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Abstract 
 

It is an expectation of the Canadian nuclear regulator that fuel remains within its 
envelope of qualification during all conditions of normal operation and relatively frequent 
reactor transients. This implies that the extent of degradation in fuel condition is limited such that 
its continued safe operation is assured. 

From the design perspective this requirement means that all relevant degradation 
mechanisms should be identified and accounted for in fuel design and qualification activities. 
From fuel surveillance perspective, the inspection activities should be defined such that the 
actual fuel state in the core could be inferred from relatively small samples on inspected fuel 
bundles and any incipient negative effects could be detected in time. 

It is a relatively new development in the Canadian regulatory position – and consistent 
with international trends – that fuel qualification must be extended to cover not only the 
conditions of normal operation but also those of relatively frequent incidents called Anticipated 
Operational Occurrences (AOO). Because such events can occur several times during the plant 
lifetime the fuel design is expected be sufficiently robust to remain within its design envelope. 
Hence, assessment and analysis techniques should be developed to allow evaluation of fuel 
condition subjected to AOOs. 

To gain assurance that fuel performs safely – that is, remains fit for service in normal 
operation and following AOOs – the CNSC has implemented a set of regulatory checks, which 
include a requirement of implementation by licensees of systematic fuel qualification; multi-
disciplinary programs for assessment of fuel performance; periodic reporting to the CNSC on 
fuel performance indicators; on-site regulatory inspections. 

1.0 Fuel Fitness For Service: Definition Of The Concept  
There are several reasons that led CNSC staff, in the past several years, to examine the 

concept of fitness for service as it applies to CANDU nuclear fuel, including: 
- promoting a systematic approach to assessment of fuel performance  
- formal documentation of modern regulatory requirements 
- development of new fuel designs 
- aging of operating nuclear power plants, and 
- reviews of licensees’ assessments of fuel condition following actual operational 

events. 
 

In general sense, fitness for service (FFS) is the ability of equipment to continue 
operation for the desired period of time while maintaining conformance to applicable 
requirements. 2 
 
                                                 
1 Canadian Nuclear Safety Commission, Ottawa, Ontario, Canada, K1P 5S9 
2 A similar and somewhat more general concept is fitness for purpose, which is closely related to the equipment (or 
service) quality: Does the equipment do what, and in the way, its users need? 
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It is recognized that the equipment may contain flaws, sustain damage or age. While 
some deterioration may occur even prior to the equipment being put to service, most of it could 
be expected to occur in operation or during operational events. Certain changes in equipment 
condition could be harmless and not affect its performance during its expected lifetime; on other 
hand, some flaws could lead to failures and, thus, create risks to public safety. To address such 
risks, FFS assessments are performed to review the physical condition of the equipment. These 
assessments rely on the knowledge of equipment state and should demonstrate whether the 
degradation in the overall equipment condition or any specific flaw lead to an increased risk of 
failure.  

The most extensive use of the FFS concept is made in design, fabrication and inspection 
of pressure vessels and piping systems. Nevertheless, this concept can be useful in other 
engineering fields as well; in particular, this paper describes application of this concept to 
nuclear reactor fuel.  

Nuclear fuel contains practically all radioactive materials generated in reactors and is 
subjected to harsh conditions of irradiation, temperature, pressure and stresses. This explains 
why there must be well defined limits of safe and reliable operation. Because fuel must still be 
‘fit for service’ until the end of its irradiation in the core, its design shall have built-in margins to 
allow for deterioration that occurs during the fuel residence in the core under a range of expected 
conditions. In addition, margins need to be established to compensate for any paucity in data 
used for design qualification, and for uncertainties in test results. 
 To assess the extent of fuel condition degradation during in-core irradiation (and thus, 
assess the required margins), the degradation mechanisms should be identified and understood, 
and their impact on fuel performance measured or modeled. This is a complex task since there 
could be a large number of detrimental effects occurring in-reactor, but not all of them would 
have a credible likelihood of causing fuel damage. Furthermore, the fuel condition while in the 
reactor core cannot be directly observed but rather only inferred from a number of indirect 
observations. Thus, the important degradation mechanisms that could occur in-reactor need to be 
well understood, protected against by the application of safety margins in design, and controlled 
through imposition of appropriate operating limits. 

While the term “fitness for service” in relation to CANDU fuel may be novel, the 
practices already in place at Canadian utilities have been essentially in line with this concept, at 
least for normal operating conditions. Now, the regulator is considering extending the 
applicability of this concept to include not only the normal operation but also frequent abnormal 
events called anticipated operational occurrences (AOO). 
 

The following would summarize the CNSC position with regard to fuel fitness for service: 
• Fuel design fitness for service in normal operating conditions, including core end-of-life 

conditions, shall be demonstrated prior to fuel loading in an operating power reactor 
through a fuel design qualification process. 

• Fuel design shall incorporate margins to accommodate the degradation occurring in-
reactor, as well as for uncertainties associated with knowledge of fuel behaviour when 
exposed to in-reactor conditions. 

• Fuel shall remain fit for service at any time of its residence in an operating reactor; 
surveillance activities shall be established to confirm this.  

• Fuel fitness for service after AOOs should be, to the extent practicable, established as 
part of the fuel design qualification process. 
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2.0 Fuel “Fitness For Service” For Normal Operating Conditions  
CANDU reactors are fuelled on-power with relatively short assemblies (bundles) 

containing natural UO2 (Fig. 1). A CANDU fuel bundle contains fuel elements (in the currently 
used designs the number of elements may be 28, 37, or 43) in concentric rings which are held 
together by web-like end plates. Appendages (spacers and bearing pads) are attached to the 
elements to ensure adequate coolant flow between the elements, and adequate separation 
between the bundle and the pressure tube. CANDU fuel is normally discharged at relatively low 
values of average burnup of less than 200 MWh/kg (~ 8 MWd/kg). 

 
Figure 1. CANDU fuel bundles 

 
The fuel design addresses multiple and diverse factors that can challenge “fitness for 

service”, individually and in combinations, through an adequate fuel qualification program that 
includes tests and analyses. This is done through establishing a so-called “fuel design envelope” 
which defines ranges of key parameters within which fuel needs to be qualified to operate, and 
sets appropriate limits for these parameters. 

2.1 Degradation Mechanisms  
Nuclear fuel in reactor is exposed to rather extreme conditions of irradiation, temperature, 

pressure, and subjected to mechanical impacts and effects of chemical reactions. These 
conditions can plausibly lead to a large variety of impacts and degradation of safety margins or 
even failures. Table 1 lists the key degradation mechanisms. 
 
Table 1. Key degradation mechanisms affecting CANDU fuel condition 
 
Degradation 
category 

Observable effect Key influencing 
parameters 

Impacts relevant to 
safety 
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Deformation 
without material 
loss 

Sheath collapse and 
ridging  

Coolant pressure, 
Temperature 

Mechanical strength, 
Heat transfer 

 Sheath ballooning 
(uniform) or 
bulging (non-
uniform) 

Internal gas pressure, 
Temperature 

Mechanical strength, 
Heat transfer 
Loss of sheath integrity 

 Pellet/clad 
mechanical 
interaction 

Power ramps Loss of sheath integrity 

 Element bowing Loads,  
Temperature 

Mechanical strength, 
Heat transfer 

 End-plate 
deformation 

Loads Mechanical strength, 
Heat transfer 

 Bundle drooping, 
sagging 

Loads Mechanical strength, 
Heat transfer 

 Athermal sheath 
strain 

Loads Loss of sheath integrity 

Deformation with 
material loss 

Fretting Interaction with debris Loss of sheath integrity 

 Bearing pad wear Interaction with 
pressure tubes 

Heat transfer,  
Impact on PT condition 

 Spacer wear Interaction between 
elements 

Heat transfer 

 Scratching, nicks Interaction with in-
reactor components 

Loss of sheath integrity 

Change in material 
properties 

Sheath oxidation Temperature, Coolant 
chemistry 

Mechanical strength, 
Heat transfer 

 Hydriding Coolant chemistry Mechanical strength, 
Sheath temperature 

 Stress corrosion Power ramps, internal 
gas composition 

Loss of sheath integrity 

 Crevice corrosion Coolant chemistry Impact on PT condition 
 Material phase 

transitions 
Temperature, 
irradiation 

Mechanical strength 

 Fuel grain growth Temperature, 
irradiation 

Heat transfer 

 Internal gas 
pressure and 
composition change 

Burn-up,  
Temperature 

Heat transfer, stress 
corrosion 

Integrity failures End-cap to sheath 
weld failures 

Manufacturing defects, 
Loads, 

Loss of sheath integrity 

 End-cap to end-pate 
weld breaks 

Manufacturing defects, 
Loads, fatigue 

Mechanical strength 

 End-plate cracks Vibration, 
Loads, fatigue 

Mechanical strength 
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During the design qualification process all the degradation mechanisms should be – to the 
extent practicable – reproduced in controllable environment so that their effects could be 
measured and the basic science understood. For all important degradation phenomena, sufficient 
protective margins should be incorporated in the design. Likewise, the minor or unlikely 
degradation mechanisms should be sufficiently understood to provide assurance that in reactor 
they would not gain unexpected prominence. Thus, at the end of qualification, the important 
risks to fuel FFS should be identified, their causes understood and the design should incorporate 
adequate resilience against these potential degradation mechanisms.  

2.2 Confirmation Of Fuel FFS In Normal Operation 
During normal operation the identified important fuel degradation mechanisms should be 

monitored and corrective actions implemented when justified. As mentioned earlier, the in-
reactor condition of fuel cannot be measured directly; the observation of the fuel condition after 
irradiation allows only inferring the in-reactor state a posteriori. Even then, because of radiation, 
the extent of post-irradiation measurements is limited. This gives rise to an important task of 
optimization of fuel surveillance activities such that signs of the unexpected degradation could 
be detected in time to arrest negative trends. The surveillance program should be based on: 

- identified observable parameters for in-bay inspections; 
- established relationships between the known degradation mechanisms and  

visual/measurable manifestations; 
- justified approach to optimize the scope of inspections; and 
- selected triggers for hot cell destructive examination. 

 
In Canada, the licensees of nuclear power reactors are required to report, annually, on 

fuel performance to the regulator. The reporting includes, in addition to the description of 
procurement, design, analysis and R&D activities in the fuel area, the key indicators of fuel 
condition. The indicators were selected to provide as complete picture of fuel performance as 
could practicably be achieved within the constraints of existing inspection practices. Specifically, 
the following indicators of the fuel condition must be reported and compared with a rolling 5-
year average: 

- fraction of inspected bundles (inspected/discharged) 
- breach of sheath integrity, per reactor-year  
- broken assembly welds 
- end-plate cracks 
- indications of mechanical interaction (scratches) 
- debris fret marks 
- extent of bearing pad wear 
- spacer wear 
- crevice corrosion indications 
- unusual oxide indications 
 
The fuel performance reporting also includes assessment of the key operating conditions, 

which may have significant impact on fuel condition: 
- maximum power and power ramps 
- burnup 
- flows 
- loads 
- cooling conditions 
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- coolant chemistry. 
 

The following results of the post-irradiation examinations (PIE) are also important 
indicators of the fuel condition and are to be reported: 

- element bowing 
- bearing and spacer pad wear 
- corrosion layer thickness 
- sheath strain 
- end-plate wear 
- fission gas release 

 
While the indicators described above are not necessarily directly linked to the fuel safety 

limits1; they have been selected to a) be measurable or observable and b) to provide indications 
of all likely degradation mechanisms or abnormal conditions. It is believed that the combination 
of a thorough fuel design verification and an adequate surveillance program gives the assurance 
that fuel remains fit for service under the normal operating conditions.  

An adequate surveillance program, in CNSC staff view, should be capable: 
- to react reasonably quickly to suspected abnormal condition (for example, defected 

fuel, excessive burn-up, mechanical impacts) caused by operation close or outside of 
the ranges of qualification 

- to provide enhanced monitoring of known or suspected “trouble” spots  
- to allow tracking of the impact of design deviations or changes in design, operating 

conditions or fuelling process 
- to detect impact of interfacing systems (for example – correlation between pad wear 

and the pressure tube marks) 
- generic surveillance 

 
From the past practice, it is currently assumed that the level of in-bay inspection in the 

range of 0.5-1% of discharged bundles is sufficient to provide adequate confirmation of the fuel 
condition. It is expected that at least several elements from discharged bundles be subjected to 
PIE annually for each reactor. 

3.0 Fuel Fitness For Service In AOO 
The new safety standards, being developed by the CNSC, would require that following an 

AOO fuel shall remain fit for service2. One way of reading this requirement is that fuel design 
shall be robust to withstand frequent abnormal events; on the other hand it also means that 
events which can damage nuclear fuel shall be made infrequent. 

It may be argued that demonstration of fuel ability to maintain FFS following an AOO is 
an economic issue (in the sense that, in case of an AOO, the operator can always replace the 
entire core before restart) and not a safety one. However, in practice, it is a safety issue since the 
operator will usually opt to make the case of fuel fitness for return to service after an AOO rather 
than replace the core. From the CNSC position, the AOOs are sufficiently likely events – a 

                                                 
1 Fuel safety limits refer to quantitative values of parameters associated with fuel safety criteria, such as burn-up or 
peak cladding temperature. 
2 In Canada, with a fleet of about 20 reactors and AOO defined as events with frequency above 10-2 1/y and, it can 
be reasonably expected that an AOO would occur every year. 
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reactor may experience several AOOs during its lifetime – to justify incorporation of sufficient 
safety margins in fuel design to maintain FFS and, thus, reduce the risks posed to the public. 

In fact, currently fuel fitness for service assessments already exist for some AOOs such 
as loss of shut-down heat sinks. Such assessments have been of an ad-hoc nature and, from the 
CNSC perspective, there is a need for more systematic approach for fuel fitness for service 
assessments for events of sufficient likelihood. CNSC experience with the assessment of fuel 
conditions following some of the actual AOOs (for example, a loss of reactivity control) 
confirms the need to establish, in a systematic fashion, criteria for fuel return to service after 
exposure to transient conditions. 
 Under such a systematic approach, the fuel qualification program should demonstrate that 
there are adequate limits established for the key parameters and phenomena, which may manifest 
themselves during transient conditions (see Table 2). 
 
Table 2. Degradation mechanisms in AOO 
 

Degradation mechanisms 
Sheath collapse and ridging, axial or longitudinal 
Sheath ballooning (uniform) or bulging (non-uniform) 
Pellet/clad mechanical interaction 
Element bowing 
End-plate deformation 
Bundle drooping, sagging 
Sheath oxidation 
Hydriding 
Stress corrosion 
Material phase transitions 
Element internal gas pressure and composition change 
End-cap to sheath weld failures 
End-cap to end-pate weld breaks 
End-plate cracks 
 
 

In case of a real AOO, the operating organization would need to assess the event impacts 
on the plant equipment, including the fuel, and make the appropriate decisions to assure the plant 
safety prior to re-starting the reactor. A question will arise whether additional examinations 
would be required to demonstrate that the fuel condition is fit for service. To answer such a 
question, the operator should be able to identify the plausible degradation mechanisms, the most 
affected fuel and assess the maximum impact. The qualification activities should generate a 
sufficient knowledge basis to demonstrate that the reactor would be capable of returning to 
operation without extensive fuel inspections. 
 Demonstration that fuel would remain fit for service after being exposed to the AOO 
conditions implies more than the demonstration of “no failures”. It would require that adequate 
safety margins are being preserved with respect to all degradation mechanisms. This would, 
naturally, mean that no fuel element fails, but also that fuel dimensions remain within design 
tolerances, and that functional capabilities are not reduced below those assumed for reactor 
operation.  
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Another possibility is that the regulatory approval would be required for plant restart 
following an AOO and in such a case the regulator would have to verify the adequacy of the 
safety case. Unless a sufficient knowledge basis was already established, the regulator would not 
be in a position to reach a definite and timely conclusion regarding the impact of an AOO impact 
on fuel condition. 

It should be acknowledged that extending the requirement of formal fuel qualification for 
conditions anticipated in frequent incidents, such as AOO, is a relatively new development; its 
exact application for new or existing fuel designs is still under discussion with fuel designers and 
licensees. 

4.0  Conclusions 
Overall, the existing 28- and 37-element fuel bundle designs have been performing 

reliably and safety in Canadian nuclear power reactors, including normal operation conditions as 
well as during several AOOs that have taken place. This provides an empirical confirmation of 
robust fuel designs. Nevertheless, the aging of the existing nuclear fleet, the development of 
modern regulatory requirements and introduction of new fuel designs justify a more systematic 
approach to the assessment of fuel performance in normal operating conditions and following 
anticipated operational occurrences. In view of CNSC staff, the concept of fitness for service is 
useful in formulation of such a systematic approach. 
 
Elaboration and application of the fitness for service concept for fuel used in CANDU reactors is 
expected to lead to more scrutiny of the fuel-related activities, in at least two aspects: 
 

- assurance, by implementing a systematic surveillance program, that during normal 
reactor operation fuel maintains adequate safety margins at any time of its in-reactor 
residence 

 
- extension of fuel qualification to include conditions expected in anticipated 

operational occurrences, to provide assurance that fuel remains fit for service and 
allow the return to power without extensive fuel inspections or replacement. 
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