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EURAD SFC – Project Overview 
 

EURAD is an EC-funded project with a programme of integrated work packages (WPs) spanning many 

domains of radioactive waste management based on the needs and views of the mandated actors of 

the Member States. The EURAD scope seeks to be beneficial to national waste management 

programmes at all stages of advancement by supporting them in their RD&D activities. For that purpose, 

EURAD has a strong focus on knowledge management with a view to making existing information easily 

available and to provide means for transfer knowledge.  

The project Spent Fuel Characterisation and Evolution Until Disposal (SFC) is WP8 within the framework 

of the EURAD programme, aiming to provide a better understanding of spent nuclear fuel (SNF) 

properties from the perspective of pre-disposal activities, but also exploring aspects having an impact 

on long-term safety. The EURAD/SFC consortium brings together more than 20 partners with a range 

of skills and competences in spent fuel assessment, from management to experimental work. The 

consortium consists of national waste management organisations, research institutes, universities, 

technical support organisations and commercial organisations. 

The results obtained within the WP will provide a rigorous scientific approach to developing the technical 

bases for continued safe and secure storage of spent nuclear fuel, in terms of transport, retrieval and 

pre-disposal options. These achievements are intended to support national programmes and safety 

assessments and are made available to all interested stakeholders. Safety aspects (i.e. better 

acknowledgement of safety-related parameter uncertainties, the contribution and further development 

of guidance on operational safety for both interim storage and fuel packaging facilities) and optimisation 

aspects (i.e. optimisation of the number of assemblies for the loading of disposal canisters based on 

precise determination of decay heat and reactivity of spent fuel assemblies) were addressed by the WP. 

Extremely valuable are the combination of both numerical calculations and experimental methods, which 

aims to provide a complete and thorough understanding of the mechanisms driving the behaviour of the 

SNF in pre-disposal activities, for both normal and accident conditions. 

For more information, please visit the EURAD website at: https://www.ejp-eurad.eu/  
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Executive Summary 
 

The final task of WP8 is dedicated to the update of the state-of-the-art (SOTA) report. Accordingly, this 

report provides the progress made in the underpinning knowledgebase, it documents the identified 

technical gaps and provides recommendations for future work. The target of this report is to become a 

key reference in the field and to gain high recognition and visibility as a key resource for knowledge 

management programmes and to contribute to demonstrating and documenting the state-of-the-art 

character from a neutral and purely scientific viewpoint. 

Depending on individual back-end country strategies, being programme-based within the framework of 

their national strategy, spent nuclear fuel (SNF) can be destined for direct geological disposal, for 

reprocessing or for long-term interim storage. For all cases, a proper characterisation of the spent fuel 

is required.  

A state-of-the-art review on characterisation of SNF properties in terms of source term and inventory 

assessment (neutron, gamma-ray emission, decay heat, radionuclide inventory, elemental content) and 

in terms of out-of-core fuel performance (cladding performance and fuel integrity in view of the safety 

criteria for SNF interim storage, transport and canister packaging) using several numerical and 

experimental approaches and methodologies is presented. 

The ability to reliably predict spent nuclear fuel composition and SNF properties, namely radionuclide 

inventory and source term, is relevant for both operational and long-term safety assessment in 

geological disposal, as well as for disposal cost key factors, and relies on ad-hoc calculation schemes.  

The calculations require a particle transport code coupled with a depletion solver. A large proportion of 

the available depletion codes has been reviewed in this work. However, since the results also depend 

on nuclear data and operational data as well as assay data, nuclear data libraries and uncertainty 

aspects are also discussed. More specifically, the uncertainty of the fuel inventory can be dominated by 

several factors: irradiation history of the fuel, exact composition of the fresh fuel/cladding especially the 

level of impurities, and the large heterogeneities in the fuel design discharged from reactors, as well as 

modelling limitations, nuclear data libraries and reactor core characteristics such as, e.g., void fractions 

(in BWR's) and mechanical changes of fuel during irradiation. Therefore, the treatment of all related 

uncertainties (quantification and propagation) has been part of this review. The availability of 

experimental data enables testing and validation of codes and models in order to understand how 

closely models could replicate reality. The updated SOTA focuses on the development of new 

experimental techniques and on the improvement of depletion code accuracy using experimental data. 

Also, new highlights on the validation of theoretical calculations and depletion codes with experimental 

data are given, as well as recommendations to enhance procedures to further reduced related 

uncertainties in the characterisation and validation process. 

Furthermore, when considering operational safety cases for the surface facilities where the fuel must be 

encapsulated in special disposal canisters, studies and research activities are required to assess spent 

fuel performance as well as developing concepts for handling of consequence scenarios. Therefore, 

another part of the updated SOTA report reviews experimental campaigns developed to investigate fuel 

integrity and highlights the advancements achieved in newly developed methodological approaches to 

investigate the structural performance of SNF. 
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1. Introduction 
 

The ability to reliably predict spent nuclear fuel composition in terms of radionuclide inventory, elemental 

content, decay heat and radiation source term is relevant for both operational and long-term safety 

assessment in geological disposal and has an important influence on the cost of disposal. Ad-hoc 

calculations are thus required to fully characterise the SNF. The calculations involve a neutron transport 

code coupled with a depletion solver. The results depend on nuclear data and assay data. More 

specifically, the uncertainty of the fuel inventory can be dominated by several factors: irradiation history 

of the fuel, exact composition of the fresh fuel/cladding, such as the level of impurities, and the large 

heterogeneities in the fuel design discharged from reactors, as well as code modelling limitations and 

reactor physics code characteristics themselves. However, the availability of experimental data allows 

testing and validation of codes and models in order to be able to simulate the irradiation conditions quite 

closely to reality, or at least to assess a solid baseline as a starting point for further uncertainty 

assessments. If the baseline (i.e. code and fuel model) is known, being properly characterised by a well 

determined uncertainty, further assumptions can be analysed and incorporated in such a way as to 

encompass variables in a conservative way, but avoiding bringing the final estimates to a level of over-

conservativism. 

Depending on individual back-end country strategies, being programme-based within the framework of 

their national strategy, spent nuclear fuel (SNF) can be destined for direct geological disposal, for 

reprocessing or for long-term interim storage. For all cases, a proper characterisation of the spent fuel 

is required, even if the fuel changes its basic form, as in the reprocessing case where the final waste 

form is a glass and/or compacted metals. 

For the case of geological disposal, safety assessments are required to cover a temporal spectrum 

typically of 1 million years, which implies the development of a qualification process using appropriate 

research programmes to reasonably reduce the level of uncertainties in the characterisation of the SNF. 

In particular, the spent nuclear fuel composition must be determined in terms of radionuclide inventory, 

elemental content, decay heat and radiation source term. Some observables can be determined by Non-

Destructive Analysis (NDA) methods (such as decay heat by calorimetric measurements); however, 

such assays are time-consuming and are almost impracticable for addressing the entire SNF inventory 

produced over the lifetime of one or more Nuclear Power Plants (NPPs). Therefore, the ability to reliably 

simulate and predict the SNF source term are extremely important. 

Nevertheless, the assessment can have different levels of relevance when considering operational 

safety cases at the level of surface facilities where the fuel must be encapsulated in special disposal 

canisters, or for long-term safety assessment where the SNF is encapsulated in canisters embedded in 

bentonite (or other buffer materials), surrounded by a host rock. 

Pre-disposal activities such as SNF transport after interim storage and/or unloading/loading and 

handling operations for the packaging of the SNF from the transport/storage casks (TSC) into the final 

disposal canisters (FDC) are safety-relevant operations. Therefore, studies and research activities 

aimed at assessing spent fuel performance, and developing concepts for handling of consequence 

scenarios, are required by many countries. Experimental campaigns to investigate fuel integrity are 

extremely valuable. Many aspects are indeed under observation: effect of hydrogen load, hydride 

distribution and fuel/cladding interaction, mechanical performance of the cladding and cladding integrity, 

deterioration of the mechanical properties of the cladding material resulting from Delayed Hydride 

Cracking (DHC) for high burnup, whilst all are relevant for long term dry storage, many aspects are also 

relevant to other back-end activities such as post storage recovery and transport. 
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Scope and structure of the updated SOTA report 

The report aims to provide an update of the initial state-of-the-art (SOTA) report published at the 

beginning of this project. The updated SOTA provides the progress made in the underpinning 

knowledgebase, it documents the identified technical gaps and provides recommendations for future 

work.  

The target of this report is to become a key reference in the field and to gain high recognition and visibility 

as a key resource for knowledge management programmes and to contribute to demonstrating and 

documenting the state-of-the-art character from a neutral and purely scientific viewpoint. 

The report is based on the structure of the initial SOTA and is composed of three main sections: 1) 

Characterisation of the fuel, fuel inventory and source term; 2) Performance of spent nuclear fuel during 

pre-disposal activities and experimental characterisation; 3) Accident scenarios.  

Chapter 2 focuses on the SNF properties characterisation and related uncertainty analysis. The main 

objective of this task is to produce experimentally verified and validated procedures to determine reliable 

source terms of SNF, including realistic uncertainties. The focus is on source terms which are of primary 

importance for safe, secure, ecological, and economical handling, transport, intermediate storage, and 

final disposal of SNF. The main advancements in this field are captured in this chapter. Those concern 

the improvement of experimental methods for characterising spent nuclear fuel and evaluating the 

performance of depletion codes. Key focuses include developing experimental techniques for neutron 

and gamma-ray emission measurements, assessing the decay heat rate, and improving depletion code 

accuracy using experimental data. New highlights on the validation of theoretical calculations and 

depletion codes with experimental data are given, especially for different fuel types and conditions (e.g., 

UOX, BWR, PWR). Recommendations are provided to enhance the procedures and reduce 

uncertainties in the characterisation and validation process. 

The second section, Chapter 3, is devoted to out-of-core fuel performance, in particular to the 

performance of the cladding and fuel integrity in view of the safety criteria for SNF interim storage, 

transport and canister packaging. Insights on newly developed characterisation techniques are 

provided, including both experimental and numerical approaches. In addition, an extended list of 

recommendations for further studies is given. Emphasis is given on highlighting technical gaps, 

indicating that experiments with irradiated fuel and corrosion studies are required to better understand 

spent fuel integrity. 

Finally, Chapter 4 provides updates in the area of accident scenarios analysis. Great advancements 

have been achieved related to the development of different methodological approaches to investigate 

the structural integrity of SNF during postulated accident scenarios, utilising state-of-the-art tools. In 

addition, new insights are provided with regards to assessment of the probability and impact of various 

postulated accident scenarios during dry storage on the structural integrity of the SNF. The chapter also 

highlights the importance of enhanced collaboration between industry partners and regulatory bodies 

aiming to integrate advanced methods into standard safety practices and ensure the continued safety 

of SNF storage and transport systems. 
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2. Characterisation of the fuel, fuel inventory and source term 

2.1.Observables and nuclides of interest 

Due to the number of radionuclides that are present in spent nuclear fuel, spent fuel assemblies need 

to be characterised for their neutron and -ray emission properties and decay heat in view of the safety 

criteria for casks and canisters for transport, interim storage, and final disposal. Systematic studies in 

[Hu, 2016; Žerovnik, 2018] reveal that these observables are the result of complex contributions of 

radionuclides with strongly differing characteristics. This is illustrated in Figure 1 and Figure 2 for a 

simulated PWR UO2 fuel sample with an initial 235U enrichment of 4.8 wt.-% and a burnup of 45 GWd/t. 

Figure 1 shows the specific total decay heat rate (or thermal power) as a function of cooling time together 

with the contributions due to the emission of - and -particles and -rays [Žerovnik, 2018]. The relative 

contributions of individual radionuclides are identified in Figure 2. The largest contribution for cooling 

times in the range of 1 – 10 years is due to relatively short-lived fission products (FPs), mainly the decay 

chains 144Ce/144Pr and 106Ru/106Rh. For cooling times between 10 and 30 years, contributions from short-

lived FPs become negligible and the largest contribution is due to the decay chains of 90Sr/90Y and 
137Cs/137mBa. With increasing cooling time the 241Am contribution becomes dominant. This is due to the 

build-up of 241Am from 241Pu decay. Other contributions are due to the decay of 238,239,240Pu. The 

contributions from light nuclides reduce over time and eventually become negligible for cooling times 

longer than ~ 300 years.  

Similar figures are reported in [Žerovnik, 2018] for the neutron and -ray emission properties of the same 

simulated fuel sample. For cooling times in the range of 1 – 80 years, the spontaneous fission of 

neutrons by 244Cm represents the largest contribution to the neutron emission rate, with a relatively small 

contribution from (,n) reactions due to decay of 238Pu, 242Cm and 241Am. For cooling times longer than 

100 years, neutron emission is mainly due to the spontaneous fission of 240,242Pu and 246Cm and (,n) 

reactions due to 241Am decay. Hence, for cooling times in the range of 1 − 80 years, the observed total 

neutron emission rate reflects the quantity of 244Cm. Decay of FPs is the main contributor to spent fuel 

-rays emission for cooling times between 10 and 30 years, with the main contributors being 134Cs, 
137Cs/137mBa and 154Eu. For longer cooling times, i.e. 30 – 200 years, the spectrum is dominated by the 

661 keV -ray due to 137Cs/137mBa decay. Hence, for such cooling times a measurement of the total -

ray emission rate provides information on the total amount of 137Cs, which is directly proportional to the 

burnup.  

In addition to the FPs and actinides, other dose-relevant and safety related radionuclides are generated, 

mainly by neutron activation of fuel/cladding impurities (e.g. 14C, 36Cl, 41Ca, 59Ni, 63Ni, 93Mo and 94Nb). 

These nuclides are of importance for long-term safety assessments in waste disposal conditions up to 

about one million years. The different production roots are discussed below: 

• The primary source is the cladding and related structural components; Modern cladding material 

is generally Zr-based, with minor amounts of alloying elements (Sn, Fe, Cr, Ni, Nb, O). Structural 

components (such as the spring material, guide thimbles, grids, hold down springs, etc.) are 

manufactured from stainless steel, Ni-based alloys, and Zr-based alloys. 

• At the outer surface of the cladding (and possibly the inner surface of the shroud), surface 

deposits generally coming from corrosion products (e.g. (Ni, Fe)OH+) from out-of-core regions 

may deposit as solid particles (e.g. ferrous hydroxide (Fe,M)(OH)2 or ferrite MIIFe2O4 with M = 

Fe, Ni, Co, Mn...). Various compounds may be formed and are collectively referred to as "crud" 

or "crud deposits".  

• A further source of activation products stems from impurities in either the fuel or the cladding, 

such as N, Mg, Al, Si, Cl, Ca, Cr, Fe, Ni and Th. 

Activation products of the above elements are mainly -active and, with the exception of 60Co (estimated 

to be of the order of 1%), their contribution to the spent fuel assembly decay heat is negligible (< 0.01%) 

over the period of interest.  
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Figure 1 – Specific thermal power (or decay heat rate) of an irradiated fuel sample as a function of 
cooling time 

The total thermal power per unit mass together with the contribution due to ,  and -ray emission is given for a 
UO2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t [Žerovnik, 2018].  

 

 

 

 

Figure 2 – Relative contribution of radionuclides to the thermal power of an irradiated fuel sample as a 
function of cooling time  

The data are for a UO2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t 
[Žerovnik, 2018]. 
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After a cooling time of several thousands of years, the total activity of spent nuclear fuel is dominated 

by long-lived actinides, in particular 235U, 238U, 237Np and 239Pu. Since plutonium and uranium species 

are immobile under the reducing conditions of a deep geological repository, they are less important with 

respect to the long-term safety of spent nuclear fuel disposal. However, the mobility of gaseous or readily 

soluble and negatively charged species, such as 36Cl-, 129I- or gaseous 14C compounds, are not expected 

to be limited by the (geo-)technical barriers and will move relatively easily through the surrounding rock 

of the disposal system [Ewing, 2015]. To assess the radiologically relevant inventory, the amount of 

long-lived activation/fission/decay products, i.e. 14C, 36Cl, 79Se, 94Nb, 99Tc, 129I, 135Cs and 226Ra, as well 

as the 237Np inventory have to be estimated. 

Safe transport, storage or disposal of spent fuel assemblies also requires a (sub-)criticality safety 

analysis. To avoid unnecessarily over-engineered and expensive transport and storage casks, the 

loading scheme should account for the reduction in nuclear reactivity of the assemblies. This effect is 

due to the net reduction of fissile nuclides (fuel depletion) and the production of non-fissile, strongly 

neutron absorbing actinides and fission products. The concept of taking credit for the reduction in 

reactivity is referred to as BurnUp Credit (BUC) [Sanders, 1990]. Hence, criticality safety assessments 

for spent nuclear fuel management based on a BUC approach require a nuclide inventory prediction 

involving far more nuclides than in a conservative approach based on the inventory of fresh fuel. 

Nuclides which strongly affect the reactivity of a spent fuel assembly, are: 235,236,238U, 239,240,241Pu, 95Mo, 
99Tc, 101Ru, 103Rh, 109Ag, 133Cs, 147,149,150,151,152Sm [Hicks, 2018; Gauld, 2005]. Other discussions on BUC 

approaches can be found in e.g. Refs. [Agrenius, 2002; Gauld, 2003; Tardy, 2017; Scaglione, 2009; 

Herrero, 2015; Vasiliev, 2019]. 

Spent nuclear fuel is subject to nuclear safeguards to ensure the peaceful use of nuclear materials. It 

requires a final accounting of special nuclear materials that will be removed from the nuclear fuel cycle 

for ultimate disposal in a geological repository [Hautamäki, 2000; Mongiello, 2013; IAEA, 2018; 

Niemeyer, 2016; Lindgren, 2019]. The IAEA will verify the inventory of nuclear material that is declared 

for disposal. The main nuclear materials of interest are the amount of 233,235U and the total amount of 

plutonium and thorium. In addition, secure transport and storage of spent fuel assemblies implies the 

prevention of theft, or other malicious acts involving nuclear material. The IAEA lists the development 

of safeguards equipment to establish and maintain knowledge of spent fuel in 

shielding/storage/transport containers at all points in their life cycle as a top priority in their R&D needs 

[IAEA, 2018a]. Evidently, nuclear safety, security and safeguards require similar or complementary 

measures for documenting, measuring and monitoring spent fuel characteristics. Therefore, synergies 

inherent in overlapping methods or techniques should be identified to avoid redundancy or duplication 

of work and equipment [Niemeyer, 2016; Lindgren, 2019]. 

2.2. Theoretical calculation of the nuclide inventory and 
 observables 

The main parameters of interest for the safe, secure, ecological and economical transport, storage and 

disposal of spent fuel are the decay heat, neutron and -ray emission properties and the inventory of 

some specific actinides, FPs and activation products. Alpha decay of actinides affects the microstructure 

of the cladding, which is connected to the integrity of the fuel (see section 3). To determine these source 

terms, the inventory of a large number of nuclides is required. A list of nuclides for which the inventory 

in spent fuel has to be determined can be found in [Ewing, 2015; Broadhead, 1995; NEA, 2011; Gauld, 

2001] and Appendix A [Govers, 2019]. The latter contains radionuclides identified from safety studies of 

a long-term storage installation for Belgian waste performed by NIRAS/ONDRAF [Vandoorne, 2018].  

Due to the complex contributions of radionuclides with different characteristics, estimates of the decay 

heat, neutron and -ray emission properties at any cooling time cannot accurately be derived by simply 

extrapolating from estimations at shorter cooling times. In addition, the complete nuclide vector of a 

spent fuel assembly cannot be measured directly; it can only be obtained from theoretical calculations. 

Such calculations require validated codes that determine the time evolution of the nuclide inventory 
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during reactor operation. This can be done by coupling a neutron transport and a nuclide production 

and depletion code.  

When the nuclide vector at a cooling time 𝑡0 is known, the nuclide vector at a cooling time 𝑡 > 𝑡0 can 

be derived by solving the set of linear differential Bateman equations [Bateman, 1910]: 

𝑑𝑁𝑘(𝑡)

𝑑𝑡
= ∑ 𝑏𝑘𝑖𝑖

𝑁𝑖𝑖𝑘 − 𝑙𝑘𝑁𝑘(𝑡) (1) 

with 𝑁𝑘 the number of nuclei of nuclide k, 𝑙𝑘its decay constant and 𝑏𝑘𝑖 the probability that nuclide i 

decays to nuclide k. Once the nuclide vector is known, the thermal power 𝑃(𝑡), neutron emission rate 

𝑆𝑛(𝑡) and -ray emission energy distribution 𝑆𝑔൫𝐸𝑔, 𝑡൯ as a function of cooling time t can be obtained 

from:  

𝑃(𝑡) = ∑ 𝑁𝑘(𝑡)𝜆𝑘𝐸𝑟,𝑘𝑘  (2) 

𝑆𝑔൫𝐸𝑔, 𝑡൯ = ∑ 𝑁𝑘(𝑡)𝜆𝑘𝑠
𝑔

൫𝐸𝑔൯𝑘  (3) 

𝑆𝑛(𝑡) = ∑ 𝑁𝑘(𝑡)(𝑠𝑠𝑓,𝑘 + 𝑠,𝑘)𝑘  (4) 

with 𝐸𝑟,𝑘 the recoverable energy per decay of nuclide 𝑘 and 𝑠𝑔൫𝐸𝑔൯ the energy distribution of the -rays 

emitted per decay of nuclide 𝑘. The specific neutron emission rates, or neutron rate per nuclide, due to 

spontaneous fission and -decay of nuclide 𝑘 are denoted by 𝑠𝑠𝑓,𝑘 and 𝑠,𝑘, respectively. The specific 

spontaneous fission rate is defined by: 

𝑠𝑠𝑓,𝑘 = 𝜆𝑠𝑓,𝑘𝑛ത𝑘 (5) 

with 𝜆𝑠𝑓,𝑘 the decay constant for spontaneous fission of nuclide k, and 𝑛ത𝑘 the corresponding average 

number of neutrons per fission. The specific emission rate of neutrons due to (,n) reactions in mainly 

light nuclides can be derived from: 

𝑠,𝑘 = 𝜆𝛼,𝑘 ∑ 𝑃𝑘(𝐸
𝛼,𝑖

)𝑌𝑗(𝐸
𝛼,𝑖

)𝑖,𝑗  (6) 

where 𝑙𝑎,𝑘 is the decay constant for -decay of nuclide 𝑘, 𝑃𝑘(𝐸
𝛼,𝑖

) the probability that this decay leads 

to the emission of an -particle with an energy 𝐸𝛼,𝑖 and 𝑌𝑗(𝐸
𝛼,𝑖

) the probability that the emitted -

particle creates a neutron by an (,n) reaction with material 𝑗. 

2.2.1. Principles 

Neutron transport calculations can be performed in a deterministic way by solving the Boltzmann 

transport equation, or in a stochastic way by performing Monte Carlo (MC) simulations using codes such 

as MCNP [Briesmeister, 2000], SERPENT [Leppänen, 2015] and TRIPOLI [Petit, 2008; Brun, 2015]. In 

principle, MC transport calculations can be performed with less approximations than by a deterministic 

approach. However, up to now MC simulations are often applied to systems involving one or a few 

assemblies. In the case of a full core (with burnup calculations), deterministic transport methods are still 

the only practical way for routine applications and within a reasonable calculation time. 

From the neutron transport calculation, the spatial and energy distributions of the neutron fluence are 

derived. These distributions are used to calculate energy averaged neutron-induced reaction cross-

sections, which are required to deplete and produce nuclides by solving a set of Ordinary Linear 

Differential Equations (ODEs). Since the energy and spatial distributions depend on the nuclide 

inventory an iterative procedure is required.  

In the case of Light Water Reactors (LWRs), the production and depletion of nuclides by nuclear 

reactions and radioactive decay in a homogenised material as a function of time form a set of ODEs. 

These equations can be expressed in matrix notation by: 
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𝑑𝑵(𝑡)

𝑑𝑡
= 𝑨𝑵(𝑡) (7) 

with 𝒏(𝑡) the number density vector of the nuclides presents in the fuel and 𝑨 the transition or burnup 

matrix. The diagonal elements 𝑎𝑘𝑘 of this matrix are the removal rates of each nuclide:  

𝑎𝑘𝑘 = − (𝑓 𝑠ҧ𝑘+𝑙𝑘) (8) 

and the off-diagonal elements 𝑎𝑘𝑙 are the production rates by other nuclides:  

𝑎𝑘𝑙 = 𝑏𝑘𝑙𝑙𝑙 + 𝑓 𝑏𝑘𝑙,𝑟𝑠ҧ𝑙,𝑟 (9) 

The decay constant of nuclide 𝑘 is 𝑙𝑘. Its removal rate due to neutron interactions is the product of the 

total neutron fluence rate and the spectrum-averaged Doppler broadened removal cross-section 

denoted by 𝑓  and 𝑠ҧ𝑘, respectively. The matrix element defining the production of nuclide 𝑘 from nuclide 

𝑙 is due to a decay contribution, defined by the decay constant 𝑙𝑙 and branching probability 𝑏𝑘𝑙,and a 

contribution due to neutron-induced interactions with nuclide 𝑙 resulting in the production of nuclide 𝑘. 

The latter is the product of the total neutron fluence rate , the spectrum averaged Doppler broadened 

neutron-induced interaction cross-section 𝑠ҧ𝑙,𝑟   and the probability 𝑏𝑘𝑙,𝑟 that this interaction produces 

nuclide 𝑘.  

The most probable nuclide production interactions are neutron-induced fission and capture reactions. 

In the case of neutron-induced fission reactions, fission products are produced and the probability 𝑏𝑘𝑙,𝑟 

is the independent fission yield of the fission product 𝑘. Examples of such production chains for fission 

products are given in [Nichols, 2002]. Most of the fission products are neutron-rich and decay mostly by 

-. Other nuclides are generated via a combination of different decay processes and neutron-induced 

reactions, e.g. a combination of neutron-induced capture reactions and - decays are the main 

processes producing actinides such as Pu, Am and Cm starting from 238U. Several analytical/numerical 

solutions have been proposed [Moler, 2003; Isotalo, 2011; Hykes, 2013], but only a few are applicable 

to estimate the nuclide inventory of spent nuclear fuel. A comparison of some of the methods that are 

implemented in nuclear depletion codes can be found in [Moler, 2003; Isotalo, 2011; Hykes, 2013]. 

Applying the Transmutation Trajectory Analysis (TTA) method [Cetnar, 2006], also referred to as the 

linear chain method, the complex nuclide transmutation scheme is considered as a set of individual 

linear sub-chains that can be solved analytically, following the original work of [Bateman, 1910]. The 

final result is the sum of the solutions for the individual chains. It involves an enormous network of 

complex chains that often generate cyclic chains that cannot be linearised. Assumptions are made to 

terminate unimportant chains based on multiple criteria, e.g. ignoring cyclic chains or terminating them 

after a few loops. The choice of the termination criterion plays a role in the trade-off between 

computation speed and accuracy. This method is implemented in the BISON [Cetnar, 2000], CINDER 

[Wilson, 2007] and VCINDER [Kum, 2018] codes and included as an option in SERPENT [Leppänen, 

2015a; Leppänen, 2015b]. 

The set of first order differential equations can be solved by numerical integration methods such as the 

Runge-Kutta type of methods [Hairer, 2996; Hairer, 1999]. The primary disadvantage is the relatively 

high computing time. The 4th order Runge-Kutta scheme was implemented in earlier versions of the 

MENDEL [Tsilanizara, 2016] and DARWIN/PEPIN2 [Tsilanizara, 2000] systems. The ALEPH2 code 

[Stankovskiy, 2012] is based on the RADAU IIA implicit Runge-Kutta method of order 5. 

The solution of the ODEs can be found by the matrix exponential method, resulting in [Pusa, 2010; Pusa 

2011]: 

𝑵(𝑡) = 𝑒𝑨𝑡𝑵0 (10) 

where the exponential of the matrix is defined as a series expansion 
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𝑒𝑨𝑡 = ∑
1

𝑘!
(𝑨𝑡)

𝑘∞
𝑘=0  (11) 

with 𝑰 = 𝑨0  the identity matrix and the initial nuclide vector denoted by 𝑵0 . There are numerous 

algorithms to compute the matrix exponential, but many of them are computationally expensive and of 

dubious numerical quality [Moler, 2003]. Given the complexity of the process, the burnup matrix has a 

wide spectrum of eigenvalues. The presence of short-lived nuclides is problematic since they produce 

eigenvalues of large magnitude, creating a matrix norm of up to 1027 [Pusa, 2010; Pusa, 2011].  

The matrix exponential in Eq. 11 can be approximated by a truncated Taylor expansion [Bell, 1973] or 

a rational Padé approximation [Nigham, 2005], both combined with scaling and squaring. These 

approximations can only work well when the matrix norm ԡ𝑨𝑡ԡ is sufficiently small. This problem can 

be solved by excluding the short-lived nuclides from the burnup matrix and treating them separately. 

This results in a kind of hybrid linear chain-matrix exponential method that is used in ORIGEN2 [Croff, 

1983]. It is also used in the MOCUP [Moore, 1995] and MONTEBURNS [Poston, 1999] codes which 

couple MCNP and ORIGEN2 [Croff, 1983]. The latest version of the PHOENIX burnup module solves 

the ODEs either with a 4th order Runge-Kutta method, a Taylor series development of the matrix 

exponential, or a Krylov subspace-based algorithm [Haeck, 2012]. The latter is also applied in the AEGIS 

code [Yamamoto, 2007]. 

One of the most advanced matrix exponential methods is the Chebyshev Rational Approximation 

Method (CRAM) [Pusa, 2010; Pusa, 2011; Pusa, 2013; Pusa, 2016; Isotalo, 2016]. It is based on a ratio 

of polynomials using complex coefficients and provides very accurate solutions without excluding 

nuclides. The main difficulty in using CRAM is to determine the coefficients of the rational approximant 

for a given order. [Pusa, 2016] provides CRAM coefficients for approximation of orders 4, 8, 12, …, 48. 

It is shown that the higher-order CRAM can be used to solve the burnup equations accurately for large 

time steps. CRAM is implemented as an option in SERPENT [Leppänen, 2015a; Leppänen, 2015b] and 

in the latest versions of ORIGEN [Gauld, 2011b; Rearden, 2016] and MENDEL [Lahaye, 2017].  

2.2.2.Burnup codes 

A variety of codes/systems are available to determine the nuclide inventory and decay heat and neutron 

and -ray emission properties of SNF assemblies. Only the codes/systems that will be used within the 

activities of the spent fuel characterisation work package of the EURAD project will be discussed here 

in detail. 

ALEPH2/MCNP 

ALEPH2 is a depletion code developed at SCK•CEN [Stankovskiy, 2012] that makes use of any version 

of the general Monte Carlo N-Particle Transport Code MCNP [Briesmeister, 2000; Werner, 2017] for 

MC transport calculations to obtain particle spectra. The reaction rates are handled outside MCNP by 

ALEPH2 using the same continuous energy nuclear data as MCNP. This ensures consistent use of 

nuclear data by transport and depletion modules. The depletion module is based on the solver RADAU5 

[Hairer, 1996; Hairer, 1999], which uses an implicit 5th order Runge-Kutta method. The power-to-fluence 

rate conversion takes into account the energy deposited by fission and neutron capture reactions, 

making it possible to accurately model systems containing burnable absorbers. The code is able to 

reflect in a single run the time evolution of many parameters, such as fuel expansion, fuel reshuffling, 

changes in material temperature and density, control rod movement and changes in boundary 

conditions. Besides the nuclide inventory evolution, various radiation source terms such as decay heat, 

delayed radiation sources and dose rates can be derived. 
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CASMO/SIMULATE/SNF 

The CMS/SNF methodology is based on the coupled CASMO/SIMULATE/SNF code sequence and 

used for evaluating the nuclide composition of spent nuclear fuel. It inherently applies a 3D core model 

to any assembly irradiated in the core, accounting for realistic irradiation conditions [Bahadir, 2009]. The 

nuclide library, generated by the lattice physics code CASMO5 [Rhodes, 2006], provides nuclide 

concentrations, cross-sections and reaction rates, tabulated via exposure, moderator density, control 

blade and fuel temperature histories. The nodewise exposure and accumulated history parameters, 

obtained from qualified operational reactor data and core simulation using the nodal reactor code 

SIMULATE [Grandi, 2011], are used as entry points in the interpolation routines and, together with the 

power history model in SNF [Børresen, 2004], are used to compute the nuclide concentrations at the 

time of assembly discharge. CMS5/SNF computes the nuclide concentrations and all relevant spent fuel 

parameters such as decay heat rate, activity, neutron and photon sources on a nodal basis following 

the axial nodalisation of the reactor core model. 

SIMULATE and SNF share the same cross-section library, generated by CASMO5 and based on 

ENDF/B-VII.1. The basic decay data in SNF are also based on ENDF/B-VII.R1. The SNF decay library 

includes basic data such as decay constants and nuclide transmutation chains; radiation emission 

spectra for photons from radioactive decay, (,n) reactions, bremsstrahlung, and spontaneous fission; 

electrons and  particles from radioactive decay; neutrons from radioactive decay, spontaneous fission, 

and (,n) reactions; decay heat production; and others. These data are compiled from data libraries 

(e.g. ENDF/B-VII.1 [Chadwick 2011], ENSDF [Tuli, 2001], TENDL-2012 [Koning, 2012]) and processed 

sources (ESTAR and ASTAR [Berger, 2015]) for 890 nuclides. The evaluation and validation of the 

decay data in SNF is reported in [Simeonov, 2017]. 

DRAGON 

DRAGON [Hébert, 2006] is a lattice deterministic code developed at École Polytechnique de Montréal. 

It uses different models and algorithms to solve the neutron transport equation. In order to find the best 

trade-off between accuracy and calculation speed, the Collision Probability method (CP) using the 

DRAGON formatted library is recommended. For self-shielding, the interface current method (SYBILT) 

can be used to perform the geometry tracking together with a subgroup method (USS module) with 

physical probability tables. In the subgroup or multiband method, the detailed energy-dependent cross-

section behaviour in each coarse energy group is replaced by its probability density representation. An 

accurate discretisation of each probability density can be obtained, which leads to probability tables 

which are subsequently used within the fluence rate solution algorithm of the subgroup method. The 

SYBILT module can also be used for the fluence rate calculation using the fixed Laplacian option and 

without leakage model. The default option for solving the depletion equations is the 4th order Kaps-

Rentrop algorithm of the Runge-Kutta family. The power-to-fluence rate conversion is done taking into 

account a constant power with the total energy released in the complete geometry (GLOB option), by 

accounting for (n,) reactions outside the fuel. In this case, the power released per initial heavy element 

at the beginning and at the end of each time step can be set to a constant. 

EVOLCODE 

EVOLCODE 2.0 is a combined neutron transport and depletion evolution simulation code to describe 

the burnup evolution of either critical or subcritical reactors operating in any neutron spectrum [Álvarez-

Velarde, 2014]. The code has been focused on the estimation of a large variety of nuclear reactor 

parameters, with a particular interest in the nuclide composition evolution of the fuel in a nuclear reactor. 

The evolution with burnup of any material present in the design can be followed for activation purposes. 

Burnup problems are solved by using a time interval method consisting of the successive calculation of 

first the neutron fluence rate for fixed material densities at a given time and later the depletion of these 

densities, using the hypothesis of constant neutron fluence rate. These hypotheses are considered valid 
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only for relatively short irradiation times. Hence, several iterative calculations are needed to solve the 

system for the whole irradiation period. Each iteration, corresponding to a partial irradiation period, is 

called an EVOLCODE cycle. 

In the present version of the code, the neutron transport calculations are performed by any version of 

the general MC transport code MCNP/X [Werner, 2017], which is able to model complex 3D geometries. 

The depletion of the geometry zones, requested by the user, is carried out by the activation code ACAB 

[Sanz, 2008]. This code is implemented in the EVOLCODE 2.0 system to provide best estimates 

together with their uncertainties resulting from a propagation of uncertainties of cross-sections, decay 

data and fission yields, and to enlarge the number of nuclear reactions taken into account by the 

irradiation calculations. ACAB is a point-depletion and radioactive decay computer code that solves the 

ODEs using a method similar to the one implemented in ORIGEN2 [Croff, 1983]. The depletion code 

ORIGEN can be used instead of ACAB. The user chooses which depletion code or version of MCNP/X 

is used in the simulations. 

The spatial dependence of the neutron fluence rate is determined by the MCNP cell definition, which, 

together with the entire geometry definition, allows for an important degree of the heterogeneity 

description in the reactor core model. The energy dependence is obtained by means of the energy 

distribution of the neutron fluence rate for each of these cells. On the one hand, the neutron fluence rate 

is normalised by means of a predictor/corrector method, so that the depletion is simulated using the 

proper value of the system thermal power. Finally, the neutron fluence energy distributions are used for 

creating (outside MCNP) spectrum averaged cross-section libraries for depletion. 

EVOLCODE 2.0 uses the same basic libraries as MCNP to ensure consistency in the use of the data. 

From these basic libraries, the information on those reactions suitable for ACAB and available in the 

database is selected, disregarding the information about elastic collisions. Additionally, since isomers 

may have very different half-lives and reaction cross-sections compared with the ground state nuclide 

(leading to different transmutation chains), the information on the isomer producing reactions is provided 

to the code by a separate file containing the information on the branching ratios. Finally, the fission 

yields library is supplied to the code as an external sub-library. Currently, sub-libraries are defined for 

neutron-induced fission product yields and for yields from spontaneous fission. Besides, independent 

and cumulative yields are also included in the sub-library. EVOLCODE 2.0 only considers neutron-

induced independent fission product yields since these are the data required by the depletion code. 

MCNP-CINDER 

The MCNP code in general, and in particular the recent version MCNP6, is widely used for neutron 

transport calculations from which the neutron fluence energy distribution is obtained and reaction rates 

can be generated. As far as burnup codes are concerned the depletion part can be disintegrated from 

the neutron transport code, that is, the reaction rates are calculated separately and several systems 

operate in this way, e.g. ALEPH2 [Stankovskiy, 2012] and EVOLCODE [Álvarez-Velarde, 2014].  

The depletion code that was coupled to earlier versions of MCNP is the MONTEBURNS module [Poston, 

1999]. The recent MCNP6 versions integrate the depletion part CINDER [Wilson, 2007] within the 

transport solution. Hence, the reaction rates are based on the nuclear input data of the MCNP code 

itself. As a weak point, CINDER uses a pre-calculated 63-group cross-section library obtained 

externally. CINDER belongs to the group of codes which use the so-called linear chains approach based 

on the Markov method, i.e. TTA method described in Section 2.2.1. The linearisation considerably 

simplifies the complexity of the exponential matrix but in return, one should be careful with the burnup 

time steps to maintain the accuracy of the nuclide inventory. On the other hand, it offers the possibility 

of handling many nuclides with longer depletion chains. 
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SCALE 

One of the most widely used computer codes for the prediction of spent fuel source terms (nuclide 

composition, neutron and -ray emission and decay heat) is the SCALE code package developed at the 

Oak Ridge National Laboratory (ORNL). The latest available version, as of September 2019, is SCALE 

6.2.3 [Rearden, 2016; Grandi, 2011]. It is described in detail in [Gauld, 2011]. Most of the geometrical 

systems studied with the SCALE package are related to a limited number of assemblies. 

SCALE is a multi-purpose code package offering a range of options for performing source term 

calculations: starting with pre-packaged LWR libraries in the ORIGEN-ARP module or alternatively 

determining simplified but assembly-specific cross-sections with the SAS2H control sequence in 

combination with the one-dimensional discrete ordinate code XSDRNPM-S or computing nuclide 

vectors with the T6-DEPL control sequence and the KENO lattice physics solver.  

The package includes built-in cross-section libraries (e.g. ENDF/B-VII.0 and ENDF/B-VII.1) in Multi 

Group (MG) approximation (56 or 252 groups) and in pointwise Continuous Energy (CE) detail. These 

are recommended for general-purpose reactor physics and LWR analysis [Rearden, 2016], along with 

complementary data from the JEFF-3.0/A library. The latest covariance data are based on the 

covariance evaluations of ENDF/B-VII.1 and other sources. These covariances, along with perturbation 

factors, can be used to generate perturbed MG libraries for the cross-sections, decay and fission yield 

data (see Section 2.4). For nuclide data not covered by ENDF/B-VII.1, "low-fidelity" covariances were 

estimated using simple procedures in a collaborative project by nuclear data experts of the Brookhaven 

National Laboratory (BNL), Los Alamos National Laboratory (LANL) and ORNL. 

SCALE offers several modules for depletion calculations: 

• TRITON couples one of the neutron transport modules to the ORIGEN depletion module in an 

iterative time-stepping sequence. One can choose between a deterministic 2D approach 

(NEWT) and a 3D MC simulation (KENO). The latter runs in multi-group or continuous-energy 

mode. TRITON is also used to generate problem-specific cross-sections that are used by the 

ORIGEN-ARP module for transmutation and decay calculations [Caruso, 2014b]. 

• POLARIS is a 2D lattice physics module that is used for the analysis of LWR fuel assemblies 

[Rearden, 2016]. POLARIS uses the Embedded Self Shielding Method [Williams, 2012a] for 

evaluating the self-shielded, multi-group cross-sections based on the Bondarenko interpolation, 

and a Method of Characteristics (MoC)-based transport solver [Williams, 2012a]. The outputs 

of POLARIS are the critical spectrum, few-group homogenised and condensed cross-sections, 

and one group condensed microscopic cross-sections. 

• ORIGEN – Oak Ridge Isotope GENeration (ORIGEN) code is coupled to TRITON and POLARIS 

to perform the depletion and decay calculations, and therefore to simultaneously generate the 

time-dependent nuclide concentrations. POLARIS and TRITON are coupled to ORIGEN by one-

group, zone-averaged fluence rates and one-group fluence-weighted cross-sections and 

reaction yields to compute the stepwise change in the problem-dependent nuclide vector. The 

coupling is done at the end of each depletion step using the predictor-corrector method, which 

is then used to update the depleted materials composition for the next self-shielding and 

transport calculation. ORIGEN can also be used stand-alone for activation, depletion and/or 

decay calculations using the pre-developed macroscopic cross-section libraries [Caruso, 2016]. 

• ORIGEN-ARP uses pre-packaged LWR libraries available in the SCALE package. It also allows 

user-defined libraries to be imported which can be developed with the TRITON module. 

• SAMPLER is a module for uncertainty analysis. It is a stochastic sampling super-sequence that 

was developed for the SCALE system by ORNL in collaboration with GRS on the basis of the 

XSUSA code [Williams, 2013b]. SAMPLER can be used to perform uncertainty analysis for 

POLARIS. SAMPLER works by stochastically sampling input parameters (MG nuclear data, 

depletion data, decay data as well as model parameters such as nuclide concentrations, 

geometric specifications, operational history). Afterwards, SAMPLER will repeat numerous 
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passes through the employed module (or sequence of modules), output distributed response 

parameters (or their uncertainties), and finally analyses these distributions to evaluate the 

correlations between different response parameters (e.g. different radionuclides) or the 

correlations between simultaneously modelled systems (similarity studies). 

SERPENT 

SERPENT [Leppänen, 2015a; Leppänen, 2015b] is a multi-purpose three-dimensional continuous 

energy MC particle transport code developed at the VTT, Technical Research Centre of Finland since 

2004. The latest version, as of September 2019, is SERPENT 2, Version 2.1.31. SERPENT can be 

used for various reactor physics analyses and decay heat, activity and nuclide inventory calculations. In 

addition, SERPENT is capable of performing multi-physics simulations and neutron, photon and coupled 

neutron-photon transport calculations. 

The geometry description in SERPENT is handled by a universe-based constructive solid geometry 

(CSG) model. Different elementary and derived surface types can be used in combination with Boolean 

operators (intersections, unions and complements) to define homogeneous material cells of practically 

any shape desired. Special surface types are defined for several lattice structures. In addition to CSG-

type universes, SERPENT has the option to import CAD and unstructured mesh based geometries. 

Particle transport in SERPENT is based on the combination of conventional ray-tracing based surface 

tracking and the Woodcock delta-tracking method [Woodcock, 1965] – the rejection sampling based 

delta-tracking method [Morgan, 2015]. Surface-tracking is used when necessary, e.g. in the presence 

of localised heavy absorbers which may cause efficiency problems for the delta-tracking method 

[Leppänen, 2010]. 

SERPENT has built-in state-of-the-art routines for depletion calculations and no coupling to external 

solvers is needed. The primary method used for solving the Bateman depletion equations is based on 

the CRAM method, an advanced matrix exponential solution developed for SERPENT at VTT [Pusa, 

2010; Pusa, 2011, Pusa, 2013; Pusa, 2016; Isotalo, 2016]. 

The main capabilities of the code are:  

• Geometry: SERPENT is capable of calculating nuclide inventories on assembly level in two (2D) 

and three (3D) dimensions. Whole core depletion calculations are also possible for small cores, 

such as research reactors. Serpent includes 2D lattice structures for square (PWR, BWR), 

hexagonal (VVER) and circular (AGR, CANDU, MAGNOX, RBMK, TRIGA) lattices. There is 

also a structure for a 1D vertical stack and 3D cuboidal and hexagonal lattices. Other structures 

are also possible to create by the user. Reflective, periodic and vacuum boundary conditions 

can be used. Support for spatial domain-decomposition for very large burnup calculations is 

currently in development. 

• Physics options: SERPENT includes several modelling options affecting the physics of the 

modelled problem. One of them is the Doppler-broadening preprocessor routine [Viitanen, 2009] 

that allows for adjustment of the temperatures of ACE format cross-sections. This results in a 

more accurate description of the interaction physics in temperature-sensitive applications, as 

the data in the cross-section libraries are typically available in 300 K intervals. The Doppler-

Broadening Rejection Correction (DBRC) method (see Section 2.3.1) is available. 

• Irradiation history: The irradiation history is defined in units of time or burnup. Reaction rates 

are normalised to total power, specific power density, neutron fluence rate, fission or source 

rate, and the normalisation can be changed by dividing the irradiation cycle into a number of 

separate depletion intervals. Other parameters such as fuel temperature, moderator 

temperature and density, boron concentration, etc. must apply constant values during a single 

depletion calculation. However, these parameters can be changed, and fuel shuffling is possible 

by writing different inputs for each change in the parameters and using SERPENT's restart 

feature. The effect of the uncertainty of different irradiation history parameters on the source 



Page 31 

 

EURAD (Deliverable n° 8.2) – Updated State-of-the-art report 
Dissemination level: PU 
Date of issue of this report: 12/09/2024  

terms can be investigated e.g. by refining the accuracy of which irradiation history is defined in 

the calculation. Boron history can be modelled using first one average value and then changing 

the boron concentration during the calculation with increased precision. 

• Depletion calculation: SERPENT handles every material as an individual depletion zone and 

provides nuclide inventories separately for each material. In addition, burnable materials in 

lattices can be automatically sub-divided into depletion zones, e.g. a lattice comprising one fuel 

material can be automatically sub-divided into depletion zones separately for each fuel pin. A 

fuel pin can also be automatically sub-divided into further depletion zones to better account for 

effects such as Gd burning. The depletion calculation can be followed by a decay calculation of 

any desired length. All nuclides included in the nuclear data libraries are available in the 

depletion and decay calculations. The output of the depletion calculation includes total and 

material-wise volume and burnup. Nuclide-wise output for every depleted material includes: 

atom and mass density, activity, decay heat, spontaneous fission rate, photon emission rate, 

ingestion toxicity, and inhalation toxicity. 

• Activation analysis: in addition to fuel burnup calculations, SERPENT is capable of calculating 

the activation of any material defined in the geometry. Materials of interest are the fuel cladding 

and structural materials such as the spacer grid. 

• Nuclear data: SERPENT reads continuous-energy cross-sections from ACE format data 

libraries based on JEFF-2.2, JEFF-3.1, JEFF-3.1.1, JEFF-3.2, ENDF/B-VI.8, ENDFB/B-VII.1 

and JENDL-4.0. In addition, any other continuous-energy ACE format data library generated for 

MCNP can be added to SERPENT. Radioactive decay data and incident-neutron energy-

dependent fission yields and isomeric branching ratios for neutron-induced reactions are read 

from data libraries in ENDF-6 format. The nuclear data used can be easily changed between 

different runs. 

• Shielding calculations: SERPENT provides a radioactive decay source mode to perform 

shielding calculations for spent fuel and other irradiated materials. The source term is formed 

automatically by combining the nuclide composition from a previous burnup or activation 

calculation and the emission spectra from ENDF decay data. The methodology includes 

photons and neutrons emitted in radioactive decay, as well as secondary photons produced by 

-decay by applying the thick-target bremsstrahlung (TTB) approximation. 

Various other codes/systems have been developed such as FISPACT [Sublet, 2017], MENDEL 

[Lahaye, 2017], MOCUP [Moore, 1995], MONTEBURNS [Poston, 1999], STREAM [Ebiwonjumi, 2019], 

SWAT [Kashima, 2015], and VESTA [Haeck, 2012]. Information on these codes is available from the 

quoted references. 
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2.2.3. Code comparison 

Recently, the performance of ALEPH2, SCALE, DRAGON and SERPENT were compared using the 

same nuclear data, fuel design and composition and irradiation history parameters. The code versions 

used in the exercise are specified in Table 1. All codes were used in combination with the ENDF/BVII.1 

library. Details about the exercise are given in [Žerovnik, 2019]. 

 

Code Neutron transport Solver Version 

ALEPH2 MC Runge-Kutta (RADAU IIA) ALEPH2/MCNP6.2 

SERPENT MC CRAM V2.1.29 

DRAGON Deterministic Runge-Kutta (4th order Kaps-Rentrop) Version 5 

SCALE Deterministic CRAM TRITON/NEWT 

Table 1 – Burnup codes used in the comparison exercise reported by Žerovnik et al. 

 

A reference 2D model representing a typical 17x17 PWR fuel assembly with reflective boundary 

conditions was considered. The fuel pins consisted of a stack of 4wt.-% 235U enriched UO2 pellets in a 

Zircaloy-4 cladding. The fuel was irradiated for 4 cycles of 300 days each, with interim cooling periods 

of 30 days. Simplified operating conditions were considered, with: 

• constant power levels of 50, 50, 40 and 30 MW/t during each cycle 

• coolant density of 0.655 kg/cm3 with a constant boron level of 800 ppm 

• fuel smeared density (95% of the theoretical density): 10.4 g/cm3  

• constant material temperatures: fuel and gap at 900 K and coolant and cladding at 600 K 

The following approximations were adopted in all codes: 

• the neutron transport calculations for each fuel cycle were rerun at time steps of: 1 day, 10 days, 

14 days, 3 × 25 days and 4 × 50 days, 

• to account for neutron self-shielding effects the fuel pins were divided into 4 radial regions. 

The abundance of key nuclides at a cooling time of 5 years is compared in Table 2. Uncertainties due 

to MC counting statistics are given for the results obtained with SERPENT. The results obtained with 

the MC codes ALEPH2 and SERPENT are very similar. The largest difference, about 3%, is observed 

for the abundance of 149Sm and the second largest, about 1.2%, for 246Cm. The good agreement 

between ALEPH2 and SERPENT confirms the good performance of the RADAU IIA Runge-Kutta type 

of ODE solver used in ALEPH2. 

Differences between SERPENT (& ALEPH2) and DRAGON, and SERPENT (& ALEPH2) and SCALE 

are larger. In general, the differences between DRAGON and SERPENT are smaller for the fission 

products than for the actinides, with the exception of 149Sm. Substantial differences are observed for 
242mAm and 244,245,246Cm isotopes. Differences between results from SCALE and SERPENT (& ALEPH2) 

are even more pronounced. There are no clear similarities between the differences observed with 

DRAGON and SCALE, except for 149Sm and 245,246Cm. Similar observations were made by comparing 

SCALE and SERPENT in [Kromar, 2019]. To clarify these differences, more systematic studies including 

results from calculations with the KENO module of SCALE are required. 
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Nuclide SERPENT ALEPH2 DRAGON SCALE 

 c1 / g/t c2 / g/t 100xc/c1 c3 / g/t 100xc/c1 c4 / g/t 100xc/c1 

90Sr  
106Ru 
133Cs 
134Cs 
137Cs 
144Ce 
148Nd 
149Sm 

678.56 (2) 

7.357 (<1) 

1621.7 (2) 

43.86 (2) 

1638.0 (<1) 

4.386 (<1) 

567.92 (1) 

3.536 (2) 

678.86 

7.294 

1624.2 

43.68 

1640.2 

4.364 

569.51 

3.645 

0.04 

-0.86 

0.15 

-0.43 

0.13 

-0.51 

0.28 

3.08 

679.08 

7.286 

1624.3 

43.64 

1639.8 

4.363 

569.29 

3.703 

0.08 

-0.96 

0.16 

-0.51 

0.11 

-0.53 

0.24 

4.72 

675.43 

7.321 

1637.9 

41.11 

1643.2 

4.356 

567.45 

4.080 

-0.46 

-0.49 

1.00 

-6.28 

0.32 

-0.68 

-0.08 

15.36 

234U 
235U 
236U 
238U 

237Np  
238Pu  
239Pu  
240Pu  
241Pu  
242Pu  
241Am  

242mAm 
243Am  
242Cm  
243Cm  
244Cm  
245Cm  
246Cm 

178.69 (8) 

7109.9 (14) 

5620.5 (6) 

920116 (33) 

765.76 (37) 

426.44 (18) 

6747.4 (18) 

3065.2 (13) 

1556.7 (6) 

970.92 (30) 

499.66 (17) 

1.253 (<1) 

242.95 (24) 

0.015 (<1) 

0.912 (1) 

109.38 (8) 

11.73 (2) 

1.302 (2) 

178.02 

7064.5 

5612.7 

920234 

766.47 

426.55 

6786.5 

3044.1 

1561.8 

967.77 

499.79 

1.261 

242.87 

0.015 

0.909 

108.80 

11.71 

1.286 

-0.37 

-0.64 

-0.14 

0.01 

0.09 

0.03 

0.58 

-0.69 

0.33 

-0.32 

0.03 

0.68 

-0.03 

-0.21 

-0.37 

-0.52 

-0.19 

-1.18 

180.54 

7119.6 

5560.7 

920143 

795.13 

434.35 

6825.4 

3056.1 

1570.8 

963.26 

503.06 

1.389 

238.63 

0.015 

0.878 

106.84 

10.820 

1.199 

1.04 

0.14 

-1.07 

0.00 

3.84 

1.85 

1.16 

-0.30 

0.91 

-0.79 

0.68 

10.85 

-1.78 

0.71 

-3.74 

-2.32 

-7.79 

-7.91 

190.23 

7283.3 

5627.0 

919950 

741.58 

429.22 

6947.2 

2976.3 

1608.5 

990.42 

516.77 

1.346 

225.35 

0.016 

0.905 

102.37 

11.145 

1.208 

6.46 

2.44 

0.12 

-0.02 

-3.16 

0.65 

2.96 

-2.90 

3.33 

2.01 

3.43 

7.43 

-7.24 

2.00 

-0.83 

-6.41 

-5.02 

-7.18 

Table 2 – Comparison of the abundance of key nuclides present in a spent nuclear fuel sample of after 
a cooling time of 5 years 

The irradiation conditions are summarised in the text. To illustrate the observed differences between codes the 
relative difference with respect to the valued obtained with SERPENT are given. They are given in the column: 

100 x c/c1 = 100 x (cx-c1)/c1. The results are taken from [Žerovnik, 2019] 
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2.3. Sources of bias effects and uncertainties 

The discussion in Section 2.2 reveals that various codes/systems are available to calculate source terms 

of spent nuclear fuel. Bias effects can be due to the methodology that is applied to solve the neutron 

transport and nuclide production and depletion processes. Independent of the methodology that is 

applied the final accuracy depends on input data which can be classified into nuclear data and fuel 

history data. The latter include the initial fuel composition and design and reactor operation and 

irradiation conditions.  

2.3.1. Methodology  

A detailed model of the irradiation conditions of a fuel assembly is not always possible. One of the 

reasons is that the full core information is mostly not publicly available and only limited information is 

provided by the plant operator or fuel vendor. Another reason concerns the tools used to perform the 

calculations. As mentioned earlier, Monte Carlo transport simulations, which are generally preferred to 

simulate irradiations, can hardly be applied to a large number of assemblies. Therefore, depending on 

the method used and depending on the degree of detail known from reactor operation, a simplified 

description of the irradiation history of a fuel assembly is necessary. For example, the effect of 

neighbouring fuel assemblies often cannot easily be described. In-core reactor measurements are 

typically made only for relatively few fuel assembly positions. Moreover, the fuel temperature, the 

moderator temperature or the moderator boron concentration history are often condensed into a few 

average values per cycle. In the case of 1D or 2D calculations, the axial profile is typically ignored in 

favour of a given node average burnup value provided by the power plant's in-core fuel management. 

This approach ignores shielding effects due to control rod position changes or the neutron fluence 

suppression at spacer or mixing grid positions. The impact of these factors on the nuclide inventory has 

been addressed for example in [NEA, 2011]. However, more quantitative studies of possible bias effects 

due to these assumptions are still needed. 

The Doppler effect seems to be well understood, as far as its impact on the broadening of resonance 

structures is concerned. The broadening of 238U resonance profiles has a strong influence on the self-

shielding effect and the production of 239Pu. Hence, it is important for reactor licensing and for spent fuel 

characterisation. Both the scattering and absorption cross-section are Doppler broadened. Until a 

decade ago, the scattering kernel, that is, the change in energy and angle of the scattered neutron, was 

simulated for a target nucleus at rest, namely at a temperature of 0K. Temperature-dependent scattering 

kernel theories which started by Wigner and Wilkins [Wigner, 1944], were further developed by 

[Rothenstein, 1998]. On the practical side, [Rothenstein, 2004] and later [Becker, 2009] found a 

technique to include the energy-dependent scattering kernel in stochastic transport calculations. This 

technique, known as Doppler-Broadening Rejection Correction (DBRC), was validated by a dedicated 

experiment in [Becker, 2009] and was implemented in MCNP, SERPENT and TRIPOLI [Zoia, 2013]. In 

the KENO code of SCALE, the angular part is missing. It can be shown that the inventory of 239Pu in a 

thermal LWR is underestimated by 1.5% when the impact of the Doppler effect on the scattering kernel 

is not properly taken into account [Dagan, 2005]. Evidently this bias of 1.5% will affect the inventory of 

all other actinides that are produced in the chains following the 239Pu production and the source terms 

depending on this inventory. More efforts should be made to study possible bias effects due to the use 

of spectrum-averaged cross-sections in the ODEs and in particular, the present assumptions made 

regarding the energy and angle differential scattering cross-sections for energies above the resolved 

resonance region.  

Different approaches can be applied to account for resonance self-shielding in case of deterministic 

transport calculations [Williams, 2011]. Two different methods implemented in SCALE were compared 

in [Ilas, 2012]. The results show a substantial difference in the inventory of Sm-isotopes and 245,246Cm 

obtained with the two different methods. The effect increases with increasing burnup. For a burnup of 

50 GWd/t, the inventory of 239,240,241Pu can be biased by more than 3%. Methods to account for self-

shielding in the unresolved resonance region are discussed and compared in [Sublet, 2009]. At present 
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a detailed systematic study assessing the methods used in the different codes is not reported in the 

literature. 

2.3.2. Nuclear data 

Different types of nuclear data are required to calculate the spent nuclear fuel source terms: neutron 

interaction cross-sections, fission product yields, decay data and neutron and -ray emission properties. 

Most of these data are available in the main general purpose Evaluated Nuclear Data Files (ENDF) such 

as the ENDF/B, JEFF and JENDL libraries. The decay data in these files are mostly adopted from the 

ENSDF library or result from international collaborative efforts such as the Decay Data Evaluation 

Project (DDEP) [Kellett, 2017]. The general purpose libraries can be complemented by data from special 

purpose libraries that are dedicated to specific applications, such as the International Reactor Dosimetry 

and Fusion File (IRDFF) file for neutron dosimeter reactions or activation cross-sections in the European 

Activation File (EAF). The TENDL library can be used to fill the remaining gaps. An overview of 

evaluated nuclear data libraries can be found on the website of the Nuclear Energy Agency of the OECD 

(OECDNEA) and the Nuclear Data Section of the IAEA (IAEA-NDS). 

The general purpose libraries contain mainly calculated data resulting from an evaluation process that 

is based on nuclear reaction formalisms or theories involving model parameters which are adjusted to 

experimental data. Calculated cross-sections are required to ensure consistency and to account for the 

Doppler effect. The term "general purpose library" is not always appropriate. Some of the cross-sections 

are adjusted based on results of integral benchmark experiments. Such data are often biased due to 

compensating effects and can only be used for specific applications. An example of a biased cross-

section due to a compensating effect is given in [Sirakov, 2017].  

Nuclear data in general purpose libraries are stored in the internationally adopted ENDF-6 format. This 

format is not adequate for neutron transport or inventory calculations. Therefore, data processing codes 

are used to transfer the data into a format that is suitable for use in transport and burnup codes. The 

NJOY nuclear data processing system [MacFarlane, 2010] is widely used to convert evaluated data 

from the ENDF-6 format into a format useful for practical applications. One of these formats is the ACE 

format which is the most used format for MC transport codes. The AMPX code is a modular system for 

processing ENDF-6 formatted data into data that are ready for use in the SCALE system.  

The primary goals of projects supporting the production of evaluated nuclear data were not to fulfil 

requirements for a spent fuel characterisation. For example, various projects to improve decay heat 

predictions have been organised or coordinated by both the IAEA-NDS [Dimitrou, 2014] and the [NEA, 

2007]. However, they concentrated on decay heat predictions at short cooling times and resulted in a 

substantial improvement of specific decay heat data for short-lived radionuclides. Measurements to 

produce such data are very complex. Unfortunately, the results are not relevant for the prediction of the 

thermal power of a SNF assembly at cooling times longer than one year.  

The status and need for nuclear data for spent fuel characterisation is best illustrated by some specific 

examples. Key nuclides to determine the source terms are e.g. 137Cs and 90Sr. These nuclides are 

predominantly produced in a single mass chain through neutron-induced fission and - decay. The total 

number of nuclides 𝑁𝑋 that are produced during an irradiation period can be approximated by summing 

the product of the cumulative fission yield 𝑌𝑐,𝑘 and total number of fission reactions 𝑁𝑓,𝑘 due to neutron-

induced fission of nuclide 𝑘: 

𝑁𝑋 ≈ ∑ 𝑌𝑐,𝑘𝑁𝑓,𝑘𝑘  (12) 

The total number of fission reactions for each nuclide 𝑘 is given by: 

𝑁𝑓,𝑘 ≈ 𝑠𝑓,𝑘  𝑗  𝑇 (13) 

with 𝑇 the total irradiation time,  the total fluence rate and 𝑠𝑓,𝑘 the fission cross-section of nuclide 𝑘. The 

main contribution to fission events starting from fresh UO2 fuel in a LWR is due to 235U(n,f). With 
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increasing irradiation time, the burnup of the initial fuel and production of 239Pu progresses. This results 

in an increased contribution of fission events due to 239Pu(n,f). At high burnup the latter can even 

dominate. Evidently, in the case of MOX the relative contribution of 235U(n,f) and 239Pu(n,f) depends on 

the composition of the initial fuel.  

The approximation in Eq. (12) can be made due to the relatively long half-life and small capture cross-

section of 137Cs and 90Sr. Hence, the nuclear data required to derive their inventory are the cumulative 

fission yields and fission cross-sections. They are reported in Table 3 and Table 4 for thermal neutron-

induced fission of 235U and 239Pu. These data suggest that there is a rather good consensus on the 

fission cross-sections and their uncertainties. However, for the cumulative fission yields there are larger 

differences. For 235U(n,f) the difference between the yields recommended in JEFF-3.3 and ENDF/B-

VIII.0 is almost 2% and their uncertainties differ by a Factor 2. The inventory of these nuclides, as such, 

is not a key source term. However, 137Cs has a substantial contribution to the -ray emission and decay 

heat. The data used to derive the -ray emission spectrum due to the decay of 137Cs are well known and 

they can be taken from the ENSDF data base [Tuli, 2001]. The total energy that can be transformed into 

heat, which is also referred to as recoverable energy, is summarised in Table 5. These values are 

deduced from a combination of decay data. The uncertainty of the recoverable energy due to the decay 

data is less than 1% for both 90Sr and 137Cs. It is remarkable that all recommended values differ from 

the value Er = 1'147 (9) keV that was derived by Ramthun from a direct calorimetric measurement 

[Ramthum, 1967]. The results in Table 5 suggest that the recommended values might be 

underestimated with a bias between 1.5% and 3.5%. New measurements are required to resolve these 

discrepancies. 

 

Library (n,f) at 2'200 m/s < (n,f)>: spectrum-averaged 

235U(n,f) 239Pu(n,f) 235U(n,f) 239Pu(n,f) 

ENDF/B-VIII.0 586.7 (29) b 747.4 (69) b 33.99 (14) 77.62 (107) 

JEFF-3.3 584.5 (38) b 749.3 (65) b 33.49 (23) 78.02 (95) 

JENDL-4.0 585.0 (20) b 747.3 (84) b 34.06 (11) 78.53 (59) 

Table 3 – Cross-section for neutron-induced fission of 235U and 239Pu recommended in the latest 
versions of the main data libraries 

The cross-section at thermal energy (or at 2200 m/s) is given together with a spectrum-averaged cross-section 
based on a typical neutron energy distribution in a PWR. Uncertainties are at the 68% confidence limit. 
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Library 90Sr 90Sr 137Cs 137Cs 148Nd 148Nd 

235U(n,f) 239Pu(n,f) 235U(n,f) 239Pu(n,f) 235U(n,f) 239Pu(n,f) 

ENDF/B-VIII.0 0.0578 (5) 0.0210 (4) 0.0619 (3) 0.0661 (3) 0.01674 (6) 0.01662 (8) 

JEFF-3.1.1 0.0573 (13) 0.0201 (5) 0.0622 (7) 0.0659 (8) 0.01681 (12) 0.01658 (17) 

JEFF-3.3 0.0568 (13) 0.0208 (6) 0.0609 (6) 0.0673 (8) 0.01693 (12) 0.01685 (15) 

JENDL-4.0 0.0577 (6) 0.0210 (4) 0.0618 (3) 0.0660 (3) 0.01671 (7) 0.01642 (8) 

Table 4 – Cumulative fission yields of 90Sr, 137Cs and 148Nd for neutron-induced fission of 235U and 
239Pu at thermal energy (or 2'200 m/s) 

The cross-sections recommended in evaluated data libraries are compared. Uncertainties are at the 68% 
confidence limit. 

 

Library 90Sr/90Y 137Cs/137mBa 

Er / keV Er,cp / keV Er,  Er / keV Er,cp / keV Er, / keV 

DDEP [Kellett, 2017] 1'129.4 (14)   813.3 (18) 247.9 (12) 813.3 (18) 

ENDF/B-VIII.0 1'128.8 1'128.8 0 805.7 240.1 565.6 

JEFF-3.3 1'128.5 1'128.5 0 804.1 237.4 566.7 

JENDL/FPD-2011 1'129.6 1'129.6 0 811.2 247.9 563.3 

Table 5 – Total recoverable energy (Er) together with that resulting from charged particle (Er,cp) and 

-ray (Er,) emission due to the decay of the 90Sr/90Y and 137Cs/137mBa chains 

The energies recommended in nuclear data libraries are compared with the ones derived from the data in the 
DDEP [Kellett, 2017]. Uncertainties are at the 68% confidence limit. 

 

The capture cross-section of 134Cs is relatively large and cannot be ignored when estimating the 

abundance of 134Cs. Figure 3 compares the capture cross-section that is recommended in the ENDF/B-

V and ENDF/B-VII.0 libraries. It is shown in [Ilas, 2012] that the difference between the cross-sections 

in ENDF/B-V and ENDF/B-VII.0 results in a 7.5% difference in the 134Cs abundance in case of a 50 

GWd/t burnup. Even larger differences of up to 30% are observed for 149-152Sm, 155Eu and 155Gd. This 

shows the importance of estimating the cross-section in the resolved resonance region based on 

resolved resonance parameters, which can only be derived from a resonance shape analysis of 

experimental data (see [Fröhner, 2000; Schillebeeckx, 2012]).  
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Figure 3 – Comparison of the 134Cs(n,) cross-sections as a function of neutron energy which are 
recommended in the ENDF/B-V, ENDF/B-VII.0, JEFF-3.3 and JENDL-4.0 libraries 

The capture cross-section  is multiplied with the square root of the energy. 
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One of the important contributors to the neutron emission rate of spent fuel is 244Cm. Starting from UO2 

based fuel, this curium isotope is produced through a sequence of neutron capture reactions and - 

decay starting from the 238U(n,) reaction. The main production chain involves six neutron-induced 

capture reactions. Several studies [Hu, 2014; Zu, 2016; Leray, 2016; Borella, 2017; Rochman, 2018b] 

show that the uncertainty of the predicted 244Cm abundance is in the order of 10%. This is mainly due 

to the uncertainty of the 242Pu(n,) and 243Am(n,) cross-sections [Hu, 2014; Leray, 2016]. To derive the 

neutron emission rate, the 244Cm abundance has to be combined with the specific neutron emission per 

decay, which is 3.74 (11) × 10-6 based on data in the JEFF-3.3 library. Hence, at present the total 

uncertainty of the predicted neutron emission rate due to 244Cm(sf) is dominated by the one of the 244Cm 

production. This uncertainty can only be reduced by performing new experiments to improve the capture 

cross-section data for 242Pu(n,) and 243Am(n,). In the case where the neutron emission is dominated 

by the production of (,n) neutrons, there is a substantial contribution to the uncertainty due to the 

specific (,n) neutron production which is in the order of 8% [Simakov, 2017]. This uncertainty 

component is difficult to reduce and requires both improved experimental data and theoretical modelling. 

For a criticality safety assessment based on a BUC approach, the concentrations of nuclides with a 

relatively large absorption cross-section are required together with reliable estimates of the cross-

sections. Oscillator experiments [Gruel, 2011] were performed at the MINERVE reactor of CEA 

Cadarache (FR) to validate the capture cross-section of fission products that are important for such a 

criticality safety analysis. For most of them, substantial differences were observed between the 

measured and calculated reactivity-worth. Based on these differences, correction factors are proposed 

to define criticality safety margins [Tardy, 2015]. However, results derived from such oscillator 

experiments might be biased due to poor knowledge of the sample properties as discussed in [Šalamon, 

2019; Ma, 2019]. Problems with the sample properties could explain the reactivity-worth difference in 

the order of 10% observed for 103Rh in Ref. [Gruel, 2011]. Since natural rhodium is mono-isotopic and 

metallic homogeneous samples are easy to produce, its capture cross-section can be determined with 

an uncertainty of less than 2% [Schillebeeckx, 2012]. Therefore, the use of correction factors is not 

recommended and reliable safety margins should be derived starting from accurate microscopic 

absorption cross-sections resulting from an evaluation process that is based on a resonance analysis 

of experimental data reported in the literature. Unfortunately, the present status of the evaluated libraries 

does not always reflect the quality of the available experimental data. Table 6 compares the capture 

cross-section for 103Rh at thermal energy as recommended in the main general purpose libraries. The 

values are consistent within the quoted uncertainties, except for the one in JENDL-4.0. Nevertheless, it 

seems that none of the evaluation procedures included the value   = 144.9 (7) b derived by [Dilg, 

1974], even though this value was derived by the same method that was used to derive the value for 
197Au(n,) [Dilg, 1973], which is still the basis of the present neutron standard [Carlson, 2018]. 

 

Library 103Rh 

 (n,tot) / b  (n,n) / b  (n, ) / b 

ENDF/B-VIII.0 146.5 4.34 (87) 142.1 (15) 

JEFF-3.3 146.6 (38) 3.88 (92) 142.7 (37) 

JENDL-4.0 136.4 3.27 133.1 

Table 6 – Total cross-section and cross-section for neutron elastic scattering and capture of 103Rh at 
thermal energy 

The data in recommended data libraries are compared. 



Page 40 

 

EURAD (Deliverable n° 8.2) – Updated State-of-the-art report 
Dissemination level: PU 
Date of issue of this report: 12/09/2024  

2.3.3. Fuel history 

The importance of the fuel history, i.e. fuel composition and design, reactor operation and fuel irradiation 

conditions, is discussed in a state-of-the art report that was issued by the NEA/OECD. This report was 

the result of an Expert Group on Assay Data of Spent Nuclear Fuel (EGADSNF) [NEA, 2011]. In this 

report, the impact of modelling approximations due to missing or uncertain fuel history data is discussed 

based on calculations done using the Takahama PWR 17×17 assembly as a reference. The report 

discusses how various parameters such as power history, moderator temperature (density), moderator 

soluble boron, fuel temperature, sample burnup, assembly pitch and surrounding assemblies affect the 

nuclide inventory.  

Assigning an uncertainty to these parameters to propagate them to the uncertainty on the source terms 

is not evident. It will depend on the quality of the documentation provided by the fuel manufacturer, 

operators and engineering companies. In the OECD-NEA state-of-the-art report, estimates of 

representative uncertainties at a 68% confidence limit are given for the initial enrichment (0.05 wt.-%), 

fuel temperature (50 °C), moderator temperature (2 °C) and fuel sample (local) burnup (2%, relative). 

The impact of the uncertainty of the initial enrichment and burnup on the inventory of some key nuclides 

is illustrated in Figure 4 [Schillebeeckx, 2018]. This figure gives the sensitivity of the nuclide inventory 

to a change in IE and BU for a PWR assembly with an initial enrichment of 4.8 wt.-% 235U and burnup 

of 45 GWd/t. The results illustrate that the inventory of 137Cs and 148Nd is not sensitive to the initial 

enrichment and a 1% uncertainty of the burnup results in a 1% uncertainty of the inventory. For a relative 

variation of 1% of the initial enrichment and burnup, the inventory of 244Cm changes by 2% and 4%, 

respectively. The impact of burnup increases due to the number of neutron-induced reactions involved 

in the production process. 

 

 

Figure 4 – Relative sensitivity of the nuclide inventory to the initial enrichment (IE) and burnup (BU) 

The data are for a UO2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t. 

 

Burnup is an essential parameter for the calculations. It is related to time integrated the thermal power 

that is extracted from the nuclear fuel. The thermal power of a system is used to determine the neutron 

fluence which is required to normalise the theoretical calculations. The relation between thermal power 

𝑃 and neutron fluence rate is [Gauld, 2011]: 

=
𝑃

∑ 𝑁𝑘(𝑁𝑓,𝑘𝐸𝑓,𝑘+∑ 𝑁𝑎,𝑘𝐸𝑎,𝑘𝑎 ⬚
)𝑘
 (14) 
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with 𝑁𝑓,𝑘  and 𝑁𝑎,𝑘  the total number of fission and other absorption reactions with nuclide 𝑘 , 

respectively, and 𝐸𝑓,𝑘  and 𝐸𝑎,𝑘  the corresponding recoverable energies for these reactions. The 

inventory of nuclide 𝑘 is denoted by 𝑁𝑘. Table 7 lists the recoverable energy per fission and capture 

event for 235U and 239Pu, which are recommended in the main data libraries. There is almost no 

difference between the adopted values. The recoverable energy for some nuclides with a relatively large 

absorption cross-section are given in Table 8. These energies are the same in the main data libraries 

and are used in SERPENT and ALEPH2. They are also used in SCALE, except for 155Gd and 157Gd, for 

which a default energy of 5 MeV is adopted. This can create bias effects in the case of Gd-loaded fuel. 

 

 235U 239Pu 

 Er / MeV Er,f / MeV Er, / MeV Er :/MeV Er,f / MeV Er, / MeV 

ENDF/B-VIII.0 200.645 194.1 6.545 205.134 198.6 6.534 

JEFF-3.3 200.415 193.87 6.545 205.234 198.7 6.534 

JENDL-4.0 200.345 193.8 6.545 206.434 199.9 6.534 

Table 7 – Recoverable energy due to neutron-induced interaction with 235U and 239Pu 

The energies recommended in evaluated data libraries are compared. 

 

Library Recoverable energy, Er / MeV 

1H(n,) 16O(n,) 10B(n,) 155Gd(n,) 157Gd(n,) 

ENSDF [Tuli, 2001] 2.225 4.143 2.790 8.536 7.937 

Table 8 – Recoverable energy for some important neutron absorption reactions 

The energies in the decay libraries are adopted in the main evaluated data libraries. They are also used in 

SCALE, except for 155,157Gd(n,). 

 

The burnup is mostly defined as time integrated thermal power per unit initial actinide mass in the fuel 

and often expressed in gigawatt-days per ton (GWd/t) or megawatt-days per kg (MWd/kg). In the case 

where samples of irradiated fuel are analysed, the burnup is mostly derived from the total number of 

Fission reactions per Initial number of heavy Metal Atoms (FIMA). It is often assumed that the burnup 

defined by the total thermal power is directly proportional to the total number of fissions, with a constant 

conversion factor. Evidently, this assumption is not always valid and might introduce bias effects 

Kępisty, 2007; Kenya, 2006]. The recoverable energy depends on the fissioning nuclide such that the 

average energy released per fission event will change with burnup. A more detailed discussion on the 

relation between burnup and FIMA is given in [Kępisty, 2007]. 

The number of fission events of an irradiated sample can be derived by determining the amount of a 

specific fission product. An ideal fission product to determine the number of fissions should have a 

cumulative fission yield that is independent from the fissioning nuclide, a low yield from neutron capture, 

a low neutron absorption cross-section and a relatively long half-life. Under these conditions, the amount 

of this fission product is directly proportional to the total number of fission reactions, even independent 
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of the initial enrichment. In addition, it should not be volatile and not be produced through volatile 

precursors. The use of the stable fission product 148Nd as a FIMA monitor or indicator is generally 

accepted as a standard method since the issue of the ASTM method E 321-96 [ASTM, 1969; ASTM, 

2012]. However, in spite of the short half-life of 147Nd and the small 148Nd(n,) cross-section, the 

production of 148Nd is affected by the 147,148Nd(n,) cross-sections [Suyama, 2005]. These capture 

reactions will have an opposite effect on the 148Nd production. The results in Ref. [Kenya, 2006] show 

that ignoring the contributions due to the 147,148Nd(n,) reactions and the dependence of the recoverable 

energy, the burnup derived from the amount of 148Nd can be biased by 3%. To reduce bias effects, it is 

recommended to derive the burnup by theoretical calculations by adjusting the theoretical 148Nd 

inventory to the experimental value as in Refs. [Zwicky, 2010; Gauld, 2016]. Applying such a procedure, 

the total number of fission reactions can be determined with an uncertainty of 1.5% (68% confidence 

limit) [Gauld, 2016].  

Evidently, the 147Nd(n,) cross-section enters into such a calculation. Although, this reaction contributes 

less than 2% to the 148Nd production, the results in Figure 5 illustrate the need for a re-evaluation of this 

cross-section. This figure compares the cross-section recommended in the ENDF/B-VIII.0, JEFF3.3, 

JENDL-4.0 and TENDL-2017 libraries. The cross-section in TENDL-2017 relies on a re-evaluation of 

the cross-section at thermal energy in [Rochman, 2016a]. This evaluation is based on the value reported 

in [Heck, 1974] combined with results of optical model calculations. Unfortunately, the value in [Heck, 

1974] is the only experimental value for this reaction at thermal energy that is reported in the literature. 

Hence, the experimental data available for performing an evaluation are rather scarce.  

 

 

Figure 5 – Comparison of the 147Nd(n,) cross-sections as a function of neutron energy that are 
recommended in the ENDF/B-VIII.0, JEFF-3.3, JENDL-4.0 and TENDL-2017 libraries 

The cross-section  is multiplied with the square root of the energy. 

 

Alternative methods to determine the number of fission events are based on measurements of other Nd 

isotopes, fission products such as 133,137Cs and 235U or 239Pu [Zwicky, 2010; Gauld, 2016; Kim, 2007; 

Kim, 2015]. Different methods to are compared in [Zwicky, 2010]. The results are consistent within 3%. 

The advantage of using -ray emitting indicators such as 137Cs is that their inventory can be determined 

by non-destructive -ray spectroscopic methods and used to verify the burnup of an assembly. All these 
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methods use the inventory of a specific nuclide to normalise the local burnup of the sample being 

investigated and to compare measured and calculated inventories of other nuclides. However, for final 

applications, the burnup information provided by the operator has to be used. Unfortunately, no detailed 

study is available in the open literature that provides an uncertainty assessment to link FIMA to the 

burnup information of the operator. 

2.4. Uncertainty evaluation and sensitivity analysis 

A reliable characterisation of spent fuel requires best estimates of the observables together with their 

uncertainties and covariance matrix. They will finally define the confidence limits and safety margins 

and influence the decision-making. Hence, a careful evaluation of the covariance matrix of the calculated 

nuclide vector is required. Unfortunately, the relationship between the nuclide vector and the input data 

is rather complex. Since the neutron and -ray emission rates and thermal power are linear functions of 

the nuclide vector, their uncertainties can be derived by conventional first order uncertainty propagation, 

also considering the uncertainty of decay constants, specific emission properties and recoverable 

energy.  

2.4.1. Methods 

Propagation of uncertainties can be performed by deterministic or probabilistic methods [Rochman, 

2011; Wieselquist, 2013]. Deterministic methods are based on the first order uncertainty propagation 

formula: 

𝑽𝑌 = 𝑺𝑽𝑋𝑺𝑇
 (15) 

with 𝑽𝑌  the covariance matrix of the output, 𝑽𝑋  the covariance matrix of the input data and 𝑺 the 

sensitivity matrix. The latter is defined by the partial derivatives of the output with respect to the input. 

Most of the deterministic sensitivity and uncertainty analysis codes used for reactor applications rely on 

perturbation theory [Kodeli, 2001; Rearden, 2011]. For neutron transport problems, the sensitivity matrix 

is directly obtained from the forward and adjoint transport equation [Wieselquist, 2013; Kodeli, 2001]. 

Adjoint equations for depletion calculations were implemented in ORIGEN [Rearden, 2011] based on 

the work of [Gandini, 1975]. The present version of ORIGEN includes adjoint calculations based on the 

CRAM method for sensitivity and uncertainty analysis [Isotalo, 2015; Gauld, 2017].  

The direct perturbation approach works well for smooth relationships between input and output and 

when the uncertainties are relatively small. When non-linearity effects are important this approach is not 

applicable and can be replaced by stochastic sampling-based uncertainty propagation [Rochman, 

2011]. This consists of repeating the nominal calculation a large number of times, each time with 

different input data. The input data are sampled from independent or multivariate probability 

distributions. These distributions reflect the covariance 𝑽𝑋 of the input data. In most cases they are 

based on multivariate normal distributions. However, this is not a restriction, for example inherently 

positive data can be sampled from a log-normal or rectangular distribution. The choice of the 

distributions depends on the available information about the input data and can be based on the 

Maximum Entropy Principle [Jaynes, 1968]: when only a best estimate of an inherently positive 

observable is known the data should be sampled from a decreasing exponential distribution; however, 

when an estimate of the covariance matrix is also available the optimum probability distribution for 

further inference is a multivariate normal distribution [Fröhner, 2000]. Stochastic sampling offers the 

advantage that uncertainties of all input data can be propagated, independently of their relationship with 

the output of interest and of the magnitude of the uncertainty. In addition, it provides the final probability 

distributions of output quantities from which the uncertainties can be derived.  

Various codes and platforms have been developed to propagate uncertainties by stochastic sampling, 

e.g. SHARK-X [Wieselquist, 2013; Aures, 2017], XSUSA [Aures, 2017; Zwermann, 2014], NUSS [Zhu, 

2015], NUDUNA [Diez, 2015], SAMPLER [Williams, 2013b; Rearden, 2015] and SANDY [Fiorito, 2017]. 
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The development and testing of these codes have been motivated by the Benchmark for Uncertainty 

Analysis in Modelling (UAM) for design, operation and safety analysis of LWRs organised by the OECD-

NEA [Ivanov, 2013].  

The SHARK-X platform has been developed at the Paul Scherer Institute for sensitivity analysis and 

uncertainty propagation based on a deterministic perturbation and stochastic sampling approach 

[Wieselquist, 2013; Aures, 2017]. It is a set of Perl-based tools build around the lattice code CASMO-5. 

It allows perturbation to nuclear data, i.e. cross-sections for (n,n), (n,n'), (n,2n), (n,f) and (n,) reactions, 

the average number of neutrons per fission and the prompt fission neutron energy distribution. In 

addition, any parameter contained in the input file, e.g. cladding thickness, fuel enrichment, can be 

perturbed. 

The XSUSA Cross-section Uncertainty and Sensitivity Analysis (XSUSA) method [Zwermann, 2014] is 

based on the random sampling method implemented in the code package Software for Uncertainty and 

Sensitivity Analysis (SUSA) Krzykacz, 1994]. It enables simultaneous correlated sampling of (n,n), (n,n'), 

(n,2n), (n,f), (n,γ) cross-sections, fission neutron multiplicities and fission neutron spectra. As a basis for 

generating the data variations, the SCALE 6.1 covariance data library is used and processed in a multi-

group structure with 44 energy groups. Normal distributions are assumed as default distributions. In 

addition to neutron cross-section uncertainties, uncertainties of data relevant for the production of 

nuclides and their decay chains can be propagated, i.e. uncertainties of fission yields, decay constants 

and branching. These uncertainty data are extracted from the ENDF/B-VII library. The XSUSA method 

is also integrated into the SAMPLER module [Williams, 2013b; Rearden, 2015] of the SCALE code 

system, where it can be used in combination with the POLARIS sequence. The SAMPLER module uses 

the XSUSA method to repetitively sample nuclear data in multi-group approximation, execute the 

sequence and analyse the distributions of e.g. decay heat rate or nuclide vector. 

The Nuclear data Uncertainty Stochastic Sampling (NUSS) random sampling tool [Zhu, 2015] combines 

multi-group uncertainties and pointwise/continuous energy nuclear data. This tool is implemented for 

the continuous energy ACE format, facilitating direct use by MC codes such as MCNP and SERPENT. 

It is capable of introducing perturbations to (n,n), (n,n'), (n,2n), (n,f), (n,γ) cross-sections, fission neutron 

multiplicities and fission neutron energy distribution data using multivariate normal distribution. Caution 

has to be taken that associated total quantities are updated accordingly, i.e. summation rules are not 

applied automatically. 

The NUclear Data UNcertainty Analysis (NUDUNA) package [Díez, 2015] provides full random sampling 

of nuclear data inputs for transport and depletion calculations. NUDUNA takes the information provided 

by nuclear data evaluations in the standardised ENDF-6 format as input, taking into account best 

estimates and covariances of neutron-induced cross-sections, resonance parameters, fission neutron 

multiplicities, angular distributions of outgoing particles and decay data, assuming normal or log-normal 

distribution. The NUDUNA output files can be used as input for different neutron transport and fuel 

depletion codes, such as SCALE, SERPENT or MCNP. 

The random sampling code SANDY [Fiorito, 2017] enables sampling of nuclear data for which 

covariance data are available: resonance parameters, cross-sections, angular and energy distributions, 

fission neutron multiplicities, fission yields and decay data. The code includes capabilities for verification 

of mathematical correctness of the covariance data and automated correction methods to make the 

covariance matrix positive semi-definite [Higham, 2011]. It uses multivariate normal or log-normal 

distribution for sampling of correlated parameters. Apart from the basic option of uncertainty 

propagation, it also includes capabilities for sensitivity analysis using linear regression. This method is 

analogous to the first order deterministic sensitivity analysis since it is accurate for small uncertainties 

or (close to) linear functions. It enables simultaneous determination of the entire sensitivity matrix using 

one set of samples with all input parameters perturbed. Due to the nature of random sampling, this 

method works for any functional relationship. The SANDY code is freely available and works with nuclear 

data files in ENDF-6 format. 
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2.4.2. Examples 

The codes presented in Section 2.4.1 have been used for sensitivity and uncertainty analysis of the 

source terms of spent nuclear fuel, see [Leray, 2016; Borella, 2017; Rochman, 2018b; Zwermann, 2014; 

Cabellos, 2011; Fiorito, 2015; Rochman, 2013; Leray, 2017; Rochman, 2020a]. They focus on nuclear 

data uncertainties with the emphasis on cross-sections and fission yields.  

Nuclear data 

The results in [Cabellos, 2011; Fiorito, 2015] reveal that uncertainties due to decay constants have a 

negligible contribution to the total uncertainty of the nuclide inventory, except for the production of 151Eu. 

The results in [Cabellos, 2001; Fiorito, 2015] are based on a recommended half-life of T1/2 = 90 (8) for 
151Sm. The present recommendation by DDEP is T1/2 = 94.7 (6) a. This value is based primarily on 

results of measurements reported in Ref. [Bé, 2015] and has been adopted in JEFF-3.3 but not in 

ENDF/B-VIII.0. 

Most of the studies verifying the impact of nuclear cross-section data report only final uncertainties. 

Sensitivity studies to identify the main reactions contributing to the uncertainty of the nuclide inventory 

are rather scarce. However, such studies are needed to define nuclear data that need to be improved. 

A study of reaction cross-section data that are important for the production of 244Cm and 238Pu is 

presented in [Tiehun, 2016] and [Gauld, 2017], respectively. These studies show the convenience of 

the adjoint equations for the depletion calculations for such a sensitivity study.  

Efforts are made to propagate uncertainties of fission yields. Table 9 compares reported uncertainties 

for the predicted 137Cs and 148Nd inventory due to the propagation of fission yields covariance data for 

UO2 in a PWR [Leray, 2016; Rochman, 2018b; Rochman, 2013; Leray, 2017b]. The results reveal strong 

differences, e.g. for 137Cs the uncertainty varies between 0.3% and 7.0% and for 148Nd between 0.4% 

and 14%. Part of these differences is due to the use of independent fission yields which are needed for 

a complete consistent burnup calculation. Unfortunately, independent fission yields are generally more 

complicated to measure compared to cumulative yields. Therefore, they have larger uncertainties. 

Methods have been proposed and developed to produce covariance data for independent fission yields 

that are consistent with cumulative yields, that is, to maintain the cumulative yields together with their 

uncertainties [Fiorito, 2014; Fiorito, 2016; Rochman, 2016b]. However, given the difference between the 

evaluated data discussed in Section 2.3, a difference of a Factor 2 will remain. Hence, a consensus on 

the evaluated cumulative yields and their uncertainties is required.  

An uncertainty assessment of decay heat predictions for BWR SNF assemblies is reported by Ilas and 

Liljenfeldt [Ilas, 2017]. The impact of uncertainties due to nuclear data and fuel history parameters were 

verified using the SAMPLER module of SCALE. The results, which are summarised in Table 10, suggest 

that for a cooling time of about 15 years, the total uncertainty of the predicted heat is about 1.3%. The 

contribution of the uncertainties due to both nuclear data and fuel history is about 0.9%. 70% of the 

decay heat at such cooling times derives from the decay chains of 137Cs and 90Y. The discussion on the 

fission yields and recoverable energy in Section 2.3.2 suggests that an uncertainty of less than 1% is 

questionable. Using the data in Table 4 and Table 5, a difference of about 2.5% in estimated thermal 

power only due to nuclear data can be expected for the conditions considered in [Ilas, 2017]. A study in 

[Rochman, 2016] reports for similar conditions an uncertainty of at least 3% by propagating only cross-

section and fission yield uncertainties. In addition, the discussion in Section 2.3 suggests that an 

absolute prediction of the burnup with an uncertainty of less than 1% is questionable. Hence, a more 

detailed uncertainty assessment of decay predictions is required to define realistic confidence limits that 

can be presented to licensing authorities.  
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Ref.  Library Con-
straint 

Reactor Fuel BU 
(GWd/t) 

IE 
(wt.-%) 

90Sr 137Cs 148Nd 

[Zwermann, 2014] SCALE-6.1  PWR UO2 40 4.1 5.0% 1.7% 14% 

[Fiorito, 2016] ENDF/B-VII.0  PWR UO2 40 4.1 5.6% 2.0% 12% 

[Leray, 2016] ENDF/B-VII.1 Y PWR UO2 54 3.4 1.5% 4.0% 0.4% 

[Rochman, 2018b] ENDF/B-VII.1 Y PWR UO2 54 3.4 0.7% 6.2% 0.4% 

[Rochman, 2018b] ENDF/B-VII.1 Y PWR UO2 40 4.1 0.7% 7.0% 0.4% 

[Leray, 2017b] ENDF/B-VII.1 Y PWR UO2 60 4.1 3.6% 0.3% 0.9% 

[Leray, 2017b] JEFF-3.1.1 Y PWR UO2 60 4.1 9.3% 0.8% 0.6% 

Table 9 – Uncertainties of the inventory due to the propagation of nuclear data uncertainties 

All results are for UO2 fuel in a PWR. The burnup (BU) and initial enrichment (IE) are specified together with the 
nuclear data library that is used. The 3rd column specifies whether the covariance of the independent fission 

product yields was based on boundary conditions (constraints) (see [Fiorito, 2014; Fiorito, 2016; 
Rochman, 2016]). 

 

Uncertainty component Relative uncertainty 
(68% confidence limit) 

Fuel history 

Fuel design 0.20% 

Operation history 0.85% 

Total 0.87% 

Nuclear data 

Cross-sections 0.88% 

Fission yields 0.26% 

Total 0.92% 

Total  1.27% 

Table 10 – Uncertainty evaluation of the decay heat estimated by theoretical calculations  

Reported in [Ilas, 2017]. The uncertainties are for a UO2 assembly with an initial enrichment of 2.9 wt.-% that was 
irradiated in a BWR to a burnup of 36.9 GWd/t. The results are for a cooling time of 15.6 years. 

 

Fuel history 

The impact of fuel history data on the inventory of a PWR spent fuel assembly is discussed in the state-

of-the-art report issued by OECD-NEA [NEA, 2011]. The OECD-NEA started a new initiative to produce 

a guidance report on "Code validation for decay heat application". This report will include a section 

discussing the impact of fuel history data on the calculated decay heat [Fiorito].  
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Kromar and Kurinčič performed a sensitivity analysis for UO2 spent fuel from the Krško nuclear power 

plant using SERPENT [Kromar, 2015; Komar, 2017]. They verified the influence of several factors, such 

as initial enrichment, burnup, fuel temperature, moderator temperature and density, soluble boron 

concentration, average power density and burnable absorbers on the decay heat and neutron and -ray 

emission. The main conclusions drawn from this analysis are valid for any PWR fuel in the form of low-

enriched UO2. 

Change the burnup of 50 GWd/t by 20% changes the thermal power and -ray emission rate by  20% 

and the neutron emission rate by  35% at the end of irradiation. Hence, around a burnup of 50 GWd/t 

the thermal power and -ray emission rate are almost linearly dependent on burnup (i.e. the relative 

sensitivity  1), whereas the neutron emission rate has a stronger dependence on burnup (i.e. absolute 

relative sensitivity  2). This is expected since, at the end of irradiation, the dominant contributions to 

the thermal power and -ray emission is due to the decay of fission products whose build-up depends 

almost linearly on the number of fissions, whereas the neutron emission comes entirely from actinides 

whose build-up as a function of burnup can typically be approximated as a higher order polynomial 

dependence.  

Changing the initial enrichment of 3.525 wt.-% by 20% changes the thermal power by  5%, the -ray 

emission rate by  3.5% and the neutron emission rate by 25% at the end of irradiation. The relative 

sensitivities of the decay heat and -ray emission to the initial 235U enrichment at short cooling times are 

small. The sensitivity of the neutron emission rate from spent fuel on initial enrichment is higher  - 1.3 

due to the build-up of higher actinides. 

The effects of other operational parameters on decay heat, neutron and -ray emission were smaller. 

Moderator density (due to thermal expansion) and the presence of boron in the moderator and burnable 

absorbers are important, while the sensitivity of the observables to the fuel temperature and the specific 

power is smaller and needs to be considered only in very detailed cases.  

In addition to the sensitivity study itself, non-linearity (departure from the first-order sensitivity 

approximation) was examined. Such analyses are important, since they indicate the errors produced in 

the averaging process, which is usually applied in practical applications. Results show that simple 

averaging of the enrichment and burnup domains can induce errors of several%. To avoid this, a 

sufficiently heterogeneous problem decomposition (several axial and perhaps even radial regions) is 

required. 

2.5. Experimental determination of SNF source terms and 
 observables 

As discussed in Section 2.1, the ability to calculate the nuclide inventory of spent nuclear fuel is essential 

for many licensing aspects of the back-end of the fuel cycle, such as spent nuclear fuel transport, interim 

storage and final disposal. The nuclide inventory that is required cannot be determined directly from 

measurements; it can only be derived from theoretical calculations using codes as described in 

Section 2.2. Independently of the progress made to improve the calculation methodologies and 

capabilities, a code validation and assessment of the accuracy based on a comparison with 

experimental data is required. This is essential for having procedures relying on such calculations 

accepted by licensing and nuclear safeguards authorities.  

Due to the importance of having experimental data for code validation, the Expert Group on Burnup 

Credit Criticality (EGBUC) formed by the NEA/OECD supported the development of the SFCOMPO-2.0 

database [Michel-Sendis, 2017]. It includes experimental data for 750 spent nuclear fuel samples 

resulting from material that was irradiated in a wide variety of reactors. The data are supplemented with 

reviewed fuel design information, irradiation conditions and characteristics of the host reactors. At 

present, the data-base contains only results of Destructive Analyses (DA), which are mostly part of 

complex Post Irradiation Examination (PIE) studies [Degueldre, 2016]. However, the possibility to 
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include results of Non-Destructive Assay (NDA) methods is considered, in particular, results of direct 

decay heat measurements by calorimetry, such as those produced in [SKB, 2006; Maeda, 2004; 

Jaboulay, 2012]. 

Promising NDA data result from the SKB-50 campaign organised at the interim storage facility CLAB in 

Sweden [Tobin, 2016]. In this campaign, characterisation of 50 PWR and BWR fuel assemblies using a 

calorimeter [SKB, 2006], a 𝛾-ray spectroscopic scanning device [Vaccaro, 2016] and two advanced 

neutron based systems, a Differential Die Away (DDA) [Martini, 2016] and Differential Die Away Self-

Interrogation (DDSI) system [Trahan, 2020], have been performed. An integrated NDA system [Tobin, 

2018b] that combines the capabilities of a Passive Gamma-ray Emission Tomography (PGET) [White, 

2018], a Passive Neutron Albedo Reactivity (PNAR) instrument [Tobin, 2018] and a load cell has been 

developed in Finland. This system will be used to verify BWR and VVER-440 assemblies in Finland. 

Results of the calorimetric measurements provide useful data for code validation. NDA methods based 

on the detection of gamma-rays and neutrons emitted by spent fuel assemblies can be used to verify 

fuel design parameters or irradiation history conditions to improve the nuclide inventory calculation prior 

to the encapsulation of the assemblies. A verification of the burnup of a SNF assembly by NDA is 

required for criticality safety analysis to avoid criticality safety problems due to misloading of assemblies 

[Bevard, 2009]. Another field of research is the development of NDA detection systems to verify the 

presence of fuel assemblies in transport or storage casks. 

2.5.1. Analysis of fuel rods and segments 

Most of the code validation studies reported in the literature are based on nuclide inventories of 

segments of a spent fuel rod determined by destructive chemical and radiochemical analysis methods 

(for example in Refs. [Gauld, 2016; Zwicky, 2010; Gauld, 2011;  Hu, 2017]). It involves a series of steps 

including the selection of representative samples, dissolution of the sampled material and chemical 

separation of elements, followed by a combination of different analysis techniques to determine the 

elemental and isotopic compositions. 

The selection of a representative sample is performed on the basis of a full-rod -ray scanning of the 

axial total activity or activity of specific nuclides, e.g. 134Cs, 154Eu and 137Cs. Ideally, a large enough 

sample or segment from the fuel rod is taken that includes both pellets and pellet gaps. For UO2 and 

MOX fuels, digestion of the sampled material is performed in concentrated, boiling HNO3 under reflux. 

Where iodine is to be measured, a dedicated iodine trap is installed to condense the iodine in the off-

gas. Often, a residue consisting mostly of hard-to-dissolve metallic fission products (Mo, Ru, Rh, Pd, 

Tc, Ag) is filtered off and digested in a second step with higher molarity HNO3 to which a catalytic amount 

of HF is added. If full dissolution of the metallic precipitates is desired, a third, alkaline melt based, step 

is sometimes applied to the residue remaining after the second step. The concentrations of specific 

nuclides are measured by various analytical techniques. The most common techniques are: 

• radiation detection techniques: applying - and -ray spectroscopy and liquid scintillation 

counting  

• mass spectroscopy: using a thermal ionisation mass spectrometer (TIMS) or inductively coupled 

plasma mass spectrometer (ICP-MS) combined with the Isotope Dilution technique (IDMS), 

addition of a standard solution or an external calibration 

The state-of-the-art report prepared by the OECD-NEA [NEA, 2011] discusses these techniques and 

provides recommendations for measurements of some key nuclides. In [Hu, 2017], a table with 

experimental techniques, measured nuclides and associated uncertainties is given and the problem of 

determining the inventory of nuclides with low abundance by ICP-MS is discussed. The uncertainties 

range from 1% to 5%, with the smallest uncertainty for data derived by IDMS.  

Radiochemical-based analysis methods are time-consuming and expensive to study the characteristics 

of a full rod or to determine axial and radial distributions of fuel characteristics. For such studies, NDA 

techniques are preferred. The MOSAÏC calorimeter was used in the MERCI experiment to measure the 
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decay heat of PWR fuel rods with a thermal power between 4 W and 200 W with an uncertainty below 

2% (68% confidence limit) [Jaboulay, 2012]. The results were used to validate burnup calculations 

performed with TRIPOLI-4 [Petit, 2008] combined with the PEPIN2 solver of the DARWIN system 

[Tsilanizara, 2000]. 

The axial distribution of fission products and actinides can be obtained by non-destructive high 

resolution -ray spectroscopic scanning as shown in [Matsson, 1997]. Such axial profiles are used to 

study fission gas release and to determine the axial burnup and power profiles by analysing full energy 

peaks of -rays emitted by 85Kr, 137Cs and 140La [Matsson, 1997]. Other radionuclides that provide useful 

-ray spectroscopic signatures are 134Cs, 144Ce and 154Eu [Berndt, 1988; Caruso, 2007].  

Axial and radial spatial information of spent fuel rods can be derived from -ray emission tomographic 

measurements. Details about techniques and methods for imaging can be found in [Parker, 2015]. One 

of the first two-dimensional -ray scanning measurements of spent fuel rods to determine the spatial 

distribution of radionuclides (fission and activation products) were carried out at LANL by [Barnes, 1970; 

Barnes, 1982; Philipps, 1979]. Other examples are the ISARD program developed at Grenoble [Ducros, 

1985] and the measurement campaign at the VENUS facility of the SCK•CEN [Borms, 1999]. A -ray 

tomographic analysis of fuel cladding to verify its integrity has been performed by [Dobrin, 1997]. 

Tomographic measurements to determine within-pin distributions of 134Cs, 137Cs, and 106Ru are reported 

in [Buurveld, 1993]. A -ray tomography cell station has been designed and developed at the Paul 

Scherrer Institute (PSI) for the investigation of individual LWR spent fuel rod segments at a within-rod 

level of resolution [Caruso, 2014a]. This computerised tomographic system benefits from an advanced 

high-resolution -ray spectrometry methodology [Caruso, 2008]. Transmission tomography, relying on 

the absorption of an external source (e.g. neutron, -ray or X-ray) crossing an object, is able to assess 

the internal morphology of an object. It is applied for quality control of radioactive waste packages 

[Tanke, 1991; Camp, 2002]. The use of -ray transmission tomography to determine the within-rod 

spatial distribution of the fuel density and -ray attenuation coefficients was demonstrated on a 

commercial nuclear fuel rod in [Caruso, 2014a; Caruso, 2009] using a 60Co source. These spatial 

properties were used in combination with results of -ray spectroscopic emission tomography to 

determine the radial and axial distribution of 134Cs, 137Cs and 154Eu in spent fuel rod segments with a 

burnup between 52 GWd/t and 121 GWd/t [Caruso, 2014a].  

The best results for code validation are those from an international programme including an inter-

comparison exercise involving different laboratories and techniques to identify potential bias effects and 

define realistic uncertainties. The different measurements should include all stages of the process 

starting from the fuel dissolution to the data reduction. Examples of such programmes are: ARIANE 

[Belgonucléaire, 2000], MALIBU [Boulanger, 2004], REBUS [Baeten, 2003] and REGAL [Govers, 2015]. 

The aim of the ARIANE (Actinide Research In A Nuclear Element) programme was to improve the 

knowledge of the inventories of actinides and fission products in UO2 and MOX fuels irradiated to various 

burnups in PWRs and BWRs. Spent fuel samples were analysed using different techniques to determine 

the inventory of 49 different nuclides [Belgonucléaire, 2000]. The MALIBU programme, a successor of 

the ARIANE programme, was designed to obtain assay data for high burnup UO2 and MOX fuel from 

both PWR and BWR [Boulanger, 2004]. The REBUS programme was dedicated to the validation of 

codes for criticality calculations involving BUC. It included DA measurements to determine the nuclide 

inventory of the irradiated fuel and a measurement of the reactivity in the VENUS critical facility at 

SCK•CEN [Baeten, 2003]. The objective of the REGAL (Rod-Extremity and Gadolinia AnaLysis) 

programme is to investigate rod extremity effects and the study atypical shielding patterns in gadolinia-

doped fuel rods [Govers, 2015]. The data of the ARIANE, MALIBU and REBUS programmes were used 

to validate SCALE and the ENDF/B libraries [Ilas, 2010; Ilas, 2012; Gauld, 2013]. The use of the REBUS 

data to validate SCALE and MONTEBURNS is reported in [Töre, 2013]. 
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2.5.2. Non-destructive assay of spent fuel assemblies 

Most of the NDA systems used for quantitative characterisation of SNF assemblies have been 

developed to verify the amount of fissile material for nuclear materials safeguards applications [Hue, 

1978; Tarvainen, 1997; Lebrun, 2013] and to verify burnup for nuclear criticality safety applications 

applying a BUC approach [Bevard, 2009; Lebrun, 2001a]. 

Conventional nuclear safeguards NDA systems 

At present NDA systems that are routinely in use are limited to total neutron counting, -ray counting 

and -ray spectroscopy. The main detectors are fission and ionisation chambers measuring the total 

neutron and -ray emission rate, respectively, and -ray spectrometric detection systems based on 

HPGe, CdTe and CZT detectors, recording a spectrum of -rays emitted by the spent fuel assembly.  

The FORK detector type of instrument is one of the main NDA detection systems used by safeguards 

inspectorates, providing quantitative signatures of the SNF. The first model was designed and 

constructed at LANL [Phillips, 1983; Rinard, 1988; Bosler, 1991]. The detector consists of two arms that 

can be positioned around a LWR fuel assembly. Each arm contains three detectors: two fission 

chambers, one surrounded by a thin sheet of cadmium, and one ionisation chamber. These signals are 

used through calibration curves to estimate the burnup and cooling time [Rinard, 1988]. The main 

signature is the total neutron count which is mainly due to spontaneous fission of 244Cm. The sensitivity 

of the total neutron count rate to the burnup is illustrated in Figure 6, which shows the 244Cm inventory 

as a function of burnup for a UO2 sample with an initial enrichment of 4.8 wt.-% irradiated in a PWR to 

a maximum burnup of 60 GWd/t. The strong sensitivity to the burnup is due to the total number of 

neutron-induced capture reactions in the production of 244Cm. Evidently, the results strongly depend on 

the declaration of the operator. The importance of having fuel history data to use the FORK detector for 

partial defect verification of LWR spent fuel assemblies is demonstrated in [Tiitta, 2002].  

 

 

Figure 6 – Concentration of 244Cm as a function of burnup for a UO2 sample with initial enrichment of 
4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t 
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The potential to predict the output of the FORK detector by burnup codes is demonstrated in [Gauld, 

2015; Gauld, 2006; Vaccaro, 2018] based on measurements of 15 PWR and 15 BWR assemblies as 

part of the SKB-50 exercise at CLAB. The experimental response is compared with the one obtained 

using the Integrated Review and Analysis Program (iRAP). This program, which is developed jointly by 

EURATOM and IAEA in collaboration with ORNL, is based on the ORIGEN module [Gauld, 2011] of 

SCALE [Bowman, 2011]. To account for the experimental details such as the absolute detection 

efficiency a normalisation was applied based on the average ratio between calculated and measured 

data [Vaccaro, 2018]. For PWR assemblies, the ratios of the observed and calculated neutron emission 

and -ray emission have a standard deviation of 4.6% and 2.4%, respectively. For BWR assemblies, 

the standard deviations for the neutron and -ray emission rates become 5.7% and 5.2%, respectively. 

The results in [Gauld, 2015; Gauld, 2006; Vaccaro, 2018] show the importance of accounting for neutron 

multiplication in the assembly and for the non-linear response of the ionisation chamber to the -ray 

intensity. The FORK detector is also suitable to determine the axial profile of the total neutron and -ray 

emission rate with limited special resolution. This provides additional information on burnup profiles. 

Variants of the original LANL design are reported by [Lee, 2015; Tiitta, 2001]. The fission chambers in 

the system of Lee et al. [Lee, 2015] are replaced by 10B proportional counters. The use of 10B counters 

avoids logistic problems related to transport and use of fission chambers containing fissile material. 

However, due to their higher sensitivity to -rays, they require additional shielding against the -rays 

emitted by the spent fuel assembly. In the system proposed by [Tiitta,2001], a CZT detector is included 

that offers the possibility to perform -ray spectroscopic analysis and separate the contribution due to 
134Cs, 137Cs and 154Eu. The Safeguards MOx PYthon (SMOPY) system was developed by the French 

Support Program to IAEA Safeguards. It includes fission chambers to determine the total neutron 

emission rate and a CZT detector to perform -ray spectroscopic measurements.  

The added value of -ray spectroscopic data for a more quantitative assessment of the SNF is 

demonstrated in [Vaccaro, 2016; Willman, 2006a; Willman, 2006b]. At CLAB a -ray spectroscopic 

scanning system using an HPGe detector is installed that measures the -ray spectrum from a SNF 

assembly with an axial resolution of about 15 mm. From these measurements, the total -ray emission 

rate of 137Cs together with the abundance ratios 106Ru/137Cs, 134Cs/137Cs, 144Ce/137Cs and 154Eu/137Cs 

were derived and combined with model calculations to provide information about the initial enrichment, 

burnup and cooling time [Vaccaro, 2016].  

Tomographic systems 

A -ray emission tomographic system, referred to as Passive Gamma Emission Tomography (PGET), 

was developed by the IAEA for partial defect verification of spent fuel assemblies [Tobin, 2018]. The 

development started in the early nineties as part of the Finnish support programme to the IAEA [Lévay, 

1993; Honkamaa, 2014]. It consists of an array of collimated CdTe -ray detectors and two neutron 

detectors, which are rotated in the horisontal plane. Measurements are performed with a spent fuel 

assembly placed in the centre of the toroidal shaped detector platform. The PGET system was used at 

spent fuel ponds in Finland and Sweden to verify VVER-440, BWR, and PWR spent fuel assemblies 

with burnups ranging from 5.7 GWd/t to 57.8 GWd/t and cooling times between 1.9 years and 

26.6 years. These tests confirm that missing rods inside an assembly can be identified. The IAEA is 

studying new reconstruction processing techniques that should result in a more accurate localisation of 

missing rods and calculation of the relative -ray activities of individual rods. 

With a tomographic device such as PGET, it is difficult to produce activity levels of specific radionuclides 

in individual rods due to the limited energy resolution of the -ray detectors. Using high-resolution Ge-

detectors rod-wise activity distributions of specific radionuclides, i.e. actinides, fission and activation 

products, can be obtained. Such distributions can be used to study fuel properties, e.g. burnup and 

power profiles of individual rods [Svärd, 2005], fission gas release [Holcombe, 2016] and fuel behaviour 

under loss-of-coolant accident conditions [Andersson, 2016], from a measurement of an entire fuel 
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assembly. This avoids the need for dismantling the fuel to measure each rod separately. An example of 

such a tomographic system is described by [Holcombe, 2015]. This system was used to characterise 

an assembly consisting of rods that were irradiated at the Halden Boiling Water Reactor. The assembly 

contained four rods with a burnup of 26 GWd/t and five rods with a burnup of 50 GWd/t. The system of 

Holcombe et al. [Holcombe, 2015] is based on a single detector, which limits the spatial resolution due 

to time constraints. Using a segmented HPGe detector increases the efficiency such that a better spatial 

resolution can be reached in the same measurement time [Andersson, 2020]. 

Advanced neutron based detection systems 

The Next Generation Safeguards Initiative – Spent Fuel (NGSI−SF) established by the Department Of 

Energy (DOE) of the United States triggered the development and testing of new NDA techniques to 

characterise spent nuclear fuel assemblies [Tobin, 2009; Tobin 2011]. A total of 14 detection techniques, 

covering passive and active measurements including both -ray and neutron detection, were identified 

within NGSI−SF. A review of these systems is given in [Bolind, 2015]. A first assessment of the 

techniques was based on results of simulations using a spent nuclear fuel library which was established 

as part of the NGSI−SF [Trellue, 2013]. Three neutron-based detection systems, i.e. Partial DEfect 

Tester (PDET) [Ham, 2011; Henzl, 2013], Differential Die-Away (DDA) [Martinik, 2016; Henzl, 2013; 

Martinik, 2015] and Differential Die-away Self-Interrogation (DDSI) [Trahan, 2020; Menlove, 2009; 

Kapklan, 2014], were constructed and used at the CLAB facility as part of the SKB-50 project [Tobin, 

2016]. The performance of a Passive Neutron Albedo Reactivity (PNAR) system was tested at the Fugen 

power plant in Japan [Eigenbrodt, 2014, Eigenbrodt, 2016] and at the spent fuel interim storage facility 

at the Olkiluoto power plant in Finland [Tobin, 2019]. At present, the analysis procedures of these 

systems concentrate on nuclear safeguards applications. The main objective is the detection of partial 

defects (missing fuel rods) and the determination of the plutonium content. 

PDET is a passive NDA device that relies on the detection of neutrons spontaneously emitted by a spent 

fuel assembly [Ham, 2011; Ham, 2015]. It is designed for the detection of missing fuel rods in an 

assembly. The present version has been prototyped for a PWR 17×17 spent fuel assemblies [Ham, 

2011]. It consists of a set of fission chambers and ionisation chambers to measure the total neutron and 

-ray emission rate. The detectors are placed in a construction that can be inserted in the guide tubes 

of a PWR assembly that are used for the insertion of the control rods. Results of measurements at the 

CLAB facility in Sweden show that the instrument can be used to verify average burnup levels and to 

detect partial defects [Ham, 2015].  

The PNAR concept was first proposed by [Lee, 1982] and demonstrated by measurements of fresh fuel 

by [Menlove, 1997]. It is a passive NDA technique that relies on the emission of neutrons spontaneously 

emitted by the assembly. The neutrons are measured in two configurations. One configuration is 

designed to enhance the multiplication of primary neutrons due to mainly spontaneous fission of 244Cm. 

In the second configuration this multiplication is suppressed. In other words, in one configuration the 

albedo is maximised while in the other it is minimised. The amount of fissile material present in the 

assembly is estimated from the ratio of the count rates obtained from measurements with the two 

configurations [Bolind, 2014]. Two prototype detection systems have been developed to test the PNAR 

concept. The first prototype was used for measurements of seven irradiated MOX assemblies at the 

Fugen power plant in Tsuruga, Japan [Eigenbrodt, 2014; Eigenbrodt, 2016]. The second was designed 

as part of an integrated system that includes a PGET device [Tobin, 2018; Tobin, 2018; Tobin, 2019; 

Tupasela, 2009; Tobin, 2018c]. This system is optimised for measurements of BWR fuel irradiated in 

the Olkiluoto power plant. Results of measurements on 23 BWR spent fuel assemblies are reported in 

[Tobin, 2019]. 

The DDA technique is an active NDA technique that uses a pulsed external neutron source that 

interrogates the assembly by neutron-induced fission. The prompt fission neutrons from the fission chain 

reactions initiated by the source neutrons are detected by a set of neutron detectors surrounding the 

assembly. DDA is a well-known technique that is used for characterisation of nuclear waste drums 
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[Caldwell, 1985] and cargos [Jordan, 2008]. It mostly uses a D-T neutron generator producing a 14 MeV 

pulsed neutron source. The detected neutrons are registered as a function of the difference between 

the time of detection and of the creation of the neutron pulse. This distribution in time is analysed to 

determine the rate of fission events induced by thermal neutrons, which is proportional to the fissile 

content of the assembly. The results of an active measurement are combined with a passive 

measurement providing an estimate of the total number of neutrons spontaneously emitted by the 

assembly. The NGSI-SF spent nuclear fuel library was used to simulate the response for PWR 

assemblies for a broad range of initial enrichments, burnups and cooling times [Henzl, 2013, Martinik, 

2015]. The results of these studies confirm that DDA is a suitable instrument for verifying the fissile 

content of spent fuel assemblies with a limited number of calibration constants depending on the fuel 

history [Henzl, 2013]. A prototype DDA device was designed for measurements at the CLAB facility 

taking into account the requirements of the Swedish regulator and constraints given by the industrial 

environment of the facility [Martinik, 2016]. Experiments with this device have been finalised and the 

data analysis is in progress. 

The DDSI technique is a passive NDA technique that uses the neutrons spontaneously emitted by the 

assembly as an internal interrogating neutron source [Menlove, 2009]. These neutrons are thermalised 

in the water of the storage pool and induce fission in the fissile material present in the assembly, which 

results in the emission of prompt fission neutrons. The neutrons emitted by the assembly are detected 

by an array of 3He proportional counters surrounding the assembly and the time correlation technique 

is applied to construct a Rossi- distribution. The resulting time distribution consists of a sum of two 

main components which "die away" as a function of time. The two components have different time 

constants. This feature is used to separate the contribution of spontaneous fission neutrons and 

neutrons from neutron-induced fission. The former is related to the amount of 244Cm and the latter 

provide information about the fissile content in the assembly. The NGSI-SF library was used in [Menlove, 

2009] to simulate the response of a DDSI system for a variety of PWR assemblies. An analysis of these 

data reveals that the neutron multiplication, which is related to the fissile content in the assembly, can 

be derived from the observed Rossi- distribution [Kapklan, 2014]. A system based on the design of 

[Kapklan, 2014] was constructed and used for measurements of 50 PWR and BWR spent fuel 

assemblies at the CLAB facility in Sweden [Trahan, 2020]. 

The calorimeter installed at the CLAB facility [SKB, 2006] is at present one of the most valuable 

instruments for determining the thermal power of an entire fuel assembly. It is based on the design of 

the calorimeter that was constructed and tested by General Electric's Morris Operation [McKinnon, 

1986]. Results of decay heat measurements of BWR assemblies with this calorimeter are reported Ref. 

[McKinnon, 1986]. The procedure applied at CLAB is similar to the one described in [McKinnon, 1986]. 

It relies on a measurement of the temperature increase as a function of time. The gradient of the 

temperature increase is translated into the thermal power produced by a fuel assembly through a 

calibration curve that is obtained from measurements with an electrical heater. Two corrections are 

required: a correction to account for the difference in heat capacity of the electrical heater and the fuel 

assembly and a correction to account for heat losses due to 𝛾-rays that escape from the calorimeter. In 

the SKB R-05-62 report [SKB, 2006] calorimetric measurements of 34 PWR and 50 BWR assemblies 

are reported. The assemblies cover a burnup range of 14 − 51 GWd/t, cooling times between 12 years 

and 27 years and initial enrichments between 2.2 wt.-% and 3.4 wt.-% 235U. Details about the fuel design 

and composition and irradiation history are given in Refs. [SKB, 2006; Murphy, 2009]. Other results of 

the measurements at CLAB are summarised in [Ilas, 2008; Ilas, 2014; Ilas, 2022]. A blind test was 

organised by SKB Sweden to assess the quality of decay heat predictions by burnup codes. For these 

tests five 17×17 PWR assemblies were measured. Details of the measurements are described in 

[Jansson, 2020].  

The experiments at CLAB provide important benchmark data for decay heat calculations. Unfortunately, 

no detailed uncertainty evaluation has been carried out for the calorimeter at CLAB. A study to improve 

the analysis procedures together with a performance assessment and uncertainty evaluation has started 
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as part of the EURAD project. The result of this study should make from the calorimeter at CLAB a 

reference instrument for decay heat measurements of spent fuel assemblies.  

2.5.3. Verification of transport and storage casks 

At present only Finland and Sweden have taken a final decision to open a deep underground geological 

repository for final disposal of spent fuel assemblies. Due to a lack of well-defined strategies by other 

countries, there is an accumulation of dry storage casks at temporary/interim storage facilities. Current 

safeguards approaches for dry storage casks rely heavily on containment and surveillance to maintain 

Continuity of Knowledge (CoK). However, failures of the seals cannot be excluded. The growing number 

of casks increases the probability of loss of CoK. A reverification of the contents by opening the cask is 

an extremely costly and time consuming procedure. Therefore, there is a strong interest in NDA 

techniques to verify casks. It is one of the top priority R&D needs of the [IAEA, 2018]. The minimum 

requirement is the possibility to detect the removal or missing of one Significant Quantity, which is 

approximately equivalent with one PWR and four BWR spent fuel assemblies.  

Application of conventional NDA techniques based on the detection of radiation emitted by the spent 

fuel is not trivial, if not impossible, since the casks are designed to limit radiation exposure outside the 

cask. Nevertheless studies have been made to use the neutrons and -rays emitted by the fuel as 

fingerprints [Ziock, 2005; Peerani, 2007; Santi, 2010; Harkness, 2018; Ham, 2019]. Other complications 

are the neutron and -ray emission rates which change with cooling time and the background from 

neighboring casks. To account for the change in neutron emission characteristics, i.e. change in 

contributions of spontaneous fission and (,n) neutrons, the use of a spectroscopic system is proposed 

[Harkness, 2018]. A fast neutron counting detection system with limited spatial resolution is proposed in 

[Ham, 2019]. All these methods suffer from the low intensity of the radiation escaping from the casks. 

[Peerani, 2007] concluded from simulation studies that it is not evident to detect the removal of a PWR 

assembly from a CASTOR V21/A based on neutron intensities outside the cask. Conventional neutron 

detection spectroscopy systems such as Bonner spheres remain useful instrumentations to monitor the 

neutron exposure of the personnel during transportation and storage of the casks [Rimpler, 2002].  

The use of cosmic muons as an external source to verify the contents of spent fuel casks is very 

promising [Chatzidakis, 2016; Checchia, 2017; Kaiser, 218; Poulson, 2018; Durham, 2018; Checchia, 

2018; Ancius, 2019]. Cosmic muons can penetrate meters of dense material and therefore can be used 

to image the contents of spent fuel held in heavily-shielded containers. In addition, they are an external 

probe which do not suffer from background from other casks and do not require any prior knowledge. 

The use of muons to verify the contents of a cask is discussed in [Chatzidakis, 2016; Checchia, 2017; 

Poulson, 2018]. Most of these studies are based on results of Monte Carlo simulations. Experimental 

verification of the potential of imaging with muons are reported in Refs. [Durham, 2018; Checchia, 2018]. 

Further work to quantify the sensitivity of the technique to complicated diversion scenarios is still 

required.  
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2.6. Code validation 

2.6.1. ALEPH2 

ALEPH2 [Stankovskiy, 2012] has been validated using various sets of experimental data. The REBUS 

programme [Baeten, 2003] provides nuclide concentrations from a radiochemical analysis of samples 

from UO2 spent fuel that was irradiated for four full cycles in a PWR nuclear power plant at 

Neckarwestheim in Germany. The data were compared with predictions based on calculations with the 

previous version of ALEPH2 and the ORIGEN 2.2 and WIMS codes. The best results were obtained 

with ALEPH2. Nevertheless, an overall overestimation of fission product abundances was observed. 

This overestimation is most probably due to the limitations of the fission product yield data [Stankovskiy, 

2010].  

The nuclide inventories of two samples from a spent fuel rod which was irradiated in the Gösgen nuclear 

power plant in Switzerland were predicted using ALEPH2, MONTEBURNS and SCALE in [Massinon, 

2018]. The results were compared with results of a destructive analysis carried out at the JRC-Karlsruhe 

and SCK CEN. Calculations with ALEPH2 were repeated using different nuclear data libraries, i.e. 

ENDF/B-VII.1, JEFF-3.2 and JEFF-3.3T. The libraries used with MONTEBURNS and SCALE were 

JEFF-3.1 and ENDF/B-VII.1, respectively. The overall best agreement between calculated and 

measured inventory was obtained for the calculations with ALEPH2 using the JEFF-3.2 and 

ENDF/BVII.1 libraries.  

The potential of ALEPH2 for prediction spent fuel decay heat was demonstrated in [Gérard, 2018] by 

the results of decay heat measurements of 25 PWR and 34 BWR spent fuel assemblies at CLAB [SKB, 

2006]. ALEPH2 combined with the JEFF-3.2, JEFF-3.3, ENDF/B-VII.1 and ENDF/B-VIII.0 libraries was 

used to predict the decay heat. A clear distinction between the average ratio of calculated and 

experimental decay heat for BWR and PWR assemblies was observed. The calculated values obtained 

for the BWR assemblies are on average higher compared to experimental data, and for the PWR 

assemblies they are lower. This trend was observed for all nuclear data libraries and was confirmed by 

independent calculations using the TRITON and SAS2H modules of SCALE. It is not clear if this 

difference is due to a systematic effect of the experimental data or of the theoretical estimates.  

A similar exercise was carried out in [Broustaut, 2012] based on the results of decay heat measurements 

for fast reactor spent fuel from the JOYO MK-II core experimental program [Maeda, 2004]. An ALEPH2 

simplified model was used which was based on open data for the average neutron fluence rate and 

burnup. The experimental and theoretical estimated decay heat were compared as a function of cooling 

time for a period of about 800 days. The predicted and experimental value were normalised at the first 

measurement point (almost zero cooling time). Even after this normalisation the predicted values are on 

average about 4% lower compared to the measured ones. This systematic difference was observed for 

the calculations using the JEFF-3.1.2 and ENDF/B-VII.1 libraries [Broustaut, 2012]. 

2.6.2. CASMO and SIMULATE 

The code system consisting of CASMO and SIMULATE [Bahadir, 2009; Rhodes, 2006] is regularly used 

at PSI to support the Swiss safety authority ENSI for cycle reloading licenses [Rochman, 2019a; 

Rochman, 2019b]. Over the years, a large database of validated models for the five Swiss reactors has 

been developed [Ferroukhi, 2008], containing CASMO and SIMULATE models, and experimental data 

(in-core measurements such as boron concentrations and aerobal data) for various code versions. This 

represents a tremendous source of validation, spanning over hundreds of reactor cycles and many 

decades of operations, for both PWR and BWR. Such an automated and validated chain of calculations 

opens up the possibilities for core calculations with uncertainties due to nuclear data [Rochman, 2018b; 

Leray, 2017a] and transient calculations with uncertainties [Dokhane, 2018]. Additionally, it is relatively 

straightforward to extend such a validation chain for spent nuclear fuel calculations with the addition of 

the SNF code [Borresen, 2014]. With the validated chain CASMO-SIMULATE-SNF, the information 
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(source term, decay heat…) for all Swiss spent fuel can be calculated at once (with uncertainties and 

biases due to code versions). With the addition of Monte Carlo calculations for canister criticality 

[Rochman, 2018a], the complete lifetime of spent fuel can be estimated, with information at the pin-by-

pin and segment level. Such general and validated approach represents the state-of-the-art for the 

calculation of spent fuel source terms.  

Additional validations of CASMO are routinely performed based on specific PIE samples from the Swiss 

nuclear power plants. As a detailed fuel history of the assemblies concerned is known (with surrounding 

assemblies, and full 3D characteristics), such validations generally go beyond the traditional approach 

used to calculate PIE data such as from the SF-COMPO database. In the present case, the 13 samples 

from the LWR-PROTEUS programme, as well as a number of samples from the ARIANE and MALIBU 

programmes are used for validations, using the core simulator (SIMULATE), avoiding any normalisation 

to the sample burnup or specific burnup indicator (e.g. 148Nd) [Rochman, 2020b]. A detailed validation 

exercise based on PIE data of samples from a rod irradiated to an average burnup of 70 GWd/t in a 

Spanish PWR reactor is reported in [Zwicky, 2010]. 

Finally, such extensive validations allow for application of the present approach to burnup credit 

calculations with a high degree of confidence. This is performed for the calculations of loading curves 

for the waste disposal canisters, together with the Swiss waste management organisation Nagra 

[Vasiliev, 2019; Herrero, 2017]. 

2.6.3. DRAGON 

DRAGON has been widely employed both by academic institutions and research centres around the 

world. Due to the fact that DRAGON is able to solve the deterministic multi-group neutron transport 

equation both in 2D and 3D based in different Eulerian (i.e. collision probability, discrete ordinates) or 

Lagrangian (i.e. Method of characteristics) methods of solution, some validation test cases have been 

carried out. For example in [Donnelly, 2000] a code-to-code verification and an experimental validation 

for a 3D model of a CANDU device is reported. However, most of the validation cases have been carried 

out at the scale of a 2D lattice representation. Examples are presented in [Hong, 2002; Zain, 2018; Choi, 

2018; Yaakoubi, 2019]). Some of them include new core CANDU designs for which DRAGON have 

already built-in modules for neutron transport studies. Others include PWR type of assemblies as part 

of a collaborative effort with CEA to test the APOLLO deterministic lattice code. The validation exercise 

included results obtaind with MCNP calculations [Choi, 2018; Ortensi, 2010] and benchmark data of the 

International Handbook of Evaluated Criticality Safety Benchmark Experiments [Martin, 2011]. 

2.6.4. EVOLCODE 

The EVOLCODE system has been used extensively at CIEMAT for the simulation of both current and 

advanced nuclear power plants. Given that in Spain only LWRs have been commissioned, CIEMAT has 

focused on validating EVOLCODE with published data from such reactors. This effort led to the 

validation of EVOLCODE [Álvarez-Velarde, 2014] with the Isotope Correlation Experiment (ICE) [Koch, 

1981], now available at the SFCOMPO database as Obrigheim-1. This experiment was developed by a 

working group of the European Safeguards Research and Development Association (ESARDA) to 

check the feasibility of the isotopic correlation technique. The samples were irradiated to a burnup of 

about 30 GWd/t. The amount of some actinides and inventory ratios of fission products of irradiated 

samples were derived by radiochemical analysis at the reprocessing plant WAK at Karlsruhe. The 

agreement between experiment and theoretical estimate was very good for uranium and plutonium 

isotopes, with the exception of 235U, 236U and 238Pu. The difference between the calculated and 

measured inventory was less than 3%, which is smaller than the experimental uncertainties. The 

calculated fission product ratios were in good agreement with the experimental ones, in particular for 

the Kr, Xe, Nd and Cs isotopic ratios. A sensitivity/uncertainty method was developed to verify whether 

the differences between experimental and calculation data were compatible with the uncertainties in the 

nuclear data. This exercise showed that the uncertainty of the theoretical estimates due to reported 
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uncertainties in cross-sections is in general smaller than the experimental uncertainty. For some 

nuclides such as 239Pu and 240Pu, the uncertainty due to the cross-section data is similar to or larger 

than the differences between experimental and simulated values. For 235U, 236U and 238Pu, the 

differences between the results obtained with EVOLCODE and the experimental data cannot be 

explained by the experimental or nuclear data uncertainties.  

2.6.5. SCALE 

The SCALE code system has been extensively validated in Refs. [Gauld, 2016; Gauld, 2011a; Hu, 2017; 

Ilas, 2010; Ilas, 2012; Gauld, 2013; Ilas, 2008; Ilas, 2014; Gauld, 2010, Ilas, 2011; Smith, 2013]. Most 

of the calculation–experiment comparisons for decay heat and nuclide concentrations have been 

undertaken with samples from commercially irradiated nuclear fuel. In a few cases, single effect tests 

were used. For example, predicted total energy release rates following the fission of 233U, 235U, 238U, 
239Pu, 241Pu, and 232Th during very short cooling times have been compared with results of SCALE in 

[Gauld, 2010].  

Calorimetric measurements of spent fuels at CLAB were used to validate the decay heat predictions of 

SCALE using the ENDF/B-VII.0 library [Ilas, 2008; Ilas, 2014; 247, Gauld, 2010]. A comparison of the 

calculated and measured decay heat shows in general a very good agreement. The average ratio 

between calculated and measured heat (C/E) is 1.002 for PWR and 0.997 for BWR assemblies, with a 

corresponding standard deviation of 1.2% and 2.4%, respectively [Ilas, 2014]. Considering that the main 

contribution is due to the decay of 90Sr/90Y and 137Cs/137mBa, the average ratios will change by almost 

2% taking the latest JEFF-3.3 fission yield data. The results in [Ilas, 2014] favour the fission yields used 

in SCALE which are those adopted in ENDF/B-VIII.0. However, such a conclusion is not straightforward 

due to possible compensating effects resulting from biases in both the calculations and the experiment. 

Unfortunately, the uncertainties on nuclide inventories for 90Sr and 137Cs obtained from radiochemistry 

data are mostly larger than 2% and cannot be used to clarify the situation. This confirms the need of a 

detailed performance assessment of the calorimeter.  

For nuclide inventory validation, more than hundred PWR spent fuel samples were obtained from low-, 

moderate-, and high-burnup spent fuel assemblies from nine PWRs. Initial enrichments were in the 

range 2.5 – 4.6 wt.-% 235U and burnup values were between 7 – 70 GWd/t. Many of the experimental 

programs, such as ARIANE, MALIBU and REBUS, provided measurement data for up to 50 nuclides, 

including actinide and fission products mostly relevant to burnup credit. These data were used to validate 

SCALE. The C/E values show a high variance, with fluctuations as high as ± 125% and more around 

one. In particular, there can be large fluctuations between C/E values for samples with similar burnup, 

although no obvious dependence of the C/E bias with increasing burnup could be distinguished. Also, 

often error estimates from the different experimental programs vary widely even though irradiation 

conditions must have been very similar during irradiation. 

Since samples were taken from commercially irradiated fuel, uncertainties from fuel production and 

irradiation boundary conditions have to be added on top of the microscopic data and model 

uncertainties. This makes it difficult to pinpoint the root source of the above-mentioned C/E fluctuations 

in the validation exercise. It underlines the need for high quality validation data if any improvement in 

the accuracy is desired: either performing single-effects tests or obtaining samples from a fuel assembly 

with very well-known irradiation history. While the average energy generation of a single fuel assembly 

during operation inside a reactor can usually be determined with an accuracy better than 5%, there are 

higher uncertainties for pellet-sized samples due to: control rod movements, local void content, fuel 

assembly bow, axial power offset, fuel assembly neighbour neutron spectrum.  
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2.6.6. SERPENT 

SERPENT is currently used in some 220 organisations around the world, and even though several users 

have performed verification and validation studies for their own purposes, only limited systematic V&V 

has been carried out by the code developers at VTT. Since SERPENT shares the cross-section library 

format with MCNP, the physics routines are regularly verified by comparison to reference MCNP5 or 

MCNP6 calculations. This type of calculation is run, for example, when new features are implemented 

or new cross-section data is produced using NJOY. This type of code-to-code comparison does not 

guarantee the accuracy of the results, but it does confirm that the interaction physics is handled properly. 

Systematic validation has been carried out at VTT for criticality safety by running benchmarks in the 

International Handbook of Evaluated Criticality Safety Benchmark Experiments, but the cases have 

been limited to those relevant for Finnish power reactors (VVER, PWR, BWR). Other benchmark 

calculations include burnup credit, -ray shielding and kinetics.  

In addition to the validation of the neutron transport part of the calculation, more efforts will be devoted 

in the future to burnup calculations. This includes both calculations run at VTT, as well as collecting data 

from the user community. 

2.7. Progress and developments made within WP8 of EURAD 

This paragraph summarises the progress that was made within WP8 of EURAD to improve and develop 

experimental methods for the characterisation of spent nuclear fuel and to assess the performance of 

depletion codes.  From the research carried out and corresponding results obtained within WP8, 

recommendations are given to improve procedures to charactertise spent nuclear fuel, with a focus on 

spent fuel assemblies under industrial conditions.  

2.7.1. Experimental characterisation of spent nuclear fuel  

Procedures to characterise spent fuel for the main observables of interest, i.e.  the neutron and gamma-

ray emission properties, decay heat rate, reactivity and long-term radiotoxicity, strongly rely on 

theoretical calculations. Such calculations are done with depletion codes, which require two types of 

input data, i.e. nuclear data and fuel related input data.  To validate the procedures high quality 

experimental data are needed. Within WP8 experimental methods and data to assess the performance 

of codes including the nuclear data and to verify the fuel related input data were studied, improved and 

produced [Seidl, 2023]. The principles and performance of NDA systems that can be used for the 

characterisation of spent fuel samples and assemblies were studied and described in EURAD 

deliverable D8.4. Experimental data that were produced within WP8 of EURAD to assess the 

performance of depletion codes are provided in EURAD deliverable D8.5. The deliverable includes 

references to the fuel related data that are required to perform the depletion calculations.  

Experimental data for code validation 

At present a performance assessment of depletion codes strongly relies on nuclide inventory data 

resulting from destructive chemical and radiochemical analysis of spent fuel rod segments, also referred 

to as Post Irradiation Examination (PIE). The SFCOMPO database contains results of PIE together with 

the design and fuel operational data that are required to perform depletion calculations [NEA, 2011], 

[Michel-Sendis, 2017]. Most of the high quality data are for UOX PWR. The restricted availability for 

BWR and MOX is partly due to commercial property rights. Within WP8 additional data for UO2 segment 

samples extracted from BWR and PWR irradiated assemblies were made available together with the 

decay power or decay heat rate of PWR and BWR spent fuel assemblies derived from measurements 

at the Clab calorimeter.  

The results of radiochemical analyses of 8 samples taken from a GE14 10x10 BWR assembly together 

with the design properties and irradiation history were provided to the EURAD partners [Muñoz, 2020]. 
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The project was coordinated by ENRESA and the measurements were carried out at the Studsvik 

Laboratory.  The assembly was irradiated in a BWR of the Forsmark (SE) nuclear power plant.   The 

characterisation measurements included a gamma-ray spectroscopic rod scan and Inductively Coupled 

Plasma Mass Spectroscopy (ICP-MS) measurements, including isotope dilution analysis, to determine 

the inventory of 60 nuclides covering 21 elements. The ICP-MS measurements were performed after 

separation by High Performance Liquid Chromatography (HPLC). A second set of similar BWR samples 

was used to verify the use of laser ablation coupled with ICP-MS (LA-ICP-MS) for characterisation of 

spent fuel samples [Muñoz, 2022; Muñoz, 2023]. The use of LA-ICP-MS for the characterisation of spent 

fuel was already reported in e.g. [Restani  2016]. During the development of a first measurement 

campaign several technical problems related to the laser ablation device and technique were 

encountered. Therefore, a new measurement campaign was carried out in 2022 to correct and complete 

the data of 2020. The nuclide inventory derived by LA-ICP-MS was compared with the inventory 

obtained from depletion calculations using SCALE/Polaris.  Finally, the results of these studies reveal 

that ICP-MS is a valid technique to determine the nuclide inventory of spent fuel provided that a 

calibration using a matrix-matched material is performed.  However, the use of LA-ICP-MS has some 

limitations, since it cannot manage isobaric overlap, which should be solved by other techniques coupled 

to it. Given the problems encountered during the laser ablation measurement campaigns only the results 

of the data given in Ref. [Muñoz, 2020] are recommended for code validation. These data were used 

within Task2 of EURAD to verify the performance of CASMO5 [Rochman, 2022]. 

A high burn-up UOX segment sample irradiated in a PWR (Gösgen, CH) was characterised by 

radiochemical analysis at KIT for its nuclide inventory in the fuel and the cladding material around the 

plenum which was in contact with the fuel. Several techniques, including ICP-MS, liquid scintillation 

counting, alpha- and gamma-spectroscopy, were applied to determine the inventory of actinides and 

fission products. Particular emphasis was given to the difficult to measure volatile activation and fission 

products 36Cl and 129I, respectively. Details of the performed radiochemical separations and the 

determined inventories are reported in the PhD Thesis of [König, 2022].  

An innovative non-destructive assay (NDA) method was developed within WP8 to determine in an 

absolute way the neutron emission rate of a spent fuel segment sample avoiding any reference to a 

representative spent nuclear fuel sample to calibrate the device. The method, experimental and analysis 

procedures are described in Refs. [Schillebeeckx, 2020; Schillebeeckx, 2023]. The method relies on a 

transfer procedure that is adapted to the hot cell facilities installed at the Laboratory for High and Medium 

level Activity (LHMA) of the SCK CEN (BE). A neutron correlation counter was used to separate the 

contribution of spontaneous fission and (,n) neutrons. Measurements were performed using a segment 

sample of a rod that was part of an assembly which was irradiated in the Tihange 1 PWR as part of the 

REGAL project (Rod-extremity and gadolinia analysis) [Eysermans, 2022]. The neutron production rate 

of this REGAL sample due to spontaneous fission derived from the direct neutron measurements is Ssf 

= 680 (15) s-1g-1. This value is within uncertainties in agreement with the one derived from the nuclide 

inventory of the adjacent sample, which is Ssf = 699 (28) s-1g-1. The uncertainty of the value derived from 

the nuclide inventory is only due to propagating the uncertainty of the experimental determination of the 

nuclide inventory by radiochemical analysis in [Eysermans, 2022a]. Hence, the emission rate of 

spontaneous fission neutrons resulting from the direct neutron measurements is determined with an 

uncertainty that is a factor 2 smaller than the one derived by radiochemical analysis. Hence, this NDA 

method is a valuable radiometric method to complement radiochemical analysis techniques for depletion 

code validation. It does not require chemical treatments such as defueling and dissolution of the spent 

fuel sample and further dilution and/or chemical separation processes. Evidently, this reduces the 

impact and interference of systematic effects due sample preparation. The results of the neutron 

emission rate measurements with the REGAL sample together with the databook of the sample 

[Eysermans 2022b] were used to assess the performance of ALEPH2, the TRITON/KENO-V.a module 

of SCALE and Serpent 2 [Schillebeeckx, 2023]. After the succesful completion of the first campain an 

optimised detection system was designed and constructed. It will be used for new measurements of the 

same sample at LHMA to reduce the uncertainty of the neutron emission rate of the REGAL sample. It 

is expected that with the new system samples with a low neutron emission rate and relatively high -ray 
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emission rate, such as the segments from the bottom and top part of a fuel rod, and samples taken from 

irradiated MOX fuel can be measured.  

At the interim storage facility Clab (SE) a calorimeter is installed to measure the decay heat rate or 

decay power of spent nuclear fuel assemblies. This calorimeter is extensively used to validate the 

potential of depletion codes to predict the decay power of irradiated assemblies [SKB, 2006], 

[NUREG/CR-6971, 2009]. To improve the use of the data produced by the Clab calorimeter, a detailed 

study of the measurement principle of the calorimeter was performed within WP8. Optimised analysis 

procedures including an evaluation of the measurement uncertainty were defined. The procedure was 

applied to measurement data that were previously analysed based on a procedure defined by [Jansson, 

2022]. It is shown that results obtained with the procedure used by Jansson et al. suffers from a 

systematic error. The experimental decay heat is overestimated by about 2%. This overestimation was 

confirmed by an independent analysis as part of an EPRI project.  The procedure developed within WP8 

was applied to determine the decay power of a set of PWR and BWR assemblies which were used as 

part of blind benchmark that was conducted within WP8. In the blind-benchmark 12 institutions/ 

organisations participated using different codes combined with different nuclear data libraries. Based on 

the findings within WP8 and the extensive use of the calorimetric data of the Clab calorimeter for code 

validation, it is recommended that the results of the measurements reported in the R-05-62 report [SKB, 

2006] are reviewed applying the procedures obtained within the EURAD project. Evidently, the results 

of this study will strengthen the intention to include calorimetric data produced at Clab into the 

SFCOMPO database.  

Experimental data to verify spent fuel assembly properties 

Results of depletion calculations depend on the quality of the fuel dependent input data, i.e. design 

properties and operational history. For spent fuel assemblies from the nuclear power plants in 

Switzerland this information can be retrieved from the Core Management System (CMSYS) developed 

at the Paul Scherrer Institut (PSI) [Ferroukhi, 2008; Leray, 2017]. It includes full cycle information up to 

the latest operated cycle and validated models that are used for full reactor core simulations with 

SIMULATE or lattice calculations with CASMO5 which can be coupled with the SNF code to calculate 

the nuclide inventory. Unfortunately, such a database system with an extensive information about the 

fuel design and history to produce the fuel related input file for the depletion calculation is not always 

available. To reduce the impact of limited information and identify possible errors in the input data, an 

experimental verification of the spent fuel properties by NDA can be done.  

Passive NDA methods based on the detection of gamma-rays and neutrons emitted by spent nuclear 

fuel assemblies were reviewed within WP8. The emphasis was on methods and systems that can be 

applied in routine operation at an industrial facility. This limits the method to techniques relying on the 

detection of gamma-rays and neutrons emitted by the assembly. Details about these studies are 

reported in EURAD deliverable 8.4. 

Gamma-ray spectroscopy is a powerful tool to verify characteristics of spent fuel as demonstrated for 

spent fuel elements of research reactors [Ansari, 2007; Vela Mora, 2011; Koleška, 2016] and 

assemblies of power reactors [Min, 1988; Willma,n 2006a; Willman, 2006b; Jansson, 2016; Vaccaro, 

2016; Kirchknopf, 2022]. It is well known that independent information such as initial enrichment, burnup 

and cooling time can be derived by combining absolute and relative activity ratios of some key 

radionuclides such as 134Cs, 137Cs and 154Eu [Berndt, 1988; Min, 1998; Willmann, 2006a; Willman, 

2006b; Jansson, 2016; Vaccaro, 2016; Kirchknopf, 2022]. This is due to differences in production 

process and half-life of these radionuclides [Berndt, 1988; Willman, 2006a; Willman 2006b;]. Evidently, 

the information that can be retrieved depends on the cooling time. 

At Clab a gamma-ray spectroscopic scanning using a HPGe detector is installed [Willman, 2006; 

Vaccaro, 2016; Bengtsson, 2022; Volans, 2023]. This system is used to determine the inventory or 

acitivity of gamma-ray emitting radionuclides and to derive the axial profile of their inventory with a 

spatial resolution of about 15 mm. Results of measurements with this system have been used within 
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WP8 to apply an intrinsic self-calibration method to determine the overall detection efficiency, including 

gamma-ray attenuation within the assembly, and derive the 134Cs/137Cs and 154Eu/137Cs inventory ratio 

[Solans, 2023]. An analysis from measurements on PWR and BWR assemblies show that the 137Cs 

inventory can be derived with an uncertainty of about 2.5%, provided that the system is calibrated with 

a reference assembly [Bengtsson, 2022]. Combining the experimental data with model calculations 

results of such measurement can be used to provide information about the initial enrichment, burnup 

and cooling time [Vaccaro, 2018]. 

The detection of neutrons emitted by spent nuclear fuel is one of the most common NDA methods used 

for the implementation of nuclear safety analysis relying on a burnup credit approach and for nuclear 

safeguards inspection of spent fuel assemblies. Due to the dominating contribution of neutrons 

produced by 244Cm(sf) results obtained from a passive neutron detection system are extremely sensitive 

to the burnup. The main instrument is the FORK detector for which a first prototype was designed and 

developed in the 80-ties at Los Alamos National Laboratory (LANL). The instrument combines two 

configurations for neutron detection and an ionisation chamber for total gamma-ray counting. In the past 

the interpretation of the data relied on assembly specific calibration curves.  Using data from 

measurements at the Clab facilty it was demonstrated in [Vaccaro, 2018] that by combining 

measurement data with depletion calculations the analysis of data derived from FORK measurements 

can be improved. The data obtained with the FORK detector installed at the nuclear power plant of Doel 

were used within WP8 to test such a combination. It is shown that by complementing the experimental 

data with depletion calculations for PWR assemblies the burnup can be derived with an uncertainty of 

less than 2% independent of cooling time and initial enrichment. The procedure requires only one 

normalisation factor. In addition, it was shown that combining the results of the neutron and gamma-ray 

measurements additional information about the assembly type can be derived.  

The performance of the PNAR [Tobin, 2018] and DDSI [Kapklan, 2020] systems which were developed 

at LANL as part of the NGSI programme was investigated. Most of the data for these systems that are 

presented in the literature are based on results of Monte Carlos simulations. Results of experiments 

with a PNAR device at the Olkiluoto power plant and with a DDSI device at the Clab facility show that 

at present they do not provide additional quantitative information about the characteristics of the 

assembly compared to the measurements of the total neutron output that can be obtained with a 

conventional FORK detector. A study of the response of the DDSI system within WP8 based on results 

of simulations reveals that with an improved interpretation of the experimental data additional 

information about the fuel characteristics can be derived [Solans, 2022]. Unfortunately, the quality of the 

data derived from the measurements with a DDSI prototype instrument at Clab is not good enough to 

validate the improved analysis procedure.  

2.7.2. Validation of theoretical calculations 

The above described PIE data of BWR samples, neutron emission rate of the REGAL sample and 

calorimetric data obtained at Clab, together with PIE data from the SFCOMPO data base (GU1, GU3, 

BM1, BM3) were used within WP8 to study the performance of different depletion codes, i.e. ALEPH2, 

CASMO5, DARWIN,  Evolcode, SCALE, SNF and Serpent 2, in combination with different nuclear data 

libraries.  An overview of the studies and related references of publication is given in Table 11 –. The 

results of the performance evaluation are summarised in EURAD deliverable D8.6. Based on this 

evaluation recommendations are formulated in EURAD deliverable D8.7 to further improve state-of-the-

art characterisation of spent nuclear fuel.  
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ID Reactor Fuel BU 
[MWd/kg] 

Composition Code Ref. 

Samples       

GU1 PWR UO2 59 3.5 wt% 235U/U CASMO5 [Rochman, 2021] 

GU3 PWR UO2 52  4.1 wt% 235U/U CASMO5 

ALEPH, Serpent 

[Rochman, 2021] 

[Grimaldi, 2022] 

SF95-4 PWR UO2 36 4.1 wt% 235U/U Serpent [Grimaldi, 2022] 

SF95-5 PWR UO2 30 4.1 wt% 235U/U Evolcode [Álvarez-Velarde] 
[Panizo, 2023] 

REGAL PWR UO2 55 4.5 wt% 235U/U ALEPH 

Serpent 

SCALE/NEWT 

[Schillebeeckx, 2023] 

BM1, BM3 PWR MOX 47  2.36 wt%  Pu/(U+Pu+Am) 

24 wt% 239Pu/Pu 

9 wt% 241Pu/Pu 

CASMO5 [Rochman, 2021] 

ENRESA BWR UO2 38 – 51 3.95 wt% 235U/U CASMO5 

SCALE/Polaris 

[Rochman, 2022] 

Gund-
remmingen 

BWR UO2 27 2.5 wt% 235U/U Serpent [Häkkingen, 2021] 

Assemblies       

Clab-2006 PWR 

BWR 

UO2 

UO2 

20 – 51 

15 – 47 

2.1 – 3.4 wt% 235U/U 

2.1 – 3.2 wt% 235U/U 

SCALE/Polaris 

SCALE/Origen 
CASMO5 

SNF 

[Shama, 2022] 
[Rochman, 2023] 

Table 11 – Overview of studies to validate depletion codes performed within WP8 of EURAD and 
published in open literature  

 

These studies, together with other work performed in WP8 and published in [Fiorito, 2021; Shama, 2021; 

Romojaro, 2022; Čalič, 2022; Grimaldi, 2023], reveal that results of depletion calculations strongly 

depend on the burnup and the moderator density and nuclear data. The dependence on the moderator 

density makes the modelling of the irradiation conditions in a BWR more complex than those in a PWR. 

This is due to heterogeneous irradiation conditions, in particular the void fraction and moderator 

temperature. The main operational parameter of interest for both PWR and BWR is the total number of 

neutrons seen by the spent fuel object under study which is needed to normalise the calculations. In 

case of the interpretation of PIE data the normalisation is mostly based on the inventory of one or more 

burnup indicators, with the main burnup indicator 148Nd. Normalisaton of depletion calculations by the 

inventory of a burnup indicator is almost impossible in case an assembly has to be characterised. Mostly, 

the normalisation is based on the average burnup given by the operator, which is derived from 

calculations with a 3D core simulator. To avoid systematic errors, the assumptions made in the core 

simulator and the depletion code used to characterise the assembly should be consistent. This implies 

that the same nuclear data are used to reduce systematic errors. Unfortunately, the nuclear data used 

by core simulators is often not open-source and not accessible. Given the crucial role of the recoverable 

energies for depletion calculations, recommended values based on a traceable documented evaluation 

procedure are required.  

Most of the depletion codes rely on a 2D lattice representation of the reactor core with calculations in 

one zone using an average burnup to normalise the data. Evidently, as long as the observable of interest 

is determined by nuclides for which the production rate is linear with burnup this will not create an error 

in the calculations. This was verified for the decay heat produced by PWR and BWR assemblies with a 

relatively modest maximum burnup of 51 MWd/kg [Ilas, 2008]. The maximum error made on the decay 

heat rate is in the order of 1% for PWR and 2.5% for BWR. Similar studies, however, limited to PWR 

assemblies are reported in [Kromar; 2022; Hannstein, 2023]. As mentioned, this error is due to a 
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deviation from a linear relation between decay heat rate and burnup, which is caused by a non-linear 

dependence of some radionuclides with burnup. Therefore, the error made depends on cooling time 

and burnup. Evidently, due to the impact of e.g. the void fraction on the burnup profile the effect will be 

larger for BWR than for PWR. It is expected that for increasing burnup the contribution of the actinides 

such as 238Pu, 241Am and 244Cm to the decay heat increases. If the spent fuel assemblies with higher 

burnups have to be characterised this effect will need to be investigated in more detail.   

Nuclear data, i.e. neutron induced cross sections, fission yields and decay data, are together with the 

burnup and moderator density the main input data affecting the calculated results. The impact of using 

different nuclear data libraries including the recommended covariance data has been verified for various 

cases. These studies show that there are significant differences between the observables of interest 

together with their uncertainties when using different nuclear data libraries [Häkkinen, 2021; Shama, 

2021; Čalič, 2022; Grimaldi, 2023]. E.g. it is shown that the uncertainty of the decay power due to the 

uncertainty of fission yields differs by a factor 10 using the covariance data in JEFF-3.3 and ENDF/B-

VII.1 [Shama, 2021]. From detailed studies of the decay heat and neutron emission rate shortcomings 

for some specific nuclear data such as the 147Nd(n,), 242Pu(n,) and 243Am(n,) reaction cross sections 

and cumulative fission yields of some fission products as 90Sr, 137Cs and 148Nd were identified 

[Schillebeeckx, 2023]. In addition, it was noticed that decay data in the ENDF/B and JEFF libraries are 

not consistent with those recommended by the Decay Data Evaluation Project (DDEP) and results of 

other high quality evaluation projects [Schillebeeckx, 2023]. This indicates necessity for a project entirely 

dedicated to nuclear data for depletion calculations. Ideally, the project should start from a detailed 

sensitivity analysis to identify the main nuclear data of interest. Such a sensitivity analysis is required to 

avoid problems due to compensating effects which can be introduced to the complex production process 

of some nuclides [Fiorito, 2021]. Fortunately, the number of nuclides that are important to predict the 

main of observables of interest are not many. Therefore, the production of a general purpose library 

including reliable covariance data for the key nuclides of interest to the characterisation of spent nuclear 

fuel for all users (plant operators, WMO, TSO and RE) is recommended as part of a collaborative effort 

supported by the EC.     

A final validation of depletion codes including the nuclear data requires accurate experimental data. 

They are needed to make estimates of possible systematic errors in the calculations, i.e. to determine 

the bias, and to define reliable confidence limits for safety analysis procedures. A comparison of 

calculated and experimental PIE data used within WP8 indicates obvious systematic errors in the 

experimental data. They also suggest that experimental uncertainties differ strongly from laboratory to 

laboratory and that measurement uncertainties are often underestimated. Therefore, a critical evaluation 

of experimental data to be used for code validation is recommended. In general, more reference data 

based on independent measurements and analysis of the same observable is required, e.g. the 

combination of neutron measurements and radiochemical analysis of the REGAL sample and the 

independent analysis of Clab data within WP8 and EPRI. Given that at present only one calorimeter for 

fuel assemblies is in operation, an effort should be made to construct an additional calorimeter. Ideally, 

the system should be mobile such that it can be used at different facilities.  

The blind test exercise using the decay heat data at Clab made clear that errors due to a user effect in 

the use of a code or interpretation of the data book and even errors in the data book provided by the 

operator cannot be excluded. Therefore, best-practice recommendations and quality assurance 

procedures are required. The best approach to avoid such errors and enhance confidence in the results 

is by diversity, that is, by using different independent calculation tools and by combining the theoretical 

calculations with an experimental verification. Further research is needed to improve and optimise NDA 

methods to be used for the characterisation of spent nuclear fuel assemblies under industrial conditions. 

This will result in a reduction of the uncertainties of the observables of interest and related safety 

margins.  

Besides the above-mentioned recommendations, further attention should be devoted to the diversity of 

burnup, enrichment, cooling time, fuel type and facilities. Finally, a correct use of terminology and 
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definitions, such as those defined in the Guide to the Expression of Uncertainty in Measurement 

published by the BIPM, is recommended to avoid miscommunication.  
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3. Performance of spent nuclear fuel during pre-disposal 
activities and experimental characterisation 

3.1. Introduction about spent nuclear fuel degradation 

The main aim of this chapter is to report current progress regarding spent nuclear fuel (SNF) 

characterisation and its performance with respect to pre-disposal activities. In particular, the behaviour 

of irradiated cladding, the phenomena ruling the potential SNF degradation, the fuel/cladding chemical 

interaction (FCCI), and the ageing effect under conditions of extended interim storage, transport and 

emplacement in a final disposal system are considered through experimental as well as modelling 

studies. The chapter gives an overview of SNF experimental characterisation methodologies, from 

destructive assays to non-destructive assays. 

As reported by the IAEA [IAEA, 2019a], the potential degradation mechanisms that may affect the 

cladding integrity of light water reactor (LWR) fuels during dry storage (and subsequent handling and 

transport operations) under normal operating conditions are: 

1. Air oxidation 

2. Thermal creep 

3. Stress corrosion cracking (SCC) 

4. Delayed hydride cracking (DHC) 

5. Hydride reorientation 

6. Hydrogen migration and redistribution 

Other physico-chemical processes may occur during dry cask storage, such as self-radiation damage 

and He build-up (due to α decay of the actinides). Both processes are temperature-dependent and lead 

to a volume expansion of the UO2 structure, in addition to the strain from pressure due to gas 

accumulation in the crystal structure [Ewing, 2015]. 

There is a broad spectrum of monitoring techniques for spent nuclear fuel [IAEA, 2019a], including basic 

visual inspections, portable gas analysers (for the presence of gaseous fission products), pressure 

monitoring of the seals and radiometric systems (gamma detector of the 514 keV 85Kr -line, whose half-

life is 10 years). 

3.2.Key phenomena 

The understanding of spent fuel performance during dry interim storage is indispensable both for the 

analysis of the failure probability and to characterise the state of the cladding, so that fuel management 

is conducted with accurate knowledge of the fuel conditions. The main interest is on cladding 

degradation mechanisms, as it is the first physical barrier between fission products and the environment. 

A brief description of the key phenomena governing the fuel rod state during dry storage is given here 

on the basis of the gap analysis carried out by Hanson [Hanson, 2012]. 

Key phenomena mainly related to the initial conditions of the dry-stored spent fuel are: 

• Hydrogen migration/precipitation: Hydrogen picked up during irradiation is distributed 

heterogeneously throughout the zirconium alloy [Feria, 2018] and can precipitate in the form of 

hydrides according to solubility limits. For burnups greater than 45 GWd/tHM, the concentration 

of hydrides is much higher close to the cladding waterside; this brittle zone is called the hydride 

rim. The hydrogen present in the cladding may also affect creep behaviour (hardening or 

softening effect, depending on the state of hydrogen in the material [Suman, 2018]). 

• Hydride blister formation: At some point during in-reactor operation, the zirconium oxide layer 

formed may spall and, as a consequence, a cold spot will form at the outer surface of the 

cladding. In this situation, the hydrogen will quickly migrate to this spot to form a zone with an 
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extremely high hydrogen concentration, known as a blister or lens. This brittle morphology may 

lead to local failure [Martin-Rengel, 2017]. 

• Pellet-cladding bonding: Higher burnup fuels form tenacious layers between fuel pellets and 

cladding (bonding) that would condition fuel rod performance during dry storage [Lyon, 2018]. 

Key phenomena that may occur during dry storage are: 

• Creep: The main contribution to cladding deformation in dry storage is thermal creep. It is 

considered self-limiting because hoop stress will decrease when creep occurs (stress relaxation 

due to creep out) and temperature decreases over time. However, even if it does not result in a 

cladding failure, the corresponding cladding thinning and the change in the pellet-cladding gap 

are important aspects for the cladding integrity during subsequent handling or transport. 

Attention should be paid to the following aspects: very long-term effects from fuel swelling on 

local Pellet-Cladding Mechanical Interaction (PCMI) that could give rise to athermal creep, and 

the hardening effect during irradiation that could be annealed in dry storage and that, 

consequently, might enhance creep [Ito, 2004]. On the other side, hydrogen in solid solution 

can enhance creep by the so-called Hydrogen Enhanced Localiced Plasticity (HELP). At high 

hydrogen concentrations which persist even at creep relevant temperature, these can then slow 

down creep [Mallipudi, 2012]. Extensive studies on the impact of hydrogen on plasticity and 

creep of unirradiated Zircaloy-4 cladding tubes have shown that the creep rate decreases with 

increasing hydrogen concentration in cold-work stress-relieved Zircaloy-4 [Bouffioux, 2000]. A 

significant increase in creep resistance due to hardening induced by the presence of hydrides 

in Zircaloy-4 was observed [Suman, 2020], as hydrides alter the kinematic hardening by 

increasing the internal stress. 

• Hydride radial reorientation: During the drying process in preparation for dry storage, the 

temperature rises and hydrides dissolve. They repreciptate during the slow cooling. Under high 

hoop stress, induced by rod internal pressure due to fission products, the hydrides may 

reprecipitate in the radial direction. If there are sufficient radial hydrides, the cladding will 

become brittle [Billone, 2013b; Billone, 2019]. 

• Delayed Hydride Cracking (DHC): Under long-term dry storage conditions, the potential PCMI 

mentioned above may cause sufficient stress in the cladding to foster the diffusion of dissolved 

hydrogen to an incipient crack tip (flaw), followed by nucleation, growth, and fracture of the 

hydride at the crack tip. This is known as Delayed Hydride Cracking. 

• Oxidation of UO2: If the pellet is exposed to an oxidising environment during dry storage due 

to fuel management operation issues and an undetected defect in the cladding, UO2 oxidation 

can occur. The main concern is that if oxidation develops up to the formation of U3O8, the fuel 

will swell and can result in the propagation of the cladding defect due to PCMI enhancement 

[Hanson, 1998]. Additionally, fission gas release and fuel grain decohesion might be fostered. 

A number of major parameters affecting UO2 oxidation are detailed in Section 3.2.1. 

• α decay: Another potential driver for the enhancement of cladding stress during long-term dry 

storage is the PCMI resulting from pellet swelling and gas content build-up due to α decay. 

Additionally, precipitation of helium bubbles at grain boundaries in the pellet could eventually 

result in the decohesion of the grains and a reduction of the mechanical strength [Rondinella, 

2011]. 

3.2.1. UO2 oxidation  

Temperature and oxygen partial pressure are the major quantifiable variables that promote the oxidation 

of the nuclear fuel matrix [Olsen, 2018; Herranz, 2009; McEachern, 1998; IAEA, 2019a] with time [Olsen, 

2018; McEachern, 1998; Anderson, 1955a; Anderson, 1955b; Bae, 1994; Leinders, 2016b; Leinders, 

2016a; Hoekstra, 1961; Taylor, 1980; Elorrieta, 2018a]. From a safety perspective, the loss of inert 

conditions due to the replacement of the inert cover gas with air should be considered as a potential 
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scenario during dry storage [IAEA, 2019a]. Moreover, morphometric properties such as the physical 

form (powders, fragments or pellets) and the grain size have an effect on the rates of oxidation [Herranz, 

2009; McEachern, 1998; Anderson, 1955b; Gómez, 2008; Leinders, 2016c; Bannister, 1968; Martin, 

1948; Iglesias, 2008; Wood, 1986]. Water in a dry storage container can be found as either bound water 

(chemically or physically absorbed) or free water (physically trapped or simply unbound) [Patterson, 

2015]. Moisture is regarded as a technical issue of concern by several countries in their gap-assessment 

procedures [Patterson, 2015], as it can lead to Zircaloy cladding corrosion [IAEA, 2019a; Smith, 2011; 

Jung, 2013] and UO2 oxidation [Massih, 2018; Olander, 1999; NSFPOISG, 2006; Espriu-Gascon, 2015]. 

On the other hand, fuel burnup [McEachern, 1998; IAEA, 2019b; Cobos, 1998; NRC, 2019] and 

composition have been pointed out to delay fuel matrix oxidation [McEachern, 1998; Massih, 2018; 

Olander, 1976; Thomas, 1993; Wilson, 1961; Kim, 2001; Hanson, 2003; You, 2000; Elorrieta, 2016; 

Elorrieta, 2018b; Choi, 1996; Park, 1992; Fujino, 1992; Kim, 1995; Kvashnina, 2013; Kleykamp, 1979; 

Eloirdi, 2018; Norris, 1983; Suresh, 2004; Talip, 2018; Elorrieta, 2017]. Fission reactions during reactor 

operation produce oxygen and other elements: some of them (i.e., metallic FPs: Y, Zr, Nb, lanthanides 

and actinides) can react with oxygen to form oxides [Massih, 2018]. The excess oxygen dissolves in the 

fuel matrix and oxidises the uranium. At first, the net effect of burnup is to generate more hyper-

stoichiometric UO2 fuel than fresh UO2 and to increase the oxygen potential of the fuel [Massih, 2018; 

Olander, 1976]. In general, for doped UO2, the kinetic stability of the cubic U4O9+y fluorite type structure 

is then enhanced with respect to U3O8 formation [McEachern, 1998] for longer time periods than the 

undoped UO2 material [Thomas, 1993].  

Other source of impact on fuel matrix oxidation is the aging process, which consists of the alteration of 

the fuel due to the effect of long-term ambient-air storage. Early studies on unirradiated UO2 pellets, as 

the one performed by Campbell et al., have proved that for storage periods up to two years and 

temperatures of 250°C, the oxidation kinetics experiment significant changes [Campbell, 1989]. 

However, an increasing of the aging time delays both, the weight gain and the oxidation rate, hindering 

the solid sample spallation and pulverisation and, in a later stage, the oxidation reaction. It is assumed 

that these slower rates could be due to the formation of a thin oxidised layer in the sample surface, 

identified by XPS, that prevents oxygen diffusion inside the pellet. This layer has also been observed 

on aged CANDU fuel at 150°C (burnup in the range of 7…10 MWd/kg) [Wasywich, 1993]. 

The intrinsic difficulties associated with collecting empirical data on long-term aged fuels led Wiss et al. 

2014 to use artificially accelerated aged-materials. They analysed a set of alpha-doped UO2 pellets, 

simulating alpha doses in real spent fuel. With this purpose, they varied the Pu concentration to simulate 

samples aged from 5 to 30 years, and then, characterised the materials by XRD, thermal desorption 

spectroscopy and electron microscopy. From their results, a similar behaviour on delaying oxidation of 

aged fuel would be expected. However, it is necessary to broaden the data set in order to extend the 

conclusions to different scenarios. More studies about ageing effect on oxidation behaviour are needed 

to confirm the aforementioned layer hypothesis. 

In summary, irradiated fuel undergoes a series of dynamic physico-chemical changes directly influenced 

by the irradiation history, including irradiation cycles, power history and burnup. The specific features of 

SNF (inventory, HBS, distribution of fission gas, heat content and state of the protective cladding) will 

determine its behaviour in case of an incidental event or during predisposal/disposal activities. A detailed 

picture of the above-mentioned parameters on oxidation behaviour is not completely drawn. 

3.2.2. Pellet-Cladding Interaction  

Pellet-Cladding Interaction (PCI) should be considered as a mid-priority process in the investigation of 

the safety approach for water reactor fuel due to the possibility of cladding failure during a power 

transient. Cladding integrity (as the first FP containment barrier) must be ensured in all operating 

conditions. 

Pellet-Cladding Interaction and Stress Corrosion Cracking (PCI-SCC) remain one of the causes 

identified as leading to potential fuel failure. The occurrence of PCI-SSC is reduced by fuel vendors’ 
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restrictions on power variations and by using advanced fuels with increasing resistance to PCI-SCC. An 

option widely applied, specifically in boiling water reactors, is the use of an inner liner, consisting of a 

purer Zr alloy, mitigating the SCC between pellet and cladding [NEA, 2018]. Another option is the use 

of so-called doped fuel, which consist of UO2 with additives (Cr, Al, Si, Zr), leading to softer pellets. 

These doped fuels are newly also considered as "accident tolerant", because of their potential better 

behaviour in contact with cladding that is discussed after the Fukushima event to have lower tendency 

to oxidise and thus form less hydrogen in an accident case. This accident tolerant cladding may be 

stiffer, and therefore a softer pellet is advantageous. 

Irradiation induces fuel densification, with density increasing from the theoretical density of UO2 pellets 

of ~ 95 % (3 … 5 % porosity) to a range of 97 … 98 %. Densification (pellet shrinkage) occurs as a 

consequence of porosity removal and affects the gap size. According to the literature, the amount of 

densification depends on burnup, initial density, pore size distribution, grain size, temperature, possible 

dopants and oxygen-to-metal ratio. Due to the thermal gradient (stress), the pellet transitions to an 

"hourglass shape" [CEA, 2009], which causes irreversible deformation to the cladding (Figure 7). Pellet-

cladding contact takes place because of a decrease in the cladding diameter (creep-down due to 

pressure from the coolant) and an increase in the pellet diameter (thermal expansion and swelling due 

to the inclusion of solid FP in the matrix and inter- and intra-granular accumulation of fission gas in 

pores). 

Contact first occurs at the inter-pellet spaces while a continuing rearrangement of pellet fragments takes 

place simultaneously [CEA, 2009]. Thus, due to pellet swelling, the cladding is subjected to tensile hoop 

stress, and modifies the diametrical strain via creep (thermally and irradiation induced). The probability 

of cladding damage is extremely low as the equilibrium hoop stress inside the cladding is lower 

(< 100 MPa) than the creep rupture strength (> 600 MPa) [CEA, 2009]. In the case of an incident (power 

increase), the temperature at the pellet centre can increase abruptly, leading to exacerbated 

hourglassing and/or release of volatile FPs such as iodine (prone to attack the cladding). Cladding 

damage, resulting from excessive thermal creep or high local deformation, could end in a "pinhole" leak 

followed by depressurisation of the fuel rod. Water ingress into the rod can occur, leading to a secondary 

damage, i.e. stress corrosion cracking (SCC), often combined with a high local amount of hydrogen / 

hydrides, at some distance from the primary leak. This may initiate a radial axial crack, propagating in 

axial direction. At the end, there will be a mechanical failure of the fuel rod, with a potential risk of release 

of volatile FPs, such as the fission gases, caesium or iodine. 

 

 

Figure 7 – Schematic representation of pellet cracking, evolution of the "hourglass" shape, and pellet-
cladding gap during operation 

Figure reproduced from [CEA, 2009]. 
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PCI failure is an in-pile effect during reactor operation. Classical PCI failure does not occur under dry 

storage conditions. Nonetheless, a combined effect of stress and moisture could possibly lead to a 

corrosion-induced leaker followed by fission products release. However, with time, the internal pressure 

in the fuel rod decreases and the potential to disperse fission products decreases as well. 

The assessment on the long-term corrosion behaviour of SNF and the impact of storage and disposal 

of radioactive waste should meet safety criteria. However, the lack of an adequate experimental 

database for SNF oxidation, especially long-term evaluations, due to problems in the handling of 

irradiated fuel, have led to study some corrosion scenarios by analysing SNF analogues, i.e., 

unirradiated materials. A systematic approach to compare surrogates and irradiated fuel behaviour still 

remains as an uncertainty in some cases. An assessment of the anticipated phenomenon of PCI 

consequences is essential and requires more studies, especially those that relate to the inner tensile 

fields, hydride reorientation and creep rupture of the cladding, important to mitigate the effects of the 

release of volatile FPs or exposition of fuel matrix to an oxidising ambient. In addition, chemically 

assisted SCC processes on the inner surface of the cladding tubes, induced by e.g. halogens (iodine or 

chlorine compounds) within the fuel-cladding interaction layer could mitigate the cladding integrity even 

further [Spykman, 2018]. 

3.2.3. Helium behaviour in UO2  

Alpha-decay of the actinides produces large quantities of helium in the spent fuel; if it is released into 

the free volumes in the rod, it would contribute to the rising internal pressure and cladding creep strain. 

Moreover, helium accumulation in the form of bubbles at the grain boundaries can increase either the 

pressure in the bubbles, and thus the stresses exerted on the grain boundaries, or the size of the 

bubbles (by migration of alpha-decay induced vacancies), diminishing the mechanical strength of the 

grain boundaries. These phenomena could eventually lead to failure at the grain boundaries, releasing 

the accumulated radionuclides into the free volumes in the rod. Studies of spent nuclear fuel (SNF) 

evolution in a closed system have concluded that the evolution of the pellet microstructure will strongly 

depend on He fate in the SNF [Ferry, 2010]. He concentration in SNF depends on Pu concentration in 

fresh fuel, burnup rate and storage time. Table 12 shows the He concentration in spent UO2 fuel as a 

function of storage time for both burnup rates of 52 and 60 GWd/t. The increase during storage is mainly 

due to the decay of minor actinides. In MOX (8% of Pu) the concentration of these radioisotopes can be 

6 times higher for the same burnup rate. Colle et al. found about 0.26 at% He in a 17-year-old irradiated 

MOX fuel (after discharge from the reactor) with an average burnup of 42.6 GWd/t and a Pu content of 

3.5% [Colle, 2014]. 

 

 

Table 12 – Mean He concentration in spent UO2 fuel grains (from Cesars code) 

Taken from Table 1 in [Ferry, 2010]. 

 

Most studies on the behaviour of He in fuels concern UO2 in single-crystal, polycrystal or powder form. 

Luzzi et al. published a critical analysis of data on the diffusivity of He in UO2 [Luzzi, 2018]. The 

measured diffusion coefficient depends on the lattice damage: the best estimate is 
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D=2.0·10-10·exp(-2.12/kT) m2·s-1 for limited lattice damage and increases to D=3.3·10-10·exp(-1.64/kT) 

m2·s-1 with significant damage in the temperature range between about 970…2110K and 1800K 

respectively. Yakub et al. compared various experimental He solubility data measured on single crystals 

and powders over a temperature range from 1000...1800K [Yakub, 2010]. Colle et al. determined that 

the helium solubility in perfect UO2 was 1.6 at·ppm (5.8·10−9 mol·g−1) at 1500K [Colle, 2014]. Ab initio 

simulation [Freyss, 2006] and experiments [Garrido, 2004] suggest that He atoms occupy octahedral 

position in the UO2 lattice when dissolved in the matrix. This low solubility and high binding energy of 

He in vacancy defects can result in a high propensity to form bubbles which are traps for He and can 

also migrate [Talip, 2014a; Michel, 2020]. In addition, stoichiometry has an important effect on diffusion 

in uranium oxides. Pure UO2 oxidises via a two-stage reaction, firstly, from UO2 to cubic U4O9 (for 

O/U=2.25) or tetragonal U3O7 (for O/U=2.33), and secondly to U3O8 (for O/U=2.66) [Scheele, 2004]. It 

has been observed that U3O8 can form simultaneously with both U4O9 and U3O7 phases as oxygen 

diffuses into the lattice [Olds, 2020]. He release increases for hyperstochiometric U3O8 [Talip, 2014b]. 

In Molecular Dynamics (MD) simulations, Yakub et al. [Yakub, 2010] and Govers et al. [Govers, 2009] 

showed that He diffusion coefficient increases in UO2±x, as x increases. The apparent activation energy 

is calculated at 2.6 eV in UO2 and is predicted to decrease for hypo-stochiometry and reach 0.3 eV in 

UO1.91 (due to the high VO concentration) and 1.2 eV in UO2.09, where interstitial sites are occupied by 

additional and displaced oxygen atoms [Yakub, 2010]. 

Fuel microstructure may also play a role in the He behaviour. Garcia et al. have proposed that grain 

boundaries can be effective short circuits for He atoms in He implanted UO2 samples [Garcia, 2012], 

and that He diffusion towards grain boundaries can be accelerated by the elimination of irradiation-

induced defects to these sinks. They introduced the existence of a specific diffusion coefficient in the 

vicinity of grain boundaries (GB) that becomes weaker (by three orders of magnitude) than that in the 

grains as the temperature increases above 973 K. This was recently confirmed by Giorgi et al. who 

implemented a new mechanistic model for the treatment of He behaviour in grain boundaries in the 

SCIANTIX code [Giorgi, 2022]. Galvin et al. calculated the activation energy for He diffusion, using MD, 

as a function of several types of GB and it reaches a value close to 0.7 eV for Σ19 grain boundaries at 

a high temperature of 2300…2600K [Galvin, 2016]. This specific diffusivity at the grain boundaries leads 

to the increase of He release in small grains. If grain boundaries are considered perfect sinks for the 

diffusing helium, the average distance helium travels to reach grain boundaries increases with grain size 

[Talip, 2014a]. Inside the grains, helium mobility depends on He concentration and temperature, from 

diffusion in the form of interstitials when the concentration of He and vacancy defects (traps) remains 

low, to trapping in bubbles that slow down He atoms migration. In addition, depending on temperature, 

pores can trap He if they are closed, or make release easier if they are open. 

Information on the behaviour of helium in spent fuel is scarce and can be contradictory. On one hand, 

Roudil et al. have reported that helium diffusion is negligible within the time and temperature range of 

long-term dry storage and geological disposal [Roudil, 2004]. On the other hand, Talip et al. observed 

opening of grain boundaries in a 37 years old 238PuO2 sample [Talip, 2014a]. In addition to He 

production, alpha-decay induces damage in spent fuel [Talip, 2014a], and in particular can create 

vacancy defects that could impact the behaviour of He due to their properties. 

Lanthanide (Ln) doping is currently used to understand the behaviour of spent fuel because, i) Ln are 

formed in fuel during burnup in reactors, and ii) these elements can be used as surrogates of minor 

actinides also produced by neutron capture and decay in reactors. The question is whether they will 

have an effect on the properties of He itself, or indirectly by modifying the properties of defects that 

might interact with He. These Ln-doped uranium oxides are attracting increasing attention, and several 

studies have been published on their properties. 

The addition of lanthanides (La, and Gd) strongly stabilises oxygen deficiencies in uranium oxides 

[Yoshida, 2011; Une, 1983]. Osaka et al. determined that oxygen vacancies (VO) in hypo-stoichiometric 

Lu-doped uranium oxides (U-Lu)O2-x were more stable than in other rare-earth-doped UO2s and that 

smaller doping cations enabled greater overall VO stability [Osaka, 2008]. Raman spectroscopy shows 

that GdIII doping leads to the formation of VOs and, eventually, MO8-type complexes, where M is given 
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for U or Gd [Liu, 2017]. The Gd doping slows down the oxidation of uranium oxide. The O/M ratio of the 

final oxidation step decreases linearly with increasing Gd content [Kim, 2001]. More generally, 

lanthanide dopants inhibited oxidation to U3O8, particularly for Yb 5 at%, whose oxidation was delayed 

by a factor of ~180 [Olds, 2020]. 

In hypo-stoichiometric lanthanide (Ce, Nd, Yb) doped uranium oxides, the average number of 

coordinations surrounding the (U,Ln) sites – which is compensated by a decrease in U-O bond length – 

and concomitantly the lattice parameter are reduced [Olds, 2020]. In Raman spectroscopy, the ‘defect 

band’, including a component attributed to VO (~540 cm-1) and the 1LO phonon (~575 cm-1) increases 

in intensity with increasing dopant concentration and upon oxidation [Olds, 2020]. Talip et al. have 

confirmed the existence of oxygen vacancies in UO2 doped with 6, 11, 22 mol% lanthanum (band at 

~540 cm-1 in the Raman spectra) and an increase in lattice parameter with La content [Talip, 2015a]. 

With regard to the study of He behaviour in Ln-doped uranium oxides, Talip et al. have shown that the 

amount of dissolved He increases slightly with increasing oxygen vacancy concentration in hypo-

stochiometric La-doped uranium oxide samples [Talip, 2015b]. However, solubility remains very low, 

suggesting that He bubbles can also be formed in these materials. He release depends on La content, 

with maximum release in samples with the highest La content between 1300K and 1400K. In the sample 

with the lowest La content, around 50% of the He is released at higher temperature. 

3.2.4. Aging of fuel by alpha-damage 

The heat capacity of alpha-damaged uranium and plutonium mixed dioxides (Ux, Pu1-x)O2 samples was 

measured during thermal annealing at the JRC-Karlsruhe. The investigated samples, UO2 doped with 
238Pu, covered equivalent storage time of irradiated LWR fuel (45 GWd/t) of up to 250 years. 

The preparation of alpha-doped samples was already described extensively in a publication [De Bona, 

2020]. Briefly, a Pu additive containing 53 wt% 238Pu was dissolved in HNO3 and mixed with a uranyl 

nitrate solution of known concentration to achieve the desired ratios. The two targeted compositions 

were 2.5 and 10 wt% Pu-doped UO2, equivalent to an actual 238Pu content of about 1.25 and 5 wt%, 

allowing kinetic studies of the radiation damage accumulation. The (U,Pu)O2 powders were then 

pressed to form pellets in a 5 mm diameter cylindrical die under 738 MPa and sintered at the nominal 

temperature of 1650 °C under Ar – 4 % H2 during 6 h. 

The total alpha-dose cumulated at the time of the experiments was performed using the decay-engine 

from the Nucleonica web portal [Magill, 2009] knowing the detailed isotopic composition of the examined 

samples. An estimation of the upper limit for the concentration of point defects created by self-irradiation 

can be directly obtained if the recombination processes are neglected. For instance, the -decay dose 

accumulated in the 10 wt% Pu-doped UO2 (UPu9) sample during 6 months is 5.3·1017 g-1, with a 

corresponding energy deposition rate of about 0.1 W·cm-3. Each -particle (energy of 5.499 MeV) 

creates about 66 U displacements (assuming a displacement energy threshold of 40 eV [Soullard, 

1978]) and 140 O displacements (displacement energy threshold 20 eV [Soullard, 1978]), whilst the 234U 

recoil atom (energy of 92 keV) creates 295 U and 1180 O displacements as determined using the SRIM 

code [Ziegler, 2010]. If damage overlapping and recombination are not considered, the total defect 

concentrations are 2.0·1020 g-1 for uranium and 7.3·1020 g-1 for oxygen Frenkel pairs. Assuming the 

atomic density of UO2 is 6.23·1021 atoms·g-1, the displacements per atom (dpa) value is of the order of 

magnitude of 0.1. In fact, only a small fraction of the defects created is effectively present as point 

defects at these damage doses and temperature. The majority either recombines or interacts with other 

defects to form less costly extended configurations, and it is the specific objective of this present work 

to qualify and quantify their effect on the heat capacity. 

The heat capacity of the samples was followed during damage accumulation. The excess of heat 

released was assessed and the recovery stages associated with various defects were described by 

integrating results from Transmission Microscopy, helium desorption, thermal diffusivity and XRD 

annealing studies. 
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Samples (composition) Name Synthesis 
method / 

density %theo 

Decay 

x1018 g-1 

dpa Measurement 

(U0.975, 238Pu0.0125Pu0.0125)O2 UPu2.5-1 SG / 97.5 0.124 0.031 TEM 

UPu2.5-2 0.300 0.075 SEM, TEM 

UPu2.5-3  0-0.087 LFA 

(U0.9, 238Pu0.05Pu0.05)O2 UPu10-1 SG / 97.5 1.090 0.27 DSC 

UPu10-2 0.295 0.073 TEM 

UPu10-3 0.440 0.109 TEM 

UPu10-4 0.735 0.182 TEM 

UPu10-5 1.320 0.328 TEM, TDS 

UPu10-6 1.610 0.40 TEM 

Table 13 – Samples and their characterisation as function of damage accumulation 

SG: sol-gel; TEM: Transmission Electron Microscopy; SEM: Scanning Electron Microscopy; DSC: Differential 
Scanning Calorimetry; TDS: Thermal Desorption Spectrometry; LFA: Laser Flash Analysis. 

 

In Figure 8 the apparent Cp* for two samples representing two compositions and two damage level is 

represented. The exothermic peaks resulting from the excess heat compared to the normal Cp 

correspond to the annealing of defects [Staicu, 2010]. While there is a larger contribution for the lower 

damaged sample at around 700 K, the sample at high damage exhibits a peak at 1300 K. The excess 

of heat in general increases with damage increase but the proportion of the different peak changes. This 

has to be understood as a change in the nature of the defects and their magnitude/size. Table 13 

summarises the main defects assigned to the peaks observed by considering the other investigations 

performed to determine their nature (and somehow concentration). 

 

 

Figure 8 – Apparent Cp* obtained by DSC for the two different samples and two different damage level 

 

The next reported data are contributing to the assessment of the nature of these defects. Figure 9 shows 

the evolution of the hardness of the two kind of samples as a function of the damage. With a factor of 4 

in the concentration of Pu (hence 238Pu) the kinetic also differs and it can be observed that the sole 

parameter that impacts the evolution of the hardness is the damage (no kinetic effect). All the measured 

hardness values fit perfectly on the curve. 
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Figure 9 – Evolution of the hardness of the studied sample as a function of time 

The upper scale (time) is indicative for the correspondence with damage (dpa). All points being either from 2.5% 
or 10% Pu-doped UO2 perfectly sit on the same curve indicating no kinetic dependence (with these 

compositions). 

 

In Figure 10, the lattice parameter of the two types of samples was monitored during time (damage 

accumulation) showing exactly the same behaviour as the hardness (i.e., a perfect match on the 

evolution regardless of the composition or kinetics of damage formation). The saturation of the lattice 

parameter is reached at around 0.2 dpa, which corresponds to the hardness saturation highlighting the 

intricate behaviour of this parameter connected to the same type of defects. 

 

 

Figure 10 – Evolution of the lattice parameter of the studied sample as a function of dpa 

All points being either from 2.5% or 10% Pu-doped UO2 perfectly sit on the same curve indicating no kinetic 
dependence (with these compositions). 
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The helium desorption performed on a sample that has cumulated 0.328 dpa shows an onset for the 

main release peak at 1300 K (see Figure 11). This corresponds exactly to the (exothermic) peak 

observed during the apparent Cp measurement and is due to the annealing of a complex defect/helium. 

It is an important information since other parameters like lattice parameter and hardness tend to saturate 

around 0.2 dpa, the radiogenic helium continues to accumulate in the sample and might contribute to 

an increase of stored energy while standalone defects themselves reach a steady state between 

formation and annealing. 

 

 

Figure 11 – Helium desorption as a function of the annealing temperature of a sample that has 
cumulated 0.328 dpa 

 

The thermal diffusivity was measured for the 2.5% sample and a very rapid degradation could be 

observed (see Figure 12). It is recognised that point defects act as phonon scattering site and this 

property therefore reflect the early stage of defect formation (i.e., point defect formation). The XRD 

hardness would also be impacted by extended defect formation (i.e., clusters, dislocation loops). The 

next study performed was a TEM monitoring of the microstructure evolution as a function of damage 

formation. It could be clearly proven that after the formation of the very first small dislocation loops 

already at 0.031 dpa, their size and concentration increased and that at 0.4 dpa helium nano-bubbles 

could already be observed. This corroborates the previous observation and gives a good picture of the 

evolution of the damage patterns even with the intrinsic limitation of each technique (e.g., TEM does not 

resolve point defects). 

 

 

Figure 12 – Thermal diffusivity degradation as a function of time (bottom scale) or damage (top scale) 
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In Figure 13, a series of 6 bright field images shows the formation of dislocation loops (the dark circular 

"banana" shaped features). At the highest dpa (i.e., 0.4 dpa), helium nano-bubbles are indicated by a 

white arrow. 

 

 

Figure 13 –TEM micrographs of alpha-damaged samples at different dpa as indicated in the images 

The days and dpa are not correlated since the samples examined are of different activity (UPu2.5-1 top left and 
UPu10-2-6 others). Note the different scale bars. The arrow in the lower right image points to a helium bubble 

(white spots in the image in under-focused conditions). 

 

A simplified description of defects annealing is proposed in Table 14, which also shows some 

operational temperature to confront the damage evolution and possible recovery stages. 

 

Stage T, K Mechanisms engineering temperatures 

I 450 – 700 Oi migration  

Ui 

Wet storage clad. max  473 K 

Dry storage clad. max 673 K 
[Raynaud, 2015] 

II 700 – 1'000 Uv, Puv  migration Ov migration Fuel operation in LWR [Weber, 1983; 
Matzke, 1992b] 

III ≥ 1'000 Helium desorption from extended defects Fuel operation in FR 

Table 14 – Simplified defects annealing temperature ranges for uranium-plutonium dioxides 

Oi: oxygen interstitial; Ui: uranium interstitial; Uv: uranium vacancy; Puv: plutonium vacancy; Ov: oxygen vacancy. 
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This JRC-Karlsruhe study shows that different defect annealing stages can be identified. It could also 

be proven that the excess of energy stored in defects tends to saturate after rather low damage levels 

but that, with increasing radiogenic helium production, another contribution of stored energy appears. 

This can be attributed to the formation of helium-defect complexes that cannot annihilate until higher 

temperatures are reached. These results are useful in order to provide information on the evolution of 

the state of spent fuel under interim and final storage conditions. A practical application of these results 

is that the stored energy in spent fuels can be expected to increase during the disposal timeframe, 

potentially leading to changes in properties. Time range of interest for forecasting the fate of spent fuels 

can vary from decades to millenaries. While no damage recovery is to be expected under wet storage 

conditions, it can be assumed that the oxygen defects could be recovered under dry storage conditions. 

This would, however, not impact the formation of extended defects as observed in ion-irradiation 

performed at 773 K [Haddad, 2018] or at 873 K [He, 2013]. As for the stored energy, it would represent 

an extra 40 MJ/t of spent fuel. That is to heat 100 litres of liquid water at constant pressure from 0 °C to 

100 °C or about 10 kWh of electricity. 

3.3. Experimental characterisation 

3.3.1. Radiochemical and chemical analysis of irradiated fuel rod 
components 

The radionuclide inventory present in the components of irradiated fuel rods (spent nuclear fuel, 

cladding, and structural components) is determined by means of radiochemical and chemical analyses 

after digestion of the respective samples. Both acid digestion and digestion in alkaline media are applied 

to completely dissolve the samples. Radionuclides present in the digestion liquor (e.g., actinides, 

lanthanides, and sparingly soluble fission and activation products) or in gaseous samples (e.g., volatile 

fission and activation products, fission gases, or gaseous radionuclide reaction products such as 14CO2) 

are measured consecutively after various chemical separation methods. 

Concentrations of radionuclides present in the aqueous or gaseous phases are measured by various 

analytical techniques. Currently, new analytical techniques are being developed for radionuclides that 

are difficult to measure such as 14C, 129I or 36Cl present in highly active samples. α-spectroscopy is 

applied to quantify 235,238U, 237Np, 238,239,240,242Pu, 241,243Am, and 243,244Cm present in aqueous samples. 

Usually, Pu isotopes are measured after separation from other α-emitting radionuclides. Fission 

products and minor actinides with characteristic -rays, e.g., 134,137Cs, 129I, 241,243Am, 154Eu, and 125Sb, 

are quantified in digestion liquors using -spectroscopy. Minor actinides, activation and fission products 

such as 14C, 55Fe, 36Cl, and 241Pu are measured in the digestion liquor or gas phase after separation 

from other radionuclides, using liquid scintillation counting. In addition, isotopes such as 99Tc, 
233,234,235,236,238U, 237Np, 239,240,241,242Pu, 241,243Am, and 244,245,246,248Cm present in digestion liquors can be 

quantified using high-resolution mass spectrometry (inductively coupled plasma – sector field – mass 

spectrometry, ICP-SF-MS). Gas phase composition and the concentration of fission gases Kr and Xe 

released during the digestion of irradiated fuel rod components into the gas phase can be analysed by 

means of a multipurpose mass spectrometer with a customised gas inlet system. 

The experimental uncertainty of the above-mentioned analytical methods is, in most cases, less than 

5 %. In accordance with Section 2.5.1, the used experimental techniques are suitable for determining 

the inventory of the mentioned radionuclides. See also [NEA, 2011] and [Hu, 2017] for state-of-the-art 

measuring techniques of specific radionuclides and the uncertainties associated with these 

measurements. It should be emphasised, that this is only the experimental uncertainty related to the 

measurement of the specific radionuclides and should not be mixed up with theoretical uncertainties 

based on models. Later, the experimental and theoretical data will be compared to each other with its 

own uncertainty. 
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3.3.2. Fuel-cladding chemical interaction analysis 

During irradiation in a nuclear reactor, the cladding is affected both by interactions with the cooling water, 

causing oxidation of the outer cladding surface and hydride precipitation within the Zr alloy, and by 

corrosion from volatile fission and activation products (e.g., caesium, chlorine, iodine compounds) at the 

fuel/cladding interface. These chemical reactions lead to embrittlement and weakening of the 

mechanical properties of the cladding. 

Current experimental studies focus on the chemical interactions between Zircaloy and precipitates of 

volatile fission products at the plenum of an irradiated fuel rod, a location where pellet-cladding 

interactions cannot occur to separate effects. Samples of fuel/cladding interfaces and samples from rod 

plenum sections were taken from fuel rod segments irradiated in pressurised water reactors. The 

composition of agglomerates found on the inner surface of the plenum cladding and in fuel-cladding 

interaction layers were analysed by means of scanning electron microscopy and spectroscopic 

methods, such as X-ray photoelectron spectroscopy and synchrotron radiation-based techniques. 

Preliminary investigations of the plenum cladding inner surfaces show precipitates containing Rb in 

addition to Zr, Ba, Cs, and U. Analyses of fuel-cladding interaction layers of a high burn-up UOX and 

MOX fuel show the presence of Cs-U-O-Zr-Cl-bearing compounds in these layers, in addition to Te, Ba 

and U. By using various spectroscopic techniques, such as X-ray photoelectron spectroscopy (XPS) 

and X-ray absorption spectroscopy (XAS), it could be confirmed that the volatile activation and fission 

products chlorine and iodine are present as negatively charged species (i.e., chloride and iodide) [König, 

2022]. Figure 14 depicts narrow scans of the binding energy range of Cl 2p1/2 and Cl 2p3/2 elemental 

lines for fuel residue analysed on defueled cladding samples of UOX and MOX fuels. The narrow scans 

of the Cl 2p elemental lines for both specimens show Cl 2p3/2 at a binding energy of 198.1 eV, confirming 

chloride speciation. 

 

 

Figure 14 – Narrow scans of the binding energy range of Cl 2p1/2 and Cl 2p3/2 elemental lines for the 
fuel-cladding interaction layers present on UOX and MOX fuel cladding 

Both XPS spectra were measured by Al Kα monochromator excitation (1486.7 eV). 

 

For analysis of iodine compounds present in the fuel-cladding interaction layer, as well as within the fuel 

itself, XAS measurements were performed at the Karlsruhe research accelerator synchrotron facility for 

UOX and MOX fuel specimens. As shown in Figure 15, iodine is existing in its negatively charged iodide 

speciation in both, the fuel as well as the fuel-cladding interaction layer, presumably as caesium iodide 

[König, 2021]. 
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Figure 15 – Iodine K-edge spectra for fuel fragments and the fuel-cladding interaction layers present 
on UOX and MOX fuel cladding 

CsI and KI reference spectra were added for comparison. 

 

Both elements, chlorine and iodine, are regarded as stress corrosion cracking agents for cladding 

materials of nuclear fuel rods and therefore special emphasis should be given on further investigations 

on their impact on the mechanical stability of used fuel assemblies [Syrett, 1979; Goetzmann, 1982]. 

3.3.3. Thermo-mechanical creep test 

Thermal creep is the progressive deformation of a material under the influence of temperature and 

stresses lower than the yield stress. Creep occurs in three stages (Figure 16). The primary stage shows 

rapid deformation and a decrease in the creep rate over time, the secondary stage has a constant creep 

rate and the tertiary stage has a rapidly increasing creep rate over time until fracture occurs. The creep 

behaviour of unirradiated cladding may be a function of many material parameters including chemical 

composition, metallurgical structure, and processing conditions. For irradiated cladding, the radiation 

effects overshadow these fabrication and chemical effects as, during irradiation, the anisotropy 

disappears and the material texture becomes homogeneous [Nakatsuka, 1987]. The irradiation-assisted 

creep in the reactor is an order of magnitude greater than thermal creep. Most codes calculate the two 

modes of creep separately [Martin, 2007]. In spent fuel, the irradiation becomes negligible, but the 

thermal creep of the irradiated material continues. 

The two principal physical factors affecting the creep behaviour of the cladding in interim storage are 

the hoop stress and the temperature. The hoop stress results from the rod internal pressure, a 

combination of the original fill gas and the fission gas released during operation, and the temperature 

results from the decay heat of the fuel assemblies [ASTM1562, 2010]. The creep strain rate and the 

strain upon failure of the spent nuclear fuel cladding are affected by material parameters such as alloy 

composition, fabrication steps (for example, cold work, solution annealing, recrystallisation annealing), 

and radiation fluence [ASTM1562, 2010]. 

The spent fuel, which has undergone corrosion during operation, may contain some dissolved hydrogen 

or precipitated hydrides. It is important to quantify the effect of the hydrogen content on the creep 

properties. Previous studies [Kamimura, 2003; Kamimura, 2004] have shown that hydrogen does not 

have the same effect on BWR and PWR cladding. A hydrogen concentration above the solid solubility 
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limit, i.e. hydrides exist, under high stress tends to suppress creep of BWR cladding, while a hydrogen 

concentration below the solubility limit under high stress tends to accelerate creep. For PWR cladding, 

no creep-accelerating effect has been found for hydrogen concentrations below the solid solubility limit, 

while a remarkable creep-suppressing effect has been observed with hydrogen concentrations above 

the solid solubility limit. Irradiated materials have shown a certain creep-suppressing effect compared 

to unirradiated material, but the degree of suppression depends on temperature and stress conditions. 

 

 

Figure 16 – The three stages of creep 

[Faridani, 2011] 

 

For preparation of creep test samples (Russian Zr1%Nb cladding E110 and its variant E110opt), low-

pressure hydrogen gas was dissolved in cladding samples in a vacuum furnace at 600 °C. The absorbed 

hydrogen content was verified by measuring the mass increase of the sample, and the distribution of 

hydrogen was measured by neutron-induced prompt gamma-ray spectroscopy. As the heat treatment 

during sample preparation may also have an effect, a heat-treated control sample (subjected to the 

same preparation process at 600 °C, but in a pure Ar atmosphere) should also be measured. 

The effect of high hydrogen content in the cladding was observed at hydrogen concentrations around 

1100 wppm. The effect of the thermal treatment during the hydrogen charging was also evaluated 

(Figure 17). The results indicate a significant hardening effect of the hydrides present in the zirconium 

matrix, as the secondary thermo-mechanical creep rate of as-received unirradiated claddings was three 

times higher than the ones charged with hydrogen. 

The thermal treatment also had a significant effect; it decreased the creep rate compared to the as-

received untreated cladding samples by 25%. This could be attributed to the partial recrystallisation of 

the originally stress relieved annealed cladding. In this test, the temperature of the measurement (the 

maximum allowed cladding temperature of 400 °C during dry storage), the high circumferential load 

(66% of the yield strength), and the high hydrogen content (double the maximum allowed hydrogen 

content of 600 ppm with the typical amount far below this) were well above the anticipated real values. 

The relatively high temperature and pressure were necessary to observe the creep, as at values closer 

to the realistic reference case the creep rate could be an order of magnitude lower, necessitating much 

longer measurement times. The high hydrogen content was necessary in this first test to clearly identify 

the effect of the hydrogen. Further experiments should approximate the anticipated realistic reference 

scenario in terms of hydrogen content and structure, although its effect will also be smaller and harder 

to distinguish. 
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Figure 17 – Average diameter increase and secondary creep rate of hydrogenated and heat-treated 
cladding samples, derived from the corrected diameter data 

 

3.3.4. Mandrel ductility test 

The ductility of the cladding is an important parameter under both transport and storage conditions. 

During normal reactor operation, the gap between the fuel pellet and the cladding tube closes, and in 

the case of an incident or a sudden increase in power, the thermal expansion of the pellet could rupture 

the cladding wall. Another case of volumetric expansion of the pellet is due to air ingress during the 

high-temperature phase of dry storage, as higher uranium oxides have a lower density; this could also 

result in cladding rupture. 

Historically, pellet-cladding mechanical interaction (PCMI) tests were often conducted using multi-

element tools to determine the plasticity limits of fuel cladding tubes or rings. These tearing tools are 

referred to as segmented expanding mandrels. Their role is to distribute the radial load evenly along the 

perimeter of the tubes. The advantage of the test is that it is relatively easy to perform and does not 

require lengthy preparation and irradiation to obtain a properly fragmented pellet and cladding. The initial 

heat treatment, corrosion, amount of hydrogen and iodine absorbed by the specimens can be controlled 

and the specimen can be inactive or irradiated. These tests can be performed both at room temperature 

and near the operating temperature (350 °C). 

There are several methods for generating radial stress. In one case, a soft metal cylinder (zirconium or 

aluminium) is pressed inside the cladding [Nobrega, 1985; Foster, 1987; Jiang, 2014] and deformed to 

increase its diameter, thereby transferring radial load. Alternatively [Nilsson, 2011; Catherine, 2006], a 

cone or spike is pressed into the centre of the tool; this approach was used in this test. The advantage 

is that the cone or spike is not deformed, i.e., the measured force depends only on the bank angle of 

the cone and the friction between the cone and the mandrels, so that the radial force applied to the 

sample can be determined more precisely. 

Standard mandrel experiments are usually carried out until failure occurs. An important parameter can 

be the rate of deformation. In the case of soft metal cylinder compression, the compression is very slow, 

typically 0.01 mm/min, which is significantly lower than the tensile rate of 5…50 mm/min commonly used 

in tangential tensile tests. The slow loading, especially the so-called "ramp-and-hold" (sustained load 

over a longer period of time), allows crack propagation to be analysed more effectively. The higher 

stretch speed (above 10 %/h) simulates the cladding elongation during a power increase due to thermal 

expansion caused by the temperature increase. Lower speed (below 0.5 %/h) simulates the subsequent 
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prolonged swelling of the fuel pellet due to slow swelling and increased internal pressure. In the case of 

RIA or sudden power increase, the deformation may be orders of magnitude faster. 

 

       

Figure 18 – The mandrel test performed with a ductile (left) and a brittle sample (right) 

Courtesy of MTA-EK. 

 

The mandrel test setup at MTA-EK can simulate the pellet-cladding mechanical interaction by expanding 

segmented dies (mandrels) inside cladding samples (Figure 18). This setup represents the actual 

mechanical conditions of the cladding better than the ring compression test which is widely used to 

investigate cladding ductility. The mandrels are driven apart by a pyramidal taper connected to the 

crosshead of a universal testing machine, and the force is measured under the mandrels. The friction 

coefficient between the mandrels and the base plate they move on is kept constant by applying graphite-

based high-temperature-bearing grease. The temperature can also be increased up to 300 °C using a 

small furnace around the mandrels. 

The effect of hydrogenation on the ductility of 8 mm long unirradiated Russian Zr1%Nb cladding samples 

(E110 and a new variant E110opt) was evaluated (Figure 19). The transition from ductile to brittle 

behaviour of the samples during the test was observed and a gradual decrease in ductility was found 

depending on the hydrogen concentration. The maximum cladding inner diameter increase up to failure 

was found to be almost linearly decreasing with the increase of hydrogen content, from 0 to around 

2’000 wppm. Above 2’000 wppm hydrogen content, the samples showed only minimal ductility and failed 

rapidly along multiple simultaneous axial cracks, reaching maximum measured forces twice as high as 

observed for the very ductile as-received samples. Similar trends were observed for measurements 

conducted at room temperature and 300 °C. A new value called integral work was also calculated from 

the area below the stress-strain curve. The measurement methodology was proven as an alternative 

ductility test method, and some version of it could be applied to tests with irradiated cladding materials 

in hot cells. The reiteration of the mandrel design to test longer (30 mm) samples is proposed in order 

to be able to better replicate the failure of fuel rods by axial cracks, as observed after PCMI. This new 

mandrel tool design would apply the load only in the middle of the longer sample tubes and so simulate 

the restrictive effect of the long fuel rods on the axial and tangential deformation. 
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Figure 19 – Maximum diameter change (above) and specific maximum force (below) in the mandrel 
test at room temperature as function of the hydrogen content 

 

3.3.5. Three-point bending and impact tests 

The international research community has made several attempts, mostly consisting of modeling 

approaches and rather limited experimental studies, to increase the knowledge of the underlying 

mechanisms that influence the mechanical properties of SNF rods. The majority of the experimental 

studies focus on irradiated cladding properties by performing tests on defueled cladding ring specimens 

(i.e., ring compression tests). However, results from experiments on the complete fuel-cladding 

configuration (i.e., real SNF rods) are extremely rare. Direct tests on irradiated fuel rods require 

technologically sophisticated facilities, appliances (hot cells, specific remotely operated equipment, 

etc.), and highly radioactive samples of significant size; they produce a lot of spent fuel waste and are 

therefore quite expensive and technically difficult to perform. 

At JRC – Karlsruhe, a simple free-falling hammer device inducing fuel rupture events was developed 

and installed in a hot cell in 2008. Impact tests were performed on irradiated commercial LWR UO2 fuel 

segments with burnups between ~ 19 and ~ 74 GWd/t. Although the rigidly fixed SNF rod specimens 

ruptured at three points, only 3.9 … 5.6 g of coarse fuel fragments were released in total (i.e., 1.3 …1.9 g 

per breakage). Details of these pilot tests can be found as part of the IAEA Coordinated Research 
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Project SPAR III [IAEA, 2015] as well as in [Papaioannou, 2009b; Papaioannou, 2009c; Dallongeville, 

2010]. 

Results of bending tests, using fresh and spent fuel rods with an average burnup of 50 GWd/t, were 

published in 2010 [Dallongeville, 2010]. The objective of this joint project was to assess the response of 

LWR fuel assemblies (FA) during the 9-m drop test as specified in the IAEA transport regulations. The 

bending test span corresponded approximately to the fuel pin inter-grid distance. Fuel rod failures were 

observed at about 35 mm net lateral deflection. Ring compression tests or, as the authors called them, 

hull-lateral compaction tests, were also performed for modelling purposes. 

In 2016, a new experimental campaign was initiated at JRC – Karlsruhe to establish a basis for reference 

data and provide reliable conclusions by performing tests on SNF rod segments with specially 

developed equipment. The equipment is described in [Vlassopoulos, 2018b] and includes the capability 

to undertake 3-point bending and gravitational impact tests on fuelled, pressurised SNF rod segments. 

The new campaign aims to determine the fuel rod response to external loads until failure. Segments 

with different properties (burnup, fuel composition, history, cladding, etc.) are pressurised to the original 

rod pressure and subjected to quasi-static bending or dynamic (impact) mechanical loading 

experiments, determining the critical fracture load (or energy) and the fuel mass released. A thorough 

characterisation of the fuel rod and companion specimens is carried out before and after each 

experiment for a comprehensive evaluation of the SNF rod behaviour. 

The force (or energy) required for the failure of a fuel rod is determined under the experimental boundary 

conditions. As the accident scenarios are limitless, it has been decided to study the SNF mechanical 

integrity under two reference conditions by applying quasi-static or dynamic loads. The acquired data 

are correlated to properties and processes that potentially affect the SNF mechanical stability. In 

addition to post-irradiation examinations performed on the fuel rod at previous stages (including many 

non- or destructive hot cell techniques), the fuel and cladding of the tested specimen are extensively 

examined after the experiment. Metallography of the failure location is undertaken to investigate the 

hydride morphologies, population and orientation, while the local H2 content is determined by means of 

the hot-gas extraction method. After dynamic impact, the released fuel particles are observed by 

scanning electron microscopy (SEM), and corresponding size distributions are determined by image 

analysis. 

The employed experimental setups are shown schematically in Figure 20. The 3-point bending 

apparatus consists of a force transmitter fixed to a loading column, which is driven perpendicular to the 

sample axis by a stepper motor at a constant slow speed between 4 and 17 μm/s. The force transmitter, 

termed "deflector", has a concave, round contact surface (see details in Figure 20a) adjusted to the 

cladding shape, so that no other side- or edge-load is applied on the fuel rod segment during the 

experiment. The flexible modular design of the device allows the use of different load transmitters, or, 

due to removable supports, different specimen lengths. The geometrical configuration of the device 

follows the prerequisites of a standard bending test as specified in the ISO standard 7438 [ISO7438, 

2016]. The device is equipped with sensors for simultaneous acquisition of the applied load, the sample 

deflection, and internal pressure of the segment. The raw data are in the form of load-displacement 

curves. The load data is used to evaluate the stresses in the sample. The uncertainty associated with 

the reported flexural strength is derived based on the method described in [Vlassopoulos, 2018a]. 
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(a) (b) 

Figure 20 – Overview of the 3-point bending apparatus (a) and impact tower (b) 

 

The new apparatus for impact tests, shown in Figure 20b, is based on the same principles as the older 

one used to perform the experiments reported in [Papaioannou, 2009b; Papaioannou, 2009c]. A body 

(hammer), called the ‘impactor’, falling through a vertical guiding column impacts the specimen. The 

impact occurs in a closed chamber, where the released material (mainly fuel with some pieces of the 

outer-cladding oxide layer) is completely captured. The coarse fragments are collected at the bottom 

due to the funnel shape of the chamber interior, whereas the fine aerosol particles settle on the internal 

walls or are caught in the particle filter of an integrated aspiration system. The impact of the specimen 

is video-recorded by a high-speed digital camera (2’000 frames/s) placed on the window of the chamber 

and provided with its own illumination. 

 

 

 (a) (b) 

Figure 21 – Scheme of the specimen positioning in the bending (a) and impact (b) device 

Rounded supports of the same radius and the same specimen lengths are used for both experiments. 

 

As far as possible, the design of the two devices is mutually consistent. In both experiments, the 

specimens are bent or impacted by rounded compactors, as shown in Figure 21. The main difference 

between the two experiments is related to the velocity of the impactor and the bending deflector, 

enabling a direct comparison of the results in both configurations. The velocity of the falling hammer at 

point of impact is 3.5 m/s (i.e., at least 2 × 106 times faster than in the 3-point bending test). 
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A typical specimen for mechanical testing is shown in Figure 22. Using exact tube fittings to preserve 

the required tightness, 25 to 27 cm long segments cut from SNF rods are connected to a helium gas 

flask, pressurised to the desired pressure and disconnected after closing the attached gas valve. A 

pressure transducer, fixed on the other end of the segment, provides continuous pressure control and 

instant detection of the rupture, which is very important for the bending tests. 

 

 

Figure 22 – Gastight specimen assembly connected to the pressure gauge with attached pressure 
transducer, ready for mechanical testing 

 

The investigations in the hot cells include experiments on commercial SNF rods from light water 

reactors, pressurised to their corresponding internal pressure as measured at the end of in-pile service. 

Bending and impact are conducted on sets of carefully selected rod segments, excluding segments 

close to the spacer grids of the fuel assembly, or, if relevant, close to locations where cladding or fuel 

failures are suspected. So far, studies have used UO2 fuel rods covering an extended burnup (BU) range 

from 18 to over 100 GWd/t. 

 

 

Figure 23 – Measured deflection and maximum fracture load as a function of hydrogen concentration 
in the cladding during the cold 3-point bending test 

 

Prior to their installation in a hot cell, the two devices shown above were extensively tested for proper 

functionality and operation with tele-manipulators. Many cold trials with surrogate specimens were 

carried out for this purpose. The simulated tests used hydrogenated Zry-4 cladding tubes, filled with 

Al2O3 pellets and pressurised to 4 MPa. Most of the results obtained from the bending tests have already 

been reported [Nasyrow, 2016] in the form of displacement vs. hydrogen content diagrams (Figure 23). 

Despite the enormous changes in the displacement measured, the corresponding maximum loads 
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persist within a very narrow range between 1.3 to 2.1 kN and, contrary to the displacement, do not 

appear to have been affected by the hydrogen concentration in the cladding. 

Two load-displacement curves from the 3-point bending experiments on SNF rod segments with low 

and high average burnup and corresponding hydrogen pickups, respectively, are compared in Figure 

24. These data were extensively discussed in [Vlassopoulos, 2018a; Vlassopoulos, 2018b; Rondinella, 

2017]. A remarkable feature of the data is the instant drop in the applied load exactly at the point of 

specimen fracture, i.e. at the very early stage of crack initiation. Roughly, 20 % higher loads were applied 

to rupture the high BU fuel segments, whereas the total displacement was less than half of that of the 

low BU rods. 

 

 

Figure 24 – Load-displacement curves of high and low BU samples during the 3-point bending test 

 

Considering the results from the cold test in Figure 23, the overall behaviour of the SNF rods is fairly 

consistent. The higher displacement of the low BU specimen was expected, as the material preserves 

its ductility, but a relatively small change in the maximum critical load to rupture was observed. Nearly 

three times more energy, as calculated by integrating the area under the curve, must be transmitted to 

the low BU fuel rod to induce its fracture. The different slopes of the curves in the elastic region denote 

the higher stiffness of the specimens, which is apparently caused by the higher hydrogenation of the 

cladding and closure of the gap between fuel and cladding. 

The impact device is not equipped with explicit sensors for the acquisition of load-displacement curves. 

Instead, a high-speed camera attached to the closed chamber of the apparatus records the tests. A 

sequence of images over a total recording time of only 6.1 ms obtained from the original video file is 

shown in Figure 25. The visual inspection of the impact provides extremely valuable insight into the 

various phenomena occurring. Image (a) shows the hammer just before touching the specimen. In the 

images (b) and (c), several splinters of the cladding's outer oxide layer are clearly propelled from the 

contact area between hammer and specimen. The crack initiation, morphology and propagation are 

revealed in image (c). The same photograph illustrates the moment of the "explosive" fuel release in the 

form of a fine particle cloud. Finally, the subsequent progression and release of coarse fuel fragments 

at the opening of the crack are observed in images (d) and (e). 
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               (a)                            (b)                              (c)                          (d)                             (e) 

Figure 25 – Representative selected frames of the image sequence during an impact test on a 
SNF rod 

 

                          

Figure 26 – Hammer velocity change (used to calculate the transmitted energy that caused the 
specimen rupture) 

 

An image analysis (IA) methodology to extract velocity data from the video records has been developed. 

The process converts the obtained impact sequence images into instantaneous sample deflection and 

hammer velocity. Thus, the kinetic energy transmitted by the hammer to the specimen can be calculated 

from the observed velocity reduction upon impact, as illustrated in Figure 26. The quantification of the 

uncertainty associated with the derived IA methodology has not yet been evaluated. A direct estimation 

of this uncertainty is very challenging, since it depends on the minimum detectable displacement and 

applied object-tracking algorithms, which can differ for each case. 

There is only a limited amount of experimental data available in literature characterising the mechanical 

behaviour of SNF. In addition, these data are restricted to specific types of fuels and loading conditions. 

During the EURAD project, a new experimental campaign has been performed to extend and deepen 

the macroscopic characterisation of the mechanical behaviour of SNF rods in a more systematic way. 

This study complements and extends previous experimental investigations by generating new data 

concerning areas where technical gaps have been identified. Particularly, it examines the response of 

PWR SNF rods under a wide range of burnup, from very low to extremely high, covering the spectrum 

of conditions that can be encountered in practice. The examined loading conditions on SNF rods 

represent bending sollecitations. In terms of experimental analysis, an innovative image analysis 

methodology was developed to examine the dynamic response of SNF under impact bending loads. In 
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this way, the dependence of flexural mechanical properties from strain rate was determined, which is 

very important to distinguish and analyse scenarios including either static (e.g., storage) or dynamic 

(e.g., transport or handling) loads. 

The samples used for the hot-test campaign consist of commercial spent fuel rods irradiated in PWR 

NPPs. The campaign was designed in the frame of a collaboration between JRC-Karlsruhe and Nagra, 

upon agreement with Gösgen Nuclear Power Plant (KKG) and Framatome GmbH, who kindly allowed 

using the Framatome spent fuel rods, which had been irradiated in KKG and were temporarily stored in 

JRC-Karlsruhe for this study. The results from an additional PWR fuel rod, irradiated at the Grohnde 

NPP (KWG), have also been included. Most rods consist of UO2 with duplex cladding with outer liner 

(DXD4). In addition, there is one MOX fuel rod segment from KKG having DXD4 cladding as well. The 

cladding DXD4 consists of two layers, an outer thin one, which is highly corrosion resistant, and a thicker 

inner layer of Zry-4, which forms the bulk of the cladding and provides most of the mechanical strength. 

The cladding of the KKG fuel rod with the highest burnup has 2.5% of Nb in the outer liner (DX Zr2.5Nb). 

The selected rods have different discharge dates, with cooling time up to the tests ranging from 9 to 16 

years (having the test date as reference). The selected segments were subjected to three-point bending; 

after fracture, the remaining of the segment was used for impact tests. All SNF samples were re-

pressurised with helium to the rod internal pressure (RIP) as measured at room temperature by puncture 

tests. 

Three-point bending tests on irradiated samples 

The experimental setup and test procedure are described in Figure 20a and Figure 21a. Figure 27a 

shows the load-displacement curves from bending tests performed on all selected SNF rod segments. 

For the sake of comparison, the results from the two tests performed on fresh Zry-4, with and without 

the presence of alumina pellets, are plotted in the same diagram. The SNF samples showed higher 

bending strength due to irradiation hardening. In addition, the slope of the elastic region slightly 

increases with the burnup of the rods. Different factors might contribute to this increasing trend, such as 

the slightly different cladding elastic properties due to different burnup (or irradiation time), and the slight 

difference in the SNF cross-section due to increased oxide layer thickness in higher burnup rods. All 

samples fractured under plastic deformation; the low burnup rodlet showed much higher ductility 

compared to the higher burnup samples, but smaller ductility if compared to fresh Zry-4 claddings. In 

comparison to the fresh claddings, the yield point of the low burnup sample was slightly higher 

(approximately 10%), however, the development of the plastic region was similar until the point of 

buckling (appeared at the empty cladding). This indicates that the relative contribution of the pellets to 

the bending strength of the samples is comparable; however, in both cases a pellet/cladding interface 

(PCI) is not fully developed (presence of gap). Moreover, the low burnup sample showed lower bending 

strength compared to the higher burnup samples, which fractured at 25 to 50% higher loads. The MOX 

fuel rod sample did not show any deviation in its mechanical behaviour. The displacement and load at 

fracture was similar to the high burnup samples. 
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 (a) (b) 

Figure 27 – (a) Load-displacement curves from bending tests on SNF rodlets and fresh Zry-4 samples; 
(b) Flexural stress-strain curves for beam elements with hollow-circular cross-section derived from 

three-point bending tests on pressurised SNF rodlets 

 

The flexural properties of the irradiated PWR SNF samples were derived from the three-point bending 

test results, based on the assumptions of the simple beam theory, as described in [Vlassopoulos, 2021]. 

The flexural stress-strain curves for beam elements with hollow-circular cross-sections are provided in 

Figure 27b. The cladding flexural elastic properties were derived assuming that beam elements with 

hollow-circular cross-section can well describe its elastic flexural behaviour. Results on the Young’s 

modulus of the different DXD4 cladding samples show a nearly linear increase with burnup. This 

increase could possibly originate from the difference in the oxide layer and bulk Zry-4 material thickness 

with different burnup. The Young’s modulus of the oxide layer is significantly higher compared to Zry-4, 

therefore, as its thickness increases with burnup, this could result in higher average elastic modulus of 

the claddings. Finally, as consequence of the higher irradiation damage, the yield strength and 0.2% 

offset yield strength reveal the higher toughness of higher burnup samples. In addition, the difference 

between these quantities for each sample could indirectly indicate the steepness of the transition to 

plastic deformation. Higher values represent less ductile behaviour and the resulting differences confirm 

the observations of the samples’ flexural response. 

Impact tests on irradiated samples 

The experimental apparatus and the testing procedure are described in Figure 20b and Figure 21b. The 

following figures show the dynamic response of the samples subjected to impact testing with the use of 

representative frames before and after the samples’ rupture. Typically, the sample deforms under 

dynamic loading and the oxide layer around the hammer area, being the region with the highest local 

strain, detaches from the rodlet. The sample cracks at the bottom surface subjected to tension and the 

depressurisation of the sample is visible as fine particulates from the fuel and cladding are floating in 

the closed chamber. Once the crack has propagated and the rupture is established at the sample’s 

midspan, larger fuel fragments are released from the area in the close vicinity of the crack. The big 

fragments are collected at the bottom of the closed chamber, while the fine particulates and aerosol are 

captured by the micro-filters connected to the chamber’s aspiration system or are deposited on the inner 

walls of the testing chamber. 

The ductility of the samples can be evaluated from the amount of deformation undergone before fracture. 

A first qualitative indication is given by a direct comparison from the frames in which the first crack is 

observed. For this purpose, Figure 28 (top) is used where the image size from all frames was adjusted 

to the rod size and, subsequently, the samples have been aligned. The yellow line indicates the upper 
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position of the rodlet or the moment that the hammer touches the sample. In Figure 28 (bottom) the 

frames when the first crack occurred for each sample are shown. The relative ductility of the samples 

can be estimated from their displacement to fracture. Similarly to the three-point bending tests, the first 

three samples, having the same type of cladding DXD4, showed decreased ductility with higher burnup. 

The fourth sample, with a cladding of a different alloy (DX Zr2.5Nb) and having a very high burnup, 

exhibited larger deformation until fracture compared to the other high burnup samples, as observed in 

the three-point bending tests. These results provide valuable information on the samples’ ductility as 

function of burnup. In addition, they provide proof that plastic deformation occurs even in cases of higher 

strain rates, such as the impact loading. Nevertheless, in order to quantify the resulting deformations, 

an image analysis is required. 

Image analysis is utilised to calculate the energy absorbed from the sample until fracture, which can be 

derived from the difference of the hammer’s kinetic energy before impact until the point of first crack (or 

complete rupture). In addition, the displacement to fracture can be calculated from the cumulative 

distance of the loading point at these frames. Results clearly reveal the effect of the strain rate, as the 

low burnup sample achieved approximately two times higher deformation (or bending angle) until 

fracture in three-point bending compared to impact test. On the other hand, the high burnup samples 

exhibited similar behaviour in both tests: the displacement and bending angle to fracture were slightly 

smaller for the impact case; however, they were comparable for all samples. As a result, the ductility of 

the samples is less dependent on the burnup at higher strain rates. 

 

 

 

Figure 28 – Qualitative indication of KKG samples’ ductility as function of burnup from direct 
comparison of their deformation to fracture 

Top: Selected frames before impact loading adjusted to rod size for all KKG samples; Bottom: Frame when first 
crack observed for all KKG samples. 

 

With regard to the work or energy absorbed from the sample until fracture, the results of the impact tests 

are similar to those from the three-point bending tests, showing higher energy requirements to cause 

sample fracture as burnup decreases. For the first three samples, which have the same cladding type, 

the energy depends linearly on burnup. The work in impact tests was found to be slightly higher 

(approximately 5…10%); however, this might be a consequence of the end-plugs use, which changed 

the sample geometry and total mass. Since inertia effects are relevant in dynamic loadings, the use of 

end-plugs affects the derived quantities. 
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Post-test examinations on irradiated samples 

A series of post-test examinations was performed to characterise the state of the fuel rodlet upon 

fracture, the cladding material in terms of hydrogen concentration and hydride morphology, as well as 

the fuel mass release in terms of mass and size distribution. The location of the cladding crack initiation 

was systematically at the bottom side subjected to tension and at the pellet-pellet interphase closest to 

the loading axis. In all cases, the fuel mass release per fracture was limited to less than one pellet and 

was always relatively higher in impact tests compared to three-point bending, as shown in Figure 29. In 

addition, the low burnup fuel sample showed higher release compared to the two higher burnup 

samples, due to the open (or not well established) gap between the pellets and the cladding. 

 

 

Figure 29 – Fuel mass release per fracture of SNF rod samples under impact and bending tests 

 

In addition, the fuel fragments were characterised based on their size distribution; most of the released 

mass consisted of fragments larger than 1 mm. The fine particulates and aerosol that were captured 

after impact tests at the filter system connected to the aspiration device were analysed with SEM and 

BSE. Image analysis was performed to determine the equivalent circular diameter of these particulates. 

Moreover, the hydrogen concentration of the cladding at the fracture surfaces was measured with the 

hot-gas extraction method. The hydrogen content of the samples ranged from approximately 50 ppm to 

240 ppm, showing an increasing trend in higher burnup samples, as illustrated in Figure 30. As 

expected, the hydrogen content of the first three DXD4 (A11, D08, A07) samples from KKG increases 

with higher burnup. The fourth KKG sample D02 with the highest burnup has lower hydrogen content 

due to the different cladding material (DX Zr2.5Nb). Finally, the KWG A16-5 sample from a different 

vendor has lower hydrogen content compared to the high burnup samples D08 and A07 from KKG. 
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Figure 30 – Hydrogen concentration at cladding fracture region as measured with the hot-gas 
extraction method 

 

Furthermore, metallographic examinations were performed at the vicinity of the cladding fracture to 

examine the hydride distribution and morphology. The photographs showed increased hydride 

precipitation at the outer liner, with long circumferential hydrides and almost no radial hydrides observed. 

Three-point bending tests on unirradiated samples 

At Universidad Politécnica de Madrid (UPM), three-point bending tests were performed on unirradiated 

ZIRLO® cladding samples (9.52 mm diameter and 0.57 mm wall thickness). The material is cold-work 

stress-relieved and was supplied by ENUSA Industrias Avanzadas, S.A. Tube samples (160 mm long) 

were charged with hydrogen by cathodic charge in the central 40 mm of the outer surface. The hydrogen 

content is homogeneous in the central 30 mm and it is around 105 wppm. 

A new three-point bending system was built, with a design inspired by the one employed by JRC –

Karlsruhe. During the test, the load applied by the upper part and its displacement are recorded. An 

image of the device is depicted in Figure 31a. In addition to empty cladding samples, surrogate rods 

(with ZrO2 ceramic inserts) were also tested. ZrO2 was chosen (instead of Al2O3, which is also reported 

in the literature) because its Young’s modulus is closer to the one of UO2 pellets. The ZrO2 pellets were 

cylinders with 8.30 mm diameter (initial gap 200 μm) and 10 mm height and were glued to each other 

and to the cladding sample (see Figure 31b). Tests were performed at 20, 135 and 300 °C on as-

received and pre-hydrided claddings, both hollow and with surrogate pellets. The surrogate rod samples 

were carefully prepared so that the interphase between two ceramic inserts was always located at the 

center of the sample. It was considered that this was the worst-case scenario for the bending tests. 

 

 

Figure 31 – Picture of the TPB device built at UPM (a) and sketch of the surrogate rod with the ZrO2 
ceramic inserts (b) 
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The code used to identify the TPB samples is the following: TPB_XX_Y_ZZZ_VV, where TPB means 

three-point bending, XX is the sample state ("AR" as-received or "PH" pre-hydrided), Y is the sample 

type ("H" hollow or "P" with surrogate pellets), ZZZ is the test temperature (°C), and VV is the test 

number. 

Figure 32 shows the load-displacement plots from three-point bending tests for as-received pre-hydrided 

samples hollow and with ceramic inserts at a) 20 °C and b) 300 °C. The hollow as-received and pre-

hydrided samples show a very similar behaviour at each testing temperature. The load increases with 

the displacement of the contact point until the maximum load is reached. After that, the load decreases 

slowly without any remarkable drop. The final load drop is due to the unloading at the end of test. The 

maximum load decreases with temperature, with values ranging from 1.1 kN at 20 °C to 0.8 kN at 

300 °C. The displacement corresponding to the maximum load is similar for all temperatures and no 

significant differences are found between as-received and pre-hydrided samples. These results indicate 

that circumferential hydrides do not significantly affect the mechanical behaviour of cladding in three-

point bending tests. This is because the direction of the maximum stress (axial in this case) is parallel 

to the plane where the hydrides precipitate (radial-axial). Consequently, circumferential hydrides will not 

have an influence in TPB tests on unirradiated pre-hydrided cladding. The load-displacement plots for 

samples with surrogate pellets (as-received and pre-hydrided) are also depicted in Figure 32. The 

behaviour is different from the one observed for the empty samples. The load increases with 

displacement (of the load application point) until a given value, when the sample fails suddenly and the 

load decreases to zero. This load drop is associated with the initiation and propagation of a crack in the 

central cross-section of the cladding, which coincides with the separation between two ceramic inserts. 

The crack starts at the lower part of the cladding, opposite to the load application point, and propagates 

upwards through the cladding wall. The plots are quite similar at the different temperatures, although 

the load and displacement at failure decrease with temperature. As this happens both for the as-received 

and pre-hydrided samples, it can be concluded that the mechanical response is dominated by the 

presence of the ceramic inserts. 

 

 

Figure 32 – Load-displacement plots from three-point bending tests for as received and pre-hydrided 
samples hollow and with ceramic inserts at a) 20 °C and b) 300 °C 

 

Figure 33 shows four images taken during TPB tests at the beginning and after the maximum load. For 

empty samples (a) and (b), the sample deforms plastically without visible cracking. In samples with 

ceramic inserts (c) and (d), a crack perpendicular to the cladding axis initiates at the central cross-

section (bottom of the sample) and propagates upwards, as explained previously. 
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Figure 33 – Photos taken during TPB tests of empty samples (TPB_PH_H_020_01) at the beginning 
of the test (a) and after maximum load (b) as well as of samples with ceramic inserts 

(TPB_PH_P_20_01) at the beginning of the test (c) and after maximum load (d) 

 

3.3.6. Ring compression test 

Hydrogen embrittlement is known to affect the structural integrity of existing nuclear fuel cladding 

(zirconium alloys), as has been extensively reported in the literature, e.g. [Billone, 2013a; Ruiz, 2015; 

Billone, 2018; Billone, 2019]. In water-cooled reactors, an oxide layer is formed at the outer side of 

cladding, and zirconium hydrides (the hydrogen resulting from the reaction of cladding and cooling 

water) are precipitated in the cladding when the solubility limit is reached. It has been recognised that, 

depending on their morphology and the hydrogen content, the hydrides are the most important factor 

influencing the mechanical performance of the cladding. As an example, the hydrides mainly precipitate 

along the circumferential direction of the cladding when occuring in cold-work stress-relieved cladding 

(typically Zircaloy-4, ZIRLO® and E110). However, during drying operations, hydrides may redissolve in 

the zirconium matrix as the temperature increases, so that hydrogen is available again for precipitation 

when the temperature decreases. If the circumferential stress in the cladding is above a threshold value 

(typically around 90 MPa), the hydrides will precipitate along the radial direction when the temperature 

decreases. The resulting hydride morphology, see Figure 34, can be very detrimental to cladding 

behaviour in the case of a "pinch-loading" accident, which involves a diametral compression of the fuel 

rod due to contact with the grid assembly. 
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Figure 34 – Typical hydride distribution in a cladding tube 

RHCF means radial hydride continuity factor. 

 

Assuming that hydride platelets are considered as closed cracks inside the cladding material, a fracture-

mechanics approach can be used to address microscopic crack growth as the failure mechanism and 

to consequently investigate fracture behaviour. Compact Tension (CT) specimens are commonly used 

for research on fracture behaviour. Using cathodic and gaseous charging processes, studies on 

hydrogen-charged CT specimens show a decrease of the fracture initiation parameter 𝐽𝐼𝐶 for increasing 

hydrogen contents and low temperatures [Bertolino, 2003]. The macroscopic fracture behaviour was 

considered as ductile, and therefore a transition from ductile to brittle material response could not be 

deduced. A negative influence on the fracture toughness of zirconium alloys could be confirmed from 

25 °C up to 300 °C, and precipitations along grain boundaries have been determined as a reason for 

the loss in fracture toughness [Hsu, 2012]. During a pin-loading test performed with hydrogen-charged 

Zircaloy-4 rings, circumferential hydrides reduced the fracture toughness by 20 %. Combined radially 

and circumferentially aligned hydrides could reduce the fracture toughness by up to 90 % [Langlade, 

2006]. Even in the case where macroscopic failure appears to be brittle, microscopic crack growth was 

considered to be plastic strain-driven. 

Although common fracture-mechanics testing procedures allow the observation of some effects 

regarding hydride embrittlement, the impact of crack fields remains unanswered. In addition, the result 

of a CT test with its defined stress state is hardly applicable to the complex structure and geometry of a 

thin-walled tube. Therefore, the ring compression test (RCT) was established to consider these effects. 

In this test, a cylindrical sample of the cladding material is deformed within movable plates, and a loading 

force vs. displacement curve is obtained. Experimental results from RCTs for different hydride contents 

and temperatures are used to develop numerical models that help to understand and interpret the 

micromechanical processes inside the cladding. Based on a predictive simulation, failure criteria for the 

cladding material can be derived. Billone et al. [Billone, 2013a; Billone, 2013b] developed an 

experimental procedure for the commercially available alloys ZIRLO®, M5® and Zircaloy-4. Both samples 

from higher burnup fuel rods and as-fabricated, hydrogen-charged cladding segments were heated up 

to 400 °C and pressurised to induce peak hoop stresses from 80 MPa up to 140 MPa to simulate drying 

and storage. Hydrogen contents ranged from 350 wppm to 650 wppm for ZIRLO®. Afterwards, the ring 

segments were cooled with cooling rates of ~ 5 °C/h. RCTs were performed with as-irradiated as well 

as hydride-reoriented samples at distinct temperatures from room temperature up to 200 °C and with a 

displacement rate of 5 mm/s. The extent of radial hydrides was quantified by the radial-hydride-

continuity factor (RHCF) as the ratio of continuous radial hydride length to wall thickness of the cladding, 

see Figure 34. It could be shown that through-cracks during the tests correlate with the extent of radially 

aligned hydride formation. Furthermore, the reprecipitation of platelets in the radial direction is controlled 

by the peak hoop stress. The highest testing temperature, at which brittle behaviour occurs, is defined 

as the ductile-to-brittle transition temperature (DBTT). This temperature depends on the type of material, 

hydrogen content, and reorientation stress. Billone et al. [Billone, 2013b] established an "offset strain" 

of 2 % in the RCT diagram as embrittlement criterion. 
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Further ring compression tests were performed by Martin-Rengel [Martin-Rengel, 2012; Martin-Rengel, 

2013] and Ruiz-Hervías [Ruiz, 2015]. Ring segments of ZIRLO® were charged with hydrogen to achieve 

contents of up to 2'000 wppm. The heating, reorientating and cooling were performed in a similar way 

as described above. Two additional failure criteria were proposed based on the strain energy density 

and the equivalent plastic strain respectively.  

Hence, the ring compression test is the established experimental method for the investigation and 

characterisation of the mechanical behaviour of defueled cladding tubes. The test can be carried out in 

hot cells with irradiated material as well as with unirradiated material under normal laboratory conditions. 

The effort for hot cell tests is very high, but investigations outside hot cells require unirradiated mock-up 

cladding tubes with material behaviour representative of the irradiated material state. Real Zircaloy 

claddings contain circumferential and radial hydrides due to the conditions in water-cooled reactors and 

subsequent vacuum-drying. Therefore, the influence of these hydrides on the material behaviour must 

also be reproduced. 

Realistic distributions of circumferentially or radially oriented hydrides can be created by hydrogen 

charging of unirradiated claddings. Ruiz-Hervías [Ruiz, 2015] describes a cathodic charging method for 

a controlled insertion of hydrogen into an unirradiated sample. In an electrochemical reaction, the 

sample acts as the cathode, and a platinum wire coiled around the sample as the anode in a KOH-

aqueous solution. After hydrogen charging, the sample is exposed to an inert gas atmosphere at 

constant elevated temperature and then slowly cooled down (approx. 1.2 °C/min). The hydrides are 

circumferentially oriented at this stage of the procedure. Based on a subsequent thermo-mechanical 

treatment with applied hoop stress (or reorientation stress), the hydrides can be dissolved and partly 

reoriented along the radial direction of the cladding. The resulting hydride density and orientation is 

similar to radial hydrides found in the cladding of irradiated fuel rods after radial-hydride treatment (cf. 

Figure 34). In the case of Zircaloy M5®, mostly individual long radial hydrides precipitate. For ZIRLO®, 

typically a mix of radial and circumferential hydrides predominates. 

 

            

Figure 35 – Ring compression test experimental setup (left) and typical load-displacement 
curves (right) 

 

The experimental setup of the ring compression test is shown schematically in Figure 35. Tests are 

displacement-controlled by means of two plane and parallel steel plates. The load is measured with a 

load cell. The upper plate moves with constant velocity, while the lower one is fixed. Maximum tensile 

hoop stresses occur at the inner surface of the 6 and 12 o'clock positions and at the outer surface of the 

3 and 9 o'clock positions. Specimens are ring-shaped with a height of 10 mm. The dimensions of the 

cladding tube may vary. Typical values are an outer diameter of 9.5 mm and a wall thickness of 0.5 mm.  

Figure 35 illustrates the characteristic load-displacement curve of pre-hydrided empty samples. 

Cladding samples with circumferentially oriented hydrides typically show ductile behaviour during a 

RCT. The displacement at maximum load is much larger than the typical gap between tube and fuel. 

After large deformation, ductile failure is detected and the load decreases gradually (not shown in the 
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figure). By contrast, hydrides oriented in radial direction of the cladding can cause brittle failure 

associated with sudden load drops. The displacements at the point of failure can be very small. After 

the maximum load, failure by crack initiation and subsequent crack propagation is observed. 

As testing with irradiated cladding is both difficult and expensive, it is not possible to cover all possible 

conditions. Testing with unirradiated material may help bridge the gaps. The precise experimental 

simulation of the hydride structures observed in irradiated claddings is particularly important in this 

respect. Newer sample preparation techniques are able to simulate experimentally the drying process 

with independent control of the internal pressure and temperature of the cladding. 

At Universidad Politécnica de Madrid (UPM), a new radial hydride treatment (RHT) to reorient 

circumferential into radial hydrides using internal pressure has been developed where pressure and 

temperature can be controlled independently. Unirradiated ZIRLO® cladding samples (9.52 mm 

diameter and 0.57 mm wall thickness) were used. The material is cold-work stress-relieved and was 

supplied by ENUSA Industrias Avanzadas, S.A. Tube samples (50 mm long) were charged with 

hydrogen by cathodic charge in the central 20 mm of the outer surface. The hydrogen content is 

homogeneous in the central 10 mm with a value around 80 wppm. Pre-hydrided samples were closed 

with stainless steel fittings, connected to a high-pressure valve system and introduced in an electric 

furnace. The radial hydride treatment consists of heating the samples without internal pressure up to 

400 °C for 80 minutes. Then the samples were pressurised with argon up to a pressure equal to 19 

MPa. The value of the internal pressure was calculated to produce an average circumferential stress 

(on the cladding wall) equal to 140 MPa. The internal pressure and the temperature were hold during 

30 minutes. Finally, the sample was cooled at 5 °C/h while keeping constant the internal pressure.  

Figure 36 shows two micrographs. Figure 36a corresponds to a cladding sample before the RHT, while 

Figure 36b corresponds to a cladding after the RHT. In the first one, zirconium hydrides can be observed 

as dark lines inside the cladding wall section. Hydrides are in circumferential direction and mainly located 

at the mid-wall thickness. In the second image, after the RHT, most of the hydrides are reoriented in the 

radial direction, and some almost connect the inner and outer surface of the cladding. The RHT 

employed produces a highly reoriented microstructure. 

 

 

Figure 36 – Photos taken during TPB tests of empty samples (TPB_PH_H_020_01) at the beginning 
of the test (a) and after maximum load (b) as well as of samples with ceramic inserts 

(TPB_PH_P_20_01) at the beginning of the test (c) and after maximum load (d) 

 

Ring compression tests were performed on pre-hydrided empty samples with radial and circumferential 

hydrides at 20, 135 and 300 °C. Tests on pre-hydrided samples with radial and circumferential hydrides 

containing a surrogate pellet were carried out at 20 °C. The results are summarised in Figure 37, where 

load vs. displacement plots are shown for a) empty samples tested at 20, 135 and 300 °C and b) samples 

with a surrogate pellet tested at 20 °C (along with results on empty samples for comparison). In empty 

samples with circumferential hydrides, the load increases monotonically with displacement (see Figure 

37a). At 20 ºC, the maximum load is approximately 1 kN for a displacement of 5 mm. When the testing 

temperature increases, the maximum load decreases while the displacement at maximum load 

increases. The same behaviour is observed in empty samples with radial hydrides tested at 300 °C. 

However, on empty samples with radial hydrides at 20 ºC and 135 °C, sudden load drops occur in the 
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linear part of the load-displacement plot, where no part of the sample has yielded. They are associated 

to cracks that are visible in the pictures taken during the tests. The cracks appear first at the 12 and 6 

o’clock locations on the inner diameter of the sample and then at the 3 and 9 o’clock locations on the 

outer diameter. It is worth noticing that the load corresponding to the first load drop is approximately 

0.25 kN for a displacement around 0.2 mm. 

In case of samples with surrogate pellet, the behaviour is completely different. No catastrophic failures 

occurred even for the RHT samples. The cladding-insert system was stiffer, and the maximum load was 

much higher than in empty samples tested at the same temperature (see Figure 37b). Consequently, 

mechanical behaviour is controlled by the insert and not by the radial hydrides in this case. 

 

 

Figure 37 – Load-displacement plots in RCT for samples with circumferential (PH) and radial hydrides 
(RHT): a) empty, at 20, 135 and 300°C; b) empty and with surrogate pellet at 20 °C 

For comparison, the samples without hydrides but with precipitation treatment (PT) are also shown. 

 

Figure 38 shows two micrographs of the cross-section of cladding samples with radial hydrides after 

RCT at 20 °C and 300 °C. At 20 °C, several cracks can be observed along pre-existing radial hydrides. 

In this case, the cracks initiate at the outer surface of the cladding (at 9 o’clock location) and propagate 

towards the inner surface, following two parallel hydrides. In the sample tested at 300 °C, no cracks can 

be seen; the sample deforms plastically and very few hydrides are found. At this temperature, the 

terminal solid solubility of hydrogen in zirconium is larger than the existing hydrogen concentration 

(around 80 ppm) and most hydrides are redissolved in the zirconium matrix. Consequently, even with a 

severely reoriented hydride morphology, the samples tested in RCT at 300 °C do not show a brittle 

behaviour, as found at 20 ºC and 135 ºC. 
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Figure 38 – Micrographs of empty cladding samples with radial hydrides after RCT at a) 20  °C and b) 
300 °C 

 

3.3.7. Oxidation and dissolution tests 

The potential contact between fuel pellets and gaseous atmosphere [Aronson, 1957; Einziger, 1985; 

Einziger, 1986; Anderson, 1955a; Hanson, 1998; Leinders, 2016a; Leinders, 2018] or aqueous 

environment [IAEA, 1998; Johnson, 1977] during its temporary storage has been studied in the past to 

some extent. Additionally, the SNF behaviour has been studied in many previous projects funded by 

Euratom [Poinssot, 2005; EC, 2008; Grambow, 2010; Evins, 2014; Kienzler, 2017; Evins, 2021]; 

however, all of them were focused on the quantitative understanding of key processes affecting the SNF 

under geological repository conditions. Nevertheless, important gaps in the knowledge of interactions 

between UO2 with oxidising agents (gas or aqueous) in the event of an undetected cladding breach still 

exist. The study of the different intrinsic (specific to SNF attributes) and extrinsic (environmental storage 

conditions) parameters, that can affect the SNF matrix integrity evolution, is of outermost interest for 

irradiated fuel under operational and accidental scenarios during the early stages of back-end of the 

nuclear fuel cycle such as handling, transport and storage. To ensure SNF integrity under whatever 

considered scenarios (e.g., moisture, aqueous dissolution of the UO2 matrix, corrosion of the SNF, etc.), 

systematic identification of events and their consequential effects, that are still not well understood, 

should be considered in the safety assessment. 

Before final disposal of SNF in a deep underground repository, and after being discharged from the 

reactor, the SNF is stored in cooling pools at the reactor site to allow for the decay of the heat capacity 

(related to very short-lived nuclides decay) below a specific level. Then, the used fuel may be transferred 

(transport) to wet or dry long-term interim storage for periods from 30 years up to 100 years, because 

of the lack of geologic repositories [Ewing, 2015; Kienzler, 2018; IAEA, 2020; Spahiu, 2021]. The SNF 

is theoretically able to resist long-term interim storage without important changes of its features; 

however, some elementary processes need to be further addressed. 

Knowing that working with SNF is more representative of the realistic scenario, the chemical and 

structural complexity of SNF and the associated radiation fields complicate answering still open 

questions from experiments with SNF. In order to gain knowledge on separate and synergetic effects 

and also to develop/conduct fundamental research, the use of non-irradiated alternatives is important 

before carrying out experimentation on real irradiated systems presenting radiological risks that must 

be handled with particular care (in hot-cells which capability is limited to some countries). The 

experimental research proposed has been performed by means of various "model materials" that can 

represent some physico-chemical properties maintaining certain degree of conservatisms. The main 

objective is to reduce uncertainties and to improve the description of the most relevant processes driving 

the chemical evolution of SNF at the interim storage conditions (e.g., wet and dry) based on new 

experimental data that may have an impact on final disposal. Thus, corrosion studies were carried out 

using systematically prepared and precisely characterised UO2-based model materials to understand 

several single and linked effects on SNF behaviour under relevant conditions of interim storage. 
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Table 15 shows information on the studies carried out at CIEMAT, and the experimental protocols (see 

more details in Deliverable D8.9). 

 

Materials used Measurement / Type of experiment Techniques 

UO2 

Eu-doped UO
2: 0.02;

 
0.2; 2 w/o 

Eu
2
O

3
-UO

2
 

Synthesis and sintering 

Pellet, dry route, Sintering: 

1675°C, 4h, N2/H2 (4.7%) 

Powder 

Dry: oxidation behaviour 

T: RT to 900 ˚C 

O2(N2) conc.: 1-21% 

Wet: Aqueous dissolution test 

H3BO3: 1600 and 3500 ppm 

pH: ~ 5.2 

RT 

Solid: TGA, SEM-EDX, 

BET, XRD, Raman  

Analysis in solution: pH, 

redox, ICP-MS 

Table 15 – Experimental approaches used for studying nuclear fuel behaviour on simulated interim 
storage 

 

Samples preparation and solutions 

A series of UO2 pellets doped with different amounts of Eu2O3 (0, 0.02, 0.2 and 2 w/o) have been sintered 

by "dry route", and analysed by X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM). The 

specific surface area (SSA) was geometrically calculated (without roughness factor) and measured by 

N2 BET (Brunauer–Emmett–Teller) method [Brunauer, 1938]. The density of the pellets was estimated 

using two different methods: 1) geometric density based on the pellet dimensions, which includes both 

open and closed porosity and assumes perfect cylindrical pellets; 2) immersion density measurement 

by Archimedes method, which allows measurements that are more precise. In agreement with prior 

studies [Lee, 2017; Iwasaki, 2009], the XRD data show that an increase in lanthanide (Ln) dopant 

concentration produces a contraction of the fluorite structure possibly due to the joint effects of smaller 

cation size of Eu and shorter U/Eu-O bonds and/or by hypo-stoichiometry [Olds, 2020], showed by the 

Rietveld-refined lattice parameters. Further details can be found in D8.9 [Rodríguez, 2024]. 

Thereafter, most of the as-prepared pellets were directly used for dissolution tests. However, one pellet 

representative of each composition of Eu-doped (and undoped) UO2 was manually milled in an agate 

mortar prior to being subjected to dry oxidation experiments. 

Dry oxidation behaviour of Eu doped UO2-based model material as analogue for 

spent nuclear fuel 

Oxidising gas intrusion such as air into a breached cladding SNF rod may cause a SNF matrix oxidation 

up to U3O8, associated with a ~36% volumetric expansion with respect to the initial UO2 [McEachern, 

1998; Milena, 2023a], and turn out with spallation and pulverisation of material [McEachern, 1998; 

Milena, 2023b]. This may pose a safety issue for SNF management as it could imply a confinement 

failure and hence dispersion of radionuclides within the environment [Taylor, 1991]. It is generally 

assumed that the fluorite-type lattice of UO2 matrix is stabilised at intermediate oxidation states 

(U4O9/U3O7) during oxidation with the presence of dopants [Wilson, 1961; Hill, 1962; Roberts, 1961; 

Suresh, 2004; Jégou, 2010; Eloirdi, 2018]. Some efforts are needed to improve the knowledge about 

the effect of these dopants or impurities in the fuel oxidation resistance to U3O8, and in particular of 

trivalent lanthanides formed due to the nuclear fission reactions [Milena, 2023c]. 

Here, the effects of Eu2O3 doping on the thermal stability of UO2 were investigated. For this purpose, 

powdered samples (UO2-0.02 w/o Eu2O3, UO2-0.2 w/o Eu2O3, and UO2-2 w/o Eu2O3) were subjected to a 

thermal treatment by thermogravimetric analysis (TGA) consisting of a heating ramp up to 900 °C at two 
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oxygen concentrations (1% and 21% O2). Pure UO2 powder was evaluated and used as a reference. 

Oxidations were conducted by heating the samples to obtain the complete conversion to U3O8 and study 

the overall reaction. Complete oxidation TGA measurements were performed by triplicate to include 

uncertainties (SDs) of all mean values of the total weight change (%), oxidation onset temperatures 

(OOTs), maximum reaction temperatures (MRTs), and reaction rate at the maximum reaction 

temperature (RRMRT), in addition to ensuring the repeatability and reliability of the TGA results [Milena, 

2023a; Costa, 2021]. TGA oxidation curves of all the materials at the two aforementioned oxygen partial 

concentrations are given in Figure 39. 

 

  

  

Figure 39 – Weight change curves at 21%O2 (a) and 1%O2 (b) of: UO2, UO2-0.02 w/o Eu2O3, UO2-
0.2 w/o Eu2O3, and UO2-2 w/o Eu2O3 

 

These studies showed that adding Eu to UO2 slightly retards oxidation to orthorhombic U3O8. This effect, 

attributed to the dopant, is more marked with lower oxygen concentration (as low as 1% O2). 

Dissolution behaviour of Eu doped UO2-based model material as analogue for 

spent nuclear fuel 

The SNF is stored underwater in the spent fuel pool for up to 10 years [IAEA, 2012], depending on the 

fuel design and burnup, for initial cooling. Thereafter, depending on the strategy followed by each 

country, it may continue at wet interim (pool) storage or it may be stored under dry interim (cask) storage 

conditions, for the next decades before final disposal. Boron is a neutron absorber added to the water 

coolant, which is required during the wet storage of SNF. Introduced in the form of boric acid (H3BO3) in 

the pool, it ensures adequate subcriticality following a contingency principle [IAEA, 1999]. A specified 

minimum boron concentration must be maintained, especially during spent fuel loading operations 

[IAEA, 1999]. In this study from CIEMAT, we compare the corrosion behaviour of Eu-doped UO2 in two 

simulated pool waters, representing two different boric acid concentrations nominally containing 1’600 

and 3’500 ppm boron, respectively. Further details can be found in D8.9 [Rodríguez, 2024]. The 

normalised dissolution rates of U (RL(U)), expressed in mg·m−2·d−1, were calculated from concentration 

data and BET surface area to calculate an elemental mass loss normalised to the SSA, following the 

formula given in [Bosbach, 2021]. 

The trend and values of both U concentrations and SSA normalised dissolution rates for U are similar 

for both leaching media over the entire test duration, a decrease of dissolution rate with increasing Eu 

content in the solid solution. This suggests an oxidative dissolution resistance of Eu, similar to previous 

findings from the literature where other trivalent dopants like Gd are known for stabilising the UO2 matrix 

towards oxidative dissolution [Barreiro, 2019; Casella, 2016]. 
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The presence of Eu has an important impact on the rate of oxidation of U(IV) to U(VI), which is well 

emphasised in Figure 40, where the final values of RL(U) (at 48 days), normalised to the BET surface 

area, are plotted vs. the Eu2O3 concentration added. Overall, the RL(U) decreases with increasing Eu 

content. This would suggest that the presence of Eu improves the durability of UO2, at these leachant 

concentrations. It can be hypothesised that this reduction in rate with increasing Eu is a result of a 

slowdown of its oxidation due to the presence of trivalent elements, which promotes and stabilises the 

formation of oxygen vacancy clusters (in order to maintain electroneutrality) [Park, 1992], as in the case 

of Gd2O3-doped UO2 [Lee, 2017; Park, 1992; Kim, 2001; Scheele, 2021]. 

 

 

Figure 40 – Final values (after 48 days of dissolution experiment) of normalised dissolution 
rate of U, RL(U), as a function of Eu content, for Eu-doped and undoped UO2 dissolved in 

1'600 ppm and 3'500 ppm H3BO3 

 

Post-leaching examinations by SEM of the pellets´ surface reveal that, for the samples containing 2 w/o 

Eu2O3, some kind of aggregates appears for both boric acid concentrations (Figure 41), even after 1 

day of dissolution. The evident higher abundance of these structures as a function of time and, 

especially, at the samples leached at 3'500 ppm H3BO3, leads to the assumption that it might be related 

to the boric acid concentration. In addition, the fact that they were only detected for the samples with 2 
w/o Eu2O3 content suggests that the Eu3+ trivalent plays a key role in the formation of such aggregates. 

Nevertheless, these aggregates formed on the surface of the pellet need further characterisation. 

Conversely, no remarkable alteration was detected for undoped, 0.02 and 0.2 w/o Eu2O3-UO2 (images 

not shown). 
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a)  b)  

Figure 41 – SEM image of a UO2-2 w/o Eu2O3 pellet surface after 1 month of dissolution experiment 
in (a) 1'600 ppm and (b) 3'500 ppm H3BO3 

 

3.3.8. Thermogravimetric tests 

The fuel-cladding interface can be described as composed of two zones, one closer to the cladding 

(polycrystalline ZrO2) and a second one nearer the fuel pellet, which is mainly formed by solid solutions 

of (U,Zr)O2 (cubic fluorite) [Frost, 2020]. This second layer is composed by variable relative 

concentrations of U and Zr [Kim, 2010; NEA, 2015]. PCI is one of the causes identified as leading to 

potential cladding failure [IAEA, 2010; NEA, 2005]. In the framework of back-end of nuclear fuel, prior 

to or after the dry interim storage period, the nuclear fuel assemblies can be transferred into a transfer 

unit to change from transport to storage cask. The dry transfer system provides an "interface between 

large and small casks and between storage-only and transportation casks" [Christensen, 1999] and it 

can also allow fuel handling for examination and repair [Christensen, 1999; El-Samrah, 2021]. 

Considering possible scenarios that may take place in a dry interim storage facility, including transfer 

module, important variables such as time/temperature limits need further investigation to prevent SNF 

oxidation when it is exposed to an oxidising atmosphere. In such scenario, the degradation of both, 

Zircaloy cladding against gross rupture, and the irradiated UO2, needs to be fully understood for the 

appropriate technical support to be adopted in order to prevent release of radioactive material [NRC, 

2006; NRC, 2017; NRC, 2019]. The availability of oxygen (oxidant agent) and temperatures higher than 

250 °C may entail the oxidation of the fuel matrix from UO2 (fluorite, cubic) to U3O8 (orthorhombic) that 

implies a volume increase of around 36%, which in turn may result in pulverisation, spallation, splitting 

of the sheath and leakage of radioactive material. The oxidation of UO2 constitutes a two-step reaction: 

UO2 → U4O9/U3O7 → U3O8. The better-required final stabilised form for the uranium oxides should be 

limited to intermediate oxides U4O9, where fluorite structure is preserved. Although oxidation of UO2 

under different surrounding conditions, such as temperature and oxygen partial pressure, has been 

studied for more than five decades [McEachern, 1998; Sinkov, 2008], some topics still remain unclear 

and are not even included in fuel performance codes, like the influence of the fuel-cladding inter-diffusion 

zone [Hanson, 1998; Frost, 2020]. 

Understanding the properties of the pellet-clad bonding layers is worth studying. Specifically, the 

potential chemical oxidation resistance of UO2 (matrix fuel) to U3O8 by the ZrO2/Zr system, after a 

potential air intrusion, in case of undetected damaged cladding (zirconium alloy) or defective fuel, is 

relevant in terms of assessing fuel integrity covering all possible scenarios during storage. Therefore, 

assuming evidences on Zircaloy-fuel interaction [Kim, 2010; NRC, 2017], characterisation of ZrO2-

doped UO2 pellets including morphological, chemical, and crystallographic analyses was conducted. 

Furthermore, some results of the oxidation behaviour of these powdered samples under dry conditions 

were shown, that prove the chemical oxidation resistance of UO2 to U3O8, when it forms part of the 

(U,Zr)O2 solution, trying to mimic the chemical bonding between ZrO2 and UO2. In this study, both 

individual and joint effect of temperature were investigated, oxygen partial pressure and Zr content to 

analyse complex scenarios facing matrix oxidation with competing factors [Rodríguez, 2023]. 
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At CIEMAT, the behaviour of the pellet-cladding interface under a potential oxygen exposure during dry 

storage and subsequent transportation conditions has been studied. More specifically, the ultimate goal 

has been to provide empirical data on chemical oxidation resistance of UO2 to U3O8 because of the 

interlayer bonding of urania and zirconia formed during reactor operation in LWR. Three issues have 

been addressed in detail:  

1. the synthesis and microstructural characterisation of ad-hoc fuel surrogate of PCI in a 

representative way (i.e., UO2 ceramics doped with different ZrO2 contents) 

2. the evolution of these ZrO2-UO2 systems (with a range of ZrO2 contents) due to oxidising 

degradation, and 

3. the overall responses of powdered samples at temperature and oxygen partial pressure 

coupling effects 

Mixtures of ZrO2-doped UO2, in the full range of possible compositions across the layer (simulating the 

ZrO2/UO2 chemical bonding in LWR fuels, PCI phenomenon), and undoped UO2 have been obtained 

via "powder route" and characterised at CIEMAT.  

The oxidation behaviour as a function of temperature and oxygen partial pressure was performed using 

thermogravimetry on x wt% ZrO2-UO2 (x=0, 20, 40, 80 and 100) samples for in-situ monitoring of the 

oxidation reaction of UO2 to U3O8 under "representative" conditions of a dry environment as a function 

of ZrO2 content, oxidising atmosphere (1 and 21 %O2), and temperature. A series of thermogravimetric 

analysis (TGA) tests was performed and oxidised samples were also characterised. Solid samples were 

analysed under non-isothermal (10 ˚C ·min-1, up to 900 ˚C) and isothermal (100, 300 and 400 ˚C) 

conditions. 

The thermal analysis on some representative model materials of PCI showed that, under non-isothermal 

systems, the presence of zirconium in the UO2 fuel matrix provides certain oxidation resistance to U3O8, 

hindering matrix oxidation (see Figure 42). No clear differences were observed between different 

oxidising conditions (1 and 21 %O2). The use of relatively low partial pressures of oxygen did not avoid 

severe degradation, although the evidences found for samples analysed suggest that, over a certain 

ZrO2 content threshold, the oxidation degree is slightly influenced by oxygen pressure. For ZrO2 contents 

below 40 wt% in UO2, the higher the O2%, the higher the oxidation degree of uranium matrix was 

observed, indicating that ZrO2 can improve the thermal oxidative stability of UO2 to some extent. 

Difficulties about ZrO2 solubility in the UO2 matrix and polymorphism of ZrO2 can affect the subsequent 

oxidation responses of the tested samples. 

 
a) 

 
b) 

Figure 42 – Weight change curves at 21%O2 (a) and 1%O2 (b) of: UO2, 20 wt% ZrO2 -UO2, 40 wt% 
ZrO2 -UO2, 80 wt% ZrO2 -UO2, ZrO2 
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Under isothermal conditions, the temperature as a key affecting parameter on fuel matrix alteration is 

confirmed (see an example at 300 ºC in Figure 43, further details can be found in D8.10 [König, 2024]). 

Increasing ZrO2 content decreases the mean oxidation degree. In general, the effect of low oxygen 

concentration in the gas phase induces a moderation of the oxidation degree on average, for the same 

Zr content but with no remarkable implications. Further experimental work is necessary to better 

characterise and simulate the UO2-ZrO2 inter-diffusion layer. Additional analyses with controlled ZrO2 

polymorphic phases will refine the data and contribute to describe the post-PCI behaviour in the context 

of a potential oxygen exposure during storage conditions.  

Therefore, the results of this analysis are important not only for possible design/construction of 

loading/unloading FAs cells but also for transport of SNF in O2 containing environments, once closure 

of pellet-cladding gap occurs. It also important in evaluating a conventional method to be applied for 

understanding the oxidation behaviour of SNF during the back-end of the fuel cycle, i.e., handling 

transport and storage. However, to implement this assumption on real irradiated fuel, further 

characterisation techniques by considering the presence of FP (e.g., Cs, I, Cd) in the Zr/ZrO2 zone must 

be explored. 

 

  

Figure 43 – Weight curves at 21% O2 (a) and 1% O2 (b) under isothermal conditions at 300 °C 
during 10 h of: UO2, 20 wt% ZrO2 -UO2, 40 wt% ZrO2 -UO2, 80 wt% ZrO2 -UO2 

 

3.3.9. Helium property measurements 

Helium (He) already present in samples (coming from alpha-decay) or intentionally introduced can be 

measured in single crystals, polycristals and powders using several techniques. This enables the 

determination of He properties such as solubility, diffusion coefficient and inventory in uranium oxides. 

Helium can be introduced in uranium oxides using three different methods: infusion, implantation or by 

alpha-decay doping: 

1. He Infusion:  

Infusion was used in several studies to introduce He (see references in [Luzzi, 2018]) and 

different devices can be used. For example, the Helium Infusion Device (HEIDI) was developed 

at JRC-Karlsruhe [Maugeri, 2009]. It aims to infuse helium into a uranium oxide sample by 

heating it with a laser at high temperature under high He pressure up to 200 MPa. The sample 

temperature is measured by a pyrometer. In such conditions, a homogeneous helium profile 

can be obtained, if infusion time is long enough. The amount of helium infused depends on 

pressure and temperature as well as microstructure and damage already present in the sample. 

Such introduction technique allows only He to be introduced without creating defects if the 
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infusion time is short enough [Colle, 2013]. It is therefore particularly well suited for 

measurement of He solubility in uranium oxides. For example, Maugeri et al. found a He 

solubility of 2.29·10-8 ± 4·10-10 mol·g-1 (6.3±0.1 at·ppm) at 1523 K and 108 Pa in UO2 single 

crystal [Maugeri, 2009]. 

2. 3He implantation:  

Helium can be introduced into uranium oxides by implantation of various He isotopes. The 3He 

isotope is of particular interest because it can be analysed using Nuclear Reaction Analysis 

(see dedicated section below). The implantation of energetic ions induces simultaneously 

damage (essentially point defects) in the samples. The energy of the 3He beam can be chosen 

to be adapted to the analysis techniques. In most cases, 3He ions of 0.5 or 1 MeV are used. 

The fluence can also be selected to obtain different He concentrations. Depth profiles of 3He 

and damage (atomic displacements (dpa)) can be calculated using the SRIM simulation code 

[Ziegler, 2010] in the so-called KP option (quick calculation with Kinchin-Pease formalism). The 

displacement energy thresholds for oxygen and uranium atoms are set at 20 and 40 eV 

respectively [Soullard, 1985]. 3He ions of 1 MeV penetrate in UO2 up to 2 µm (called the ion 

range). The He concentration is very low in the first 1 µm and increases to a maximum value of 

0.35 at% at 2 µm depth for a fluence of 1·1016 3He+·cm-2. Damage is roughly flat at an average 

value of 0.014 dpa in a region down to around 1 µm depth. Implantation is usually performed 

by focusing the beam (1×1 mm2) and by sweeping it over the disk surface to ensure a 

homogeneous dose. Implantation temperature can be controlled as CEMHTI’s DIADDHEM 

system [Chamssedine, 2010]. The maximum He concentration introduced under these 

conditions is very close to the amount of He (~0.37 at%) reached in UO2 after a burnup of 52 

GWd/t and 50.000 years of storage [Ferry, 2010]. In comparison, He content reached 0.26 at% 

in a 17-year-old irradiated MOX fuel (after discharge from the reactor) with an average burnup 

of 42.6 GWd/t and a Pu content of 3.5% [Colle, 2014]. The He concentration can be increased 

incrementing the He fluence as it has been done in [Guilbert, 2003]. By incrementing the fluence 

by a factor of 5, He platelets can be formed after heating at the ion range, resulting in blistering 

and flaking of the top layer of the implanted sample with a thickness of the order of the ion 

range. 

3. Alpha-decay doping:  

Helium can be also introduced by doping uranium oxides with radioisotopes that decay by 

emitting alpha particles such as 238Pu. In this case, He is introduced at the same time as 

irradiation damage. For example, 238Pu doped UO2 can be synthesised by a sol–gel technique. 

The advantage of this technique is to obtain a uniform distribution of the dopants in UO2. After 

compacting and sintering the pellets, a homogeneous solid solution with a density of 94% of the 

theoretical value can be obtained [Talip, 2014a]. The He amount and damage depends on the 

Pu content, its isotopic composition, the storage time and the temperature history of the sample. 

For alpha-doped UO2 samples (which contain depleted UO2) with 0.1 wt% of additive containing 

66.7 wt% of 238Pu, the He amount and damage dose were estimated at 1.6 at·g-1 and 0.04 dpa 

respectively after 15 years of storage [Talip, 2014a]. 

Essentially, two types of techniques can be used to analyse He in materials. Nuclear reaction analysis 

(NRA) allows to measure the He content, while mass spectrometry can be used to determine the amount 

of He released when sample is heated. It has to be noticed that He bubbles can be observed using TEM 

but this technique does not allow the quantification of He. 
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Nuclear reaction analysis (NRA) 

NRA can be used to detect He in materials using the nuclear reaction 3He(2H, 1H) [Trocellier, 2003; 

Guilbert, 2004; Roudil, 2004; Martin, 2006; Pipon, 2009]. Several authors used these techniques with 

different versions of implementation. He content can be measured by proton or alpha particle detection, 

both products of the nuclear reaction. As the energy of incident 2H ions is fixed at 900 keV, the amount 

of He can be measured in the first 3 µm of depth in uranium oxides. Using a micro-beam of deuterons, 

the He content can be mapped at the microscopic scale with a resolution of 2 to 3 µm as has been 

achieved in LPS Saclay and CENBG Bordeaux [Sauvage, 2005]. DIADDHEM, the device installed on 

one beam line of the Pelletron accelerator at CEMHTI, is schematized in Figure 44 and described by 

Chamssedine et al. [Chamssedine, 2010]. The alpha particles energy can be measured in coincidence 

with the protons, making it possible to determine the depth at which the reaction occurred and measuring 

He depth profiles. In this set-up, samples can be heated under vacuum to track He release and the 

change in depth profile as a function of temperature and of in situ or ex situ annealing. Interesting, 

Garcia et al. took advantage of three pieces of information on He release kinetics, depth profiles and 

lateral mapping in polycrystals to distinguish two He diffusion coefficients: one in the grains and one at 

the grain boundaries [Garcia, 2012]. 

 

 
 

Figure 44 – Schematic view of the DIADDHEM set-up used to measure the 3He content in uranium 
oxides 

 

Knudsen Cell Effusion Mass-Spectrometer (KEMS) 

At JRC-Karlsruhe, a set-up combining a Knudsen cell and a quadrupole mass spectrometer was 

developed, as described in [Colle, 2014]. The samples placed in a tungsten Knudsen cell are heated in 

vacuum up to ~2700 K, the temperature at which UO2 is totally vaporised. The species, gases and 

vapour leave the cell and are ionised and measured with a mass spectrometer placed above the cell, 

cf. scheme in Figure 45. A direct semi-quantitative evaluation of the gas is possible within the KEMS. A 

quantitative analysis can only be performed together with an equipment (Q-GAMES) that measures the 

released gas together with a spike of He for calibration. The dynamic range of measurement is between 

10-12 and 10-5 mol with a relative error below 2%. 
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Figure 45 – Knudsen Cell Effusion Mass-Spectrometer (KEMS) used for the gas desorption 

The cell used in this work was a tungsten cell. 

 

3.3.10. Damage characterisation in uranium oxides 

Damage induced in uranium oxides by alpha particles can influence the gas diffusion in spent fuel [Ferry, 

2005]. The damage can be characterised using classic methods such as XRD, TEM, RBS/C (see 

[Matzke, 1992a] as a review). In the following, the focus is on the brief description of two techniques 

newly used for these materials: Raman spectroscopy and positron annihilation spectroscopy. 

Raman spectroscopy 

Raman spectroscopy allows determining the vibration modes in molecules through inelastic diffusion of 

the light. In uranium oxides, this technique was used to get information on: 

• The stoichiometry: Hyper-stoichiometry is charaterised by high-frequency T2g – at 445 cm-1 for 

UO2.00 – band shift and broadening and appearance of two new Raman modes at ~575 cm-1 

(T1uLO mode) and at ~650 cm-1 in association with cuboctahedral type oxygen cluster defects 

by Desgranges et al. [Desgranges, 2012]. In hypo-stochiometric (U,Ce)O2-x [Elorrieta, 2018b], 

a new band at ~535 cm-1 is observed increasing with Ce concentration. In (U,Am)O2-x solid 

solutions, Epifano et al. [Epifano, 2020] observed by Raman the three bands at ~535, ~575 and 

at ~632 cm−1, while Am3+ and U4+/U5+ were present in the material. Medyk et al. showed that in 

(U,Pu)O2-x solid samples containing mostly 239Pu and natural uranium, the T2g band shifts toward 

lower frequencies [Medyk, 2020]. 

• The damage: This triplet band, commonly called the U1, U2 and U3 defect bands at 535, 575 

and 635 cm-1 respectively, is also observed for irradiated UO2 and PuO2 samples [Mohun, 2016; 

Mohun, 2019; Villa, 2019; Guimbretière, 2012; Desgranges, 2014]. 
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• The Pu content: In (U,Pu)O2-x solid samples containing mostly 239Pu and natural uranium, and 

tracks of 241Am, the Pu/(U+Pu+Am) content could be determined from Raman spectra [Medyk, 

2020]. 

Raman spectra can be measured in two modes: i) by focusing the laser beam in the center of 

the larger grains, and ii) using mapping on a surface sufficiently large to analyse several grains. 

The wavelength of excitation laser can be fixed at various values: 488, 532, 547 or 633 nm. For 

example, at CEMHTI, an InVia Qontor instrument from Renishaw was used for these analyses 

using a 633 nm laser and a 1800 l/mm grating centered at 950 cm-1, such that each spectrum 

spans from 327 to 1510 cm−1. 

Positron Annihilation Spectroscopy (PAS) 

PAS is based on both fundamental properties of positron in solids: i) it annihilates with electron leading 

to the emission of gamma rays at the energy of around 511 keV; ii) it is trapped in vacancy defects 

where it annihilates enabling characterisation of vacancy defects [Hautojärvi, 1995]. Fast positrons 

directly emitted from 22Na source or slow positron beam enable to probe thick samples (~100µm deep) 

and close to the surface (in the first 1.5 µm) respectively. Two different spectrometers can be used to 

measure two complementary signatures of the positron annihilation: the positron lifetime  (PALS, 

Positron annihilation lifetime spectroscopy) and the electron-positron momentum distribution obtained 

by measuring the Doppler broadening (DB) of the annihilation line with a DB spectrometer. For example, 

at the CEMHTI laboratory a DB spectrometer is coupled to a slow positron beam (SPB-DB). A 

comprehensive description of the experimental setup and the basics of this powerful method are 

described in [Desgardin, 2001]. The Doppler broadening of the annihilation line centered at 511 keV is 

characterised by using two parameters S and W. S, defined as the ratio of counts in the central region 

of the spectrum to the total counts, represents the fraction of positron-electron pairs annihilated with low 

momentum and is thus related mostly to annihilations with valence electrons. W, the ratio of counts in 

the wing regions of the spectrum to the total counts, represents the fraction of positron-electron pairs 

annihilated with high momentum and hence is more specifically related to the annihilations of positrons 

with core electrons. For the following, the momentum ranges for the calculation of S and W correspond 

to ranges of energies of photons of [510.28–511.72 keV] for S, and [504.27–508.29 keV] and [513.71–

517.73 keV] for W. 

Each material exhibits specific L, SL and WL values, as a signature of lifetime and momentum 

distribution of electrons in the perfect lattice (i.e., without vacancy defects). When positrons are trapped 

at vacancies, positron is trapped in vacancy where the electron density is low and the annihilation with 

core electrons decreases. The positron lifetime  decreases and the positron-electron momentum 

distribution (or annihilation line) narrows, resulting in an increase of S and decrease of W. Each type of 

vacancy defects j is characterised by some specific values j, Sj and Wj. Generally, because S and W 

are also sensitive to the electronic environment of the positron when it annihilates, these parameters 

could detect the chemical decoration of vacancy defects. 

Sref = 0.371±0.002, Wref = 0.079±0.001 and ref = 170 ps were measured in UO2 reference samples 

annealed at 1'700 °C during 24 hours in Ar-H2. They were associated to annihilation at non-vacancy 

defects [Labrim, 2001]. These non-vacancy defects were predicted to be negative ions (oxygen 

interstitials Oi
2- or valence II and III impurities) that could be dissolved in UO2. 

In UO2 irradiated with 1 MeV He [Labrim, 2006], SPB-DB results plotted in S(W) graph showed 

experimental points aligned on the same D1 line with different position. The position depends on the 

damage dose from the Sref, Wref point for no damage to the point with a maximum Smax value, and 

minimum Wmin obtained for a mean damage dose around 0.014 dpa in the positron probed region (0 – 

1'100 nm) for the 3He fluence of 1·1016 cm-2 [Labrim, 2006]. Smax and Wmin do not change when He 

fluence increases up to 1·1017 cm-2 or damage dose up to 0.14. It is called He saturation point and the 

associated annihilation characteristics are SHeSat WHeSat (SHeSat = 0.398 ± 0.002, WHeSat = 0.069 ± 0.001). 
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All the experimental points aligned on this line D1 have been associated to positron annihilations as 

trapped in uranium vacancy related complexes by comparison with irradiation performed with electrons 

with sufficiently high energy to allow displacements in the U sublattice and show a positron lifetime of 

316 ± 7 ps [Mohun, 2019; Wiktor, 2014]. Up to now, no oxygen related vacancy defects could be 

detected probably due to their positive charge state. 

3.4. Numerical methods and analysis 

3.4.1. Finite element analysis and mechanical state of the fuel 

Extensive research studies [SCIP, 2013; Billone, 2013a; Billone, 2019] have been performed to 

investigate phenomena that affect the mechanical state of nuclear fuel and cladding during irradiation. 

The vast majority of the fuel-performance codes examine mainly the thermo-mechanical properties of 

the fuel/cladding during irradiation, where numerous models have been developed and validated against 

experimental data. However, experimental activities using SNF rods experiencing interim and/or long-

term dry storage conditions are rather limited. The main reason for this is the inherent difficulty of working 

with highly activated materials and the associated costs for such experiments. 

Over the last couple of decades, there has been an increasing need to develop a better 

phenomenological understanding of the SNF rod mechanical behaviour throughout the different stages 

of the back-end of the fuel cycle, i.e. during wet/dry storage, transport and handling. This need is mainly 

associated with the licensing requirements related to the extension of the SNF dry storage periods in 

transport and storage casks (TSCs) and to their integrity evaluation after transport and/or handling 

operations related to final disposal. The technical gaps have been identified and presented in [NRC, 

2014; UFDC, 2012]. The need to generate experimental data, especially for the high-burnup and MOX 

fuels, was highlighted in order to contribute to the validation and further development of analytical and 

numerical models. This chapter attempts to provide a review on the SNF rod mechanical-response 

studies by means of numerical and/or analytical approaches complemented by experimental 

investigations on irradiated SNF rods. 

One of the first integrated programmes addressing SNF integrity after dry storage was developed by 

Areva TN and International Nuclear Services in the early 2000s. The Fuel Integrity Project (FIP) studied 

the impact response of both irradiated and unirradiated fuel with the main objective being the 

development of a methodology to evaluate the nature and extent of damage to SNF assemblies during 

TSC drop accidents [Purcell, 2004]. The experimental work included an extensive testing programme 

on both fresh and spent rodlets in order to obtain information on the SNF properties (as a fuel/cladding 

composite material) and to determine some uncertainties (e.g., pellet/cladding friction coefficients) 

relative to specific loading configurations of the SNF rods (i.e. static and dynamic bending, buckling). 

The main results of the experimental campaign are summarised in [Purcell, 2004; Zéachandirin, 2011], 

where the data obtained are used to develop analytical calculations for the rod behaviour in the elastic 

domain of the cladding and numerical models for Finite Element Analysis (FEA) of the rod behaviour in 

the cladding plastic domain. The FEA models were validated against 3-point bending tests on SNF rods 

and lateral compression tests on claddings [Dallongeville, 2010; Dallongeville, 2005]. The FIP 

methodology was built upon these results, and it distinguishes cases depending on the type of load 

(direction), the type of fuel assembly and the irradiation state (fresh or used) of the rod [Zéachandirin, 

2011; Dallongeville, 2012]. The major results of this project concerned the uncertainties in the modelling 

of the fuel rods, the determination of the irradiated cladding properties related to burnup and 

assumptions on the fuel-mass-release analysis. 

Another methodology has been proposed by Structural Integrity Associates, Inc. (former ANATECH) 

that considers the high-burnup effects mostly associated with the hydrogen concentration and hydride 

orientation in the cladding [Rashid, 2004a]. A major assumption of this method is the consideration of a 

static analysis, rather than dynamic, which conservatively bounds the dynamic analysis results. Finite 

element models have been developed where the essential feature of these models is the damage 
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formulation, which describes the interactions of the cladding response to specific failure modes. 

Therefore, no a posteriori application of failure criteria is needed in comparison to the FIP methodology. 

The cladding-failure criteria have been derived from limited experimental data on burst tests of empty 

claddings [Rashid, 2004b; Rashid, 2004c], with no reference tests used for the finite element model 

validation. Although this method provides a step towards a quantitative analysis of the SNF rod failures 

for transport accidents, its application is rather complicated and experimental validation using real SNF 

rods is still needed. 

In order to address some of the aforementioned data gaps, it was necessary to develop experimental 

campaigns to macroscopically and fundamentally study the mechanical response and failure processes 

of the fuel/cladding composite system under static and dynamic loads. JRC – Karlsruhe and Oak Ridge 

National Laboratory (ORNL) were among the first to independently develop such integrated campaigns 

and make their findings public. 

JRC–Karlsruhe initiated an extensive experimental campaign to characterise the quasi-static and 

dynamic response of surrogate and LWR SNF rodlets using three-point bending and gravitational impact 

tests, respectively, as described in Section 3.3.5. In collaboration with GNS (Germany) and Areva, the 

first results of the impact tests were published in [Papaioannou, 2009b; Papaioannou, 2009c; 

Rondinella, 2012]. These studies focused on the characterisation of the fuel mass release and revealed 

remarkable similarities among all samples used, corresponding to  2 g of fuel release per fracture, and 

no indication associated with high-burnup rim structure in the size classification of the released 

particulates. Investigations following this work included the collaboration with Nagra (Switzerland) and 

the Federal Institute for Materials Research and Testing (BAM, Germany) to develop the three-point 

bending apparatus and the experimental optimisation of the impact tests [Vlassopoulos, 2017b]. 

Experimental results for the bending tests consist of the flexural stress-strain curves, bending angles to 

fracture and fuel mass release characterisation, where a correlation between the level of ductility of the 

sample and its burnup value was revealed [Nasyrow, 2016; Vlassopoulos 2018b]. To examine the strain-

rate dependence of the SNF rod response, an Image Analysis (IA) methodology was developed to 

analyse the recorded high-speed videos of the impact tests. The experimental campaign is 

complemented by numerical studies conducted independently by Nagra and BAM using FEA 

[Vlassopoulos, 2018b; Ballheimer, 2016; Vlassopoulos, 2018a]. Two types of models were developed 

to simulate the rod response using the simple beam approach or by explicitly modelling the pellets and 

the cladding. The model validation was performed against the experimental data, and the cladding 

failure criteria were derived by analysing the stresses and strains at the bending angles of fracture. 

Another major campaign was established by the U.S. Department of Energy - Office of Nuclear Energy 

(DOE-NE). The Used Fuel Disposition Campaign (UFDC) [Adkins, 2013] aims to conduct R&D activities 

related to storage, transport and disposal of SNF and high-level waste. Within this framework, ORNL 

has developed a SNF-vibration testing procedure to quantify the reliability of the SNF during transport 

[Jiang, 2014; Wang, 2018]. Experimental activities include static and dynamic SNF testing under 

simulated transport conditions using a cyclic integrated reversible-bending fatigue tester (CIRFT). The 

studies revealed a detailed understanding of the mechanical interactions between pellets and cladding, 

and of the effect of loading rate and loading mode on the fatigue damage evolution of high-burnup SNF 

under transport conditions [Wang, 2018]. Major findings have shown the importance of the SNF system 

interface bonding in the vibration performance, the contribution of the fuel to the SNF system stiffness 

and the SNF failure initiation at the pellet-cladding interface region. FEA was used to investigate the 

relative importance of the pellet-pellet and pellet-cladding interfacial bonding efficiency with regard to 

the SNF dynamic system performance, which showed a significant reduction of the SNF system flexural 

rigidity in case of debonding [Jiang, 2014; Jiang, 2016a; FY2014; Jiang, 2016b; FY2017]. The intensity 

of the contact interaction as well as the impact loading between spacer grids and SNF rods have also 

been investigated using FEA. A first approach towards SNF assembly modelling was made by 

simulating a subassembly model to investigate the SNF system's dynamic stability under normal 

transport conditions [Jiang, 2016a]. 
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Complementary numerical studies within the UFDC framework, conducted as part of a collaborative 

effort between different U.S. national laboratories, include FEA on the rod scale [Coleman, 2014] and 

the SNF assembly level [Sanborn, 2014]. In these studies, the importance of the uncertainties in the 

SNF material properties and in the non-linear geometric behaviour of the model has been highlighted. 

For this reason, it was considered necessary to develop the equivalent beam properties of the detailed 

SNF system. In this respect, the aims of the detailed modelling are to establish reasonable lower/upper 

bounds and best-estimate material properties. The transport-damage prediction in a worst-case 

scenario during normal conditions of transport (NCT) was found to be approximately 18 % of the 

expected SNF fatigue limit, resulting in no SNF rod failures. 

For the estimation of the SNF assembly behaviour during handling operations, CEA (with the support of 

EDF) has conducted three-point bending tests on six-cycle fuel rod segments complemented by FEA 

[Guerin, 2013]. An equivalent constitutive equation for the SNF rod system has been derived, taking into 

account the experimental force-displacement curve and maximum failure strain/curvature. The relative 

contribution of the pellets and cladding to the rod global behaviour has been estimated. The results were 

used to model a two-dimensional SNF assembly with a beam element in CAST3M. Bending calculations 

were performed and failure criteria were derived by comparing the calculated bending angles to the 

experimental ones at failure. 

To evaluate the mechanical integrity of high-burnup SNF assemblies under accident transport 

conditions, BAM has developed an analytical methodology [Ballheimer, 2010; Schrödl, 2010]. The rods 

are considered as continuous beams, supported at the positions of the grids, and are excited 

dynamically through the supports (and not by directly applied external loading). The beams are modelled 

with only elastic material behaviour. This assumption seems to be justified by the drastic decrease in 

cladding ductility in high-burnup rods. In addition, radial hydrides are not considered to affect the failure 

mode under bending loadings. Considering certain boundary conditions, an analytical derivation of the 

effective static load and the beam's global displacement is possible. To estimate the fuel mass release, 

the critical deflection of the cladding is compared against the limiting beam deflection, and a bounding 

release per rod-breakage has been considered. This study clearly highlights the importance of the 

experimental verification of the approach as well as the importance of the accessibility of data generated 

by experimental testing of SNF rods. 

Another extensive integrated campaign aimed at evaluating the dynamic response of SNF rods has 

been carried out in a collaborative effort by several Japanese institutions, as was already reported in 

the SPAR III programme [IAEA, 2015]. The experimental activities include basic mechanical tests on 

claddings and dynamic impact tests on fuel rods [Ozawa, 2013; Hirose, 2012; Hirose, 2013]. Axial and 

lateral loading of fuel rods were used to study the rod failure loads, strains, and the fuel mass release. 

The fuel material release from BWR SNF rods was equivalent to approximately two or three pellets 

under axial and lateral impact testing, respectively. For the PWR cases, the fuel mass release was 

bounded to 1.4 g. FEA was used to study the SNF rod buckling behaviour [Minamoto, 2011] as well as 

the dynamic response of fuel rods under side drop loading [Minamoto, 2015]. 

3.4.2. SNF rodlet performance under flexural loads 

Numerical studies were performed to complement the experimental investigations with focus on 

modelling the bending behaviour and the mechanical properties of the examined spent nuclear fuel 

(SNF) rods. With the use of Finite Element Analysis (FEA) it is attempted to gain a better understanding 

of the observed experimental results, to investigate the mechanical properties of the SNF rod materials 

and to extend the examination of the rod’s integrity to conditions and configurations outside the domain 

defined by the experimental studies themselves. 

From the experimental investigations at JRC-Karlsruhe (cf. Section 3.3.5), the elastic properties of the 

rod/cladding were approximated with the use and based on the assumptions of the simple beam theory. 

Among others, the most important assumption is that the material is experiencing only linear elastic 

deformation. In addition, the so-called "beam", refers to an unstressed, homogenous and isotropic 
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material with given cross-section. As a result, the range of validity of this theory lies within the elastic 

region of the material and it cannot be used to accurately describe the relation of flexural stress-strain 

developed during plastic deformation. Moreover, the SNF rods are composite beams consisting of 

metallic cladding tubes and ceramic pellets, which have different material properties and are significantly 

heterogeneous (especially the irradiated fuel). Therefore, the application of the simple beam theory in 

our case will simply provide information on the effective (fictitious) mechanical properties of a 

homogeneous beam, which deforms identically to the SNF rod. Although this analysis may not directly 

investigate the mechanical properties of the cladding and the pellets, it still provides valuable 

information, which can be used either in analytical or numerical approaches when investigating the SNF 

response under bending loads. 

A more elaborate approach towards the derivation of the cladding mechanical properties is with the use 

of FEA. The 3-point bending experiments are simulated using three-dimensional static structural 

analysis in ANSYS® Mechanical. The calibration of the finite element models was performed on the 3-

point bending experimental results with the use of "OptiSLang", an ANSYS® integrated software 

package for sensitivity analysis and optimisation. In short, the finite element models were parametrised 

so that the variation of certain variables (i.e., cladding mechanical properties) could be used to explore 

their effect on the results. Then, the numerical results were compared to the experimental data by 

implementing an objective function, which calculates the sum of the squared errors (or differences 

between experimental and numerical data) over all time steps. Thus, OptiSLang explored the cause of 

non-matching results, to understand the driving parameters, adjust the parameters for the numerical 

model and finally optimize the specific function of interest. The objective in this study was to examine 

any possible dependence of mechanical properties of the cladding on the rod’s average burnup. The 

presented results refer exemplarily to KKG SNF rods. In the end, the cladding "effective" mechanical 

properties can be derived as a result of the optimization process of the model’s parameters. The term 

"effective" refers to the fact that cladding properties can also be influenced by the modelling 

assumptions/simplifications that were considered in the finite element model (FEM). However, a 

thorough sensitivity analysis was conducted to investigate the relative importance of various numerical 

parameters and modelling approaches on the derived numerical results, namely the load-displacement 

curve of a sample in the three-point bending test. As a result, the derived cladding mechanical properties 

could well be used to macroscopically characterise the cladding's mechanical properties. 

The development of a three-dimensional finite element model representing a fuel rod segment is a 

challenging task, since it includes large deformations with non-linear behaviour and undefined geometry 

of the cladding, pellets and their interaction. The development of the preliminary finite element models 

was based on the results from the three-point bending test on surrogate samples. In this case, the 

geometrical characteristics and mechanical properties of the pellets and cladding are known, in 

comparison to the irradiated samples, therefore the number of modelling uncertainties can be 

significantly reduced. 

Figure 46a shows an overview of a FEM of a fuel rod segment simulating a surrogate rodlet in the three-

point bending test. The pellets and cladding are modelled as solid elements with a flexible stiffness 

behaviour. The nominal mechanical and geometrical properties were used, as given in [Vlassopoulos, 

2021]. The model exploits one fourth symmetry to reduce its size (or number of elements) and minimise 

the computational time. The symmetry planes are along the loading axis and at the pellets’ mid-section 

(or at y- and x-axes). The former and the support are modelled as shell elements with rigid behaviour, 

which does not allow their deformation. Finer mesh was employed at the areas of interest, being the 

pellet and cladding at the loading point and at the former and support contact areas. 
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Figure 46 – 3D implicit FEA simulating the three-point bending behaviour of a fuel rodlet 

 

A series of boundary conditions were used to represent the experimental settings. The pellets were 

retained with the use of a spring attached at the end-pellet, as shown in Figure 46b. Frictionless contact 

was applied between the cladding and the support to simulate its rotation. Frictional contacts were used 

for the pellet-pellet, pellet-cladding and former-cladding interactions. In addition, the sample’s internal 

pressure was simulated with a uniform pressure acting on the internal surface of the cladding. Moreover, 

a fixed support was placed at the shell element representing the support. Finally, loads are applied by 

assigning a maximum displacement at the former as determined in the experimental results (fracture 

point). 

The mechanical response of the cladding in plasticity was defined using the Voce material law. ANSYS® 

uses the expression of Voce law as described in the following equation: 

𝜎 = 𝜎0 + 𝑅0𝜀𝑝𝑙 + 𝑅𝑖𝑛𝑓൫1 − 𝑒−𝑏𝜀𝑝𝑙൯ 

where 𝜎 is the calculated stress, 𝜎𝜊 is the initial yield stress (YS), εpl is the plastic strain, 𝑅0 is the linear 

coefficient, 𝑅𝑖𝑛𝑓 is the exponential coefficient and 𝑏 is the exponential saturation coefficient.  

Material properties of pellets were defined using the cast-iron plasticity model. This material law is widely 

used for modelling ceramic materials as it accounts for different plastic yield and hardening in tension 

and compression, while still assuming isotropic elastic behaviour. Pellet cracking is indirectly modelled 

by defining very low values for the compressive and tensile plastic modulus. Based on this approach 

and in combination with the low tangent modulus that was defined (gradient of plastic region), if the 

pellet yields under any type of load, then its load bearing capabilities are significantly hindered. 

Based on this model, an extensive sensitivity analysis was performed on numerous numerical and 

physical parameters in order to examine their relative importance on the results and the uncertainty that 

could be introduced based on different modelling approaches. A final version of the finite element model 

was built upon the results of the sensitivity study, as the best compromise between computational time 

and solution quality. 

In addition, a finite element model representing the irradiated samples was constructed based on a 

series of assumptions. Their validity was investigated, and the finite element model was used to simulate 

the mechanical response of the samples under three-point bending conditions. OptiSLang was used to 
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calibrate the finite element models against the bending experimental results, to understand the most 

important parameters of the model and finally to derive the cladding mechanical properties. For this 

purpose, an optimisation problem was solved aiming at reducing the differences in terms of load-

displacement curves between numerical and experimental results. An objective function is created by 

comparing the load-displacement curve as derived from the simulation to the experimental results. 

OptiSLang explores the solution space of this optimisation problem by intelligently generating a number 

of FEA simulations by varying the parameter values. As initial values and variable range for the model 

parameters linked to fuel and cladding, experimental data (e.g., elastic modulus) found in the open 

literature are used. The driving parameters of the model are further adjusted until the model calibration 

is finally achieved by minimising the difference between predicted and experimental results. Figure 47a 

shows the load-displacement curve comparison for the generated FEA simulation against the 

experimental results. The "best-fit" has been highlighted in red showing an almost perfect match to the 

experimentally derived curve (black). 

 

 

Figure 47 – (a) Force-displacement curves of the generated design points obtained from sampling the 
variables’ range with OptiSLang and (b) Metamodel of Optimal Prognosis (MOP) showing the result 

deviation or error of each simulation (red points) from the experimental results 

The error is plotted as function of the most important parameters of the finite element model being the cladding 
yield stress and the Voce exponential coefficient. 

 

Each simulation can be described from the value of the objective function (or the error). These values 

can be plotted as a function of the input variables to provide a visual representation of different solution 

spaces describing the optimisation problem. OptiSLang produces a so-called Metamodel of Optimal 

Prognosis (MOP), which is a response surface as an explicit function based on the exploration of 

selected variables. In other words, the MOP is basically the fitted surface created by the response of 

the most decisive parameters (as estimated in OptiSLang) of the FEM simulation. Figure 47b shows an 

example of a MOP as derived after a sensitivity analysis on the material properties of the model. The 

data points in red represent how much the simulation deviates from experimental results. In this specific 

case, the effect of the cladding yield stress and Voce exponential coefficient (being the most important 

parameters in this model) are shown. The goal of the optimisation was to find the best possible solution 

that describes the cladding mechanical properties by providing the lowest possible difference against 

the three-point bending experimental results from of each test. 

The cladding properties as derived from the best design point after the optimisation are given in Table 

16. In addition, the Coefficient of Prognoses (COP) values for each parameter are given along with the 
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total COP, which characterises the quality of the MOP. Although the COP values depend on many 

factors, it can be observed that the most decisive parameters of the COPs are the Young’s modulus 

and the yield strength (𝜎0). This is particularly correct for the two high burnup samples, where there was 

only limited amount of plastic deformation. Consequently, the parameters describing the plastic stress 

development based on the Voce model are less important. These factors showed higher importance for 

the low burnup case, in particular the Voce exponential coefficient 𝑅𝑖𝑛𝑓, as expected due to much higher 

plastic deformation. 

 

Sample burnup Young's modulus 

[MPa] 

𝝈𝟎 
[MPa] 

𝑹𝟎 
[MPa] 

𝑹𝒊𝒏𝒇 

[MPa] 

𝒃 
[MPa] 

18.3 GWd/t   87'050 699 545 112 186 

46.9 GWd/t 104'762 776 717 364 407 

58.6 GWd/t 103'500 800 138 350 660 

Table 16 – Cladding properties as calculated in OptiSLang 

 

Finally, a comparison between experimentally and numerically derived effective cladding properties was 

performed. The results showed very good agreement on Young’s modulus and a difference of 30% – 

50% (depending on the burnup) on the yield strength. Such differences were expected, since the 

experimental results reflect the flexural beam properties derived with the simple beam theory, which 

cannot be used to accurately describe the relation of flexural stress-strain developed during plastic 

deformation. 

3.4.3. Fracture mechanics modelling of the ring compression test 

The mechanical integrity of the cladding tubes during handling, transport, or in accident scenarios (e.g., 

a cask drop) should be ensured after long-term storage, despite possible embrittlement. To assess the 

risk of failure, analysis methods for the ring compression test have been developed to gain an 

understanding of the consequences of existing hydrides in a zirconium matrix. 

Nilsson [Nilsson, 2010] proposed an elastic-plastic fracture-mechanics finite element analysis (FEA). A 

two-dimensional plane-strain tube segment was modelled with a suitable constitutive model for Zry-4. 

Individual straight cracks of different lengths, locations and angles were added to the model. A stress 

load was applied as a boundary condition and the J-integral was calculated. It could be confirmed that 

circumferentially aligned cracks have no impact on fracture initiation because J values for those cracks 

were essentially zero. The ligament starts yielding at lower stresses for cracks close to the inner or outer 

surface. Fragmented hydrides were then modelled as kinked cracks with angles from -30° to +30° 

differing from the radial direction. Radial cracks with kinks had the same initiation values for J as straight 

cracks. The likelihood of crack growth is increased, however, for kinked cracks in comparison with 

straight cracks. Since cladding tubes can contain many hydrides, the distance between the platelets is 

often smaller than their individual length. Therefore, the complex interaction between cracks was 

analysed depending on the distance of the crack tips and the angle between neighbouring cracks. For 

a realistic study, pictures of hydrides were analysed and transferred to an equivalent FEA model of a 

crack field. It was concluded that cladding failure becomes more unstable if several radial hydrides 

interact. Failure might be triggered by a critical hydride configuration, even if the configuration is very 

local. Hydride-induced failure is strongly influenced by the yielding along the ligaments. The size of the 

hydrides in the radial direction is the most significant parameter for the load necessary to initiate failure. 

Herb [Herb, 2014] developed a computational model based on the results of 102 RCTs. The derived 

failure criterion considers the ratio of burst stress, i.e. the stress at which the first drop in the load-

displacement curve occurs, and the yield stress of the material to predict the ductile-to-brittle transition. 
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A local damage-mechanics approach has been proposed by Le Saux [Le Saux, 2015], using a modified 

Gurson-Tvergaard-Needleman model with extensions to incorporate plastic anisotropy and 

viscoplasticity. Ductile failure was reproduced for temperatures of 25, 350 and 480 °C, and a hydrogen 

content up to 1'200 wppm, with damage initiation induced through both hydride cracking and the 

debonding between the matrix and the precipitations. The damage evolution is deducted from 

observations of the microstructure and further parameters obtained from experiments. Implemented in 

a finite element analysis, the model could predict experimental results with reasonable accuracy. Due 

to the nature of the damage model, the impact of lower hydrogen contents with high degrees of 

anisotropy were not taken into consideration and could not be modelled. 

Since the stress state in the sample is not homogeneous during the RCT, finite element analyses can 

help to understand the failure behaviour. Stress-plastic strain curves can be obtained from baseline 

studies (without radial hydrides) to simulate the sample deformation. Martin-Rengel et al. [Martin-

Rengel, 2013] and Gómez et al. [Gomez, 2017a] demonstrated the use of a cohesive zone in a finite 

element model to predict the ductile failure of pre-hydrided unirradiated RCT samples. Simbruner et al. 

[Simbruner, 2022] improved the method and applied it to irradiated M5® cladding samples with radial 

hydrides to simulate brittle fracture under RCT conditions by cohesive zone modelling. Later, Zencker 

et al. [Zencker, 2024] applied the approach to irradiated cladding alloy ZIRLO® to demonstrate the 

general material-independent applicability of the method to simulate brittle fracture of RCT samples from 

defueled fuel rods. 

The test setup is described above; see Figure 35 in Section 3.3.6. All tests considered here were carried 

out at room temperature (23 °C) in displacement-controlled mode at constant loading rate of 5 mm/s to 

the maximum displacement of 1.7 mm using a servo-hydraulic material testing machine. The fracture-

mechanics analysis method is described exemplarily for ZIRLO® samples. 

The samples were cut from segments of about 80 mm in length, which were taken from a defueled fuel 

rod with burnup of 68 GWd/t. Segment 105A was used for baseline tests to investigate the 

microstructure of the material and to determine stress-strain properties as documented by Billone et al. 

[Billone, 2012]. The average outer diameter of the corroded cladding was 9.53 ± 0.02 mm, and the outer 

diameter of the cladding metal was 9.44 ± 0.02 mm. The cladding metal wall thickness was 0.54 ± 0.01 

mm. The corroded cladding had an average hydrogen content of 530 wppm (weight parts per million). 

Metallographic studies of samples from this segment have shown that there were a few radial hydrides 

among predominantly circumferential hydrides. 

The quasi-static RCT on ZIRLO® sample 105C4 with radial hydrides, as described by Billone et al. 

[Billone, 2013a], was selected for the investigation of the failure behaviour of irradiated ZIRLO® cladding. 

Segment 105C was taken from the same HBU fuel rod from which the as-irradiated segment (105A) 

was sectioned. Both ends of the segment were closed with weld seams to create a rodlet. This rodlet 

was subjected to a radial hydride treatment (RHT) to simulate drying and storage of the fuel rod. The 

sealed and pressurised rodlet was heated to 400 °C to dissolve existing hydrides. The temperature was 

held for one hour. The rodlet was then cooled slowly at 5°C/hour to 200°C, where essentially all the 

hydrogen re-precipitated as hydrides, and afterwards at a faster rate to room temperature (RT). 

Metallographic studies have shown that this treatment creates a network of circumferential and radial 

hydrides, but with pronounced radial hydride structures. 

Based on the experimental data, a finite element analysis was carried out to understand the complex 

interaction between the stress state, hydride structure, and initiation of cracks. The sudden load drops 

observed in force-displacement diagrams are the result of fast propagating cracks in the hydride 

structure, which should be reproduced by the FEA model. The model was simplified by assuming plane 

strain conditions. The commercial code ABAQUS® in quasi-static analysis mode was used for all 

calculations. The sample rests on a lower support plate that is assumed rigid. The deformation is caused 

by a movable upper loading plate, also assumed rigid, which is pressed onto the top of the sample. The 

solid section of the ring consists of plane strain elements with eight nodes, quadratic interpolation, and 

reduced integration. At the 12 o'clock position of the ring, a 1 µm wide gap was modelled along the wall 
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thickness. This gap was filled with a cohesive section of the same thickness. Tie constraints were used 

to connect the cohesive section and the surrounding mesh. The cohesive section was meshed using 

two-dimensional four-node cohesive elements. It is important to set the length of the individual sample 

as the out-of-plane width of the finite elements, as this scales the calculation result. The prescribed 

displacement of the upper plate applied the load. Figure 48 shows the complete finite element mesh 

with a detail around the cohesive zone. In most of the ring, 10 finite elements were used across the wall 

thickness. The mesh was refined around the 12 o'clock position to better reflect the complex stress state 

in the sample. The cohesive zone itself was very finely discretised with 1'000 cohesive elements in order 

to split the crack propagation into small steps and thus obtain a smooth and stable calculation result. 

 

 

Figure 48 – Finite element mesh employed for cohesive zone modelling 

 

The fracture mechanics analysis is a two-stage FEA approach. In the first stage, a baseline RCT was 

analysed numerically using the sample 105A9 (from segment 105A before RHT) to get the relevant 

stress-plastic strain relation (flow curve) by an automated inverse analysis method. An appropriate 

stress-plastic strain curve is required so that the simulated deformation behaviour of the sample matches 

the observed experimental behaviour as closely as possible. For that purpose, an iteration algorithm 

was developed based on Gómez et al. [Gomez, 2017b]. 

In the second stage, a RCT with pronounced radial hydride structures was simulated using sample 

105C4 (from segment 105C after RHT) to examine the failure along radial hydrides. In this calculation, 

the deformation behaviour of the sample was based on the flow curve determined in the first stage. A 

cohesive zone model (CZM) with a traction-separation law was adapted to describe the failure process 

along radial hydride structures in irradiated cladding samples. The traction-separation approach consists 

of three parts: linear-elastic behaviour, damage initiation, and damage evolution. Figure 49 shows a 

simple traction-separation curve with triangular shape. Once an applied tensile stress reaches the 

cohesive strength 𝜎c0, damage is initiated within the cohesive element. The separation energy dissipated 

in the damage process is represented by the area under the traction-separation curve and is denoted 

as GC. The degradation behaviour of a cohesive element is therefore determined by the parameters 𝜎c0 

and GC for the given triangular traction-separation curve. 
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Figure 49 – Schematic traction-separation law 

 

The failure mechanism of zirconium-based cladding alloys with radial hydrides subjected to RCT loading 

conditions consists of two different failure modes and was described by Ruiz et al. [Ruiz, 2021] based 

on the analysis of fracture surfaces. Quasi-cleavage along hydride structures was the dominating 

appearance of the fracture surface and an indicator of brittle failure. Some areas of the fracture surface 

showed void growth and coalescence associated with ductile failure and crack propagation through the 

zirconium matrix. Simbruner et al. [Simbruner, 2022] mapped the structure of the fracture surface of a 

RCT sample onto a cohesive zone to allow modelling of brittle behaviour along the hydrides and ductile 

behaviour along the zirconium matrix within the same cohesive zone. A separate cohesive law was used 

for each of the two failure modes. Various matrix-hydride distributions were investigated with 

assumptions on the size and distance of the hydrides and on the ratio of brittle areas to ductile areas on 

the fracture surface. Alternatively, the alternating failure due to quasi-brittle fracture at the hydrides and 

ductile failure of the zirconium matrix segments may be considered in a smeared manner, in that the 

failure mechanisms are not spatially resolved. This results in the approach of an effective cohesive law 

with only one set of cohesive zone parameters [Zencker, 2024]. 

 

 

Figure 50 – FEA results with and without CZM compared to the test result 

 

Figure 50 shows the test result together with calculation results with and without a cohesive zone. A 

series of simulations was carried out to determine the cohesive zone parameters for good agreement 

with the experimental results. The first major load drop occurred just after the yield point at around 

0.75 mm of global displacement. The maximum load calculated in the FEA before crack initiation and 
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the load drop agree well with the experimental results. The simulation result shows a load drop of around 

25 %, while the RCT showed a value of around 28 %. To consider further load drops, additional cohesive 

zones are necessary at the 6 o’clock position near the inside and at the 3 and 9 o’clock positions near 

the outside of the modelled sample. However, the determination of a unique set of cohesive zone 

parameters may be difficult because of complex interactions between zirconium hydrides and the 

surrounding zirconium matrix in the fracture zone. Simbruner et al. have shown that even minor 

variations in the positioning of ductile patches in the fracture zone can change the result of the RCT 

quantitatively and qualitatively [Simbruner, 2022]. The success of the simulation therefore depends not 

only on the knowledge of the cohesive parameters, but also on the hydride structure actually present in 

the sample. 

3.4.4. Fuel performance codes 

The key phenomena mentioned above often influence each other so that fuel rod performance can only 

be properly characterised through their proper integration into analytical tools. The strategy commonly 

followed to obtain these analytical capabilities is based on the extension to dry storage conditions of in-

reactor thermo-mechanical codes. Since the in-reactor end-of-life (EOL) is the final outcome, they are 

well consolidated and their use is widespread. This extension is based on three main aspects: 

• initial conditions (in-reactor EOL) provided by the code itself 

• boundary conditions provided by thermal hydraulics or thermal fluid dynamics tools 

• fuel performance during dry storage provided by new models implemented in the code extension 

Additionally, other minor modifications are needed, such as including suppression of the cladding 

corrosion modelling during dry storage (i.e., inert atmosphere as coolant). A summary of fuel 

performance codes extended to dry storage is shown below, based on information available in the open 

literature. 

BISON (INL) 

Local effects in the cladding, such as hydrogen diffusion and precipitation, cannot be handled rigorously 

(including for instance azimuthal variation of hydrides) with traditional 1.5-dimensional fuel performance 

codes. However, hydrides may be modelled with the thermo-mechanical fuel performance code BISON, 

developed by the Idaho National Laboratory (INL) since 2009 [Newman, 2009]. BISON employs the 

finite element method and solves fully coupled thermo-mechanics and species diffusion equation 

systems in 2D-axisymmetric and 3D geometries. The code has been augmented with hydride modelling 

capability: hydrogen diffusion, precipitation into hydrides, and dissolution [Courty, 2014; Stafford, 2015]. 

In order to have a consistent post-irradiation state of the rod (including the cladding stress state) for the 

study of fuel behaviour in storage, all the successive stages are considered in a single code run: steady-

state irradiation, wet storage, drying, and dry storage. 

Fuel models in BISON describe temperature- and burnup-dependent thermal properties, swelling, 

densification, thermal and irradiation creep, relocation, fracture, and fission gas production and release 

[Hales, 2016]. Cladding mechanical models include plasticity, irradiation growth, and thermal and 

irradiation creep. The code is also able to simulate gap heat transfer, mechanical contact and the 

evolution of free volume pressure. With BISON, large problems can be solved as it may be run in parallel, 

i.e., assumptions on symmetry do not have to be made. The calculation mesh for the FEA is generated 

with external software such as TRELIS, ABAQUS/CAE, MSC/PATRAN or ANSYS, or, in simple cases 

via the input file, i.e., 2D-axisymmetric mesh with no pellet chamfers or dishings. Either first- or second-

order elements may be used with BISON: 4- or 8-node quad element for 2D, and 8- or 20-node 

hexahedral element for 3D. In practical applications, it is typical to use 2D simulations for a full-length 

rod and 3D simulations for a segment of a rod for detailed study. 
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BISON has a boundary condition option to model the heat flux from, and the peak cladding temperatures 

of, a rod in the centre of a fuel assembly situated in a dry cask storage system [Hales, 2016]. Radiative 

and conductive effects inside the assembly, and conductive and convective effects from the assembly 

are considered. The cask-effective heat-transfer coefficient depends on cask type and loading and 

should be tuned. This option is not applied if the cladding surface temperature is given as a boundary 

condition. BISON contains a coolant channel model that calculates the heat transfer from cladding to 

coolant. Again, if the cladding temperature is given, this model is not used. 

Currently, the models in BISON cannot predict radial hydride concentrations. Failure estimation due to 

hydrides can only be studied indirectly by comparing the calculated cladding stress to some stress 

criteria. A new model for improved hydride rim modelling, the modified Hydride Nucleation-Growth-

Dissolution (mHNGD) model, has recently been implemented by Passelaigue et al. [Passelaigue, 2022]. 

For the cladding mechanical behaviour, in order to model the cladding creep-out during interim dry 

storage, a cladding creep model suitable for out-of-reactor conditions has to be used. A creep model 

developed by CIEMAT was implemented in the code BISON within the EURAD programme. However, 

this is not part of the standard distribution of the code. 

FRAPCON (PNNL) 

FRAPCON is a steady-state fuel-performance code developed by PNNL (Pacific Northwest National 

Laboratory) for the NRC [Geelhood, 2015]; it is applied to light water reactor (LWR) fuel rods. The 

capability to model spent fuel during dry storage has been added in the last version (4.0) and also in the 

new code FAST, which merges FRAPCON and the transient code FRAPTRAN. The new capabilities 

added are: 

• coupling with the DATING sub-code, which uses empirical correlations for cladding creep and 

temperature decay curves for the analysis of fuel cladding under storage conditions 

• implementation of the ANS-5.1-2004 Draft Standard to model the decay heat; so far, it is not 

used to estimate the fuel rod temperature in dry storage 

• implementation of empirical correlations to add the effect of helium production and release due 

to α-decay and the swelling of the pellets via a build-up of the helium decay product 

FRAPCON-xt (CIEMAT) 

FRAPCON-xt is CIEMAT's extension to the FRAPCON code [Herranz, 2010; Feria, 2018]. The 

extension is based on the inclusion of models (most of them derived from and/or adapted by CIEMAT): 

• an empirical cladding creep law that allows a direct feedback with the stress relaxation due to 

temperature decay and cladding creep-out 

• an engineering correlation to calculate the temperature decay (based on thermal fluid dynamics 

calculations conducted with ANSYS FLUENT for concrete and metallic casks) 

• a diffusion/precipitation model that is coupled with the code to estimate the hydrogen distribution 

throughout the cladding 

• an empirical model of hydride radial reorientation in dry storage [Desquines, 2014] 

• an empirical criterion based on available data on cladding-defect propagation onset due to UO2 

oxidation 

Additionally, a Best Estimate Plus Uncertainty methodology has been set to quantify the code's 

uncertainties [Feria, 2017]. 

Due to the importance of the initial conditions of spent fuel when studying its behaviour under dry storage 

conditions, studies from CIEMAT have been conducted to improve the accuracy of the FRAPCON-xt 

code in these terms. Specifically, due to the relevance of the cladding hoop stress (and consequently 
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the rod internal pressure) for the evolution of certain mechanisms such as creep or hydrides’ radial 

reorientation which could evolve in the degradation of the cladding, these studies have focused on 

improving the accuracy of rod internal pressure calculations. 

A database of 11 fuel rods irradiated in commercial PWR reactors has been collected and their 

respective inputs created for the code FRAPCON-xt. This database has enough information on the 

design parameters and irradiation histories to create reliable inputs, and data of post-irradiation 

examinations related to the rod internal pressures at end-of-life (mostly fission gas release information 

from puncturing tests). FRAPCON-xt predictability in terms of rod internal pressure has been assessed 

with this database, showing a reasonable agreement between the experimental data and the code 

results (maximum deviations of 11% approximately). The results obtained also show an increasing trend 

of the deviation with the burnup for the three different designs present in the database [Aguado, 2021]. 

While the accuracy in pressures is acceptable (relative deviations smaller than 12%), fission gas release 

(FGR) and void volume calculations present differences (around 60% and 17%, respectively) that should 

be taken into account for code improvements. The rod internal pressures modeling with FRAPCON-xt 

was further studied, conducting a calibration of the void volume and FGR models for burnups higher 

than 60 GWd/t. This calibration was performed using the previously mentioned database, and an 

additional fuel rod was added in order to verify the calibration [Feria, 2022]. 

The results obtained with the code FRAPCON-xt regarding the initial spent fuel characterisation have 

also been compared with those given by the code BISON in terms of rod internal pressure and hydrogen 

distribution within the cladding at end of life in reactor [Aguado, 2022]. In the case of rod internal 

pressures, similar average relative deviations with the experimental data were obtained (around 5%), 

the results of both codes show significant underpredictions for burnups higher than 60 GWd/t. Regarding 

the hydrogen distribution within the cladding thickness, CIEMAT developed the model HYDCLAD to 

calculate the hydrogen distribution/precipitation and hydrides reorientation within the cladding [Feria, 

2018; Feria, 2020; Feria, 2023]. Comparing the results of the hydrogen distribution given by HYDCLAD 

and BISON against experimental data, the in-clad hydrogen distribution is better captured by HYDCLAD, 

especially regarding the hydride rim, which is not well captured with the BISON code. 

The comparison between FRAPCON-xt and BISON has been recently extended to dry storage, in terms 

of the cladding creep. The results obtained show that, for the rod studied, stored in dry conditions for 20 

years, BISON modelling of the creep results in more than the double cladding hoop strain than those 

given by FRAPCON-xt simulation. Such big differences between both codes mainly come from different 

predictions in the irradiation hardening during the in-reactor stage and from a different evolution of the 

stress during dry storage. It should be noted that there are no actual data that allow to determine which 

of the two codes is more accurate. However, from a qualitative point of view, it has been observed that 

FRAPCON-xt includes the feedback between cladding strain and stress during dry storage, while the 

BISON adaptation carried out in the project (alternative creep law for dry storage) seems not to account 

for that. Concerning the irradiation hardening, this is one of the aspects to be taken into account in 

further work along with further validation using data that become available in future projects. 

ENIGMA (NNL, VTT) 

The ENIGMA fuel performance code was originally developed by Berkeley Nuclear Laboratories and 

Nuclear Electric [Kilgour, 1992] to calculate the thermo-mechanical behaviour of a LWR fuel rod under 

steady-state conditions. 

NNL (UK National Nuclear Laboratory) has extended ENIGMA for modelling dry storage scenarios 

[Rossiter, 2011], which is mainly based on the incorporation of an empirical creep model valid for dry 

storage (derived by EDF [Bouffioux, 2001]). The thermal conditions are provided through in-house and 

commercial thermal analysis or computational fluid dynamics (CFD) codes, including ANSYS FLUENT. 

The calculation of the decay heat of the spent fuel is based on the FISPIN code, with nuclear cross 

sections supplied by CASMO. 
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A recent extension of ENIGMA to dry storage has been carried out by VTT [Arkoma, 2018]. The so-

called VTT-ENIGMA was modified in order to model the cladding creep during dry storage. Two creep 

models were implemented into the code: one from EDF [Bouffioux, 2001] and one from CIEMAT [Feria, 

2015]. The thermal conditions were determined by CFD calculations with OpenFOAM, which was fed 

by decay heat calculations with the SERPENT code. 

TESPA-ROD (GRS) 

The TESPA-ROD code analyses the thermo-mechanical behaviour of LWR fuel rods under operational 

conditions and design-basis accidents (RIA, LOCA), and it was extended to dry storage conditions 

[Sonnenburg, 2017]. To do this, the creep of the cladding material was modelled under prevailing 

conditions (implementation of empirical creep law), as well as the pellet swelling due to helium 

production during long-term storage. The fuel rod temperature was determined through the sub-channel 

thermal hydraulic code COBRA-SFS and supported by calculations from a burnup code such as 

KENOREST. 

TRANSURANUS (ITU-JRC) 

TRANSURANUS is a fuel-performance code developed by ITU-JRC (Institute for Transuranium 

Elements-Joint Research Centre) that is applicable to LWR fuel rods. In order to extend the code to dry 

storage, an analysis of the empirical cladding creep model was used by the code [Lassmann, 1977] and 

a comparison was performed with other creep models with a wider range of application [Mayuzumi, 

1990; Martin, 2007]. With this study, it was possible to identify the best option to apply depending on 

the prevailing conditions. 

Synthesis 

Table 17 provides a synthesis of the information explained above. The following should be highlighted: 

• The cladding creep in dry storage is modelled based on practically all the codes shown. In spite 

of this, further modelling and validation are needed, especially concerning the effect of the 

irradiation damage annealing and the hydrogen concentration and orientation. 

• The in-cladding hydrogen behaviour is only modelled based on BISON and FRAPCON-xt, and 

further understanding, modelling and validation are needed regarding concerns in dry storage 

such as hydride radial reorientation or hydride blister formation, for which the accuracy 

enhancement of the hydrogen migration/precipitation models is of the utmost interest. 

• The pellet-related phenomena seem to be less modelled. The α-decay is only modelled based 

on two codes; the main research interest is focused on MOX fuel, with significantly higher helium 

production than UO2. Regarding the effect of UO2 oxidation, only FRAPCON-xt takes it into 

account with a cladding failure criterion, although supported on a scarce database of low-burnup 

fuel, and further research is thus needed to model this phenomenon. In the case of the pellet-

cladding bonding, only BISON has the capability to analyse its effect; indeed, the complexity of 

this mechanism requires further research to be done in this regard. 
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Code Key phenomena 

Cladding Pellet 

Creep Hydrogen 
migration/ 

precipitation 

Hydride 
radial 

reorientation 

Hydride 
blister 

formation 

DHC Pellet-
cladding 
bonding 

UO2 
oxidation 

 
decay 

FRAPCON-xt 
(CIEMAT) 

X X X    X  

FRAPCON/FAST 
(PNNL) 

X       X 

ENIGMA 
(NNL) 

X        

VTT-ENIGMA 
(VTT) 

X        

TESPA-ROD 
(GRS) 

X       X 

TRANSURANUS 
(ITU-JRC) 

X        

BISON 
(INL) 

 X  X X X   

Table 17 – Synthesis of fuel performance codes and key phenomena simulated in dry storage 

 

Finally, it should be noted that a proper integrated validation of the codes shown is not possible due to 

the lack of data. Therefore, further work should be performed to derive qualified experimental databases 

for the assessment of the code extensions to dry storage. 

3.5. Summary and conclusions 

The characterisation of spent fuel rods is a key aspect of understanding their performance in storage 

and final disposal. Significant effects of temperature on the softening of the cladding material with 

increasing temperature and the embrittlement with decreasing temperature were investigated. In 

particular, radial hydrides in the cladding under hoop stress at low temperature can lead to the formation 

of cracks, which is disadvantageous for a transport after storage. The measured fuel mass release in 

case of cladding fracture corresponds to a fraction of a pellet. 

Hydrides, regardless of their orientation, may hinder the movement of dislocations and therefore reduce 

the creep rate due to hardening. In this sense, the precipitation of hydrides during dry storage can be 

advantageous, because a phenomenon known as clad lift-off may be prevented. Clad lift-off does not 

occur if the outward creep rate of the cladding is lower than the swelling rate of the fuel. In this case, 

the pellet-cladding gap remains closed and the fission gas release is impeded. 

Finite element analyses are essential to study failure modes and derive mechanical properties of rod 

and cladding. A potential brittle cladding failure in the ring compression test due to radial hydrides could 

be modelled with the novel cohesive zone approach. A fracture-mechanical analysis of the sudden 

failure by brittle fracture revealed the underlying processes and is a necessary link to understanding 

and predicting the macroscopic behaviour of the cladding under operational and accident conditions on 
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its way towards final disposal. The FRAPCON-xt predictive capability to model early stages of dry 

storage has been enhanced. On one side, fission gas release and free volume modelling have been 

adapted to deal with burnups higher than 60 GWd/t; its better performance has been proved against an 

open database built ad-hoc. On the other side, the spent fuel and cladding creep models have been 

benchmarked against BISON. 

Quantitative data about environmental impact of spent fuel rods in dry storage installations or wet 

storage facilities are needed for the stage following the period of in-reactor operation, considering not 

only normal operation, but also potential accidents, when the SNF is eventually discharged [Hill, 1962]. 

Progress was made towards the understanding of the role of trivalent lanthanides and microstructure 

within the context of traditional LWR fuels interim storage. 

1. Several types of UO2 model materials representative of used fuels were prepared by different 

routes and characterised. Generally, three different model materials were obtained: a) Solid 

solutions with lanthanides in UO2 (including pure UO2); b) UO2 doped with lanthanides, PGM 

bearing (metallic particles) and Mo; and 3) SIMFUEL (UO2 doped with Mo, Zr, Ru, Ba and Nd). 

2. Dissolution tests performed on UO2 model materials under some relevant wet storage 

conditions (spent fuel pools) suggest a beneficial impact of Ln elements on the chemical 

durability of the ceramics. Additionally, no significant impact of PGM elements and molybdenum 

on the chemical durability of the leached samples was observed. 

3. From the oxidation tests conducted under dry storage conditions it can be concluded that the 

presence of Ln such as Eu in the UO2 structure, the grain size of UO2 and the synthesis route 

of samples affect the oxidation of the fuel matrix.  

The work on trivalent lanthanides and microstructure within the context of traditional LWR fuels interim 

storage does not aim to accurately reproduce all the features and experimental behaviour of SNF, but 

allows an estimate of dopant, microstructure and He effects on fuel pellet durability to degradation by 

oxidant gases or water. To bridge the gap between "model materials" and the complex real systems, 

inter-comparative analysis should be done to definitively verify the experimental conclusions reached 

and associated uncertainties, or data obtained could be validated through the response of predictive 

models on irradiated fuel. The quantitative reproduction of the obtained experimental data with the 

conceptual models would help to explain key chemical reaction mechanisms, both kinetics and 

thermodynamics. Reliable behaviour characterisation of SNF at long-term in different environments 

needs to be further addressed. 

The thermal analysis on some representative model materials of PCI showed that the presence of 

zirconium in the UO2 fuel matrix provides certain oxidation resistance to U3O8, hindering matrix 

oxidation, under formation of a (U, Zr)O2 solid solution. 

Furthermore, it was demonstrated by mandrel ductility tests that by increasing the H2 content within 

cladding samples, a linear relationship between ductility decrease of the specimens and incorporated 

hydrogen up to 2’000 wppm could be identified, indicating the presence of radially orientated hydrides. 

After application of 1’500 to 2’000 wppm of hydrogen to the specimens, no change in mechanical 

behaviour was seen; thus, it is concluded, that the ductile-to-brittle transition threshold is then reached. 

In addition, state-of-the-art spectroscopic investigations, such as synchrotron-based spectroscopy, on 

the fuel-cladding interaction layer showed the presence of chlorine as well as iodine bearing compounds 

and gave further insights into hydride orientation within irradiated fuel. In case of the identified iodine 

compounds, it could be confirmed that it is present in its negatively charged iodide speciation, 

presumably as CsI. Through radiolytically enhanced dissociation of CsI, free iodine can be formed, 

which may enable pitting corrosion effects on the inner side of the cladding tube. As for the determined 

chlorine compound, analyses showed the presence of a Cs-U-O-Zr-Cl-bearing mixed phase. 

In summary, EURAD SFC Task 3 has brought, among others, the following progress: 
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• Improvement of experimental methods (sample preparation for ring compression test, hydride 

visibility with neutron radiography), 

• Better understanding of mechanical behaviour by enhanced numerical capabilities (creep, brittle 

cladding failure with radial hydrides), 

• Investigation of radiochemical ageing and degradation mechanisms during dry storage and wet 

pool storage (model materials to support SNF corrosion studies), and 

• New insights into pellet-cladding interface (a new complex mixed phase was found). 

For future studies, experiments with fueled samples to better understand the pellet contribution to the 

structural behaviour of SNF rods are recommended. Further post-irradiation examination data are 

required to validate and extend various models in fuel performance codes. Corrosion studies using 

"model materials" are still needed to understand the separate and combined effects, which can hardly 

be done with real SNF. Numerical simulations should complement experimental investigations for better 

understanding what is happening in each system. There is a demand for intercomparative studies using 

model materials and irradiated fuel at the same conditions. Further experiments are needed to examine 

the effect of fission and activation products precipitated at the fuel-cladding interface on the cladding 

integrity. 
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4. Accident scenarios 
 

The term "scenario" means a "postulated or assumed set of conditions and/or events that can lead to 

human exposure or environmental contamination" [IAEA, 2013] or, differently phrased, "a set of 

conditions and/or events that involves a potential risk of radiation exposure of human beings and/or the 

environment". 

Each scenario must reflect certain conditions arising either during the normal operation of a facility or 

as a consequence of a specific event leading to a deviation from normal operating conditions. The choice 

of an appropriate range of scenarios and associated assessment cases is essential for the safety 

assessment of any nuclear facility (e.g. power plant, wet storage, dry storage, encapsulation facility, 

etc.) or specific activity/process (e.g. SNF transport, handling, etc.). Once identified, these scenarios 

should take into account existing and potential hazards arising from the facility/process, and also their 

interrelation and evolution over the lifetime of the facility or defined processes according to the safety 

case.  

A systematic approach to accident scenarios may be as follows: 1) Identification and screening of 

hazards with respect to the facility design and defined processes (for instance, the types of hazard have 

to be identified with respect to the SNF inventory, activity, physical conditions and location, together with 

any additional hazards arising indirectly from activities or processes for their management); 

2) Identification of initiating events with the potential for causing harm to humans and/or the 

environment; 3) Quantification of the hazards; 4) Safety analysis of all relevant scenarios arising from 

either processes or accident situations in which the screened hazards could occur. 

Unlike the previous chapters, this chapter aims to give a generic overview of accident scenarios that 

have been identified so far in the pre-disposal activities for SNF. Hazards and initiating events are 

strongly site-specific and have thus been left out of the scope of this chapter. 

4.1. Safety standards for pre-disposal management of SNF 

The safety requirements for the pre-disposal management of SNF necessitate the development of a 

safety case – together with the necessary supporting safety assessment – for each facility or activity 

[IAEA, 2016]. The safety case and supporting safety assessment provide the basis for the demonstration 

of safety and for licensing (siting, location, design and operation) of SNF dry storage or packaging 

facilities, as well as other types of nuclear facilities. Spent fuel storage facilities have to demonstrate the 

safe, stable and secure storage of spent fuel [IAEA, 2020]. The design features and the operation of the 

facility should be such as to ensure the containment of radioactive material and optimum radiation 

protection of workers, members of the public and the environment within the dose constraints in 

accordance with established requirements (see [IAEA, 2009b]), in order to maintain subcriticality and 

ensure the removal of decay heat and retrievability of the spent fuel. These safety functions should be 

maintained during all operational states and accident conditions. 

Safety Guides are provided by the IAEA [IAEA, 2013] for guidance and recommendations on the 

development and review of the safety case and supporting safety assessment prepared or conducted 

for a pre-disposal waste management facility and related processes/activities. All aspects of the safety 

case and safety assessment must be covered in a general sense, including planning, design, 

construction, commissioning, operation and modification of the facility. 

This guidance requires demonstration of acceptability following defined accident scenarios (for example 

SNF transport accidents or a SFA dropping from height). As the IAEA recommendations have a common 

basis, the Safety Standards are used as the main reference in this report, although certain criteria to be 

met (such as dose limits) are country-specific. 
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4.2. Accident scenarios for fuel in interim storage 

A safety analysis of an interim dry storage facility for SNF must be performed with respect to potential 

accident scenarios. Several stages, both from the point of view of the design and the site, have to be 

taken into account: source definition, radioactivity inventory assessment, analysis of the radioactive 

release scenarios and their consequences in the geosphere and biosphere, dose assessment for 

preparation, transport/transfer and proper interim storage of spent fuel. The radionuclide inventory and 

related uncertainty can be evaluated using several methodologies (numerical and experimental), as 

described in Chapter 2. 

According to the IAEA Safety Standards [IAEA, 2013], scenarios should be developed for normal 

operation, anticipated operational occurrences and accident conditions. The safety analysis should 

address the consequences of normal operation and the frequencies and consequences associated with 

all anticipated operational occurrences and accident conditions. The degree of detail of the analysis 

should depend on the magnitude of the radiation risks associated with the facility or activity, the 

frequency with which events occur, the complexity of the facility or activity and the uncertainties inherent 

in the processes. 

Three types of potential accident scenarios can be considered according to the nature of the operations:  

I. scenarios for normal operation 

II. scenarios for anticipated operational occurrences and design-basis accidents 

III. scenarios for beyond-design-basis accidents 

Scenarios should also be evaluated according to accidents due to natural or man-made events and 

accidents due to external and internal human-induced events.  

In order to analyse the accident scenarios, conservative assumptions should be considered. To perform 

a probabilistic analysis, the effective doses and risks have to be evaluated. As a consequence of the 

results obtained and of the measures taken for the design, it must be demonstrated that humans and 

the environment will remain safe and protected in all cases.  

The three above-mentioned scenarios are defined in [IAEA, 2013] in a general context and summarised 

here as follows. 

I. Scenarios for normal operation 

Scenarios for normal operation should address all conditions under which the systems and equipment 

of the facility operate (activities carried out as expected), with no internal or external challenges [IAEA, 

2013]. This includes all aspects of operation for which the facility is designed to conduct over the course 

of normal operation, including maintenance over the lifetime of the facility and all stages of activities. 

The effects of variations in the input materials (feedstock, source material, receipts, etc.) on normal 

operation should be considered. 

Scenarios for normal operation should be defined with the goal of assessing whether the activities can 

be carried out safely or the facility can be operated safely under normal operation. This includes an 

assessment of whether radiation doses to workers and members of the public and planned discharges 

will lie within prescribed limits and constraints and can be maintained as low as reasonably achievable. 

It also includes verification that the elements of defence-in-depth will be maintained and that adequate 

safety margins will remain at all times. 

II. Scenarios for anticipated operational occurrences and design-basis accidents 

The facility conditions considered in the design-basis assessment are typically divided into two 

categories: anticipated operational occurrences and design-basis accidents. The division between the 

two categories of scenarios is based on the frequency of occurrence and the extent of the challenge to 

safety from the initiating events causing the condition [IAEA, 2013]. 
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Anticipated operational occurrences are processes deviating from normal operation that are expected 

to occur at least once during the operating lifetime of the facility, but which, in view of appropriate design 

provisions, do not cause any significant damage to items important to safety or do not lead to accident 

conditions. Scenarios for anticipated occurrences should also be considered for SNF management 

activities.  

A design-basis accident is an accident condition against which a facility is designed according to 

established design criteria, and for which the damage to the radioactive waste inventory and the release 

of radioactive material is kept within authorised limits. Design-basis accidents have a lower frequency 

than anticipated operational occurrences, and they are not expected to occur during the lifetime of the 

facility but must be considered in its design. 

The safety analysis should identify the anticipated operational occurrences and accident conditions. 

This should include all internal and external events and processes that may impact physical barriers 

that confine the radioactive material or otherwise increase radiation risks. The selection of events and 

processes considered in the safety analysis should be based on a systematic, logical and structured 

approach, and justification should be provided that the identification of scenarios is sufficiently 

comprehensive. The analysis should be based on an appropriate grouping and bounding of the events 

and processes, and partial failures of components or barriers as well as complete failures should be 

considered. 

The assessment should demonstrate that the design of the facility and associated safety 

processes/procedures meet all safety criteria. For instance, the design-basis assessment should 

demonstrate that the potential for release of radioactive material or loss of shielding is controlled, that 

any operational discharges of effluents will remain below prescribed limits, that the limiting criteria for 

design-basis accident conditions will be met and the radiological limits applied will not be exceeded, and 

that some or all of the barriers put in place to limit exposure and the release of radioactive material from 

the facility will maintain their integrity to the extent required. A conservative assessment should take 

account of the uncertainties associated with the assessment itself. 

For new facilities or activities, a comprehensive identification and assessment of all design-basis 

accidents should be carried out. For modifications of existing facilities or activities, the assessment 

should focus on those design-basis accidents that might either directly or indirectly affect these 

modifications. 

The assessment carried out for anticipated operational occurrences (AOOs) is essentially the same as 

that for design-basis accidents (DBAs) and requires many of the same conservative assumptions, 

especially those that relate to the structures, systems and components important to safety. Differences 

might exist, though, in the consideration of non-safety-related structures, systems and components in 

safety analyses of AOOs and DBAs. 

III. Scenarios for beyond-design-basis accidents 

Accidents beyond the design basis (BDBA: Beyond-Design-Basis Accident) are those that are not 

considered for design-basis accidents, but are considered in the design process of the plant in 

accordance with best-estimate methodology, and for which releases of radioactive material are kept 

within acceptable limits [IAEA, 2013]. Design-extension conditions can be divided into two general 

groups: (a) Those with a high enough probability of occurrence and sufficiently severe consequences, 

for which corrective or remedial actions have to be considered. This may be appropriate even though 

the probability of occurrence is lower than that of design-basis accidents. (b) Those that have a very low 

probability of occurrence, but potential consequences could be severe. 

The distinction between design-basis accidents (DBA) and accidents beyond design basis is based on 

the probability of occurrence and the consequences. The distinction is significantly facility- or activity-

dependent and site-dependent. If the probability of an accident occurring is considered to be 

unacceptably high, the design has to make provisions for preventing any significant consequences. If 
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the probability of occurrence of an accident is much lower but the consequences would be significant, it 

may be advisable to incorporate features into the design that accommodate this eventuality. 

The set of representative fault sequences depends on the design of the facility. These sequences can 

result in substantial radiological consequences, including those with multiple component failures and/or 

wrong accident management. Important event sequences that could lead to serious accidents should 

be identified using a combination of probabilistic and deterministic methods and sound engineering 

judgement. The details of serious-accident sequences that have to be analysed are unique for each 

type of facility. 

If necessary, the accident assessment should model the wide range of physical processes that could 

lead to a release of radioactive material to the environment or define the limiting criteria where a release 

can be assumed.  

The assessment should generally be carried out using realistically conservative assumptions, 

representative data, best-estimate methods and decision criteria. Where this is not possible, reasonably 

conservative assumptions should be made that take account of the uncertainties in the understanding 

of any relevant physical process and equipment failure modes being modelled. However, it should be 

emphasised that the complexity of BDBAs might be such that assumptions made cannot be ensured to 

be conservative. 

Radiological impact assessment 

The assessment of radiological impacts constitutes a major part of the safety case for a pre-disposal 

SNF management facility and related processes. Qualitative assessments and the quantitative analysis 

of possible challenges to the safety functions and the resulting potential radiological impacts have to be 

carried out by means of conceptual and mathematical models. The dose rates for the given assessment 

endpoint have to be calculated both for workers and the public. For accident scenarios, effective doses 

(Sv) covering the whole exposure time must be calculated, while for normal operation scenarios the 

annual effective doses (Sv/year) have to be considered. Doses from internal exposure are generally 

defined as committed effective doses affecting workers over a period of 50 years and the public over a 

period of 70 years. The exposure assessment differs from the hazard characterisation in that the 

assessments do not consider standardised conservative conditions, but realistic conditions expected to 

occur in the given scenario. 

Remarks on accident scenario analysis 

Currently, accident analyses focus on determining the consequences on the storage system itself, so 

that safety functions are maintained, and thus meeting the limits set by the regulator. 

The licensing requirements are passed on to the designers of the dry storage systems, who also take 

international standards and guidance as a reference for the definition of the accident scenarios, and 

therefore need to be assessed on a case-by-case basis. 

The fuel condition used in the analysis does not typically correspond to a real situation, since 

conservative assumptions are employed to account for degradation phenomena that alter the physical 

properties of the constituent materials (e.g. failure of a significant number of rods or even 100% of the 

rods). Therefore, for the analysis of accidents during interim storage, it is recommended to establish a 

clear understanding of the relationships between the postulated accidents for storage facilities and 

systems, and their effect on the spent fuel, while taking into consideration its condition. 

During the assessment of accidents and to facilitate the technical understanding of accident selection, 

it may be helpful to apply a risk assessment methodology to each specific case and regulatory 

framework. Damage to the storage system and to the stored fuel have to be considered both. 
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4.3. Accident scenarios for SNF during transport  

It is assumed that, after dry interim storage, the SNF loaded in the transport and storage casks has to 

be moved from the interim storage facility to a conditioning facility. These transports must comply with 

the same requirements as the transports before dry interim storage. This applies to behavior under 

normal transport conditions and in the event of transport accidents. The transport of fissile material is 

governed by the authorities of the individual countries, who generally comply with the requirements 

specified in IAEA SSR-6 [IAEA, 2018b].  

The main focus of the related research activities is on the behavior and performance of the cladding 

tubes, i.e. whether they remain intact, only let gas (noble gas and volatiles) escape or whether significant 

quantities of fissile material can escape from the cladding tubes in addition to the gas (see Chapter 3 

for a more detailed description of these activities). 

Since cladding tubes are exposed to significantly higher loads in the case of a transport accident than 

during handling under final conditioning, comparing the analysis of transport accidents can help to 

conservatively estimate potential SNF damage.  

This section focuses on the U.S. NRC approach [NUREG, 2014] as well as on EPRI studies [EPRI, 

2007]. The NRC Risk Assessment Report takes into account three different types of containers, various 

transport routes in the United States and extensive radiological analyses. The guidelines assume a 9-

m drop with an orientation that can cause the greatest damage to the transport/storage cask (TSC) (see 

Figure 51). 

 

 
 

Figure 51 – Different orientations of the TSC for the drop from a 9-m height 

[NUREG, 2014] 

 

While a drop on the corner is considered worst for the cask, a drop on the side is more likely to damage 

the SNF. Therefore, the side case is used for the set of calculations. In the case of the end drop, the 

fuel rods are guided in the FA structure, which is why the possible failure-relevant bending of the fuel 

rods, according to the NUREG report, is severely restricted. In addition, the side-drop loads are more 

relevant in the case of settled formation of radial hydrides in the fuel cladding. The hydride reorientation 

describes the stress-related rearrangement of hydrides from an orientation in the circumferential 

direction or from an irregular arrangement into hydride rows which are radially oriented. Such radial 

hydrides can have an impact on the ductility properties of the cladding (above a certain threshold).  

Figure 52 shows different loading modes of a fuel rod. 
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EPRI also worked extensively on the transport accident behavior of spent fuel elements (see synthesis 

report [EPRI, 2007]). This study takes into account the failure modes and the failure criteria for the 

effects of transport accidents on the fuel rods, including changes in the material of the cladding tube 

during the dry storage period. The study covers normal transport conditions (falling from a height of 

30 cm, according to 10 CFR 71) and accident conditions, as well as an analysis of the cladding behavior 

during dry interim storage.  

 

 

Figure 52 – Different loading modes of the fuel rod 

Mode-I describes a bending load that leads to a crack (perpendicular to the rod axis). Mode-II describes the 
behavior of the fuel rod under bending load when the above-mentioned crack has passed through the wall 

thickness: Mode-III describes the loading of the cladding tube under radial pressure (as in the ring compression 
test). 

 

As part of the work performed within Task 4, IDOM has developed a methodology to assess the severity 

of potential accidents from both dry storage systems (DSS) and spent nuclear fuel (SNF) perspectives, 

specifically applied to the context of Spain but broadly relevant to other countries. The analysis includes 

scenarios such as vertical and horisontal drops, tip-over accidents, impacts from various sized objects, 

fire, explosion, flooding, and extreme temperature changes. 

One of the most severe scenarios analysed is the DSS tip-over, which has the highest impact on both 

the DSS and the fuel, potentially causing significant mechanical damage to the fuel assemblies and 

altering criticality control due to changes in fuel configuration. This scenario can lead to overstress and 

deformation of structural components, compromising multiple safety functions such as confinement, 

criticality control, and heat transfer. 

Drop accidents, whether vertical, horisontal, or corner, can induce high accelerations, leading to 

deformation of the fuel assemblies and potential breaches in fuel cladding. These scenarios particularly 

affect structural and fuel integrity and heat transfer functions. A fire, while capable of causing component 

overheating and loss of polymeric shielding materials, is generally less severe due to the DSS's thermal 

inertia, which prevents critical temperatures and pressures from being reached. 

An explosion, though less likely to compromise DSS safety functions due to the systems' high structural 

strength, is still being considered. The analysis  carried out within the EURAD project shows no 

significant impact on the DSS or SNF under typical explosion parameters. Flooding can compromise 
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the confinement and criticality control functions of the DSS, yet the fuel elements, subjected to pressures 

lower than those experienced during reactor operation, are not expected to suffer significant damage. 

Other scenarios, such as object impacts, lightning, and extreme temperature changes, generally have 

minimal impact on the DSS and SNF. Lightning strikes, for instance, cause localised heating but do not 

compromise safety functions, while object impacts and extreme temperature changes are within the 

design tolerances of the DSS. 

The study concludes that some accidents pose significant threats to the DSS safety functions; however, 

they might not necessarily result in SNF damage. This dual-perspective approach in safety analyses 

ensures that both the storage system and the fuel are adequately protected against a wide range of 

potential accidents. The findings serve as a valuable resource for stakeholders in the nuclear industry, 

informing the development of more resilient and secure storage solutions. 

4.4. Accident Analysis Methodology Development  

Another important outcome from the work performed within Task 4, is the development of two 

independent methodologies aiming at evaluating the structural response of key elements of the SNF. 

On one hand, Nagra is using Finite Element Analysis (FEA) to study the mechanical behaviour of 

Pressurised Water Reactor (PWR) spent fuel assemblies under different accident conditions. On the 

other hand, CIEMAT developed a methodology to predict the probability of fuel rod failure in spent 

nuclear fuel (SNF) during accident scenarios.  

4.4.1. Structural performance of SFA with Finite Element Analysis 

Nagra performed a comprehensive study aimed at analysing the response of spent nuclear fuel (SNF) 

under mechanical stress and assessing the consequences of fuel rod failure. This research is crucial 

for providing valuable input data to optimise the management of SNF and temporary storage casks 

(TSCs) for safe handling and disposal. The study was conducted through a collaborative effort involving 

Nagra, JRC-Karlsruhe, and the Swiss Federal Institute of Technology in Lausanne (EPFL). Utilising 

commercial spent fuel rod samples, this experimental campaign sought to address technical gaps 

identified in previous investigations and extend the understanding of SNF behaviour under a wide range 

of burnup levels (BU), from quite low to very high. 

The primary objective of the experimental campaign was to examine the mechanical response of 

pressurised water reactor (PWR) spent nuclear fuel (SNF) rods across various burnup levels. The 

experimental procedure included performing three-point bending tests on rodlets until fracture, with 

additional tests on empty cladding to determine the effect of pellets on the samples' response. 

Throughout the testing, force and displacement were measured, and post-fracture analyses included 

assessing the released fuel mass, particle size distribution, oxide layer thickness, and hydride 

orientation. Additional tests on surrogate samples with varying hydrogen concentrations were conducted 

to study the effects of hydrogen embrittlement on cladding performance (see Section 3.3.5 for details). 

The experimental findings revealed that the contribution of pellets to the bending response of fuel rods 

is significant during plastic deformation, where they increase bending stiffness and prevent cladding 

buckling. Conversely, the elastic properties of the samples were governed solely by the cladding, with 

the Young's modulus showing a nearly linear increase with BU mainly due to the thicker oxide layer. 

The force-displacement curves demonstrated that ductility decreases with both increased BU and 

hydrogen concentration, whereas toughness increases with BU, driven primarily by irradiation hardening 

of the cladding. Failure mode analysis indicated that cracks typically initiate at the pellet-to-pellet 

interface under tension, with limited fuel mass release due to effective pellet-to-cladding bonding at high 

BU and cladding deformation at low BU. 

To further analyse the mechanical properties of SNF, the experimental data were combined with Finite 

Element Analysis (FEA) to develop a Finite Element Model (FEM) simulating the three-point bending 

experiments using Ansys® Mechanical (see Section 3.4.1). This 3D implicit static structural FEM 
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required defining the geometry and material properties of the samples, contacts between different parts, 

meshing of the geometry, and boundary conditions. Calibration of the model against experimental data 

was a significant achievement, as few studies integrate both experimental and numerical investigations. 

Sensitivity analyses on various modelling parameters ensured the generated FEM provided valuable 

insights into the mechanical properties of SNF and could be used to examine responses under 

conditions beyond those tested experimentally. 

The 3D model offered the advantage of simulating multiple loading configurations and provided a 

foundation for modelling entire fuel assemblies. However, due to the extensive simulation time required 

for large-scale assemblies, a series of simplified 1D models were created with different cross-sections: 

annular cylindrical, cylindrical, and a combined model with both elements. These models underwent 

sensitivity analyses and calibration processes to fit the three-point bending experimental data. The 

annular cylinder model best replicated the rodlets' response under bending tests and allowed for direct 

assignment of cladding elastic properties derived from experimental data, thus reducing the number of 

optimisation parameters. 

The development of larger-scale FEMs, such as a 15x15 PWR SFA model, enabled the evaluation of 

individual fuel rods' behaviour under significant deformation caused by bending loads. These 

simulations demonstrated that guide tubes, as the main load-bearing components, experienced higher 

strains than fuel rods under the same bending loads. Furthermore, fuel rods only entered plasticity after 

substantial deformation of the top end piece, with the number of rods entering plasticity plateauing 

before increasing again at higher deformations. These findings suggest that under normal handling 

conditions, no rods are expected to enter plasticity, highlighting the robustness of the fuel assembly 

design. 

Automated Python scripts facilitated the extraction and summarisation of the FEM results, including 

strain, shear force, and bending moment diagrams for individual rods and guide tubes. These results 

are crucial for determining whether a rod has reached its failure point and for future data analysis. 

The study concludes with recommendations for future FEM development and experimental extensions. 

Automating the modelling process, performing experiments on fuel assembly models under typical 

handling or accident loads, and creating numerical models for dynamic loading scenarios will enhance 

the confidence in FEM results and provide deeper insights into SNF behaviour. These efforts will 

significantly contribute to the optimisation of SNF management and disposal strategies, ensuring safe 

handling and long-term storage. 

4.4.2. Stochastic approach to determine fuel  

CIEMAT has developed a methodology to estimate the probability of cladding failure in spent nuclear 

fuel (SNF) during postulated accident scenarios. This methodology can estimate cladding failure 

probability leverages FRAPCON-xt, an in-house extension of the FRAPCON code tailored for dry 

storage; HYDCLAD, a CIEMAT model for hydrogen distribution and precipitation; and DAKOTA, a 

statistical toolbox developed by Sandia National Laboratories (SNL). The methodology consists of three 

primary pillars: thermo-mechanical characterisation of the fuel rod at the onset of the accident, modelling 

cladding mechanical properties and failure criteria, and extending the analysis to cladding failure 

probability using statistical methods. The fuel performance simulation under irradiation and dry storage 

conditions is conducted using FRAPCON-xt, which is coupled with HYDCLAD to model hydride 

distribution and reorientation within the cladding. The predictive capability of FRAPCON-xt has been 

enhanced to include rod internal pressure (RIP) beyond 60 GWd/tU for extended burnups. 

The cladding stress is selected as the Figure of Merit (FOM). The stress-strain behaviour in FRAPCON 

is modelled using Hooke’s law for the elastic regime and a specific equation for the plastic regime. The 

yield stress calculation differentiates between uniaxial and flexural loads. For uniaxial loads, FRAPCON 

includes correlations for irradiated material properties, while for flexural loads, a correlation between 

yield stress and burnup has been derived from experimental stress-strain data from bending tests (refer 

to previous section). 
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The failure criteria are embedded within the methodology, utilising information from the open literature 

and project-specific data. The primary criterion limits the cladding hoop stress to 90 MPa to prevent 

brittle failure due to hydride radial reorientation. Additional criteria include the temperature of ductile-to-

brittle transition and deformation limits for brittle cladding with reoriented hydrides. The failure probability 

is determined by comparing cladding stress and strain against these criteria. 

Statistical analysis is conducted by coupling FRAPCON-xt with the DAKOTA toolbox, allowing the 

propagation of thermo-mechanical input variabilities through Monte Carlo simulations. The input 

variabilities include fuel rod design, irradiation history, cladding temperature evolution during dry 

storage, and cladding temperature at the time of the accident. This approach facilitates an estimation of 

failure probability based on the selected FOM. Figure 53 illustrates the statistical approach followed in 

this methodology. 

 

Figure 53 – Statistical approach scheme. 

 

The methodology was applied to an irradiated PWR fuel rod under a side drop accident scenario after 

20 years of dry storage in a metallic cask. A total of 1000 cases were simulated.  The results, shown in 

Figure 54, indicate large safety margins, with maximum cladding hoop stress at dry storage onset 

significantly below the threshold for hydride reorientation, and minimum yield stress during the accident 

providing ample safety margin. 

Further analysis examined the impact of different stages on the assessment, including irradiation, 

storage, and accident stages. For the irradiation stage, the impact of the fission gas release (FGR) 

model on hydride radial reorientation embrittlement at high burnup was analysed, showing minor 

differences between models. The storage stage analysis assessed the effect of irradiation damage 

annealing on yield stress, indicating that annealing might play a significant role in ensuring cladding 

integrity. Finally, the accident stage analysis compared yield stresses at room temperature and under 

flexural loads, demonstrating that plasticity would not be reached under accident conditions. 
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Figure 54 – Cladding hoop stress at dry storage onset (left) and yield stress at the moment of the 
accident (right); red lines represent the ductile-to-brittle threshold set (left) and the accident maximum 

stress applied (right). 

 

4.5. Analysis of potential fire accident scenario in dry-storage facility  

The Technical University of Sofia (TUS) has studied a scenario for a fire and associated risk assessment 

in the Dry Spent Fuel Storage Facility (DSFSF) at Kozloduy Nuclear Power Plant (NPP) in Bulgaria.  

This study assess the impacts on the storage facility and its contents and evaluate the effectiveness of 

existing safety measures. 

By using the PyroSim software to model fire growth, smoke movement, and thermal effects within the 

storage facility, the IDOM's methodology was used for risk assessment and impact qualification. Real 

data from Kozloduy NPP ensures the scenario's accuracy.  

Simulation results indicate that a fire in the DSFSF can significantly affect the facility's safety functions, 

particularly thermal loading and smoke propagation. Thermal effects may compromise storage cask 

integrity, and smoke can obscure detection systems and hinder emergency responses. The risk 

assessment identifies critical factors contributing to the fire's severity, while the impact qualification 

evaluates the potential consequences on safety functions like containment and heat removal. 

The study emphasises the need for comprehensive fire risk assessments for dry spent fuel storage 

facilities and recommends a robust fire detection and suppression systems, effective ventilation, and 

regular maintenance.  

4.6. Exploratory studies of postulated DSFSF-related accident 
scenarios facility  

Potential recriticality during storage and transportation accidents of SNF has been studied by MCNP 

analyses both in ENUN 32P (PWR) and HI-STAR 100 MPC68 (BWR). The study concluded that the 

only possibility of achieving critical conditions is in case of internal flooding plus fresh fuel conditions. 

The effective criticality constant for optimum moderation has been worked out as a function of water 

density. According to the observations, additional safety measures can be added to avoid these 

scenarios. Anyway, the accident scenario identified is very unlikely and uncertain. Availability of data 

concerning the degradation of inner rack components would notably reduce the existing uncertainties. 

An exploratory analysis of a postulated accident in a SNF vault storage system has been carried out 

assuming fuel rods and capsules failed. The radioactive material transport has been modelled with 

MELCOR 2.2, an integral severe accident code that has proved to be capable of simulating the scenario 

proposed. The MELCOR model of the scenario, based on a single tube with two vertically stacked spent 

fuel canisters, was very simple since no quantitative results were pursued in the study. Nonetheless, 

the model was sound enough to produce insights into a postulated accident scenario. The scenario 

  
    



Page 137 

 

EURAD (Deliverable n° 8.2) – Updated State-of-the-art report 
Dissemination level: PU 
Date of issue of this report: 12/09/2024  

considers the release of cesium particles from a ruptured canister, as well as a crack in the tube that 

could lead to the release of fission products into the environment. The results show that most of Cs 

mass (over 99%) is primarily deposited by gravitational settling on the bottom of the canisters within the 

tube. The fraction eventually released to the environment (<0.3%) was noted to be primarily dependent 

on variables like crack size and particle size. 

4.7. Management of high level nuclear waste resulting from 
Chernobyl-4 NPP accident  

Management of spent nuclear fuel (SNF), including damaged SNF, fuel containing materials (FCM), 

High Level or Low Level Waste (HLW/LLW), after the Chernobyl-4 NPP accident is a reference to 

consider, if needed. A specific compilation study has been conducted. The report outlines the general 

solutions for spent nuclear fuel management in Ukraine, and the specific implementation of these 

solutions at the Chernobyl NPP. The report describes the old "wet" SNF storage facility - ISF-1, and the 

new, "dry" storage facility - ISF –2, including the technologies and procedures being used. A special 

emphasis is given to the management of damaged spent nuclear (DSNF) fuel at the Chernobyl NPP.  
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6. Conclusions 
 

This report described how state-of-the-art in the field of spent nuclear fuel characterisation and 

assessment during the pre-disposal phase has been improved by contributions from the WP8. Chapter 

2, presented an overview of the advancements made, focusing on improving experimental methods for 

characterising spent nuclear fuel (SNF) and assessing the performance of depletion codes used for fuel 

characterisation. The key conclusions emphasize the importance of high-quality experimental data for 

validating depletion codes used in spent nuclear fuel characterisation. Improvements in non-destructive 

assay methods and experimental techniques, such as neutron emission measurements and 

radiochemical analysis, are critical for reducing uncertainties. Systematic errors in depletion 

calculations, due to variations in nuclear data and burnup conditions, require more accurate nuclear 

data libraries. Recommendations include expanding experimental data diversity, refining NDA methods, 

and improving terminology and uncertainty handling to enhance code validation and fuel 

characterisation procedures. 

Chapter 3 focused on advancements in the area of the behaviour of SNF and cladding after discharge. 

The characterisation of spent nuclear fuel rods is crucial for understanding their performance in storage 

and disposal. Key findings show that cladding softens at high temperatures and becomes brittle at low 

temperatures, particularly due to radial hydrides, which can cause cracking during transport. Hydrides 

can also reduce creep and prevent clad lift-off in dry storage. Enhanced modeling techniques have 

improved the prediction of cladding failure and fuel behavior in storage, while experimental studies on 

UO2 materials show that lanthanides improve fuel durability. Future research should focus on 

experiments with irradiated fuel, further corrosion studies, and combined experimental and numerical 

analyses to better understand spent fuel rod integrity. 

Finally, Chapter 4 provided updates in the area of accident scenarios analysis. Great advancements 

have been achieved related to the development of different methodological approaches to investigate 

the structural integrity of SNF during postulated accident scenarios. Those methodological approaches 

benefit both from experimental and numerical data derived within this WP aiming to characterise the 

thermomechanical properties of the fuel and their evolution after discharge. To improve the safety of 

SNF storage systems, it is recommended to incorporate probabilistic risk assessments and detailed 

accident scenario analyses into the design and certification processes. Additionally, continuous 

monitoring and data collection programs should be established to refine models and methodologies, 

with a particular focus on irradiation damage recovery and long-term oxidation behaviour. Future efforts 

should aim to expand the scope of accident scenarios and incorporate advanced modelling techniques. 

Collaboration with industry partners and regulatory bodies will be essential to integrate these methods 

into standard safety practices and ensure the continued safety of SNF storage and transport systems. 
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A. Relevant Radionuclides 
 

A list of relevant radionuclides for safety studies of a long-term storage installation for Belgian waste 

was set up by NIRAS/ONDRAF [Vandoorne, 2018]. These radionuclides, together with nuclear 

properties (half-live and decay mode) and the origin of these nuclides, are listed [Govers, 2019]. 

 

Nuclide Half-life Decay mode Major source Main location Mostly present as 

54Mn 312 d β+, EC 54Fe ST, CL, FU AL/IM, AP 

94Nb 2.00 104 a β- 93Nb CL AL, AP 

59Ni 7.6 104 a β+, EC 58Ni ST, CL, FU AL/IM, AP 

93Zr 1.53 106 a β- 92Zr, FP FU, CL FP, AL, AP. 

63Ni 101 a β- 62Ni ST, CL, FU AL/IM, AP 

10Be 1.6 106 a β- 9Be FU IM, AP 

14C 5700 a β- 14N, 13C FU, CL IM, AP 

36Cl 3.01 105 a β-, β+, EC 35Cl FU, CL IM, AP 

41Ca 1.03 105 a ec 40Ca FU IM, AP 

60Co 5.27 a β- 59Co ST, CL, FU IM, AP 

93Mo 4000 a EC 92Mo, 93Nb ST, CL AL/IM, AP 

108mAg 418 a β- 107Ag FU, CL IM, AP 

110mAg 250 d β- FP FU FP 

125Sb 2.76 a β- FP, 124Sb FU, CL AL/IM, AP, FP 

3H 12.3 a β- FP FU FP 

79Se 3.56 106 a β- FP FU FP 

85Kr 10.8 a β- FP FU, plenum FP 

90Sr 28.8 a β- FP FU FP 

99Tc 2.14 105 a β- FP FU FP 

106Ru 1.06 a β- FP FU FP 

107Pd 6.5 106 a β- FP FU FP 

126Sn 2.3 105 a β- FP FU FP 

129I 1.61 107 a β- FP FU FP 
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Nuclide Half-life Decay mode Major source Main location Mostly present as 

134Cs 2.07 a β- FP FU FP 

135Cs 2.3 106 a β- FP FU FP 

137Cs 30.0 a β- FP FU FP 

144Ce 285 d β- FP FU FP 

147Pm 2.62 a β- FP FU FP 

151Sm 90.0 a β- FP FU FP 

154Eu 8.59 a β- FP FU FP 

155Eu 4.75 a β- FP FU FP 

226Ra 1600 a β- (4n+2) DS FU AC 

229Th 7340 a α (4n+1) DS FU AC 

230Th 7.54 104 a EC, β+, β-, α (4n+2) DS FU AC 

232Th 1.41 1010 a α (4n) DS FU AC 

231Pa 3.28 104 a α (4n+3) DS FU AC 

233U 1.59 105 a α (4n+1) DS FU AC 

234U 2.46 105 a α (4n+2) DS FU AC 

235U 7.04 108 a α Fabrication FU AC 

236U 2.37 107 a α 235U FU AC 

238U 4.47 109 a α Fabrication FU AC 

237Np 2.14 106 a α 236U, 241Am FU AC 

238Pu 87.7 a α 237Np FU AC 

239Pu 2.41 104 a α 238U FU AC 

240Pu 6563 a α 239Pu FU AC 

241Pu 14.3 a β- 240Pu FU AC 

242Pu 3.74 105 a α 241Pu FU AC 

244Pu 8.00 107 a α 242Pu FU AC 

241Am 433 a α 241Pu FU AC 

242mAm 141 a IT 241Pu FU AC 
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Nuclide Half-life Decay mode Major source Main location Mostly present as 

243Am 7365 a α 242mAm, 242Pu FU AC 

242Cm 163 d α 242mAm FU AC 

243Cm 30.0 a α 242Cm FU AC 

244Cm 18 a α 243Cm, 244Am FU AC 

245Cm 8500 a α 244Cm FU AC 

246Cm 4730 a α 245Cm FU AC 

247Cm 1.6 107 a α 246Cm FU AC 

248Cm 3.4 105 a α 247Cm FU AC 

 

 

EC: Electron Capture 

IT: Isomeric Transition 

DS: Decay series 

FP: Fission Product 

AL: Alloying 

IM: Impurity 

AP: Activation Product 

ST: Structures 

CL: Cladding 

FU: Fuel 
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