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Abstract  
 
The use of prefabricated EBS modules (“PEMs”) to minimise the problems involved with handling 
compacted bentonite and ensuring that it is emplaced to established quality levels has been 
investigated in various national programmes. To date, however, this has tended to be decoupled from 
studies of related operational aspects and cost minimisation. Nevertheless, with a bit of lateral thinking, 
it appears possible to devise options that may not only ease the operational phase, but may also 
actually improve post-closure safety case robustness.  

To illustrate this approach, an example will be presented based of disposal of vitrified HLW in a 
fractured hard rock. Although some novel aspects of this approach will need to be demonstrated, this 
is balanced by eased implementation and, potentially, significant cost reductions. 

 

1 Introduction 
 

Large-scale, in-situ demonstration projects based on conventional repository designs for disposal of 
HLW / SF in “wet” rocks showed that implementation was possible – but highlighted many problems 
that called practicality into question, if considered under the conditions of a working repository rather 
than an underground research facility. A good example is the FEBEX project, which required 
considerable ingenuity to assure successful manual horizontal emplacement of compacted bentonite 
blocks under the high humidity conditions found in the Grimsel test site (e.g. Huertas et al., 2000). The 
challenges have been seen to be even greater for vertical emplacement demonstrations at Äspö (e.g. 
Börgesson et al., 2002), where water inflow to the borehole requires major modification of the original, 
idealised operational procedures (use of drainage pumps, protective plastic sheeting, borehole caps, 
etc.). 

The critical problem identified was the handling of compacted bentonite under moist conditions and 
ensuring that it was emplaced according to strict quality specifications. This is especially important as, 
in most designs incorporating bentonite buffer / backfill, this forms the single most important safety 
barrier which, if lost, could seriously compromise the entire safety case. This led to design 
modifications aimed at reducing water inflow and the vulnerability of the EBS components to 
operational perturbations (e.g. McKinley, 1997), but these still required some handling of compacted 
bentonite underground. 

Given this concern, a number of more fundamentally altered designs were developed that aimed to 
avoid this entire problem by encapsulating the bentonite and emplacing as a unit an entire 
prefabricated EBS module (termed a PEM in this paper; there is, however, no standardised 
nomenclature and the term super-container is also common for the same concept). Two early designs 
illustrate contrasting approaches to development of a PEM. The “integrated waste package - IWP” 
(Apted, 1998) is the simplest possible variant which inverts the positions of the overpack and backfill 
– placing a thin layer of bentonite within a thick-walled overpack. The “multi-component module - 
MCM” (Toyota and McKinley, 1998; McKinley et al., 2001) goes in the opposite direction, taking the 
advantage of prefabrication to produce a multi-layer buffer around the overpack, which is contained 
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within a thin handling shell. Although involving very different concepts, the focus in both cases was in 
assuring a high quality EBS that could be used as the basis for a rigorous safety assessment. The IWP 
could be particularly suitable for a high isolation site, as considered in the Pangea project (Apted et al., 
2001), while the MCM could be tailored to provide robust near-field performance for the type of sites 
that may arise from an open volunteering process in countries like Japan or the UK (e.g. Mc Kinley et 
al., 2006). 

Lying between these extremes are designs that are effectively encapsulated versions of standard EBS 
designs. A good example is the prefabricated module considered for KBS-3H horizontal emplacement 
in a crystalline rock, which even maintains the basic dimensions of the vertical KBS-3V design but 
eases handling by use of an external perforated steel handling shell (Autio, 2007).  

Although the initial driving force was, in all cases, improving the practicality of implementing designs 
that include a compacted bentonite buffer, prefabrication under controlled conditions (either on the 
surface or underground) allows much better quality assurance of the entire EBS package. With a focus 
on long-term performance, it is also possible to develop EBS designs that are more complex than 
could be considered in the case of in-situ fabrication – particularly when this has to be done using 
remote-handling or tele-operation technology. This has been discussed in detail elsewhere (e.g. 
McKinley et al., 2006), so this paper concentrates on the more pragmatic aspects of the robustness and 
safety of operational procedures involving PEMs and, in particular, design modifications that could 
optimise performance with regard to these aspects. 

Because it has been the focus of development work associated with projects running in Japan, the 
following discussion refers specifically to management of vitrified HLW from reprocessing. 
Nevertheless, the general principles are also applicable to designs for direct disposal of spent fuel. 

 
2 The PEM Disposal Concept 

 
The basic disposal concept is illustrated in Figure 1. Compared to other designs, some key 
characteristics are: 

• Large PEM containing vitrified waste, a thick steel overpack and a bentonite-based backfill; 
 

• Steel handling shell which maintains its integrity during emplacement and has a probable 
containment lifetime in the order of decades to centuries;  

 
• Multiple waste package overpack; in the reference case, 6 vitrified waste canisters are 

assumed to be contained within each overpack;  
 

• Rail transportation and emplacement system in which the PEM is moved and emplaced on a 
supporting steel cradle;  

 
• Horizontal emplacement in relatively short (100 – 200m), large diameter (ca 3.5m) tunnels; 

large clearance simplifies handling and makes recovery from any perturbations relatively 
easy;  

 
• Tele-operated emplacement occurs in intensive work blocks; because of the simplicity of 

operations, a tunnel can be filled within a short time (potentially as little as a single working 
day) and, with operations from both sides of the tunnel, it can then be immediately 
backfilled after temporary seals are set in place. If required, the decision to emplace 
permanent seals can be postponed (if a period of eased retrieval is desired);  

 
• Sequence of filling tunnels within a panel selected to minimise peak thermal loading;  
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• The choice of backfilling material depends on the host rock and setting; the key differences 
being for cases with self-supporting rock and for those where tunnel lining is required 
(assumed to be cement-based). 
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Figure 1. Conceptual drawing of PEM (6 vitrified waste variant from /Kawamura et al., 2006/) and 
overview of main handling operations 

From the operational viewpoint, this design has particular attractions in terms of logistics. Past studies 
have shown that, for in-situ EBS construction with single waste package overpacks, the Japanese goal 
of emplacement of 5 packages per day would be extremely challenging – especially if strict QA and 
potential operational perturbations need to be taken into account. For the case of a tunnel containing 
40 PEMs (240m emplacement length, 6m/PEM); this is the equivalent to about 2 months of 
conventional repository operation (e.g. Figure 2).  

A further advantage may arise in cases where zoning allows separation of waste emplacement and 
backfilling operations (this is not yet decided in the Japanese programme). The sequence of steps 
involved is shown in Fig. 2. PEMs are transported to place from the highly active controlled zone after 
a temporary seal is set on the lower activity side (setting for seal built into tunnel directly after 
excavation; simple mechanical setting so that seal can be easily moved by remote handling, if 
necessary). The PEMs are left on a steel plinth; it is assumed that the emplacement trolley and 
protective handling cradle is removed after emplacement (Figure 3) but, in principle, this could also 
be left in place if considered logistically advantageous. Clearly, PEMs can considerably reduce the 
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number of individual tele-handling steps comparing a block concept. This means that constraints on 
material flow in narrow tunnels with access only at one end could also be greatly reduced.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Sequence of operational steps for PEM emplacement and backfilling 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: PEM alternative emplacement concepts 

 

After PEMs are in place and conditions are checked (monitors on emplacement trolleys and overhead 
in tunnel), the temporary seal is set at the high activity end and then the low activity seal removed. 
Backfilling is carried out by a spraying robot mounted on a roof support system. This allows more 
controlled and fully monitored infilling than the simple Entsorgungsnachweis withdrawn tubing 
system (Nagra, 2002a). As infilling nears completion, the temporary seal is replaced. This seal has a 
gap at the roof to allow the final backfilling to be carried out before it is closed. 
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3 Selection of Backfill 
 

As noted above, there is flexibility in the choice of backfill to allow tailoring the design to the 
particular setting. As the key safety-relevant barriers are contained within the handling shell, the only 
critical role of the backfill is to effectively fill any void space to ensure that unconstrained swelling of 
bentonite does not occur (resultant loss in density could result in loss of critical properties, such as the 
ability to support the overpack or act as a colloid filter). If an efficient filling system is employed and 
the PEM is prefabricated with sufficient bentonite density to allow for residual voids, there may be no 
need to use a swelling backfill and hence sand or finely crushed rock may be suitable (advantageous 
both in terms of ease of handling and cost). It should be emphasised that, as long as the EBS within the 
PEM can be maintained at specified levels, there is no particular requirement for the backfill to have 
low hydraulic conductivity. While such low conductivity may provide an additional barrier in some 
settings, in others a high conductivity may actually lead to better performance – e.g. decreasing head 
gradients through the bentonite or reducing water velocities and hence risk of bentonite erosion.  

In many underground environments, despite the desires of performance assessors, it may be 
necessary to employ tunnel liners to ensure rock stability and to assist in groundwater management. 
On the basis of industrial experience and cost, the preferred material for such liners is likely to be 
concrete of some form. Although advantageous in terms of operational safety and practicality, the use 
of concrete raises concerns for long term safety – in particular due to the risk of hyperalkaline cement 
leachates causing degradation of the bentonite backfill. The issues involved are discussed in detail 
elsewhere (Metcalfe and Walker, 2004) but, as noted by McKinley et al. (2004), PEM designs offer 
considerable potential to design around this problem.  

The ideal solution, of course, is simply to avoid use of concrete in the waste emplacement tunnels. 
In the case of a hard rock, localised support (e.g. in fracture zones) could be provided by rock bolts 
and steel mesh and operations would be possible even if the rock was rather wet; indeed, PEM 
emplacement and subsequent backfilling could proceed even in the case of direct water inflow 
(gathered by a drainage system in the floor of the tunnel). 

In the case of very wet or weak rock, however, use of a liner cannot be avoided. In this case, the 
backfill can be chosen to provide “sacrificial” protection of the key bentonite barrier. The actual 
backfill material can be tailored to the particular setting but, in Japan, an example might be use of 
crushed tuff with high volcanic glass content. Such rock is widely distributed and the glass would tend 
to react rapidly with hyperalkaline solutions, reducing the pH to less problematic values (< 9.5 – 10, 
say).  

 

4 Layout and Operational Procedures 
 

One of the complicating factors arising from the design specified is the very high waste emplacement 
density. Although this is certainly a benefit for disposal in small sites or where there is an incentive to 
reduce the repository footprint, the resultant high temperatures can be problematic for establishing a 
robust post-closure safety case (Figure 4). Although it is now recognised that early temperature limits 
of 100°C set for bentonite were over-conservative, concerns remain about degradation processes at 
temperatures above about 150°C (Wersin et al., 2007). The thermal loading of a canister of vitrified 
HLW depends on the waste loading and the cooling time but might be typically about 500W at the 
time of emplacement. For 6-waste package PEMs, the linear thermal loading is only about 3-times that 
of a standard overpack, reflecting the fact that the overpack length and the emplacement pitch are both 
about double that for a standard design. Nevertheless, the thermal loading is significantly higher than 
usually considered – even for the case of direct disposal of high burnup fuel or MOX (typically up to 
about 2 kW / canister; Nagra, 2002b).  
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Figure 4: Time dependent temperatures in bentonite (Kawamura et al, 2006)   

 

The direct concern about bentonite alteration is, nevertheless, avoided if it can be maintained dry – 
when stability can be assured to very much higher temperatures (probably above 300°C - Wersin et al., 
2007). Even if the PEM can maintain its integrity for 20 – 30 years, this would be sufficient for decay 
to reduce the thermal output by a factor of two or so, greatly reducing the risk of problematic high 
temperatures (which would be confirmed, in any case, by site-specific calculations). Nevertheless, 
operational procedures can minimise peak areal thermal loadings, by spreading the waste 
emplacement over an operational panel (or panels). Given that the operational lifetime of a repository 
would be several decades, such a procedure can greatly reduce maximum temperatures compared to a 
simple linear emplacement procedure. Although this does somewhat complicate operational planning, 
the rapidity of the PEM emplacement process allows plenty of time for all the set-up required to 
implement such an option.   

 
5 Robustness and Recovery from Perturbations 
 

The design illustrated has three particular attributes that contribute to overall robustness of 
operational performance:   

 

• the simplicity of the rail-based emplacement process, which is ideally suited to tele-
operation, can be strictly monitored and can be designed to reduce risks of perturbations to a 
minimum by strict operational procedures, use of interlocks, etc.   

 
• the very high reference emplacement rate compared to the minimum requirement; this 

reduces time pressure and ensures that any minor divergence from operational specification 
can be investigated and remediated without concern about throughput;  

 
• the large clearances in the transport and, especially, emplacement tunnels and the self-

shielding properties of the PEM – easing recovery from any unlikely perturbation (e.g. 
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derailment, mechanical failure of trolley / emplacement cradle, etc.).   
 

After fabrication, all handling of the PEM involves movement by rail, when it is supported from below 
in its transport cradle. Assuming fabrication on the surface (although an underground production 
facility would also be feasible – and may even be cost-effective in some cases), transfer underground 
by a ramp can be designed with any required safety backups (e.g. using external protective shields). 
The PEMs are picked up by the emplacement train in an underground buffer store, which can hold at 
least the number of PEMs for a full tunnel (40 in the reference case considered). For the case of 5-
PEM emplacement, these are lifted and moved with the 5m pitch selected for disposal, so that 
placement in the tunnel can be done in a single operation. The lifting and lowering process should be 
as simple and failsafe as possible, with both processes requiring an active drive that can be interlocked 
– e.g. mechanically-driven screw or shape-memory alloy rather than hydraulic.  

Use of a single electrical emplacement locomotive avoids any collision risk and combined physical 
interlocks / monitoring ensures that emplacement occurs exactly where specified. The emplacement 
process is also inherently reversible, at any stage before backfilling, using the same equipment. The 
staged emplacement process allows generous time for equipment maintenance and testing between 
active stages, complementing continuous monitoring of performance of both equipment and 
infrastructure (e.g. using vibration analysis).  

Nevertheless, perturbations due to unexpected mechanical failure or earthquake shaking, for example, 
cannot be precluded. With the clearance included, recovery from almost any conceivable disruption 
can be managed by tele-operation using a wheeled lifting frame that can separate and pick up both the 
emplacement locomotive and a PEM / transportation trolley as a unit. 

It is difficult to conceive of any reason that it might be necessary but, if required, retrieval of PEMs 
after tunnel backfilling can also be managed using tele-handled equipment. This could be relatively 
straightforward during the period when the repository is still operational and when final tunnel seals 
have not yet been emplaced. After removal of the seal from the low activity end of the tunnel (for the 
expected case that the PEMs are still intact), the backfill can be flushed out using air, water or 
supercritical fluid jets. Recovery of PEMs from the high activity side would then be possible using the 
original emplacement system or, if there were any doubts about this system, using the recovery frame 
described above. Indeed, such a recovery frame should even be applicable in the case that the 
complete integrity of the PEM shell had been lost (as the handling frame would still provide 
mechanical strength and the overpack can still be assumed to be intact and hence there is no 
contamination risk). 

 

6 Costs 
 

Although the larger diameter of the emplacement tunnel will have cost consequences, this is more than 
balanced by the much smaller length of tunnels required by this high density emplacement option 
(Figure 5). In terms of total construction costs, in hard rock, this would thus be expected to be cheaper 
than a standard horizontal design (total excavated volume would be reduced by about 38% in the PEM 
reference concept) and much cheaper than a vertical design (which requires much larger volumes of 
rock to be broken out). The cost balance is more difficult to evaluate for soft rock, where the cost (and 
practicality) of tunnel linings increases considerably as a function of diameter. Nevertheless, this is 
very dependent on both the properties of the rock and of the geological setting and it is not worth 
discussing further for a generic case. 

Because of its great simplicity, operational costs would be significantly reduced – at least for the 
Japanese conditions considered (repository for 40,000 waste packages). Although a prefabrication 
facility is needed, all subsequent handling operations can be easily managed by tele-operation. 
Potentially of most importance, however, is the very low risk of operational disruption and the time 
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reserves that would allow any perturbations to be managed without influencing the target throughput 
of about 1,000 packages / year. 
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Figure 5: Footprint comparison between various PEMs and H12 emplacement concepts 
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