from a short low-pH shotcrete plug constructed in an horizontal gallery in the ASPO
underground research laboratory (Sweden), that was tested up to failure and thereafter dismantled and
analysed, confirmed the feasibility of the selected solution and helped to determine the key parameters
of the bearing capacity of a plug of this type.

e Finally, a full scale (long) low-pH shotcrete plug demonstrator was designed and constructed in the
Grimsel underground research laboratory (Switzerland), which is being tested under realistic conditions.
The hydration rate of the bentonite is so small that the performance of the plug must be studied beyond
the end of the ESDRED schedule. This will be done within the EURATOM’s 7" Framework
Programme, MoDeRn Project.

Therefore all the objectives of the planned research were fulfilled. In particular a solution for minimising the
effects of the hyper alkaline plume potentially created when OPC cements are used for constructing concrete
plugs in a repository, is now available at an industrial scale.

2.5.7 Contribution to “Common European View”

The results of the research carried out contributed mainly to the following aspects of the “Common European
View”:
e Potential increase of the long term safety due to a more stable multiple barrier systems (natural and
engineered) thanks to the reduction of the hyper alkaline plume effect.
e Better compatibility of engineered materials and natural barriers due to an improved plug construction
material: the low-pH concrete.
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e Potential improvement of seal/plug design because the concrete plugs could be built with no
reinforcement and without any recesses excavated in the rock when the repository is located in
competent formations such as granite.

e Improvement of seal/plug construction methods because the concrete plugs could be built using the
shotcreting emplacement method, which is much faster than cast in place concrete construction, could
be easily automated and could be executed almost on a continuous basis due to the low heat release of
the low-pH concrete during hardening.
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2.6 Rock Support Technology (Module 4)

2.6.1 State of the art and brief discussion of differences between national concepts

The need for using cementitious materials in the construction of a deep geological repository and the
background supporting the development of low-pH shotcrete for ground structure (rock) support and plug
construction is presented in Section 2.5.1. The main reason for developing low-pH shotcrete is that ordinary
cementitious material such as shotcrete may have a detrimental effect on the bentonite buffer and the long term
safety of the repository. The pH value in cementitious material can be lowered to around 11 by the substitution
of cement with about 40 % silica fume.

The most common shotcrete method is the wet method. By this method a wet concrete mix is fed into the
shotcrete gun and sprayed onto the rock or other surface using compressed air. A normal concrete will flow
easily, however substitution of cement with silica fume in the low-pH concrete makes the concrete more
viscous. Experiences related to the use of low-pH shotcrete in an industrial scale are limited or almost not
existent. Also the use of superplasticizers and accelerators in low-pH shotcrete is almost without precedent. It
was therefore necessary to develop cement/concrete formulations that could meet the functional specifications
and which could be used and emplaced in deep geological repositories.

2.6.2 Technology issues addressed within ESDRED Module 4 Rock Support

Important issues with regard the development of shotcrete formulae for rock support are for e.g. compressive
strength, workability, durability, adherence, permeability, shrinkage, fibre corrosion etc. The focus in this part
of ESDRED was to demonstrate the feasibility of using low-pH shotcrete for rock support. This also included
the selection of superplasticizers and accelerators.

The utilization and performance of standard shotcrete in conventional construction works is well known,
however there is almost no experience with either the workability or the performance of shotcrete formulated to
obtain a final low-pH product and, therefore, testing of this specific material under realistic conditions was
needed. Furthermore, shotcrete with low-pH values will not give the same corrosion protection as cementitious
material with high pH values and therefore the lifetime of any reinforcement steel fibres in the shotcrete could
be affected.

However, with pH values of 11 or less, glass fibres will presumably be stable for a long time and could therefore
be an alternative to the steel fibres which are normally used. Glass fibres have the same density as the concrete
matrix and they will not corrode. The selection and testing of the most suitable reinforcement material was
outside the scope of this project but requires investigation.

The main technological issues related to the use of low-pH concrete, with large amounts of silica fume as part of
the binder, are the following:
1. The concrete has a low yield stress but a high plastic viscosity compared to normal shotcrete.
2. ltis not understood how the set accelerator works in the binder matrix.
3. The development of the compressive strength will take longer than with normal shotcrete.
4. A low-pH concrete normally has large autogeneous shrinkage and when used as shotcrete it may have
even larger shrinkage.
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2.6.3 Objectives of the Work within ESDRED Module 4 Rock Support

The main objective for this subsection of Module 4 has been to demonstrate the feasibility of using low-pH
shotcrete for rock support. The low-pH shotcrete formulation for the rock support was based on the
development work for low-pH shotcrete for plug construction within Module 4.

The specific objectives of the research carried out for the development of low-pH shotcrete for rock support in a
deep geological repository were all related to finding a formula for a workable shotcrete. The work included:
e The development of suitable low-pH shotcrete formulae including the selection of superplasticizers and
accelerators for industrial shotcrete applications.
e Pilot testing of these low-pH shotcrete formulae for rock support.
o Full scale field testing of these low-pH shotcrete formulae for rock support.
e Demonstrations to prove the feasibility of using low-pH shotcrete for rock support in both crystalline
and clayey rock.

2.6.4 The Partners within Module 4 Rock Support

SKB, Posiva and NAGRA have been involved in this sub-project with low-pH shotcrete for rock support. SKB
has had the responsibility for development of the low-pH formula for shotcrete for rock support for Swedish
conditions based on the formula developed for the plug, as well as for pilot and full scale field tests in Sweden.
NAGRA had similar responsibilities for Swiss conditions.

SKB has also had the overall responsibility for the reporting to the EC for this subsection of Module 4.

2.6.5 Execution of the works

On behalf of SKB, the Swedish Cement and Concrete Research Institute (CBI) in Stockholm and shotcrete
experts at the Royal Institute of Technology (KTH) in Stockholm performed the work related to the
development of the formulation. They also managed the pilot test demonstration of the application of this
shotcrete at Alvkarleby and the full scale field tests at the Aspé HRL. Both sites are in Sweden.

Based on the formulation developed by CBI/KTH in Sweden, NAGRA then developed their own formulations
using materials available in Switzerland. NAGRA subsequently performed pilot tests at the Hagerbach Test
Facility in Switzerland by spraying Mont Terri clay rock samples (fixed onto standard test panels) with the
NAGRA designed low-pH shotcrete.

Posiva has followed and reviewed the work and the documentation related to the development of the low-pH
shotcrete for rock support including the results from the pilot and field tests.

The general time schedule for the work within this sub-section was:

e The work started in Sweden in September 2005 after ENRESA had completed their design work with
the formula for the low-pH shotcrete for plug construction. The laboratory work at CBI was completed
in January 2006.

e The pilot tests at Alvkarleby in Sweden were performed in February 2006

e The field tests at Aspd HRL were performed at the end of April 2006

e During August and September 2006 NAGRA started modification of the formulations used in Sweden
by incorporating materials available in Switzerland

e Then the low-pH shotcrete was applied (and tested) onto test panels prepared with approximately 4.7 m?
of Opalinus clay rock samples. This was done in September 2006
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e Finally a large-scale field test was performed mid November 2006 by spraying 6 m* of wet mix onto
approximately 20 m?of previously unsupported rock.

Figure 36 below shows the field test at Aspd HRL in Sweden and pilot tests at the Hagerbach Test Facility in
Switzerland.

Sweden Switzerland

Figure 36: Shotcrete tests at Aspé HRL in Sweden and Hagerbach Test Facility in Switzerland.

2.6.6 Main results and critical analysis thereof and perspectives for the future

The functional requirements established at the start of the project for the shotcrete for rock support had to be
revised mainly due to the slow increase of the compressive strength of the shotcrete. Consequently a 90-day
value had to be added. The various mechanical properties of the final shotcrete product were also measured
including pumpability, compressive strength, Young’s modulus, shrinkage, and bonding to the rock wall. The
formula used for the tests contained 350 kg of binder (60% OPC and 40% silica fume) and the actual
compressive strength after 90 days exceeded the specified compressive strength by about 50% and was in the
range of about 70 MPa.

The general conclusions from the work done with low-pH shotcrete for rock support are:

e The development of formulations for the low-pH shotcrete for rock support has been successful.

e The tests in Sweden (Asp6) and in Switzerland (Hagerbach) show that the mixture was pumpable, could
be sprayed and could meet the functional requirements.

e The wet mix can include common local components such as aggregates and Portland cement.

e The tests demonstrated that, in the short term at least, the low-pH shotcrete developed in Sweden is
suitable for supporting hard rock while the shotcrete developed by NAGRA is suitable for supporting
the Opalinus clay sedimentary rock.

o However, further development work including demonstrations in laboratories, in pilot scale and in situ
in the field is recommended.

As the work completed so far is preliminary, additional work will be needed before this low-pH shotcrete can be
approved for use as ground support in a future deep repository in Sweden, Finland or Switzerland.

Based on the experiences made during the tests at Alvkarleby and at the Aspd HRL in Sweden it is
recommended that:
e Further investigations are conducted regarding the selection of suitable superplasticizers and
accelerators with regard to the long-term safety of deep repositories.
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e The shotcrete used in the laboratory and in the field tests did not include any kind of reinforcement. In
order to enhance the applicability of low-pH shotcrete for rock support, the corrosion rate of wire mesh
and steel fibres within the sprayed concrete structures should be tested and compared with the corrosion
rates in common shotcrete. The possibility to use other materials for reinforcement should also be
investigated.

e The low-pH concrete requires good mixing. Different mixers and pumping equipment should be
investigated, compared and tested in underground conditions.

e Large-scale tests under real conditions are also recommended in order to demonstrate the
competitiveness of low-pH shotcrete as compared to common shotcrete when used for rock support in
deep geological repositories in hard rock in Sweden, Finland and elsewhere.

Based on the experiences made during the tests at Hagerbach in Switzerland it is also recommended that:

e The pH of hardened low-pH shotcrete should be determined on cores taken from sprayed linings to
ascertain the actual low-pH. This exercise needs to take into consideration that, due to rebound, the
proportion of the admixtures differs between sprayed shotcrete linings and the basic wet mix before
spraying.

e Reliable data should be collected regarding the durability of low-pH shotcrete for instance by
determining pore volumes, freezing tests and examining the microstructure of the concrete.

e Large-scale in situ tests under real construction work conditions (e.g. in Opalinus Clay at the rock
laboratory at Mont Terri) should be conducted in order to demonstrate the competitiveness of low-pH
shotcrete as compared to common shotcrete.

e Techniques for improving the mixing of the shotcrete and in particular the precise control of the
addition of predetermined amounts of admixtures such as superplasticizers and set accelerators should
be developed.

e The long term behaviour of low-pH shotcrete reinforced with steel fibres and/or wire mesh should be
investigated.

e The shrinkage of the low-pH shotcrete is a problem - this issue needs to be investigated.

e The applicability and the performance of a dry-mix shotcrete should be investigated.

In general the tests have also indicated that the aggregate used must be reasonably well controlled for gradation
and roundness. Thus the mixes developed will need to be modified based on aggregate source to ensure that the
shotcrete meets the specifications. The tests have also highlighted the importance of having skilled operating
personal who understand that the mix should not be revised just to improve the application at the operational
level, e.g. adding water to improve pumpability. Finally good communication and strict quality control have
been identified as issues that are key to producing low-pH rock support shotcrete that meets all of the pre-
determined specifications.

2.6.7 Contribution to “Common European View”

The general contribution to the “Common European View” resulting from the low-pH shotcrete research carried
out in Module 4 has already been well presented in Section 2.5.7. With regard to low-pH shotcrete used for
ground support it is clear that a lot more work needs to be done and that this presents a good opportunity for
various European countries to work together to advance the level of knowledge. In particular the selection and
behaviour of superplasticizers and set accelerators needs to be better understood as this very important in
relation to the long-term safety assessment of a final repository. Furthermore in Sweden and Finland where the
deep geological repositories are located in granitic host rock there is typically only a very small amount of
buffer material between the spent nuclear fuel canister and the shotcrete used in rock support. Hence the use of
low-pH cementitious material is very important in this type of host rock.
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2.7 Monitoring (Module 1)

2.7.1 State of the art and brief discussion of differences between national concepts

Repository monitoring is a fundamental component of national disposal programmes, and is an important
constituent of the ESDRED project. Monitoring has a role to play through all phases of repository development,
from the establishment of baseline conditions, through construction and operation of a repository (to ensure
operational safety), through to closure and post-closure. Parameters such as temperature, groundwater inflow,
humidity and radioactivity might be monitored.

A key principle identified by the European Union Thematic Network Study [6] on the role of monitoring states
that “monitoring must be implemented in such a way as not to be detrimental to long term safety”. The
development of effective non-intrusive techniques for repository monitoring would provide methods for
monitoring without affecting the passive safety of intact repository barriers. Non-intrusive, remote monitoring
also avoids problems associated with the failure of monitoring sensors located within the EBS, which can only
be repaired or replaced by disturbing the near-field of the repository system.

A programme of monitoring will be carried out throughout the all phases of repository development and might
employ a variety of techniques, as appropriate, which are intrusive to varying degrees. For example,
conventional, direct monitoring might incorporate sensors emplaced within the repository excavations (and
perhaps within the EBS). The output from these sensors would be transmitted through wires to observation
points (most likely at the surface). Whilst such approaches are commonplace in a variety of industrial
applications and would be applicable during the construction and operation phases of the repository, both data
collection and data transmission activities would have the potential to compromise the passive safety of the
repository and the EBS, and therefore, would not be applied post-emplacement.

A less intrusive approach would employ wireless data transmission, sometimes referred to as through-the-earth,
(TTE) transmission. This approach might make use of conventional and/or novel monitoring sensors, but,
importantly, the integrity of engineered and natural repository barriers is maintained by transmitting the data
remotely using, for example, radio frequency signals. Research in this area is ongoing by a number of waste
management organisations. Key challenges include the reliability and lifetime of wireless data transmitters,
particularly their power supply. These factors, which include the continued integrity of the monitoring sensors
and the data transmitters, sustaining the power supply for wireless transmission of data and the ability to
transmit data through many hundreds of metres of solid rock, may limit the scope of monitoring by this method.

In most disposal concepts relevant to ESDRED, the development of monitoring programmes is still under
consideration. However, these programmes will differ in response to the national context, which includes the
wastes to be disposed of, the design of the repository and the nature of the geological environment.

2.7.2 Technology issues addressed within ESDRED Module 1 Monitoring

The work conducted in the ESDRED Project focused on development of non-intrusive monitoring techniques,
specifically cross-hole seismic tomography. Cross-hole seismic tomography is a sonic method that allows for
the production of an image of the space or plane between two boreholes. An energy source (such as a
high-frequency sparking unit) is installed in one borehole and a receiver string (a number of sensors linked in a
chain) is deployed in a second borehole. Images in terms of seismic velocity or attenuation can be obtained
through travel time inversion (frequency only) or full waveform inversion (taking account of the frequency,
amplitude and phase of the seismic data) and interpreted in terms of engineered and geological structures. The
technique is sensitive to physical characteristics such as the density of the medium, the degree of saturation, gas
storage and gas pressure build-up and is therefore potentially invaluable in observing the performance and
evolution of a repository environment following emplacement of the waste.
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Development of the seismic tomography technique was undertaken by applying and developing seismic
tomography through monitoring of the phases of the NAGRA HG-A experiment at Mont Terri, which is related
to gas flow through the near-field host rock (the Opalinus Clay Formation of northern Switzerland) and along
seals in the Excavation Damaged Zone (EDZ) of a repository.

The specific issues addressed in ESDRED were:
e To develop methods for acquiring seismic tomograms in repository environments.
e To develop approaches to analysing the data.
e To consider the application of seismic tomography for monitoring repositories.

2.7.3 Obijectives of the Work within ESDRED Module 1 Monitoring

The principal objectives of activities under ESDRED Module 1, Work Package 5 are as follows:

e To further evaluate and develop cross-hole seismic tomography techniques for non-intrusive
monitoring of repository systems, by investigating the potential of the technique to monitor the
performance of the EBS and the near-field host rock at Mont Terri.

e To provide recommendations for designing repository monitoring programmes incorporating non-
intrusive techniques.

2.7.4 The Partners within Module 1 Monitoring

Work on monitoring in ESDRED was led by NDA RWMD, with collaboration from NAGRA and ETH Zurich.

2.7.5 Execution of the works

The HG-A experiment (which was initiated in Phase 11 of activities at Mont Terri) consists of a horizontal
micro-tunnel with a diameter of ~1 m, together with several observation boreholes. The micro-tunnel is located
11 m from Gallery 04 of the Mont Terri URL. A niche has been excavated to allow for the positioning of
drilling equipment. To facilitate non-intrusive monitoring by cross-hole seismic tomography, two additional
boreholes, approximately 27 m long were drilled above and below the micro-tunnel and stabilised with a
concrete liner.

The micro-tunnel was filled with sand and closed by a hydraulic mega-packer. This *“backfill” was then
saturated with water before being injected with nitrogen to cause desaturation. Four measurement campaigns
were carried out to determine the influence of the degree of saturation, gas storage and gas pressure build-up on
the geophysical data obtained through seismic tomography. The seismic measurements provide the basis for a
comparison with direct observations from sensors in the backfill and in the near-field host rock.

To gain additional insight about the effects of the different micro-tunnel infill materials on the seismic
waveforms, eight vertical-component geophones were installed directly in the micro-tunnel. Such wired
measuring devices would be not an option for an actual repository, but should the tunnel geophones produce
useful data, one may consider the possibility of developing wireless and self-sustaining seismic sensors.

Analysis of the data from the HG-A experiment has focused on the following aspects:
o Appraisal of the quality of the seismic waveform.
o Inversion of the signal travel times.
e Analysis of the micro-tunnel geophones.
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e Modelling of the tomograms.
e Development of methods for waveform analysis.

The technical components of the activities, including field measurements, research and analysis of the
tomographic data, have been undertaken by the Swiss Federal Institute of Technology, Zurich (ETH), in the
framework of a four year PhD thesis sponsored by the NDA. The PhD project incorporates the following

components:

1) Development of an anisotropic visco-elastic modelling algorithm for deconvoluting seismic tomography
signals. The algorithm can be applied in finite element modelling implemented in the frequency domain.

2) Numerical modelling of realistic scenarios of the Mont Terri monitoring experiment. Through this
study, the sensitivity of the seismic data with respect to the varying physical parameters has been
evaluated.

3) Development of a full-waveform inversion code that considers anisotropy. The resolution power of the
method has been extensively tested using synthetic data.

4) Development of assumptions and boundary conditions to improve the efficiency of the inversion

algorithm. For example, large parts of the area between the boreholes are not affected by the saturation
and injection experiments and may therefore be kept constant throughout the analysis.

5) Extension of the inversion algorithm for monitoring purposes. This work attempts to invert directly for
differential changes of the seismograms between individual experiments. Such an approach may reduce
systematic errors caused by the finite resolution of the tomographic inversions.

6) Application of the methodology to the data sets collected in the Mont Terri rock laboratory.

2.7.6 Main results and critical analysis thereof and perspectives for the future

Several seismic tomography campaigns were conducted during the project. Enhancements to the experimental
approach have been developed, including an understanding of source and receiver spacings, and methods for
coupling sources and receivers to improve signal transmission.

Analysis of the seismic tomograms has required consideration of the characteristics of the host rock. In
particular, the Opalinus Clay has a high seismic anisotropy, and methods have been developed and successfully
applied to the tomograms to compute travel time tomograms. The method development has included use of new
schemes for inversion of travel time parameters.

Analysis of data from the geophones installed in the micro-tunnel identified differences that could be attributed
to the saturation of the tunnel. Analysis of the tomograms indicated that there were no seismic impacts on the
EDZ as a result of saturation.

Work on analysing the seismic tomograms is ongoing and will be completed as part of the associated PhD
studies. In particular, the PhD work will focus on full waveform inversion of the data set collected during the
ESDRED Project.

2.7.7 Contribution to “Common European View”

The work on monitoring undertaken as part of ESDRED has allowed an evaluation of the use of seismic
tomography in repository environments, and has highlighted the extent to which the host rock must be
characterised for monitoring using seismic tomography.

The following conclusions can be made from the work:
a) Seismic tomography is generally a useful option for non-intrusive monitoring, but more research needs
to be performed on several key instrumental and methodological issues.
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b)

d)

Consistent repeatability of the seismic measurements is a critical issue. In particular, receiver coupling
seems to be an important factor that needs to be markedly improved. This would be achieved by
installing permanent sensors in boreholes surrounding a repository. They should be firmly grouted, such
that coupling conditions will remain constant.

Seismic sensors emplaced within the micro-tunnel proved to be critical for delineating changes in the
experimental conditions. As a consequence, it is highly desirable to have seismic sensors installed along
the walls of a nuclear repository. This would require substantial (unforeseen) progress in the technical
development of wireless seismic sensors.

Monitoring temporal changes via seismic waveform tomography requires precise knowledge of the
background medium in which the repository will be embedded. Accordingly, seismic tomography
experiments should be performed prior, during and after excavation of the repository. ldentical
experimental configurations should then be used for the subsequent monitoring phases.

In collaboration with NAGRA the NDA initiated a separate non-intrusive monitoring programme; project TEM
(Test and Evaluation of Monitoring techniques) at the Grimsel URL in Switzerland. This programme integrated
with the ESDRED Module 4 low-pH full-size shotcrete plug experiment and provided the opportunity for non-
intrusive seismic tomography monitoring to be carried out alongside “wireless” monitoring and conventional
hard-wired monitoring techniques; providing a robust opportunity to test and evaluate the three monitoring
methods and to gain experience in applying the technique in a granitic environment. This programme of work
will be continued and further developed through the EC 7" Framework programme under Project MoDeRn.
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2.8 Training & Communication (Module 5)

2.8.1 Methodologies employed

The partners involved carried out training and communication activities by using all of the typical tools
available. These included:

News releases to kick off the project

Organising an International Conference around ESDRED technology issues

Creating and maintaining an up to date web site

Organising university lectures for Masters level students & young graduates

Organising international workshops and contributing to international workshops organised by others
Preparing videos of the work for industrial and general public consumption

Participating at International Conferences by presenting ESDRED papers and/or posters and at
times chairing sessions

Publication of articles in technical journals

Preparing leaflets for the professional and the general public on specific parts of the project
Ensuring coverage of ESDRED activities within in house publications/newsletters at the national
agency and the research institute level as well as with some of the ESDRED sub-contractors
Organising media events and related news releases around some of the demonstrators fabricated
within ESDRED

Organising demonstrations of the equipment produced, to which various stakeholders are invited
Encouraging a secondment to an ESDRED related fabrication project

Participating in other FP6 projects (COWAM2) for increased exposure to other stakeholders and for
confidence building

Much of the material referred to in this Section 2.8, including proceedings from Conferences and Workshops, is
currently available on the ESDRED web site at www.esdred.info

2.8.2 Technology issues addressed within ESDRED Module 5

The training and communication activities undertaken by various ESDRED partners related to all of the
technological issues addressed by the 4 Technical Modules that are the basis of the Project. These include:

Buffer Construction Technology (Module 1)

Waste Canister Transfer & Emplacement Technology (Module 2)
Heavy Load Emplacement Technology (Module 3)

Retrievability (Module 2)

Temporary Sealing Technology (Module 4)

Rock Support Technology (Module 4)

Non-Intrusive Monitoring (Module 1)

The details regarding the work within those Technical Modules (Module 1 to Module 4) are provided in the
previous Sections 2.1 to 2.7 of this report, and will not be repeated here.

2.8.3 Objectives of the Work within ESDRED Module 5

Separate objectives were developed for Training and for Communication. In the case of Training there were 3
main objectives:

Training of students and young engineers
Training of personnel from RWM agencies and R & D organisations
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e Focusing on individuals coming from New Member States

In the case of Communication the main objectives were:
e Dissemination of ESDRED results to the professional community directly and indirectly related to
nuclear waste management
e Dissemination of results to the public at large
e Motivation of students towards an interest in RW programs
e Confidence building

2.8.4 The Partners within Module 5

Although there are 13 partners or participants in ESDRED, not all partners were involved in each of the 4
Technical Modules. In fact the participation varied between 3 and 7 partners per Module. The same was true for
Module 5 — except that here the participation was further sub-divided between Training and Communication.
The leader for Module 5 was ANDRA. For the training portion ANDRA was assisted by NAGRA and the 4
Technical Module Leaders i.e. DBE TECHNOLOGY, ENRESA, ONDRAF/NIRAS and SKB. However the
responsibility for communication was left to ANDRA and the 4 Technical Module Leaders only.

It should be noted however that many of the other ESDRED partners did participate in both training and
communication activities, even though this was not a contractual obligation for them. In fact over the life of the
project all of the 13 partners at one time or another reported some activity in this area.

2.8.5 Execution of the works

The Project began with the distribution of a Press Release in 6 languages outlining the general terms of the
ESDRED Project and describing what was to be achieved over the course of the following 5 years. Also within
the first few months of 2004 a “PROJECT PRESENTATION BOOKLET” was prepared in French and English
for general distribution and it was so used from time to time over the life of the project. Thereafter the work in
this module was broken down into the 2 main topics indicated in the name of the Module i.e. Training and
Communication.

By the end of Month 6 a Training Plan had been developed which served as a guideline for the remainder of the
Project. The plan focused on 3 main training activities. This was to include two training workshops and one
training session in an existing facility such as a University or College.

Two training workshops both entitled “R&D on low-pH Cement for a Geological Repository” were held in
Madrid June 15-16, 2005 and in Paris June 13-14, 2007. Both workshops attracted in excess of 30 participants
from between 8 and 10 countries. There had been an earlier workshop on low-pH cement is 2003 which was not
a part of ESDRED. The interest in the subject is so strong that there is a possibility that a fourth low-pH
workshop will be held somewhere in the coming years.

A third training workshop was organised late in the ESDRED Project. Following the successful demonstration
of its vertical emplacement system DBE TECHNOLOGY held a training workshop at its head office in Peine,
Germany on November 4, 2008. This effort was supported by the 4 Technical Module Leaders as well as
NAGRA. This workshop focused on “Transport and Emplacement Technologies for Radioactive Waste
Packages” and in all some 23 young professionals (mainly from WMO’s) from 10 countries attended.

The training in an existing facility was carried out at the University Politehnica, in Bucharest Romania,
November 8-9, 2006. It consisted of 17 lectures prepared and delivered by ESDRED representatives to 32
students enrolled in a Masters’ Programme in the Faculty of Power, Department of Nuclear Engineering and
young professionals working for Romanian State Agencies or for private industry. The themes of the
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presentations focused almost entirely on the technical work within ESDRED. Teaching assistants and lecturers
from the University also attended the lectures.

One of the minor training objectives was to secure a staff or student secondment into one part of the EDRED
work. This occurred in the final year of the project when a young engineering student was engaged by one of
ANDRA'’s sub-contractors. He was integrated into the team responsible for preparing ANDRA’s horizontal
system for transport and emplacement of vitrified waste, for final testing, for demonstration and for transfer to
the newly constructed Technology Centre (CTe) at Bure in France.

In the area of Communication an internal Draft Communication Action Plan was developed at the beginning of
the Project and then revised and finalised a few months later. This plan, which served as a guide and a reference
over the life of the project, focused on 5 main activities:

Publications & international conferences

Leaflets and videos

Confidence building

The media

The web site portal

An ESDRED International Event

oL E

Various ESDRED partners, at different times, contributed papers to international as well as to local and in-house
publications. A number of videos and leaflets were produced.

ESDRED work in and of itself (presentation of demonstrators) contributed to Confidence Building in the public
at large however a more direct activity was also planned. The Integrated Project Coordinator (IPC) participated
in WP4 of the COWAM2 Project. The theme of this work package was “Long Term Governance for
Radioactive Waste Management”. ESDRED was one of 26 Stakeholder Reference Group Representatives. Over
the course of 2.5 years the IPC made one introductory presentation covering the ESDRED programme and
objectives, following by 3 other presentations showing the progress of the work.

Only a few of the partners actually managed to hold media events and these were generally organised around the
demonstrators that they had built. One of the most significant events (with local, regional and national
politicians in attendance) was held at Bure, in October 2008, in conjunction with ANDRA, the EC and the
Euradwaste 08 Conference. Prior to that, on September 9, 2008, DBE TECHNOLOGY organised a very
successful demonstration of its vertical emplacement system, temporarily installed in a demonstration hall at
Landesbergen Germany. More than 100 people representing most of the NWM stakeholders participated at this
very successful event. Before that SKB had organised a media event related to the KBS-3H horizontal water
cushion emplacement system, at Aspé in June 2007. The last such activity took place in Saint Chamond France,
on January 21, 2009, when ANDRA’s pushing robot emplacement system for vitrified waste canisters was
shown to about 35 people including representatives from all of the main French waste producers in particular.

An ESDRED web site (www.esdred.info) was set up by the IPC and first put on line in September of 2004.
Thereafter it was updated and/or modified at least 15 times. There have been more than 16 000 visitors to date.
The intention is to keep the web site on line for approximately one year after the end of the ESDRED Project i.e.
to about March 2010. Most of the material reference directly or indirectly in this Section 2.8 of the report can be
found on the web site.

Finally the crowning highlight of the Project came in June of 2008 when an “International Technical
Conference on Practical Aspects of Deep Radioactive Waste Disposal” was organised by the ESDRED
partners, ANDRA and GRS, in conjunction with the Czech Technical University in Prague (CTU) and RAWRA
the Czech national waste management agency. This very successful event, which also included a special Student
Session, was held in the facilities of the CTU, Faculty of Civil Engineering, Centre of Experimental
Geotechnics, June 16-18, 2008. Nineteen of the 38 papers and posters were related directly to ESDRED, to the
national agencies represented in ESDRED or to the sub-contractors that had been engaged by the ESDRED
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participants. Papers and posters reflected the work being carried out in/by 13 countries while the conference
registrants came from 19 different countries. Total registration (over 120 attendees) exceeded the objective fixed
2 years earlier.

2.8.6 Main results and critical analysis thereof and perspectives for the future

The main results of ESDRED activities in the areas of Training and Communication have already been
highlighted in the previous section and to a lesser extent in the first section on methodologies. All of the readily
available tools were utilised. With one exception ESDRED representatives responded to each and every request
to make a presentation or participate in some relevant activity. Ultimately it is important to note that in relation
to the Contract with the EC, to the agreed budget and to the agreed effort (man-months) the ESDRED partners
greatly exceeded their budget and manpower commitments!

Will there be any long term benefits accruing to the training and communication efforts made within the
framework of the Project? This is always difficult to evaluate. Suffice it to say that ESDRED has made direct
contact with a fair number of students and young professionals in Romania and in the Czech Republic. Via the
web site some contact was also made with students around the world based on the correspondence that was
initiated during the run up to the Prague Conference. Also, a work placement position was secured, for an
engineering student, with one of the sub-contractors who was designing and fabricating an important
demonstrator.

Furthermore there is a possibility that another low-pH Cement Work shop will be organised in the future. Also a
related theme (measurement of pH in concrete) has already evolved into a new project involving some former
ESDRED participants and some former workshop participants.

Finally it can be noted that the general consensus after the end of the International Conference in Prague seemed
to be that this type of event, with a strong focus on technology, should be repeated in the future but not
necessarily every year and more likely as a workshop.

As a result of working together on the ESDRED Project several of the partners, have joined together (with new
partners as well) to carry on with at least 4 related cooperation projects beyond the end of ESDRED, some
outside of FP7. These are:

e Ramp transport cooperation SKB & ANDRA,

e pH Measurement protocol for concrete — led by SKB,

e TEM Multi method monitoring project led by NAGRA & NDA,

¢ MoDeRn monitoring project (FP7) — led by ANDRA.

2.8.7 Contribution to “Common European View”

The efforts made in the areas of Training and Communication played an important, but probably subtle, role in
enhancing the notion of a “Common European View. These are areas where the participants were often called
upon to work very closely together in order to get the job done. For example joint papers were often written by
representatives from several different national agencies for presentation at workshops and at international
conferences. The preparation of the material for the Masters course in Bucharest was also very much a
collective effort even if the lectures were presented by individuals. The same was true for the preparation of the
papers for the conference in Prague where several joint papers were presented.

Broad dissemination of ESDRED results undoubtedly helped to build confidence in the disposal concepts being
considered in the European nuclear area. Internal dissemination of information amongst the ESDRED partners
helped to bring the representatives of the national agencies closer together. As a minimum each one developed a
better understanding of the shared issues and a broader knowledge of the available solutions. Furthermore an
informal network of engineers, contractors, suppliers and experts was established on a European Scale.
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2.9 Other Outcomes (Across all Modules)

The preceding eight sections, organised per specific themes rather than strictly according to the 4 Technical
Modules, have served to provide an overview of the work executed by the members of the ESDRED
Consortium. This work was outlined in the “Description of Work™ or D.O.W. which is an attachment to the
Contract between the Consortium and the European Commission. Among other things, each section highlighted
the main results of the work including a critical analysis thereof. Each section also provided a perspective for
the future and evaluated the contribution to a “Common European View”.

Over the course of 5 years of work, as a direct or indirect result of the ESDRED Project, other positive
outcomes happened that were not specifically outlined in the D.O.W. What follows is a brief description of
some of these outcomes that were not planned and that were not necessarily even foreseeable. No attempt has
been made to present them in any order of importance.

The ESDRED Project did not procreate an ESDRED 2 Project although this possibility was raised on a number
of occasions. The reasons for this are outside the scope of this report. HOWEVER the ESDRED work did result
in giving birth to new projects and to new co-operations between various members of the Consortium. At this
point only one such project is included in the EC’s 7" Framework Program (FP7); the rest have been organised
independently of the EC. New activities include:

e SKB, CSIC, NAGRA and NUMO and others have initiated a work programme aimed primarily at
defining a common protocol for measuring the pH of concrete samples. The lack of an existing
reference protocol and the urgent need for such a tool were recognized as a result of the 2 low-pH
Workshops organised as a part of ESDRED. Furthermore at least one more low-pH Workshop may be
organised in the future outside of any EC funded project.

e As a result of working closely together in Module 3 of the ESDRED Project, SKB and ANDRA have
decided to continue working together in the area of Ramp/Shaft transport. This was not a topic within
ESDRED and is therefore not a natural continuation of something started in ESDRED. Rather it is the
direct result of people working closely together and developing a mutual appreciation of one another’s
work.

e Within FP7 ANDRA is leading the MoDeRn Project which aims to provide a “ - - reference framework
for the development and possible implementation of monitoring activities and associated stakeholder
engagement during relevant phases of the radioactive waste disposal process - - “. The monitoring
work described in Section 2.7 led to some additional monitoring work at Grimsel in Switzerland (TEM
Project) that was concurrent with, but mostly outside of ESDRED. The results of this cooperation
reinforced an earlier decision to present a proposal to the EC for partial funding of the MoDeRn Project
within FP7. The MoDeRn Project includes 9 of the original ESDRED partners as well 2 non-EU
national waste management agencies (Japan and USA) and some universities and R&D organisations.

Another interesting outcome of the ESDRED Project, not directly related to any specific objective exposed in
the D.O.W., relates to the vast number of contractors retained by the different ESDRED partners to carry out
important parts of the work. The bulk of the physical work was executed in 6 different countries and involved in
excess of 40 different contractors. Some of these Contractors (it is difficult to know with certainty how many
but it could easily be up to 25%) had never or seldom before been involved with any nuclear related projects.
The bottom line is that as a result of ESDRED there are today more companies available to undertake work in
the nuclear field in Europe than there were 5 years ago.

Another apparent outcome of the ESDRED work is an increased confidence on the part of many stakeholders in
the competence and expertise of WMO’s and research organisations, in particular after the latter have
demonstrated that they are capable of designing, fabricating and demonstrating completely new transport and
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emplacement equipment which in some cases already comply with mining and nuclear regulations. This is one
additional brick in the wall of confidence building, not only for the public at large but for the entire community
involved in waste management including NPP operators, WMO’s, licensing authorities, external experts and
decision makers (local and other politicians).

As a result of the International Conference in Prague, organised by ESDRED, with representatives from 19
countries attending, it is clear that the technological side of European research in NWM was given a significant
boost and exposure. The same can be said for exposure in the new member states of the European Union (NMS)
as there was an important participation by representatives from these countries as well. The long term impact, if
any, cannot be evaluated at this time. Furthermore the long term impact of the 17 lectures provided by ESDRED
members as part of the Masters course on NWM at the University Politehnica in Bucharest Romania in 20086,
for the benefit of young professionals and future graduates, is equally difficult to evaluate at this time.

Finally it is obvious that during 5 years of cooperation within the ESDRED Project the partners had the
opportunity (and most took some advantage of this) to obtain details about the other partners’ National Waste
Management Programmes in areas other than those covered within ESDRED. Some have described this as
getting insider information. By so doing they learned more about one another’s designs and in particular about
the associated challenges and solutions (actual or anticipated). They also got an overview of the approach being
used by others to solve technical/engineering problems, either in-house with their own staff, or by involving
outside contractors.
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3 Summary and Conclusions

3.1 Summary of the main ESDRED Technical Achievements

The main ESDRED technical achievements are fully described in Sections 2.1 to 2.7. The paragraphs below aim
to provide a brief summary of these achievements and follow the same order. The same applies to Section 3.2
and 3.3 below with regard to the “Potential impact on a Common European View” and the “Recommendations
for Future Related Integrated Work”.

At the end of the contractual project time frame, ESDRED Module 1 has achieved essentially all of its
objectives, although there is one experiment (PRACLAY seal) that is awaiting mid-2009 for minor contractual
work to be finalized and there are two experiments (SB seals and non-intrusive monitoring) that can expect an
interesting contribution from additional work that will be performed in 2009 independent of the ESDRED
Project. The main achievements, per partner, are:

ANDRA has succeeded in the cold compaction of an MX-80 bentonite / quartz sand mixture prepared
as a powder, to obtain the prefabricated buffer rings described in their Dossier 2005 report to the French
Government. ANDRA has also successfully tested the handling of these buffer rings and their rigidity.
ONDRAF/NIRAS has demonstrated the feasibility of two different emplacement techniques for
backfilling the annular voids around a horizontally disposed high level waste package: (1) projection of
a dry granular material, for which sand, cement, bentonite and mixtures thereof were used, (2) injection
of a custom made high pH grout designed to have the required thermal, chemical and physical
characteristics. Both emplacement techniques have been tested successfully on 2/3rd-scale mockups.
The grout injection technique was also tested on a full scale mockup of 30 m in length. Again, the
feasibility of the injection technique was demonstrated, but it was also concluded that the W/C ratio of
the specific grout will need to be reduced in the next phases of the development process, to ensure that
the grout becomes hard after injection. In general, the backfill tests within ESDRED have provided a
broad knowledge basis for this further development process

NAGRA, using auger technology and a reduced-scale steel model of a horizontal disposal drift with a
waste container disposed on a cradle of prefabricated bentonite blocks, has tested the emplacement of a
range of bimodal mixtures of granular bentonite. NAGRA succeeded in achieving the desired dry
density of the emplaced buffer material.

GRS has until now been satisfactorily running performance tests on four seals of different clay/sand
composition in boreholes at the Mont Terri URL. The results of these in situ tests, and also the
preceding laboratory mockup tests, confirm the advantageous sealing properties of moderately
compacted clay/sand mixtures which were previously determined on small samples under ideal
conditions in the laboratory. It should nevertheless be noted that the seal saturation rates are much
slower than predicted by computer models. Hence the gas entry/break-through gas injection tests will
now most probably be executed around mid-2009. Since the initial stages of ESDRED a continuation
beyond the contractual end date has never been excluded. The work already performed, together with
the anticipated gas injection tests, will have considerably advanced the knowledge base on moderately
compacted bentonite/sand seals in clay host rocks.

NDA has been successfully conducting a development program to advance the knowledge base of non-
intrusive monitoring based on seismic tomography. A series of measurement campaigns performed
around the HG-A tunnel in the Mont Terri URL have been performed. To interpret the information
provided by the seismic echoes, an anisotropic model of the clay test environment has been developed
and an associated full wave inversion code is being developed, in cooperation with the Swiss Federal
Institute of Technology (ETH Zurich) as part of an ongoing PhD programme. Due to a rescheduling of
the HG-A experiment the last campaigns are now anticipated to commence mid-2009. The performance
of this final test campaign, and the finalization of the wave inversion code, will contribute to the already
gathered knowledge base.
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e EURIDICE have prepared the design of the PRACLAY seal steel support structure and have selected
MX-80 as the swelling material to be used. The latter selection has involved a literature study, a series
of scoping calculations by aid of a computer code and laboratory testing (e.g. at the CERMES institute)
focusing on a number of specific aspects related to the interaction of the swelling material and the
Boom Clay host rock. The actual in situ installation of the seal in the PRACLAY gallery remains to be
done. Due to a rescheduling of works, the in situ installation of the PRACLAY seal will fall beyond the
contractual end date of ESDRED. The installation is now foreseen for the second quarter of 2009. The
work by EURIDICE, especially the actual in situ implementation, will have advanced the
phenomenological and technical knowledge base related to the construction of a hydraulic seal in a
disposal gallery.

Within Module 2 transport and emplacement systems for two different waste canister types (for vitrified waste:
weight 2 tonnes and for spent fuel rods: weight 5.2 tonnes) were developed, fabricated and successfully tested in
surface facilities in the second half of 2008. The technical solution for the emplacement of vitrified waste
packages into horizontal disposal cells is based on a Pushing Robot system capable of pushing up to three waste
packages into a lined horizontal disposal cell with a length up to 100m. The transport and emplacement of spent
fuel rod canisters (BSK 3) into deep (up to 300m) boreholes can be managed by a specific emplacement device
which is capable of accepting a transfer cask , turning it into an upright position and then lowering the BSK 3
canister through a borehole lock (completely radiation protected) into the emplacement borehole. Both systems
clearly showed that the safe and reliable transport and emplacement of HLW and SF canisters is technically
feasible.

The work completed within Module 3 has demonstrated that either air or water cushion technology can be used
for the emplacement of long (more than 5m), heavy (up to 45 tonnes) waste containers that have a relatively
small diameter (as small as 1.25m) in disposal drifts with a diameter only marginally bigger than the canisters.
The same equipment is also capable of emplacing 17 tonne bentonite buffer ring packages (2.3m diameter)
again with only minimal annular gap between the rings and the disposal drift wall. The water cushion
technology was demonstrated underground in a 95m long disposal drift (up to 300m is assumed possible)
whereas the air cushion system was proven for a 40m long disposal distance.

A Retrievability Desk Study was included as part of the work completed in Module 2. The study showed that
there exists today a wide range of national requirements concerning the extent to which the development of a
waste disposal facility should be reversible, and the waste retrievable, during the operational period prior to
closure. A peer review of the French design for retrievable disposal of C type (vitrified) radioactive waste,
which by law must be shown to be reversible for at least 100 years, has shown that in general the design agrees
quite well with the present state of the art concerning the retrievability concept. A similar review of the German
repository design for disposal of radioactive waste in vertical boreholes in salt was also performed. Even though
waste disposal in Germany is not subject to any legal requirement concerning reversibility or waste
retrievability, this too did not highlight any serious technical issues.

The ESDRED work related to temporary sealing technology (Module 4) has shown that shotcrete with a pH
equal to or below 11, which is compatible with engineered barriers such as bentonite, can be formulated and
used for the construction of plugs/seals in underground repositories. Furthermore it has been shown that such
shotcrete is compatible with the use of standard wet-shotcrete equipment.

Other work confirmed that low-pH shotcrete could also be used for on rock support linings. This was
demonstrated on crystalline rock in Sweden and on Opalinus clay sedimentary rock in Switzerland. In both
cases the pre-determined functional requirements were achieved.

There was no precedent for the application of cross-hole seismic tomography as a hon-intrusive monitoring tool
in deep geological radioactive waste disposal. Consequently the experimental set up and procedures, including
source and receiver spacings, methods for coupling sources and enhancements of signal transmission all needed
to be developed and evaluated. Seismic tomograms analysis procedures, as well as new schemes for inversion of
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travel time parameters, were also developed. Among other things the completed work has shown that in
Opalinus Clay, which is characterised by high seismic anisotropy, saturation level differences have minimal
effect on the travel times from source to receiver. In contrast, changes to EDZ within the micro-tunnel, resulting
from saturation and recorded by geophones directly installed in the tunnel, are very pronounced. As this work is
part of a comprehensive PhD program, and is continuing beyond ESDRED, much more remains to be learned
and/or confirmed.

3.2 Potential impact on “Common European View”

Regarding the construction of the buffer/backfill around the disposed HLW, within ESDRED a number of off-
the-shelve solutions have been developed up to a certain level of completeness. These solutions or certain
technological aspects thereof, are ready to be shared among partner countries whenever the need might arise.

Regarding the realization of seals in a clay-based repository, the phenomenological and technological
knowledge base has been advanced by two different experiments (SB and PRACLAY seal) and will be
advanced even more so in the future as these experiments will be continued beyond ESDRED. The contribution
by ESDRED is however only a first step forward and many more steps will have to be taken in this still
relatively new domain.

Regarding non-intrusive monitoring, seismic tomography has been developed up to a certain level as a useful
technique that can be shared among partner countries. So far, the development has focused on application in a
clay repository, but the technology is expandable to other host rocks. The ESDRED work on monitoring has
allowed an evaluation of the use of seismic tomography in representative repository environments, and has
highlighted the extent to which the host rock must be characterised before monitoring based on seismic
tomography can be used. The ESDRED work has already fathered 2 related collaborative monitoring
programmes that will carry on beyond the end of ESDRED i.e. the project TEM (Test and Evaluation of
Monitoring techniques) at the Grimsel URL in Switzerland, in a granitic environment, and the MoDeRn
programme which is part of the EC 7" Framework programme.

Safe transport and emplacement of waste packages is a prerequisite for the operation of a deep geological
repository for high activity waste. The BSK 3 emplacement system which was designed and successfully tested
for application in a repository in rock salt is in principle adaptable to other host rocks as well. Hence this
technical achievement contributes to a Common European View on how to safely dispose of high level waste
packages in geological repositories. The same is true for the Pushing Robot system which was developed and
successfully tested to emplace HLW Canisters (C) in horizontal disposal cells of a repository in clay but which
is equally adaptable to other types of host rock.

The development and demonstration of the application of fluid cushion technology (air & water) has provided
the European nuclear community (the international community in fact) with a practical means of emplacing
heavy loads in horizontal disposal drifts while maintaining only a very small annular gap between the external
wall of the canister and the wall of the drift. This technology was not available before ESDRED and was in fact
deemed improbable by some. In the meantime at least 4 European waste management agencies have integrated
this technology into their concepts for horizontal disposal. Furthermore it has also been shown that fluid cushion
disposal systems are adaptable for the emplacement of heavy pre-fabricated bentonite buffer ring packages as
well as for spacers to be located between consecutive Super Containers.

The assessment done within ESDRED indicates that most national disposal concepts aim to show that waste
could be retrieved from a repository, if so desired in the future for whatever reason, though only limited
provisions are intentionally incorporated in the design to facilitate easy retrieval of the waste. This outcome can
be seen as a contribution to a common European view with regard to the vision report EUR 22842; a document
that prepares the launch of the European Technology Platform on Sustainable Nuclear Energy. A realistic
assessment of the potential of nuclear energy cannot ignore the essential question of public acceptance and
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perception in which the (safe) management of radioactive waste must be addressed properly and satisfactorily. It
is most likely that facilitating retrievability in geological disposal concepts will positively influence the general
public’s perception of nuclear as a viable energy source that fits into a strategy for sustainable development, and
will therefore support the EC’s Strategic Energy Technology Plan.

Performance assessment (PA) is an important issue for all radioactive waste management organisations. The use
of a concrete (for construction, rock support and sealing purposes) with a pH equal to or below to 11 is more
compatible with certain clay rocks and particularly with engineered barriers, such as bentonite, than standard
concrete. Hence the ESDRED work in this area has provided the European Nuclear Community with an
important tool for minimizing the potential plume effect and for ensuring a positive PA for their designs.

With regard to low-pH shotcrete used for ground support it is clear that more work needs to be done and this
therefore presents a good opportunity for various European countries to work together to advance the level of
knowledge in this area. The participants in this sub-module are of the opinion that the work completed so far is
preliminary and that additional work will be needed before low-pH shotcrete can be approved for use as ground
support in a future deep repository. This future work should focus on the long-term effects of the low-pH
shotcrete chemistry on the repository environment. Another issue that should be studied relates to the corrosion
of steel reinforcement.

3.3 Recommendations for Future Related Integrated Work

Regarding the non-prefabricated options to emplace the buffer/backfill material, an important boundary
condition in repositories in clay and granite, which has until now been neglected in many programs, is the
understanding of the logistical needs behind the buffer/backfill emplacement. It is therefore strongly
recommended to reserve an important part of future development efforts to the study of these logistical needs
and the development of equipment to satisfy these. Further, it is recommended to have more in situ sealing
experiments, spanning relatively long periods of time to allow a sufficiently lengthy observation of events and
phenomena. Working at full scale and in close collaboration with industrial companies mastering the state-of-
the-art in underground construction technologies, will enable WM organisations to get a better understanding of
the technological challenges and the performance/capacity of the systems involved. Regarding prefabricated
buffer components, issues such as production line manufacturing (to reduce costs and improve quality control),
handling and storage are worthy of further investigations — also with the participation of qualified industrial
counterparts.

Regarding waste canister transport and emplacement it is recommended to repeat the demonstration tests (so far
performed only on surface in a simulated mockup environment) under real in situ boundary conditions in order
to assess possible impacts (if any) on the functionality and reliability of the technical components. This should
be done with the BSK 3 emplacement system preferably in a salt environment and with the Pushing Robot
system in a clay environment.

In the course of the heavy load emplacement work a number of issues were identified that could be the subject
of future development activities. These would mostly fall into the category of natural evolutionary
improvements and optimisations of prototype demonstrators and none indicate potential fatal flaws. Technical
issues to be addressed include moisture reduction in the compressed air feed, adjusting for canister instability
(centre of gravity induced), improving the alignment of the system components as well as endurance and
reliability assessments. Additional work might also be undertaken to assess the limits with regard to
canister/disposal drift diameter and the emplacement distance limitations.

There is a natural reluctance on behalf of decision makers to make irreversible decisions on complex matters
such as deep geological disposal. The adoption of a “stepwise approach”, as noted in the ESDRED desk top
study on retrievability, could avoid difficulties due to disquiet over irreversible decisions. In such a staged-
decision-making process the need for large, more difficult to reverse decisions, is avoided by introducing
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smaller, possibly reversible intermediate decisions (steps) that each have to be accepted before progressing to
the next phase. One important element of the “stepwise approach” is the concept of the possible retrieval of the
waste — a notion that is attracting ever more attention amongst the European WM agencies.

Whereas the formulation of low-pH cement/concrete/shotcrete has been successfully demonstrated any real time
application will require the development of new site specific formulations. Several low-pH workshops have
identified the need for a common protocol for measuring pH in concrete pore waters. An integrated project is
already underway in this regard. Other matters that could be the subject of joint research programmes might
include rebound of aggregate, shrinkage of shotcrete (under which conditions and to what extent shrinkage is
relevant, how to measure it and how to reduce it) and how to mitigate the problems this creates when using
shotcrete to construct plugs/seals and the development a better understanding with regard to the use of various
additives such as set accelerators and superplasticizers.

There is lots of opportunity for future integrated work related to the use of low-pH shotcrete for rock support.
Among other things larger and more comprehensive test work, which is monitored over a much longer time
frame, needs to be envisaged in order to observe the long term effects of low-pH shotcrete. At the same time
issues related to the use of reinforcing materials (e.g. corrosion of rockbolts and/or rebar) and of additives such
as set accelerators and superplasticizers need to be studied in order to better understand the effect of low-pH
chemical composition.

Concepts for non-intrusive monitoring using seismic tomography have been developed within Module 1 and
more work needs to be done. Furthermore it is important that a Common European View be developed which
defines general monitoring requirements and which can be easily adapted to the different national programmes.
This work should encourage the development of improved monitoring technologies which will have capabilities
matched to these requirements. It is therefore recommended that further work on understanding the potential for
seismic tomography be undertaken (including enhancement of full waveform inversion approaches and better
understanding of signal propagation in different media) and that the context of monitoring is enhanced through
the development of clear monitoring objectives and strategies which need to be linked to the capabilities of
monitoring techniques. Some work in this regard is currently underway as part of the MoDeRn Project, which is
part of the EC 7" Framework programme. The ongoing PhD work which was supported by this sub-module
will, among other things, focus on full waveform inversion of the data set collected during the ESDRED
Project.
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ANNEX 5

COMMON GLOSSARY

WORD

Per IAEA

DEFINITION

ALARA

yes

An optimisation process for determining what level of protection and safety
makes exposures, and the probability and magnitude of potential exposures,
“as low as reasonably achievable, economic and social factors being taken
into account”.

Backfill

yes

The material used to refill excavated portions of a repository (drifts,
disposal rooms or boreholes) during and after waste has been emplaced

Barrier

yes

A physical obstruction that prevents or delays the movement of
radionuclides or other material between components of a system, for
example a waste repository. In general a barrier can be an engineered
barrier (see EBS below) or a natural or geological barrier.

Behind

away from the dead end of a disposal cell/drift

Bentonite

yes

A soft light coloured clay formed by chemical alteration of volcanic ash. It
is composed essentially of montmorillonite and related minerals of the
smectite group. Bentonite is used as backfill and buffer material in
repositories.

Buffer

yes

Any substance placed around a waste package in a repository to serve as an
additional barrier to: stabilize the surrounding environment; restrict the
access of groundwater to the waste package; and reduce by sorption the rate
of eventual radionuclide migration from the waste

Canister

See waste container

Cask

yes

A vessel for the transport and/or storage of spent fuel and other radioactive
materials. The cask serves several functions. It provides chemical,
mechanical, thermal and radiological protection, and dissipates decay heat
during handling, transport and storage.

Clay

Within ESDRED this refers to indurated clay in the form of claystones and
argillites. Clays differ greatly mineralogically and chemically but ordinarily
their base is hydrous aluminium silicate. NB: “Swelling clays” refers to
specific types of clays used in EBS (see “Bentonite”) and in seals.

Conditioning

yes

Those operations that produce a waste package suitable for handling,
transport, storage and/or disposal. Conditioning may include the conversion
of the waste to a waste form, enclosure of the waste in canisters, and, if
necessary, providing an overpack.

Criticality

Per US
Nuclear
Regulatory
Commission

A term used in reactor physics to describe the state when the number of
neutrons released by fission is exactly balanced by the neutrons being
absorbed (by the fuel and poisons) and escaping the reactor core. A reactor
is said to be “critical" when it achieves a self-sustaining nuclear chain
reaction, as when the reactor is operating. In waste disposal designs the
objective is to keep any fissile material in a sub-critical state so that any
heat generated is due to natural decay only.

Decline

An excavation, in rock, for providing access from surface to the
underground. Also called a ramp or access ramp. Essentially an inclined
tunnel.
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WORD Per IAEA DEFINITION

Demonstrator A custom designed prototype piece of equipment built to prove a design
concept and to show that it works; hence used to demonstrate.

Disposal yes The emplacement of waste in an appropriate facility without the intention of
retrieval i.e. permanently.

Disposal Cell Typically a short tunnel/drift/borehole excavated in an underground
repository for the purpose of disposing packages of radioactive waste.

Disposal Drift Typically a long tunnel/drift excavated in an underground repository for the
purpose of disposing packages of radioactive waste

Disposal The final Waste Package which is placed into a repository without further

Package conditioning i.e. the Super Container, the Primary Package with Overpack
or the Primary Package without Overpack.

Drift A horizontal or nearly horizontal mined passageway

EBS yes Engineered barrier system; the designed or engineered components of a
repository including waste packages and other engineered barriers. See also
definition of barrier above.

EDZ Excavation damage zone; used to describe the area surrounding a rock
excavation which has been altered by excavation from its initial state
usually by the formation of fractures or micro fissures.

ESDRED This is a variation of the reference National Concept which is used within

Concept the ESDRED Project. Example: Sweden's national concept is "Vertical"

however SKB's concept within ESDRED is horizontal

Front, in front
of

towards the dead end of a disposal cell/drift

Functional Within ESDRED, similar to flexible design criteria or flexible input data;

Reqg'mts generally refers to criteria or elements that are open to discussion and/or
negotiation

Functional Generally refers to expected functions and associated levels of performance

Requirements

that must be met by one or several design elements. Within ESDRED the
term was used loosely to define design criteria that was somewhat flexible
at the outset and needed to be fixed.

Gate A type of radiation protection door installed on a cask as well as on the head
of a disposal cell.

Hoist A machine, driven by an electric motor, used to raise or lower a conveyance
in a shaft.

HRL Like a URL (see below) but located in hard crystalline rock.

Implementer The private corporation or public body responsible for constructing and
operating a repository.

Input Data Within ESDRED, similar to fixed design criteria; generally refers to criteria
or elements that are unavoidable and not open to discussion and/or
negotiation

Input Data Within ESDRED the term was used loosely to define design criteria and
other data which was well fixed from the beginning.

Long Term Generally intended to mean extending in time beyond the final closure of a
repository

Long Term Generally intended to mean extending in time beyond the final closure of a
repository and covering the time period where safety needs to be
demonstrated.

Matrix A non-radioactive material used to immobilize waste. Examples of matrices
are bitumen, cement, various polymers and glass

Matrix Diffusion of solutes from a water-bearing fracture to pores and micro

diffusion fractures of the adjacent rock matrix and vice versa
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WORD Per IAEA DEFINITION

Overpack yes A secondary (or additional) outer container for one or more waste packages,
used for handling, transport, storage or disposal.

Plug Sometimes used interchangeably with SEAL but not within ESDRED
where it refers to a concrete mass that serves as a backstop or abutment to
resist the pressures eventually exerted on a seal by the swelling buffers.

Primary A package of radioactive material as delivered by the producer; before

Package conditioning, for disposal

Primary A package of radioactive material as delivered by the producer to the

Package repository; prior to further conditioning before disposal.

Ramp See decline.

Repository A nuclear facility where waste is emplaced for disposal

Repository The combination of the repository and the host rock

system

Retrievability The ability to remove radioactive waste from the underground location at
which the waste has been previously emplaced for disposal.

Retrievability The ability provided by the repository system, to retrieve waste packages

(EUR 19145) for whatever reason retrieval might be wanted for.

Reversibility Implies a step wise disposal process and in particular refers to the ability of
a repository system, for whatever reason, to reverse the steps that have been
executed so far in its development.

Safety Case yes An integrated collection of arguments and evidence to demonstrate the
safety of a facility. This will normally also include a safety assessment.

Salt One of the 3 main host rocks being considered world wide for the disposal
of highly active waste materials. The rock form of common salt.

Seal yes Engineered barriers placed in passages within and leading to a repository to
isolate the waste and to prevent seepage leakage of water into or
radionuclide migration from the repository area. Sealing is performed as
part of repository closure.

Shaft A vertical access way, excavated in overburden (if any) and bedrock, used
to connect the surface with one or more horizons underground. Typically
outfitted with one or more hoist and one or more conveyances unless used
exclusively for ventilation in which case it may be left bald.

Shielding yes A material interposed between a source of radiation and persons, or
equipment or other objects, in order to absorb radiation and thereby reduce
radiation exposure.

Shotcrete Mortar or concrete pneumatically projected onto a surface at high velocity.

Spent Fuel yes Nuclear fuel removed from a reactor following irradiation, which is no
longer usable in its present form because of depletion of fissile material &
build up of poison or radiation damage.

Storage yes The holding of spent fuel of radioactive waste in a facility that provides for
its containment, with the intention of retrieval. Storage is by definition an
interim measure.

Super Generally seen as a disposal package that, unlike other disposal packages

Container also incorporates bentonitic or cementitious buffer material.

Transmutation yes The conversion of one element into another. Transmutation is under study

as a means of converting longer lived radionuclides into shorter lived or
stable radionuclides.

Transuranic
Waste

Alpha bearing waste that consists of material contaminated with elements
that have atomic numbers greater than that of uranium (92), the heaviest
natural element.
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WORD Per IAEA DEFINITION

URL yes Underground Research Laboratory constructed for the purpose of
conducting in situ testing. The objective is to conduct tests in a geological
environment that is essentially equivalent to the environment of a potential
repository.

Waste Material in gaseous, liquid or solid form for which no further use is
foreseen

Waste yes The vessel into which the waste form is placed for handling, transport,

Container storage and/or eventual disposal; also the outer barrier protecting the waste
from external intrusions. The waste container is a component of the waste
package. For example, the “canister” into which molten HLW glass would
be poured.

Waste yes The vessel into which the waste form is placed for handling, transport,

Container storage and/or eventual disposal; also the outer barrier protecting the waste
from external intrusions. The waste container is a component of the waste
package. For example, molten HLW glass would be poured into a specially
designed container (canister) where it would cool and solidify. NOTE: One
or more waste packages can be put inside an overpack to become a Disposal
Package.

Waste form Waste in its physical and chemical form after treatment and/or conditioning
(resulting in a solid product) prior to packaging. The waste form is a
component of the waste package

Waste yes The product of conditioning that includes the waste form and any

Package container(s) and internal barriers (e.g. absorbing materials and Liners),
prepared in accordance with the requirements for handling, transport,
storage and/or disposal.

Wireless System for monitoring phenomenology in front of a seal or plug without

Monitoring installing cables or wires through any of the barriers intended to isolate one
or more disposal packages

Wireless Monitoring in which the transmission of the signal does not rely on an

Monitoring electrical wire or optical fibre connection. For example this allows for

monitoring the phenomenology in front of a seal or plug without installing
cables or wires through any of the barriers intended to isolate one or more
disposal packages.
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