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Abstract 
Many repository designs for the disposal of vitrified high-level waste (HLW) or spent fuel (SF) were 
developed at times when both national programme boundary conditions and the state of technical 
knowledge were very different from today. Such constraints are likely to be even more changed when 
projects are finally implemented in future decades. Especially given the emphasis on operational 
safety and practicality in the ESDRED project, it is valuable to consider alternative concepts which 
may be inherently better suited to the requirements for a facility to be licensed in the first half of the 
21st century. 

 

1 Introduction 
 

Most conventional engineered barrier system (EBS) designs for HLW /SF repositories are very simple. 
Focusing here on disposal systems in saturated, “wet rocks” (i.e. excluding salt and disposal above the 
water table), various designs incorporating only the waste matrix, a metallic overpack and bentonite 
buffer can be traced back to concepts originally developed in the 1970s and 1980s (e.g. KBS, 1983; 
Nagra, 1985). These were constrained very much by the boundary conditions in the leading national 
programmes at that time, requiring assured feasibility with high margins of safety in order to convince 
decision makers to proceed with geological disposal projects (or even continue use of nuclear power) 
despite technological uncertainties. Additionally, less obvious, tacit constraints were set by the 
capabilities of the models and databases used to assess post-closure safety; for example, designs had 
the specific goals of reducing the number of components and utilising only established, well-
characterised materials.  

As these concepts were developed decades before their planned application, there was very little 
consideration of operational aspects; indeed, EBS emplacement schemes actually tended to be focused 
entirely on “designing around” potential complications in assuring post-closure safety. Examples here 
include KBS-3 vertical emplacement to avoid the need to consider potential short-circuits via the 
excavation damaged zone (KBS, 1983) and the 100°C limit set for maximum temperature throughout 
(KBS, 1983; PNC, 1992; Vieno et al. 1992) or in the outer annulus of bentonite buffer/backfill (Nagra, 
1985; 1993) to simplify assessment of thermal perturbations.   

In the interval since the advent of such “feasibility demonstration designs”, significant progress has 
been made in improving system understanding and reducing technological uncertainties. In particular, 
the capabilities of computer models have expanded beyond the dreams of the early designers, who 
relied on simple analytical models complemented by a very few crude 1-dimensional digital 
simulations. It is a tribute to the robustness of these designs that, with the much more sophisticated 
analytical capabilities now available, the safety margins calculated have, if anything, increased – 
showing that, if implemented in a suitable site, any releases of radionuclides occur only at trivial 
concentrations in the very distant future.  
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This positive situation with respect to the technical aspects of assuring post-closure safety contrasts, 
however, with a growing awareness of other, equally important concerns associated with the 
practicality and safety of operational implementation and challenges regarding social acceptance, 
highlighted in particular in new, emerging (or recently revitalised) national repository programmes. 
Indeed, the social awareness of radioactive waste disposal may be one of the greatest changes from the 
“old days”, when this was seen as a purely technological problem. One clear aspect of this is the move 
towards some kind of volunteering approach to siting – emphasising the acceptance of a disposal 
project, particularly by host communities, as a key attribute to its future success (e.g. Kitayama et al, 
2007). Another is the prominence of waste disposal in the debate about the future of nuclear power 
and its role in a world with rapidly expanding power demands and increasing concern about global 
warming (e.g. Miyamoto et al., 2006). Whereas, even a decade ago, it was considered reasonable to 
plan repository projects based on fixed waste inventories and assumption of limited or no reprocessing 
of spent fuel, this is now seen as an increasingly unlikely scenario in many countries. 

 

2 Repository Concept Assessment 
 

Given such a situation, it certainly seems sensible to re-evaluate the repository designs being used as 
references in national programmes. As indicated by the NUMO repository concept catalogue study 
(NUMO, 2004), there are advantages in reassessing how previous designs can be modified and 
optimised in the light of improved system understanding, allowing a robust EBS to be flexibly 
implemented to meet nation-specific and site-specific conditions. The NUMO study also established a 
useful set of “design factors” which would be used to assess any particular repository concept (defined 
to include a full description of construction and operation, along with an associated safety case), which 
are: 

• long-term safety: robustness of the post-closure safety case; 
 
• operational safety: conventional and radiological safety of construction, operation and 

decommissioning; 
 

• engineering feasibility: fundamental feasibility of construction and operation to defined 
quality levels; 

 
• engineering reliability: practicality of implementation in view of operational boundary 

conditions and robustness with regard to potential perturbations; 
 

• site characterisation: effort required to satisfy technical requirements for site 
characterisation and monitoring data; 

 
• retrievability: ease of retrieval after emplacement; 

 
• environmental impact: extent of all environmental impacts associated with repository 

implementation; 
 

• socio-political and economic aspects: factors contributing to costs and acceptance by all key 
stakeholders. 

 
As such, the assessment of alternatives in this study is much wider in remit than other comparisons of 
design variants (e.g. SKB, 1993, 2001; Autio et al., 1996), which consider only a restricted number of 
such factors. 
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Full-scale emplacement demonstrations, particularly those carried out underground, have highlighted 
many of the issues associated with operational practicality that have to be addressed [e.g FEBEX – 
(Huertas and Gago, 2003); Äspö prototype repository (Johannesson et al., 2007)]. Particular concerns 
include handling of compacted bentonite in humid conditions, use of concrete for support 
infrastructure, remote handling of heavy radioactive packages in confined conditions, quality 
inspection, monitoring / ease of retrieval of emplaced packages and institutional control. Although 
there are certainly many ways in which conventional designs can be modified to reduce the difficulties 
of quality-assuring emplacement (e.g. Kawamura et al., 2008), providing the flexibility to respond to 
new socio-political requirements and changing programme boundary conditions is inherently much 
more challenging.  

For example, conventional designs all focus, naturally, on disposal; for spent fuel, in particular, 
difficulty of reversal of emplacement was seen in the past as a positive advantage, as it reduced 
possible safeguards concerns. Retrieval is possible in all cases – but may be a hazardous and costly 
exercise and performance monitoring may be practically difficult without risking degradation of long-
term performance. Here, too, some modification of conventional designs is possible, but there are 
much tighter limitations in what can be achieved without a major change in the fundamental concept 
involved. There is thus value in considering alternative designs that can provide better flexibility. 
Nevertheless, it is important that a full range of design factors is borne in mind, to ensure that such 
flexibility is not gained at the cost of other important performance goals – in particular long-term 
safety and operational practicality. 

 

3 Cavern Disposal 
 

The CAvern REtrievable (CARE) concept (e.g. Masuda et al., 2004; 2006) envisages emplacement of 
HLW or SF within multi-purpose transportation / storage / disposal casks in large (in the order of 100 
m2 cross-sectional area) ventilated caverns at a depth of several hundred metres (Figure 1). In effect, 
the caverns operate as inspectable stores for an extended period of time (up to a few hundred years) 
until a decision is made to close them. At this point the caverns are backfilled and sealed as a final 
repository, effectively with the same safety case components as conventional “feasibility designs”.  

 
 

 
 

Figure 1: CARE disposal conceptual illustration 
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Clearly, during the open “storage” period there is little difference between CARE and a conventional 
intermediate dry storage facility (such as Zwilag – http://www.zwilag.ch/project/project.asp) - except 
that it is located deep underground. Casks can be based on “Castor” type designs, which are already 
used for transport and storage of both spent fuel and HLW – although some modifications will be 
needed to ensure their suitability for disposal. Compared with conventional HLW / SF repository 
designs, the CARE concept has the advantages of large dimensions of the emplacement caverns 
(Figure 2) – which are more comparable with designs developed for longer-lived intermediate level 
waste (often referred as “TRU” waste). This allows utilisation of well-established technology for 
waste package handling, ensures ease of monitoring (or, if desired, inspection) and retrieval of some or 
all of the waste inventory is trivial until a decision is made to backfill and seal the facility.  

 

 

Figure 2: Indication of the relative dimensions of the handling and emplacement of the EBS for the 
CARE concept (upper left; an early design study for hard rock), Nagra disposal of SF in the Opalinus 
clay (upper right; Nagra, 2002) and KBS-3H disposal in crystalline rock (lower; Thurner et al., 2006) 

 

Under expected operational conditions, there are effectively no radiological hazards during the storage 
phase. In terms of possible perturbations, compared to a conventional surface store some additional 
factors may need to be considered (e.g. flooding risk) – but these may be balanced by other safety 
concerns that are reduced (e.g. vulnerability to surface perturbations, terrorist attacks, etc.). 

Corrosion during dry storage is expected to be negligible compared to the wall thickness and is likely 
to be concentrated in areas where contact with water or other materials occurs – predominantly on the 
base and top surface, which can easily accept the maximum possible degradation (<< 1cm) as this is 
trivial in comparison to the total wall thickness. Corrosion can be further reduced by use of inert, 
corrosion-resistant surface coatings – e.g TiC or DLC (diamond-like carbon), as already used for many 
industrial applications. Such a measure is mainly for acceptance grounds as any such corrosion would 
not be relevant to post-closure safety, but merely degrade appearance - which could nevertheless cause 
public concern. In any case, regular inspection and refurbishment will ensure that quality of the cask 
meets specifications for disposal. 
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Because of the intention to keep the caverns open for extensive periods, they are lined with high 
performance, fibre-reinforced concrete and incorporate a drainage system external to this liner. Note 
that, in this concept, ventilation is provided by an overlying tunnel and, ideally, this could be 
dimensioned to provide passive ventilation in an appropriate setting although, under expected 
operational conditions, this would be driven by forced air extraction. 

One of the original incentives for examining such designs involved the long open storage period, 
which decreases the heat loading at closure and thus allows significantly higher waste emplacement 
densities. This can result in improved utilisation of small sites and lead to reduced costs as there can 
be massive reductions in the volume of rock broken out compared to conventional designs. There is, 
however, a certain cost-benefit analysis that has to be considered when planning such a period as the 
costs and risks of maintaining and refurbishing caverns over very long periods need to be balanced 
against the gains from extending this time. 

 

4 Operational Practicality and Safety 
 

For the concerns of the ESDRED project, however, the key issues are associated with the process of 
closure of CARE, when caverns are backfilled and sealed and a repository system has to be 
established that can lead to a convincing safety case. As for the storage period, the operational aspects 
associated with transforming the storage caverns into disposal vaults benefits from the large 
dimensions involved, making all handling operations much easier and safer. This is emphasised in 
Figure 2, which shows not only an early CARE design, but also typical conventional disposal systems 
(Nagra “Entsorgungsnachweis” and KBS-3H) on a similar scale.  

The self-shielding, multi-purpose casks also simplify handling operations considerably; it is expected 
that all operations will be carried out using tele-operated equipment but, in the event of any 
perturbations, there is no radiological hazard that would prevent direct access to caverns or even 
manual contact with casks (especially after >100 years cooling, when the conversion of the storage 
facility into its final disposal configuration is expected in the reference case). 

Although there is much potential to tailor the disposal system to the waste involved (HLW or SF), the 
properties of the host site and regulatory / social / economic boundary conditions, it is useful to 
consider a simple reference option that can be used to contrast the operations involved to those in a 
conventional repository. 

To allow for refurbishment of individual emplacement caverns, the design envisages a buffer store 
capable of holding the total waste inventory of one cavern. To prepare for closure (Figure 3a), waste 
is removed from an emplacement cavern to allow all removable infrastructure components (power, 
lighting, fixed monitors, etc.) in lower parts of the tunnel to be stripped out and the cavern to be 
cleaned to the standard required. The roof crane and services in the roof space are left in place. The 
first step is then the emplacement of the base buffer (Figure 3b), which can be carried out either by in-
situ compaction or spraying of highly compacted pellets (granulate). To ensure that there are no 
problems with humidity, very high ventilation rates can be used, if required.  

The multi-purpose casks undergo final inspection and removal of any external neutron shielding (if 
used) before being placed horizontally in a shaped emplacement unit prefabricated from highly 
compacted bentonite (e.g. by cold isostatic pressing). This unit sits on a steel support plate and, if 
required, may be contained within a very thin handling shell to ensure mechanical stability or avoid 
any risk of loss of quality due to water uptake under humid conditions. This module can be fully 
quality assured before transport to the emplacement tunnel, where it is moved into place by the 
overhead crane, being supported on the base plate, which is left in place (Figure 3c). 

After module emplacement is completed (either in an entire tunnel or a defined tunnel section), a 
partial wall is built at a plug location and lower void space in the tunnel filled with compacted 
bentonite granulate and the upper part filled with a lower performance backfill (e.g. crushed rock); in 
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both cases, this can be done with remotely controlled operation by using spraying equipment located 
on the gantry crane (Figures 3d,e). Choice of materials will depend on the site, waste and regulatory 
requirements but, if required, such backfill can also be compacted in place using tele-operated or 
manual equipment. 

Thereafter, the crane is removed along with any remaining infrastructure components in the upper part 
of the cavern, drainage is sealed and residual head space filled with granulate using a hose that is 
gradually withdrawn along supports in the crown of the roof (Figure 3f, based on the 
Entsorgungsnachweis system – Nagra, 2002). The final plugging system in then emplaced and finally 
the overlying ventilation tunnel is filled with granulate (first filling of vertical shafts into emplacement 
cavern, which is followed by tunnel sealing using the withdrawn hose system – Figure 3g).  

Such an operational system can provide a very high assurance of quality of the bentonite buffer, which 
is recognised to be the most important component of the EBS (e.g. Kawamura et al., 2006; Wersin et 
al., 2007). The bentonite in the immediate vicinity of the waste package is most critical and is able to 
be very rigorously quality checked during the prefabrication process. The integrity of the unit during 
transportation to the disposal tunnel can be assured by high resolution video monitoring.  

 

Figure 3: Illustration of the steps in emplacement of the CARE EBS 

 

Additional bentonite surrounding the module serves as an additional barrier, but its primary role is to 
fill void space to ensure that, on resaturation, the buffer within the module cannot expand to the extent 
that it loses density – in the worst case to the point where it cannot support the load of the cask and 
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this sinks through the buffer (en passant, it can be noted that, although the cask is much more massive 
than conventional overpack designs, its net density is not significantly different). As the quality of this 
barrier depends on constraining water uptake during emplacement, high ventilation may be needed 
during this period. 

In turn, the subsequent backfilling steps with non-swelling backfill serve to limit total void space for 
expansion of all bentonite. Water uptake is much less of a concern at this stage, but the completeness 
of the infilling is important to ensuring quality. The relatively large space available makes this a less 
problematic process than for conventional repository designs and, as noted above, the infill can be 
compacted, if required. 

To finalise infilling, residual space in the crown of the roof and the overlying tunnels needs to be filled. 
As this is only a small percentage of the total tunnel volume, however, a small decrease in efficiency 
of infilling need not cause fundamental problems. 

The extremely high mechanical strength of the casks effectively precludes radiological risks from any 
conceivable operational perturbation or subsequent remediation activities, especially as there is 
enough clearance for any perturbation during the key emplacement steps shown in Figure 3c – d to be 
reversed using remote-handled procedures. In cases of perturbations during other steps, manual testing, 
remediation or recovery should be easily possible without any radiological risk.   

 

5 Post-closure safety 
 

After sealing of the emplacement caverns, the lining materials will gradually degrade and the buffer 
and backfill materials will saturate with inflowing water. Although very dependant on the rate of 
supply of water from the host rock, this process is likely to initially be rather localised and total 
saturation may well take many decades to centuries. Indeed, the saturation process may be hindered by 
the build up of an internal pressure of hydrogen, resulting from the anoxic corrosion of the steel casks. 

Although caverns will include cement-based ground support, carbonation during the extended open 
phase will significantly reduce subsequent post-closure concerns about bentonite alteration due to 
hyperalkaline leachates (Metcalfe and Walker, 2004). Indeed, such carbonation has to be taken into 
account when specifying the concrete liner composition – precluding the use of conventional steel-
reinforced concrete, as the resultant drop in pH decreases the protective passivation of steel and can 
result in significant degradation due to build up of corrosion products. Nevertheless, the thickness of 
the buffer allows for some alteration of outer layers without significant degradation of long-term 
performance. 

Pressure on the cask will gradually ramp up to, at least, hydrostatic load and, for a softer rock, to 
somewhere around lithostatic load – maybe up to around 15 MPa for a repository at around 500m 
depth. Such a load can be readily borne by casks with steel wall thicknesses of over 40 cm; 
mechanical failure would probably require general corrosion of around half of this thickness. With 
such a great wall thickness, any minor corrosion during storage or the presence of residual coating 
material would have negligible significance. Corrosion to a depth of 20 cm would typically take 
several tens of thousands of years.  

Given the long time required for general failure of the cask, the focus will be on potential localised 
failure mechanisms. An obvious potential weak point would be the lid – presently assumed to be 
bolted, as in conventional transport cask designs. Although additional welding would be possible, this 
is not considered necessary for expected conditions where the cask is under a fairly isotropic 
compressive regime, due to the swelling / plasticity of the clay-based backfill layer. Indeed, even if 
water initially penetrates into any fine gaps, the swelling of resultant corrosion products can be 
expected to result in a self-sealing system. 
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In the case where the lid does not fail significantly earlier, the emphasis would be on mechanical 
failure mechanisms, e.g. due to fault movements. Here, the massive design of the cask and the large 
volume of surrounding buffer and backfill material means that rather significant fault movements 
would be needed to result in risk of failure – certainly many cm and probably more in the dm range. 
Such movement in active faults is possible in countries with active tectonics during distinct events, but 
such features would be rigorously avoided during siting. Smaller fractures will inevitably be present 
and could accumulate such displacements gradually over long-periods of time. Apart from being very 
localised, it is improbable that such cumulative movement in small fractures would build up in 
significantly less time than that required for cask failure due to general corrosion.  

When the cask fails, the thin stainless steel HLW fabrication containers or cladding of spent fuel are 
not assumed to serve barrier roles and hence waste dissolution will commence immediately. It should 
be emphasised that such dissolution will occur in an environment in which solute transport occurs only 
by diffusion and may be greatly restricted by the transport resistance of the corroded cask. In any case, 
the release rate of radionuclides from the waste matrix would not be greater than that in conventional 
designs and, in all probability would be much less if assessed by realistic models. As alteration of 
waste and corrosion of the inside of the cask progresses, available pore space will decrease (as 
alteration products are generally less dense than the original materials) which will tend to feedback to 
reduce solute transport and matrix degradation rates.  

For solubility-limited radionuclides, the effect will be even more significant as, when saturation is 
reached, the release rate will be dependant completely on the diffusion rate through the EBS and not 
on the rate of supply from the corroding waste. In such a case, scoping calculations indicate that the 
release rate of such radionuclides from the repository may be at least an order of magnitude lower than 
conventional repository designs. This has, however, not yet been analysed in detail and, in this case, 
particular focus would be on the influence of the “instant release” fraction of key, mobile 
radionuclides from SF. 

As yet, the models used to assess post-closure performance are very simplistic and certainly 
underestimate the power of such an EBS to limit releases. Improved models will not only allow the 
impact of a wider range of relevant processes to be quantified (e.g. transport resistance within the cask, 
immobilisation of key radionuclides in the massive “redox trap” provided by the corroding steel), but 
also allow performance optimisation measures to be considered. For example, the void space within 
casks can be filled with either glass beads (HLW) or depleted uranium (SF), which may potentially 
reduce radionuclide release rates. Similarly, the prefabrication of the emplacement package and the 
large surrounding void space allows many variants of multi-layer backfill/buffer to be considered (e.g. 
McKinley et al., 2006). A single example might be including an inner sand layer that is surrounded by 
the main bentonite-rich diffusive barrier. Such a layer may reduce the risk of canister sinking, reduce 
the corrosion rate of the cask if the pore space fills with hydrogen generated by the anaerobic 
corrosion process and also give a reduction in total cost. 

It can be noted that, for the boundary conditions in countries like Japan, there would be considerable 
advantages in developing a safety case with emphasis on the long-term performance of the engineered 
barriers, which can be fully quality assured. The assessment of such barriers in the past has tended to 
be very conservative and, it appears, drastically over-conservative for the massive barriers envisaged 
in the CARE case. Although improvement of PA models is required to more realistically assess this 
situation, this appears to be cost-effective when compared to the difficulty and expense of 
characterising a complex geological setting in detail – and modelling its long-term evolution in a 
robust manner. It may also be the case that emphasis on the massive engineered barriers with the 
argument of no significant release from the near field at any time may be easier to present to the 
general public (a key factor in the Japanese setting where emphasis is on volunteering). 
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6 Conclusions 
 

The CARE concept has many advantages for HLW / SF management if an extended period of 
inspectability / easy reversibility is desired. The use of a massive steel emplacement cask within a 
thick buffer / backfill system results in an EBS which promises performance as good as, if not 
exceeding, that of conventional designs at costs which may be lower (very dependant on the way in 
which financing of the extended institutional control period is assessed). The assessment of 
performance is, however, constrained by the limitations of the present generation of PA codes & 
databases (e.g. assumption of “vanishing overpack” after mechanical failure – clearly drastically over-
conservative in this case). 

For the concerns of the ESDRED group, however, the ease of handling and emplacement operations is 
a major contrast with conventional designs. This not only increases operational safety and facilitates 
quality assurance methods, but also allows great flexibility to tailor details of the EBS design in order 
to respond to changes in boundary conditions or evolution in system understanding and the capabilities 
of performance assessment models. 
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