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Abstract 

Interim used fuel dry storage has been developed in many countries providing an intermediate solution 
while waiting for evaluation and decisions concerning future use (such as recycling) or disposal sites. 
There is an important industrial experience feedback and excellent safety records. It appears that the 
duration of interim storage may become longer than initially expected. At the start of storage operations 40 
years was considered sufficiently long to make a decision on either recycling or direct disposal of used 
nuclear fuel. Now it is said that storage time may have to be extended. Whatever the choice for the 
management of used fuel, it will finally have to be transported from the storage facility to another location, 
for recycling or final disposal.  

Bearing in mind the important principle that radioactive waste shall be managed in such a way that undue 
burdens will not be imposed on future generations, there is no guarantee that the fuel characteristics can be 
maintained in perpetuity.  On the other hand, transport accident conditions from applicable regulation 
(IAEA SSR-6) are very severe for irradiated materials. Therefore, in compliance with transport regulations, 
the safety analysis of the fuel in transport after storage is mandatory. This paper will give an overview of 
the current situation related to the used fuel behaviour in transport after dry storage. On this matter there 
are some elements of information already available as well as some gaps of knowledge. Several national 
R&D programs and international teams are presently addressing these gaps. A lot of R&D work has 
already been done. An objective of these R&D projects is to aid decision makers. It is important to fix a 
limit and not to multiply intermediate operations because it means higher costs and more uncertainties. 

The identified gaps concern the following issues especially for high burn-up (HBU) fuels: thermal model 
for casks, degradation process of fuel material, cladding creep, embrittlement of cladding, pellet swelling, 
technical basis for the amount of residual water, measurement of residual water , drying procedures and 
criteria, corrosion issues. 

The challenge is to provide the most adequate R&D and safety studies which will demonstrate the ability 
of the interim storage system to fulfill its objectives: first to protect the public and second to be an 
intermediate step to allow time to implement a long term and final used fuel management solution. For the 
industry, this step is an additional cost, which is necessary in order to maintain flexibility. But this step 
must not be transformed into an argument for no decision. 

Currently R&D studies are progressing satisfactorily to demonstrate of the safety of dry storage as an 
intermediate step. The remaining unresolved issues to reach today’s demonstrated level of safety for long 
term storage of vitrified and compacted waste are important. This would require a very significant effort 
(R&D and investment) and would not necessarily guarantee results. 



NEA/CSNI/R(2013)10 

 416

Background 

Interim storage of used fuel has developed in many countries, with important industrial experience 
feedback and excellent safety records. It usually represents a temporary solution for operational reasons 
before reprocessing and recycling of used fuel and sometimes becomes a longer-term temporary solution if 
no decision is taken on a final management option for the used fuel. For years, a storage period of up to 40 
years was considered as ‘long-term’ and sufficient in considering decisions and deployment of back-end 
fuel cycle and/or final waste management options. Nowadays, it appears that the storage duration may have 
to be significantly extended, even beyond one century. However, whatever the final management choice, 
used fuel will one day have to be safely transported from the storage facility to a reprocessing plant or to a 
final disposal site. There is a need for an integrated, comprehensive plan for safely managing the back end 
of the nuclear fuel cycle [8]. 

The worldwide total amount of stored fuel in 2013 will reach 225000 T HM. The used fuel inventory in 
wet storage has surpassed 80% of pool capacities, taking into account the need of maintaining space in the 
pools for full core offload. Used fuel remains an unresolved topic in several countries since no further 
management has been decided, and because of the cessation of planned disposal facility developments.  

As the pools are becoming full, the used fuel is being removed to dry storage at the same rate as reactor 
discharge. This is now the case in the USA and in Germany and seems to be the future situation in many 
other countries. Consequently, dry storage is de facto becoming a management option instead of a 
convenient and flexible intermediate step, before decision making. Consequently, there is an accumulation 
of radioactive material on the surface and on-site dry storage is expanding, requiring more space. Presently 
the accumulation of used fuel on-site is not an immediate safety issue. In the actions proposed by the Blue 
Ribbon Commission in the US we underscore:  Prompt efforts to develop one or more consolidated storage 
facilities, and prompt efforts to prepare for the eventual large-scale transport of spent nuclear fuel and 
high-level waste to consolidated storage and disposal facilities when such facilities become available. 
From an industrial point of view, proposals have been made [5] for an integrated system for retrieval, 
transportation and consolidated storage of used fuel in the US.  

Reference [15] explains that intermediate storage systems are industrially proven solutions and that safety 
demonstrations show that for the long term these systems are very safe. Nevertheless, if used fuel 
accumulation continues on reactor sites, there is obviously a sustainability issue. 

Dry storage equipment and components are passive systems. Their degradation mechanisms have been 
studied and the good behaviour of materials in the long term and the maintenance of safety functions has 
been demonstrated [4], [15]. An aging management plan is put in place and surveillance is currently done, 
for the dose and confinement parameters. Used fuel is a more complex system than the storage components 
and, due to irradiation in reactors, the characteristics of the fuel material are modified. A presentation and a 
discussion are given below on the framework, principles and present knowledge of the fuel characteristics 
and behaviour. Then, current investigations and R&D on the degradation mechanisms and modelling will 
be examined.  

Ageing and degradation of used fuel are evaluated by many national R&D programs in various countries. 
Test methods and models are used to demonstrate the safety in storage conditions. 

Principles :  

Generally applicable and accepted principles concerning the storage of used fuel are defence in depth and 
used fuel retrievability.  
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Defence in depth: 

To protect the public from radioactivity hazards, containment barriers are required, including the concept 
of defence in depth. These containment barriers isolate the radioactive material (the used fuel) from the 
public and the environment. They should resist severe conditions, with some margin. Designers have 
provided satisfactory solutions in terms of storage systems, canisters or packaging. In addition to the 
protection given by the container design, some contribution from the used fuel has always been considered 
as a part of defence in depth. The cladding of the used fuel rods being the first safety barrier to contain the 
radionuclides, its integrity must be checked during all the phases of the fuel cycle back-end. 

Retrievability: 

Used fuel retrievability is essentially a sustainability principle. A sustainability principle is to select a 
stable and mastered system. It means that one should avoid accumulation (for example ever increasing 
space, surface, volumes, waste), one should prevent obsolescence, and also prevent the lack of 
competency. 

To be able to perform operations such as used fuel handling, transportation or unloading in the future, it is 
necessary to maintain our infrastructures. During intermediate storage, activities such as surveillance, 
maintenance, replacement and reconditioning are or can be requested anytime. Moreover, it is necessary to 
maintain knowledge, competencies and trained people for all the required tasks: design, operation, 
checking and inspection, maintenance. 

If on one side, radioactive waste shall be managed in such a way that undue burdens will not be imposed 
on future generation, there is no guarantee that the fuel characteristics can be maintained in perpetuity. As 
the safety of future operations is based on the knowledge of the status of used fuel, fuel behaviour in 
transport after dry storage is a key issue for the management of the back end of the nuclear fuel cycle. 

Present knowledge on fuel behaviour   

In storage and transport activities, there is now no record of FA (fuel assembly) ruptures. Though this 
result is satisfactory, in the past years degradation mechanisms of LWR fuel claddings (especially Zr 
alloys) in dry storage and the consequences in transport conditions have been studied. For example, an 
examination of actual used fuel (burn up of 37 GWd/t) after storage conditions was carried out at the INL 
and these integrated tests have shown that there was no detectable degradation of used fuel after 14 years 
of dry storage [20]. The same observation was made after inspection of stored fuel in Japan.  

Potential mechanisms that may affect the cladding integrity of LWR fuel during dry storage are: 

1. Creep 

2. Cladding oxidation and fission product corrosion 

3. Hydrogen-induced defects (delayed hydride cracking, hydrogen diffusion in thermal 
gradients, embrittlement) 

4. He-induced Pressure increase  
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FIG. 1 Mechanisms that may affect spent fuel cladding performance during dry storage [12]. 

 

Creep 

Thermal creep [5] is a limiting degradation mechanism for evaluating cladding integrity during dry storage. 
At temperatures between 300 and 400 °C currently considered at the start of dry storage, the cladding 
undergoes strain due to creep. 

Because the temperature decreases continually during dry storage, creep is not anticipated to produce 
significant strain after the initial storage period [2]. 

Creep strain is largely determined by fuel rod internal pressure and fuel rod temperature time history over 
the course of dry storage. It is necessary to avoid any loss of cladding integrity by confining creep 
deformation to its primary and secondary regimes (approach in compliance with standard creep 
engineering practices).  If it can be shown that during dry storage, the creep strain does not exceed the 
critical strain domain leading to plastic instability, tertiary creep leading to subsequent fuel rod rupture can 
be excluded.  Recent publications concerning creep show that this degradation can be modelled and 
controlled: References [10] and [11]. It is now commonly agreed that creep under normal conditions of 
storage will not cause gross rupture of the cladding and that the geometric configuration of the spent fuel 
will be preserved, provided that the maximum cladding temperature does not exceed 400°C. 

Cladding oxidation  

Various publications [2] have shown that in-reactor corrosion leads to the formation of an oxide coating, 
creating risks of spallation. Oxide spallation of the most external layers can be observed when the total 
oxide thickness exceeds 100µm. Moreover, there is an increase of oxide layer thickness with burn up 
(though very limited for AREVA’s M5® alloy). 
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Fig. 2 High burnup corrosion of Zr Alloy- ref [9] 

 
 

Normal storage under inert atmospheric conditions and appropriate drying procedures rule out the presence 
of oxygen. Therefore, no further increase in oxide layer thickness over and above the condition existing at 
final discharge from the reactor is expected. 

Moreover, storage systems include monitoring to detect and quickly correct abnormal conditions. 
Consequently, Zircaloy oxidation is not a limiting factor for cladding degradation during normal dry 
storage operation of LWR fuel. 

Cladding corrosion induced by fission-products 

Iodine-induced stress corrosion cracking (SCC) occurs only within a specific high temperature range in the 
presence of chemically active iodine and adequate stresses. In dry storage, iodine is not present in a form 
that could trigger SCC. As the combination of the SCC agent and the stress conditions required for crack 
propagation are normally absent, cladding failure via this mechanism is not expected to occur.  

As shown in reference [12] and [13], the fission products generated in the UO2-fuel under in-service 
conditions are practically immobile in the UO2-fuel lattice during storage. Consequently all fission-product 
driven defect mechanisms such as SCC, uniform fuel rod internal fission product corrosion of the cladding, 
and localised fuel rod internal fission product corrosion of the cladding are not active. 

Delayed hydride cracking 

In a zircaloy cladding, the hydrogen may precipitate in the form of Zr-hydride platelets. When their 
orientation is perpendicular to the applied stress, the hydride platelets reduce the ductility of the cladding 
and this may induce crack propagation in the cladding. Delayed hydride cracking (DHC) is a potential 
cladding failure mechanism. Incipient cracks at the inner cladding surface may result in DHC, if hydrogen 
precipitates at the crack tip, which causes a decrease of the critical stress intensity factor.  

As explained in reference [12], this phenomenon occurs only if the temperature of the cladding is less than 
~160°C, which corresponds to the ductile-brittle transition for the precipitated Zr-hydride platelets.  
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The critical crack depth is 694 µm (Reference [12]). No incipient cracks of such depth, or re-oriented 
hydride-platelets have been observed in used fuel after dry storage. It can be concluded that delayed 
hydrogen cracking will not occur to any appreciable extent in dry storage, even for the hydrogen contents 
typical of HBU fuels. This conclusion is in agreement with the available experience that DHC has not been 
observed worldwide in LWR cladding.  Moreover, a recent paper concerning DHC considerations [18] has 
confirmed that the critical flaw size needs to be unrealistically large. 

Hydrogen effects – embrittlement  

Hydride embrittlement will occur in used fuels placed in extended storage because the reactor service has 
increased the hydrogen content in the cladding and the storage temperature will decrease to the point that 
hydrides precipitate in the Zr cladding [14].  Hydrogen uptake depends on material, irradiation history and 
oxide thickness. For 50 GWd/THM average hydrogen values for Zy-4 low tin is 600ppm, for M5® it is 
100 ppm max. Concerning the hydrogen distribution, at a specific temperature, if the hydrogen content 
exceeds the solubility limit, hydrogen precipitates in the form of hydride platelets.  

The literature clearly demonstrates that hydrogen uptake and hydride precipitation decrease the ductility of 
irradiated zirconium alloys. The extent of hydride embrittlement is a function of the hydrogen content and 
the hydride orientation. The precipitation of radial hydrides can reduce significantly  the ductility and 
cause normally ductile samples to fail while in the elastic portion of the stress-strain curve. 

The combination of irradiation and hydride precipitation can also significantly reduce the ductility of 
zircaloy.  The literature shows that these reductions are most apparent at low temperatures and therefore 
will become more serious as the temperature of the fuel cladding decreases during storage.  

Hydrogen induced shifts in the DBTT (ductile to brittle transition temperature) 

With the decrease of the fracture resistance of zircaloy there is also a shift in the DBTT, and the extent of 
the shift will vary with alloy composition, hydride orientation, irradiation level and temperature as well as 
hydrogen content [2]. HBU fuel may be especially susceptible to hydrogen embrittlement and hydrogen 
induced shifts in the DBTT because of the higher hydrogen content. 

The shift in DBTT may become critical to the behaviour of fuel cladding during post storage handling and 
transport. Significant reductions are possible if the combination of alloy type, thermo-mechanical history, 
hydrogen content and storage conditions lead to the formation of clustered, radial hydrides.  

Reference [2] states that the increase of the DBTT is generally associated with the presence of hydrides in 
the microstructure and should therefore become increasingly important as the storage temperature 
decreases. Therefore the potential for such a shift should increase with increasing storage time (decreasing 
storage temperature) and reach its maximum at the end of the fuel storage period.  

Pressure increase due to He-generation  

For very long storage periods (hundreds of years), the production of helium from alpha decay in MOX fuel 
becomes comparable to the amount of fission gases produced during reactor irradiation. Taking into 
account concentrations of helium up to 0.2 g/kg U after 200 years of storage and the diffusion coefficient 
under temperature conditions typical of dry storage [12] confirms that the typical diffusion length is about 
1/10 of the fuel grain size after 100 years of storage. Thus, helium release via diffusion to the grain surface 
is negligible (also in reference [21]). 
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Fuel behaviour in transport (impact) 

The impact of fuel means that the fuel is submitted to severe loading: forces and/or accelerations during 
regulatory drop tests defined in IAEA SSR-6.  

To evaluate fuel behaviour upon impact, very few experiments have been done, due to the difficulty in 
handling irradiated F/As. Extensive R&D programs on fuel impact are presently being carried out in 
France and the UK (FIP), the EU and Germany (ITU and GNS experiments) and in Japan (JNES and 
Japanese utilities). 

The Fuel Integrity Project (FIP) aimed to develop a methodology to evaluate, as a safety requirement, the 
nature and the extent of LWR fuel assembly (FA) damage during accidental dropping of a container. Test 
results have led to the elaboration of the FIP methodology [7] . Experimental knowledge was collected 
from the testing programme and the main mechanical phenomena arising from a drop have been identified 
and quantified.  

The Fuel Integrity Project methodology application leads to the criticality hypotheses for the safety 
analysis: the existence or not of fuel rod rupture, the number, the location, the associated amount of 
released fuel material, and the extent of fuel rod array deformation and sliding.  

Tests on used fuel segments from irradiated samples up to 40-50 GW.d/tU, with lateral bending of PWR 
and BWR rodlets, until rupture and lateral bending of BWR rod extremity were carried out. 

For the lateral drop, the slight packing down of end grids and collapse of central grids leads to limited 
rupture risks, whereas complete packing down of the fuel pin array in the FA central part leads to 
uncontrollable rupture risks. 

For the axial drop a similar analysis was carried out: for limited accelerations, the LWR end nozzle will 
bend, and consequently fuel pin bending will occur leading to limited rupture risks. For higher loads, local 
plastic buckling may occur, leading to uncontrollable rupture risks.  

Through analysis of the tests, the potential ruptures and the amount of fuel release in impact were assessed:  
1 or 3.5 pellets per section of broken fuel pin. These values are confirmed by other experiments [16]. In 
addition a recent publication was issued on fuel rod bending by a simplified approach [19]. 

Knowledge Gaps and Summary of Research Areas 

The knowledge gaps have been identified [2]. These gaps concern mainly or affect more severely HBU 
fuels. Higher burn-up results in higher decay heat and increased fission gas release. This will generate 
higher stresses for longer periods of time in the fuel rod cladding. In addition, the longer residence time of 
a fuel assembly in the core to achieve the higher burn-up tends to reduce the residual wall thickness 
through waterside corrosion. Therefore, stress is further increased. We have summarized a view of the 
main remaining issues in Table 1. 
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Table 1 Data gaps on used fuel degradation modes 

Used fuel rod degradation mode Present knowledge/control Gap/R&D program 
Storage or 
Transport 
Normal 
conditions  

Cladding creep Degradation is limited 
through the temperature 

In case of new alloys 

DHC cracks  Unlikely in storage Some investigations 
SCC corrosion  Unlikely in storage None 
H2 Effect Reduction of 
ductility 

Degradation is limited if low 
BU 

Unknown, tests 
required for HBU 

H2 effect Shift in the 
DBTT 

Degradation is limited if low 
BU 

Unknown, tests 
required for HBU 

Rod pressure He build 
up, pellet swelling 

Unlikely in storage None 

Irradiation damage 
recovery 

Degradation is limited if low 
BU 

Investigations needed 
for HBU 

Transport 
Accident  

Impact resistance Tests and analysis method 
performed 

May request additional 
analysis 

 
Taking into account past R&D results, what remains to be studied is mainly the evolution of defects, 
drying procedures and amount of residual water, embrittlement of cladding due to hydrogen effects.  

Propagation of existing flaws 

There is little current knowledge of the initial flaw size distribution in high burn-up cladding, and as a 
result, currently it cannot be determined whether the cladding will fail the long term. Breached cladding 
effects the containment source term. 

Investigation on Drying 

Efficient drying is necessary to prevent corrosion induced degradation of the fuel and radiolytic reactions 
with moisture that can cause additional pressure and Hydrogen build up. However, the heating of the fuel 
to the anticipated drying temperature may alter the cladding microstructure by partial annealing of the 
microstructural changes induced by irradiation and causing hydride dissolution during heating and re-
precipitation on cooling. Therefore investigation on efficient drying is needed. 

Current R&D on Embrittlement of cladding - Hydrogen effects 

Concerning ductility reduction, the aim is to assess the structural integrity of used fuel during storage and 
transport when the cladding has experienced significant hydride embrittlement and fails under elastic 
stresses. Additional tests are developed and models are modified to include cladding alloys from HBU 
fuels with radial hydrides and also include the new cladding alloys that may show behaviors that differ 
significantly from those of Zircaloy.  

Concerning DBTT, R&D aims to establish the singular and combined effects of irradiation and hydrogen 
content on fracture resistance. Although the hydrogen induced decrease in fracture resistance is known, 
there is a need to increase the database on the influence of hydride orientation, hydride rims, alloy type and 
irradiation on fracture resistance, especially for newer cladding alloys. 

The data and models currently available are being improved to assess the impact of long term storage on 
the DBTT of cladding alloys from HBU fuels. Tests are being developed to establish the combined effects 
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of alloy content, hydrogen content, irradiation, temperature and other cladding variables on the DBTT (and 
other measures of fracture resistance) of fuel cladding.  

Discussion 

In summary, for HBU fuel, the hydrogen content in the cladding may be significant and in the long term 
storage situation, these fuels will cool down, eventually to low temperatures. 

At the peak temperatures in the drying operation of the dry storage system, there will be a significant 
hydrogen concentration dissolved. This may be the spot of the fuel rod for which we will observe the 
highest amount of radial hydrides, thus the location of highest embrittlement risk (used fuel rod hottest 
spot, FRHS). The DBTT for Zr clad depends on the alloy and on both the total hydrogen content and the 
radial hydride content (and even on the hydride platelets continuity factor). Some authors have measured 
the values of DBTT, and they can vary significantly. If DBTT are in the range 100°C 200°C for example, it 
is reasonable to expect that the FRHS will cool down to reach these values after several decades of long 
term storage. The thermal evacuation performance of the dry storage systems are such that these low 
temperatures will likely be attained. There is then a time limit, defined as the time at which DBTT is 
reached, depending on various parameters. It means that probably, HBU fuel stored in the long term will 
probably be brittle or show brittle segments. Further operation, handling and transport (normal conditions) 
may have to deal with brittle used fuel rods. How can this situation be addressed? 

First, the R&D task is to clarify the time limit. Here we recall that it is a typical used fuel issue and that the 
vitrified waste is free of this problem. 

Secondly new design and safety evaluation for storage and transport systems are needed for containment, 
thermal, criticality and shielding. 

– FA could be encapsulated, which resolves the containment issue. 

– Assuming moderator exclusion resolves the criticality issue, and this has been taken into account in 
recent transport package designs with double containment. 

– Over-packs or special features of the transport cask can solve thermal and shielding issues linked to 
the impact of fuel relocation. 

The repackaging of radioactive material with poor mechanical characteristics, such as brittle material can 
be achieved. However special operations will be needed in the pools or a hot cell before transport of used 
fuel to reprocessing or final disposal. 

Conclusions  

In summary used fuel behaviour is a key issue for the management of the back end of the nuclear fuel 
cycle. The used fuel retrievability principle is a part of sustainability principle. We are convinced that 
retrievability is feasible. Nevertheless, after a time limit which is linked to the embrittlement of fuel 
cladding, there is an increase of investments to ensure safe handling and transport of used fuel for 
reprocessing or final disposal. It would be interesting to clarify this time limit. A demonstration with actual 
HBU FA will surely provide some benefit for this objective. 

Extension of interim dry storage can be contemplated but indefinite storage is in our view not acceptable. 
There is a need for an end point. Countries who have selected nuclear energy as part of their energy mix 
are responsible and need to pursue very actively the implementation of a used fuel management final 
disposal path. Knowledge on the behaviour of glass is adequate for demonstration of the safety of final 
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disposal, whereas less knowledge on the behaviour of used fuel leads to the need of a special conditioning 
for disposal, with the same safety objective, as achieved in Sweden for example.  

Ref [15] reports that the overall experience is safe and reliable dry storage performance. It is satisfactory 
for limited periods but is not a permanent solution. Before permanent disposal, a repackaging of used fuel 
will certainly be necessary. In the case of a reprocessing option, existing packaging designs are now 
available and the corresponding industrial experience as well. 
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