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Managing ageing plant effectively requires a paradigm shift in the way that asset condition is regarded,
assessed and maintained. The conventional approach to asset management is often reactive. The focus is
on carrying out work that must be done now, rather than work that will prevent future problems. The result
is often unanticipated failures, long backlogs of maintenance work and no time to carry out the preventative
maintenance which would alleviate many of the problems.
To effectively manage ageing and ensure that assets operate efficiently and safely requires a proactive
approach with a thorough understanding of asset ageing mechanisms and condition and the ways in
which assets interact. Competency and organisation of the people responsible for asset management and
knowledge management are the keys to ensuring that this understanding of current and predicted asset
condition is used when making asset management decisions.
Since ageing occurs to all items in a plant, asset managers should manage ageing of all assets, but with a
special focus on safety and production critical assets with a high consequence of failure. Non-operating legacy
plant also requires management until it is removed. This report provides a framework of the competencies and
processes required to proactively manage ageing of nuclear chemical facilities within the context of asset and
safety management.
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Executive Summary
To manage ageing effectively requires a culture change from “find and fix” to “predict and preserve”.
Organisation, competence, understanding and planning: act now to change the future!
Introduction
Managing ageing plant effectively requires a paradigm shift in the way that asset condition is
regarded, assessed and maintained. The conventional approach to asset management is often
reactive. The focus is on carrying out work that must be done now, rather than work that will prevent
future problems. The result is often unanticipated failures, long backlogs of maintenance work and no
time to carry out the preventative maintenance which would alleviate many of the problems.
To effectively manage ageing and ensure that assets operate efficiently and safely requires a
proactive approach with a thorough understanding of asset ageing mechanisms and condition and the
ways in which assets interact. Competency and organisation of the people responsible for asset
management and knowledge management are the keys to ensuring that this understanding of current
and predicted asset condition is used when making asset management decisions.
Since ageing occurs to all items in a plant, asset managers should manage ageing of all assets, but
with a special focus on safety and production critical assets with a high consequence of failure. Nonoperating legacy plant also requires management until it is removed. They should also realise that the
cost and effort required to correct a large number of low consequence failures is still significant.
Who needs to read this report?
The report focuses on the competencies and processes required to proactively manage ageing in
nuclear chemical facilities. Everyone involved in the process will benefit from reading this report:
practicing engineers in Engineering, Inspection and Maintenance departments, Technical and Design
Authorities, Asset Managers and Systems Engineers in Asset Management roles, through to Site
Senior Management ultimately responsible for setting policy and strategy, resources and safety.
Rather than being a prescriptive set of rules, this report is intended as a hands-on resource,
describing what is required to effectively manage ageing within the wider context of asset
management. Typical issues will be: What justification is there for continued use? Is the safety case
valid for extended life? Have budget plans been made for increased inspection and maintenance?
The focus is on competencies required by individuals and organisations and the processes needed to
implement effective ageing management. There is a large quantity of practical information on all
aspects of ageing management. The report does not claim to be applicable to every site and situation.
It is not an official guidance document, but intended to be useful to all sections of the workforce.
How to use this report
The main body of the report covers a number of topics in detail: relation to asset management;
processes; organisation, roles and competencies for ageing management; knowledge management
and hierarchical databases; risk based categorising of asset condition; condition assessment and
scoring; role of inspection and NDT techniques; methods for prioritising defects and remedial work
based on risk profiles; managing ageing for non-operating plant.
The report may be read sequentially from start to finish. Alternatively, each section is sufficiently selfcontained that the specific sections can be read in isolation. Appendix A is an audit tool which aims to
help asset managers (and senior managers and inspectors) assess the effectiveness of their current
ageing management programme.
Other appendices pick out important aspects of relevant areas. Appendix B summarises the concept
and theory of ageing and ageing management. Appendix C provides flow charts detailing each step of
the ageing management process (from screening assets to condition assessments, the ageing model,
the asset management plan and use of the data collected). Appendix D is a compendium of
degradation mechanisms relevant to ageing nuclear plant, grouped by facility. It describes each
degradation mechanism, the potential consequences and how best to detect the degradation. Finally,
Appendix E provides information about non-destructive testing techniques relevant to ageing assets.

1

Introduction

1.1

Background
The UK nuclear sector has facilities for chemical processing and storage where proactive
asset management is needed to achieve its strategic objectives. The Nuclear
Decommissioning Authority (NDA), which owns some of the facilities, is therefore putting in
place an asset management policy with the relevant Site Licensed Companies (SLCs). This
policy is based around the British Standard Publicly Available Specification 55 (PAS 55) for
Asset Management [BSI, 2008a] Owners and licensees of other UK nuclear sites are
putting similar arrangements in place.
Incidents at nuclear licensed sites due to the unforeseen ageing of components continue to
occur, and there is concern about the effects of ageing in the future. There has been a
legacy of poor asset management at some sites, which is now being rectified. Against this
background, the Office for Nuclear Regulation (ONR) realised there would be benefit in
extending the existing information on the management of ageing for process plant [HSE,
2006] to cover the types of facilities and ageing hazards present at all nuclear licensed sites
In 2006 the UK Health and Safety Executive (HSE) published Research Report 509 entitled
Plant Ageing: Management of equipment containing hazardous fluids and pressure [HSE,
2006a]. The report was directed towards the ageing installations in the oil refining, process
and chemicals industry sectors. RR 509 has proved to be highly influential in these sectors
in raising the profile of ageing as something that needs to be proactively managed as part
of an asset management strategy for achieving safety, availability and life extension.
ONR therefore commissioned this report to examine the procedures and practices
necessary to identify and assess ageing within the overarching asset management
processes of PAS 55. It would collate information on good practices for the management of
ageing that SLCs across the nuclear industry could use to achieve their strategic objectives.
ONR site inspectors would also find it assistance when making statutory inspection visits.
It was not ONR’s intention that this report would constitute any form of official guidance to
licensees and readers should not interpret it in this way. Nor does the report provide a
means for meeting nuclear site licence conditions, which are more wide ranging than the
management of ageing topics discussed in this report. The essential aims of the report are
to improve understanding and awareness of ageing in the nuclear sector, to collate and
share good engineering practices across the sector and to provide a generic description
and terminology for ageing management that will assist dialogue and promote discussion.
The SLCs recognise the issues and are implementing PAS 55 by building on long standing
arrangements for the management of assets at their sites. PAS 55 sets out the general
principles for asset management within a generic industrial business context. It is therefore
a good basis from which to build a framework for the management of ageing of nuclear
facilities. This report builds on PAS 55 by providing more detailed practical information on
the management of ageing of nuclear chemical facilities.
These developments are within an international context where the management of ageing
of nuclear power plant has received considerable attention. The International Atomic
Energy Authority has issued a series of safety reports and standards on ageing
management programmes and there have been comparable developments in the US and
elsewhere. The extension of RR 509 to nuclear chemical facilities within this report has
taken due cognizance of these developments and is consistent with their general approach.

1.2

Nuclear Chemical Facilities
Within this report, nuclear chemical facilities comprise all nuclear fuel cycle facilities and
infrastructures that do not directly involve power generation. They are found at nuclear
licensed sites manufacturing, reprocessing and storing nuclear materials and at sites
decommissioning non-operating equipment. Nuclear chemical facilities can also be found at
nuclear power generation sites in areas such as ponds, fuel handling and laboratories.
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Safety and availability for production of nuclear chemical facilities are vital requirements for
the nuclear industry. These facilities control the fuel cycle and they can have a significant
impact on power generation if they are not available. Maintaining production and through
put, and timely decommissioning, are essential to the economics of the nuclear industry in
the UK and elsewhere. Nuclear chemical facilities are essential to the achievement of the
strategic objectives of the sites, management companies and governmental authorities.
Nuclear chemical facilities create special challenges when ageing degradation occurs, or is
suspected, due to the nature of radioactive materials and radiations. The consequences of
incidents, leaks, failures and accidents have the potential to impact worker and public
health, national economics and the world-wide industry. Radioactive decay and half-life set
the optimum time for decommissioning: current thinking is that present facilities may need
to be kept serviceable for over a hundred years.
Many existing nuclear facilities were designed and constructed at a time where ageing was
not a principal consideration. The time to construct facilities was often foreshortened by
national need, with the results that build standards, data and operating records, particularly
for buildings, utilities and peripheral equipment, were not of the quality that we would expect
today. Some equipment is now over fifty years old and replacement can be difficult if not
impossible when integrated in with nuclear systems.
The problem of complexity is not unique to the nuclear industry, as refineries and chemical
works also have large numbers of items under ageing management. However, nuclear
facilities tend to be more varied in terms of their design and operating conditions, and there
is rarely the volume of similar items operating under similar conditions to provide a
benchmark of operating experience. The approach to ageing management of specialist
nuclear chemical facilities thus needs to be more bespoke than systemised with an ageing
management programme developed for each facility.
1.3

Challenges of managing ageing at nuclear sites
The management of ageing of nuclear chemical facilities is not a short term process: by the
nature of radioactivity it requires a long term vision and approach. The key differences of
nuclear chemical facilities from other industrial installations are the requirements for
shielding, containment and the difficulty of gaining access for inspection and maintenance.
Special safety concerns and hazards, environments, ageing mechanisms and legacy
liabilities require a strategic approach based on likelihood of ageing and consequence.
An ageing management strategy needs to address all risks from ageing on a nuclear site
over a long timescale. Insufficient knowledge and lack of prior experience about ageing
may require precautionary actions in terms of extra inspection, maintenance and testing,
which can be costly in terms of resources until sufficient information is gained.
Maintaining continuity in management and corporate knowledge must be matched with the
development of new methods and techniques for monitoring and managing ageing. The
generation of new knowledge from research into long term ageing processes and
surveillance of materials is a key aspect. Long range inspection, the ability to carry cameras
into highly radioactive areas using robots, and understanding of atmospheric induced stress
corrosion cracking are examples of the kinds of technology that will be needed.

1.4

Control of hazards at nuclear sites
The detrimental and insidious effects of radioactive particles and radiations on human
health and other organic media differentiate nuclear materials from all others.
Containment of hazardous particles and radiations and the materials and reactions
generating them is at the heart of nuclear safety. Containment of radioactivity is achieved
by means of multiple barriers and shielding. Other hazardous substances generated by
nuclear processes also require containment, such as the toxic heavy metals, and hydrogen
generated in storage ponds and silos, where containment of an inert gas such as argon
prevents explosions. In order that containment can work, other conditions must be met.
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Irradiated nuclear fuel and other highly radioactive materials generate substantial heat from
on-going nuclear reactions, which if not controlled can led to excessively high temperatures
and melting. Cooling is often required in order to keep the temperature under control.
Typical cooling is achieved by means of ventilation or by immersion in water in open ponds
or in closed tanks with heat exchangers. Failure to cool can result in overheating, breach of
containment, fire and the release of radioactive material to contaminate the environment.
Criticality is when a critical mass of fissile material is brought into close proximity to produce
a self-sustaining nuclear chain reaction. Except under the controlled conditions of a nuclear
reactor, criticality is to be totally avoided, as it rapidly releases significant energy through
heat and further radiations. In order to prevent criticality, fissile nuclear material is
separated by means of physical barriers, absorbers or shielding or administrative
measures. The integrity of these barriers is therefore vital to nuclear safety.
Control of the material giving rise to radioactive particles and radiations so that it is in its
intended state and place is the fourth pillar of nuclear safety. This control involves
knowledge of the volume, composition and constituents of the material and its radioactivity
and its whereabouts and disposition. Control depends on the instrumentation and actuating
devices of pumps, valves, flow meters and level gauges performing correctly and reliably.
Thus, to summarise, the four pillars (four Cs) for nuclear safety are:
•
•
•
•

Containment - of radiation, radioactive materials, contamination and inert cover gases
Cooling - of radioactive and irradiated materials generating heat
Criticality-prevention – by separation and storage of fissile material
Control - of processes affecting the inventory and deposition of radioactive materials

In addition to radiation, the environments in nuclear facilities present a range of other
hazards that are also very severe. Chemicals and materials used in fuel manufacture and
reprocessing can be highly exothermic and oxidising (zirconium, flammable organic
solvents), highly corrosive (strong acids and alkalis), and highly toxic (heavy metals such as
cobalt, and uranium and plutonium compounds). Operating temperatures in some
processes can be extremely high, although pressures tend to be moderate.
Control of each of these hazards depends on the physical integrity of the fabric of the
relevant facilities and the knowledge and human resources available to manage that
integrity. Ageing can undermine any of these if not properly managed. Thus there is a direct
link between ageing and the control of nuclear hazards to maintain safety and production.
1.5

Types and environments of nuclear chemical facilities
‘Facilities’ is the term used to describe the structures, systems and components comprising
the nuclear fabric of the site. This report is about the types of facility whose failure can
impact directly or indirectly the control of nuclear hazards by means of the four Cs and the
continuity of production. All disciples are covered: mechanical, civil and electrical etc.
Equipment providing direct containment of radiation and radioactive materials includes
process vessels, tanks and piping, waste storage/disposal canisters, but also shielding
walls, ponds, glove boxes and positive pressure ventilation, seals and filtration systems. It
may extend to buildings and floors, doors and windows and all openings and pathways to
the external environment. Clothing and other personnel barriers may also be counted.
Cooling may depend on the equipment such as ventilations systems, fans, compressed air,
containment of water in open ponds and the water and electrical supply. Water in tanks and
silos is kept cool by means of heat exchangers and their water supplies and pumps.
Criticality is prevented by facilities such as fuel racks, absorbers, and segregated process
streams. Control depends on the electrical systems and instrumentation and actuating
devices such as pumps, valves, flow meters and level gauges.
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In addition, utilities and secondary systems can be essential to maintaining adequate levels
of cooling of radioactive or irradiated material and whose failure from ageing mechanisms
could create nuclear hazards indirectly or after an elapsed period of time. These systems
include civil structures such as buildings and pipe bridges, cranes and skip handlers, flasks,
steam heating and water cooling, ventilation and air conditioning systems, water mains and
drains, piping supports, electrical supplies and site radiation detectors, monitors and alarms
as well as communications and emergency equipment.
In addition to the behaviour of the facilities designed to achieve the four Cs, a nuclear
safety case is also required to assess operations and interactions where these could
indirectly affect the four Cs. Thus, there is a need to consider other facilities and equipment
and protect against events outside the design basis. For example, cranes and skip handlers
may be critical to prevent a dropped load onto nuclear containment, or convey a load
requiring cooling within a certain time. Redundant facilities can impact those still operating.
A wide range of materials are present on nuclear sites, including special grades, exotic
alloys and out-of date specification. The use of stainless steels for process plant and piping
and of concrete for tanks, ponds and shielding is particularly prevalent. Non-metallic
materials such as elastomeric material for seals and gloves, plastics for insulation, ceramics
in high temperature environments, and glass (for glove boxes) also play a vital role.
Environments may range from the closely controlled radioactive environment, where there
may also be high temperatures and strong acids, to the uncontrolled external environment
which may include harsh weather conditions and the effects of seawater if the facility is
located on the coast. The consequences of these materials and environment combinations
include general corrosion, creep and environmental stress corrosion cracking of different
kinds. The longevity of nuclear chemical facilities means that degradation mechanics have
the time to develop in ways not seen elsewhere.
1.6

Relevance of ageing within UK nuclear regulatory framework
Certain nuclear installations and operations are restricted to licensed sites under the
Nuclear Installations Act 1965 [HMG, 1965]. A license to use such a site is granted by the
relevant statutory authority. Conditions are attached to nuclear site licenses [HSE, 2008a].
An understanding of ageing and the management of ageing is relevant to fulfilment of
licence conditions and associated official guidance. Licence conditions are wide ranging
and the information given in this report is not on its own sufficient to meet licence
conditions, nor does it constitute guidance. The relevance of ageing to licence conditions 15
and 28 and within the Safety Assessment Principles and Technical Assessment Guide 16 is
summarised below. However, the reader should be aware that asset management and the
management of ageing are also relevant to meeting other regulatory requirements.
Licence Condition 15 (LC15) requires a nuclear licensee to ‘make and implement adequate
arrangements for the periodic and systematic review and reassessment of safety cases’ for
submission to the Executive (Office for Nuclear Regulation) for approval. The normal period
for a Periodic Safety Review is every 10 years, although the Executive can direct a review
is undertaken at such intervals within such a period as may be specified in the direction.
Safety cases are live documents and may change as a result of the asset management
plan, plant configuration and duty, acute ageing and degradation effects, and obsolescence
and manpower issues. A well implemented asset management plan and understanding of
ageing will provide essential information into the Periodic Safety Review process.
Licence Condition 28 (LC28) imposes requirements with regard to the examination,
maintenance and testing of all plant which may affect safety. This condition is operative
throughout life, but clearly more work may be required to fulfil it as a plant ages or is in a
degraded non-operating state waiting final decommissioning. The conduct of inspections is
discussed in Section 4.1 of this report. In addition to LC28, there are also other statutory
requirements to inspect plant, buildings and other systems and equipment under relevant
industrial and environmental regulations (eg PSSR, LOLER, PUWER etc).
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The Safety Assessment Principles (SAPS) for Nuclear Facilities [HSE, 2006b] require that a
Safety Case should be actively maintained throughout each of the life-cycles stages, and
updated to incorporate changes, including those arising from time-dependent degradation
(SC7 Para 99). SAPS (EAD.1 to EAD.5) recognise that as a facility ages, plant safety
margins may be eroded. While remaining lifetime time-at-risk arguments may be invoked,
they should not be used to make a case for a facility to operate outside legal requirements.
HSE Nuclear Technical Assessment Guide 016 [HSE, 2008b] provides further guidance on
ageing and degradation in section 4.13. It specifically requires that each nuclear facility
should have an Ageing Management Programme. The safety case for nuclear facility
components needs to include a suitably conservative consideration of the effects of ageing
and degradation on safety margins through plant operating life, including decommissioning.
TAG 016 references the relevant IAEA guidance on the management of ageing.
1.7

ALARP principle
It is a principle of the UK regulatory system for health and safety that risks from the
workplace should be reduced to a level ‘as low as reasonably practicable’, or ALARP. This
concept of ‘reasonably practicality’ involves weighing a risk against the sacrifice in terms of
the trouble, time and money needed to control it. Thus, ALARP describes the level to which
regulators expect to see workplace risks reduced and the degree of effort to be expended.
The concept and interpretation of reducing risks ALARP is discussed in various HSE
publications. The most important of these are Reducing Risks Protecting People (R2P2),
[HSE, 2001a], and the three ALARP guidelines [HSE, 2001b; 2003a; 2003b]. The
demonstration of reducing risks ALARP is considered for the nuclear industry in the HSE
Nuclear Technical Assessment Guide 005 [HSE, 2009a], and more generally in these HSE
publications [HSE, 2008c and HSE, 2008d].
In reflecting legitimate societal concern, regulators, such as the HSE, often attach greater
weighting than would appear to be proportionate to reducing the probability of failure, (by
inspection or other means) when the health and safety consequences are potentially high.
This addresses the socio-political dimension that is less scientifically based, but is no less
real to those who perceive or are influenced by it. The weighting is of particular relevance to
managing the risk from ageing of high hazard plant, materials and environments.
A regulator will often challenge a Duty Holder with the questions: What are you doing? Can
you do better? If so, why are you not doing it? The Duty Holder will need to justify that that
the measures being taken are proportionate to address the risk to the limit of reasonable
practicality. A tiered and graduated response in accordance with the risk is appropriate.

1.8

UK regulatory framework for environmental permits and protection
Nuclear sites are subject to the Environmental Permitting Regulations [SI, 2010] allowing
the disposal of certain radioactive wastes into the environment. In some cases the
regulations also permit other activities involving non-radioactive contaminated materials,
such as discharges to controlled waters. Before operators can dispose of radioactive waste,
and undertake other activities covered by the regulations, they need to apply for and be
granted a permit.
In relation to radioactive waste, permits under these regulations require operators to use
‘best available techniques’ (BAT) to minimise (a) the activity of radioactive waste produced
(b) the activity of waste discharged to the environment and (c) the resulting radiological
impact. The requirement to use BAT applies to all aspects of a nuclear facility which bear
on the production, treatment and disposal of radioactive waste.
BAT is defined to include the way in which an installation is designed, built, maintained,
operated and dismantled. The expectation is that the techniques used are, and are
maintained at, “the latest stage of development“ or "state of the art". With older designed
equipment there is the expectation that ageing and obsolescence will be managed
according to BAT in order to minimise permitted disposals and discharges.
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The Radioactive Substances (Environmental Principles) Regulation [EA, 2011] sets out
general expectations for the protection of the environment, and more specifically on "ageing
and degradation" in section ENDP8. This requires that there should be adequate margins
against ageing and degradation in relation to environmental protection functions and the
avoidance of leakages and inadvertent discharges. Suitable programmes should be in
place for monitoring and assessing the degree of ageing and degradation of equipment in a
containment role and the adequacy of the remaining margins in the degraded state.
1.9

International guidance
The International Atomic Energy Agency (IAEA) has a comprehensive set of generic safety
guides and publications on the management of ageing of nuclear power plant (NPP). The
IAEA safety guides and publications are useful references and their principles are sound.
Application at sites with nuclear chemical facilities requires careful interpretation, since the
organisation, management structures, types of facility and operating regimes at these sites
could be significantly different to those of nuclear power plant.
IAEA Safety Guide No NS-G-2.12 [IAEA, 2008] on Ageing Management of Nuclear Power
Plant provides recommendations on meeting the IAEA’s requirements for the management
of the ageing of Systems Structures and Components (SSCs) important to plant’s safety. It
is intended for use by nuclear power plant (NPP) operators establishing Ageing
Management Programmes and for regulators in setting standards and verifying that ageing
is being effectively managed.
Another publication particularly relevant for chemical plant is that on ageing of
instrumentation and control cabling [IAEA, 2000]. The IAEA has also produced Guidelines
for Ageing Management Assessment Teams (AMATs) [IAEA, 1999]. These guidelines
provide a structure and criteria that enable independent audits of Duty Holders’ Ageing
Management Programmes to be undertaken and assessed at three different levels.
Good reference material will also be found in the US Electric Power Research Institute
(EPRI) database [EPRI, 2011]. This database contains a large number of reports on best
practice for asset management to support extension of operating lifetimes. The US Nuclear
Energy Institute [NEI, 2005] has published a process description and guideline for nuclear
asset management, and the Institute for Nuclear Power Operations has produced a process
description for equipment reliability [INPO, 2000].
These documents represent internationally accepted good practice and many plant owners
and operators using them. In addition to this report, Duty Holders are recommended to
ensure all system owners and the relevant technical teams are aware of these documents
and what they contain. They are encouraged to develop their own interpretation and
practices appropriate to their own organisation and customer objectives.

1.10

Relationship of this report to other information on the management of ageing
This ‘stand-alone’ report is intended to give information specific to the management of
ageing of a wide range of nuclear chemical facilities and other related assets.
Other information on the management of ageing also exists, although this is not specific to
nuclear facilities. Users with a particular interest in the containment of stored energy and
hazardous fluids will find HSE Research Report 509 [HSE, 2006a] relevant as it deals
specifically with managing ageing of pressure and process plant. The four part structure
and audit tool (Appendix A) of this document mirror that of HSE Research Report 509 so
users may cross reference the two documents as required.
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2

Management of Ageing

2.1

Relationship to asset management

2.1.1

Asset management
Within an organisation there are typically five broad categories of asset types that have to
be managed sustainably and holistically in order to achieve the organisation’s strategic
plan. These categories are: physical assets, financial assets, information assets
(procedures, codes and standards etc), human assets and intangible assets (reputation,
goodwill etc). This document is primarily concerned with the physical assets of nuclear
chemical facilities (such as vessels, pipes, ponds, cranes buildings etc): interfaces with the
other asset types are important if the management of physical assets is to be optimised.
Asset management is the process of controlling assets in a systematic way. It typically
involves balancing the cost (of acquiring and maintaining the asset), risks (associated with
asset failure or unavailability) and functionality of the asset in order to achieve business
objectives within a strategic lifetime framework. Across the UK nuclear industry asset
management is now recognised as providing a good basis from which to achieve its
strategic objectives.
British Standard Publicly Available Specification 55 (PAS 55) for Asset Management [BSI,
2008a] is a generic management system for optimising the management of assets. It
comprises the specification and guidelines on application. PAS 55 is aimed at optimising
the achievement of business objectives in any organisation where physical assets are a
critical factor. Asset management is defined as the ‘systematic and co-ordinated activities
and practices through which an organisation optimally and sustainably manages its assets
and asset systems, their associated performance, risks and expenditures over their life
cycles for the purpose of achieving its organisational strategic plan’.
The term asset management therefore covers the high level processes for managing the
creation, utilisation, maintenance and decommissioning and/or disposal of assets within the
strategic objectives and management of the organisation. PAS 55 acknowledges the
concept of asset-related deterioration and the need for reactive and proactive monitoring
through timely and periodic checks against leading and lagging performance indicators. It
specifies root cause analysis to investigate critical asset-related failures or incidents.
Many other industrial sectors with ageing assets are adopting PAS 55 as the basis for asset
management and prioritisation. The NDA are assessing asset care programmes at its sites
against PAS 55 and PAS 55 is also in use at other UK nuclear sites. PAS 55 is a good
basis for managing assets over very long timescales. It specifies what needs to be done in
general terms, but does not specify how to do it, or emphasise the need to be proactive
where the risks are high. It is not specific to any particular industry sector or type of asset.
This report gives a framework for managing ageing that highlights the rigor and detail
required to identify and assess ageing on high hazard nuclear plant. The information in this
report complements and falls within PAS 55 and other approaches to asset management.
The report is not a guide to asset management or any substitute to the use of PAS 55.

2.1.2

Asset integrity management
The management of asset integrity is an essential part of the wider process of asset
management and a key element of safety management where the assets have a safety
related function. It subsumes the processes of ageing management, but is not wholly
concerned with ageing. Asset integrity management is the process to ensure that a physical
asset functions with required integrity performance in terms of functionality, availability,
reliability, survivability and interdependence over the required life of the asset.
The integrity of a physical asset can change during its life through age related degradation
and obsolescence. It can also be affected by non-age related events such as extreme
weather or the modification of systems. The required functionality and performance may
change as a result of new system requirements, different environments etc.
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Asset integrity management covers many of the activities of ageing management, such as
degradation risk analysis, inspection and condition assessment, maintenance and
remediation, and major repairs and replacement. There also needs to be an analysis of
whether this investment is efficient and cost effective. Independent third party verification of
asset integrity for current purpose and assessing the ability of assets to survive extreme
loadings or events may also be a requirement in some instances.
Life extension of plant and facilities beyond original design life is a process of asset integrity
management relevant to many long established nuclear sites. While ageing is a key part of
this process there is an interaction of asset integrity with the lifetime plan to consider.
2.1.3

Lifetime plans
The Lifetime Plan (LTP) converts the strategic objectives for the assets into plans of actions
for delivery that incorporate the Ageing Management Programme as part of the approach to
risk management. The drivers are the strategic objectives as agreed with the government,
regulators and business stakeholders. The LTP can provide a reference point for managing
change should assets not perform as anticipated, by for example, unforeseen ageing.
The LTP specifies the future existence, requirement for, functionality and state of each
asset not only during operation but also through its decommissioning phases. Some assets
may have ceased operation but are required to be maintained until they can be removed.
Furthermore, some assets may be required for much longer than would be expected.
The requirement and role for an asset may change in time. A building which at one time
served as secondary containment may become the primary containment when internals are
removed. A crane may not be needed for many years until its availability becomes a vital
part of the decommissioning operation. These aspects need to be foreseen within the LTP
so that an appropriate strategy may be put in place.
The rate at which assets are deteriorating may force decisions about early
decommissioning or interventions. Management information will inform the LTP with clearly
identified costs for the safe upkeep and improvement plans, and allow different options to
be explored. Failure to adhere to the LTP almost always involves additional costs and risks.

2.1.4

Performance indicators and metrics
According to PAS 55, and other asset management standards, the organisation “shall
establish, implement and maintain processes and/or procedures to monitor and measure
the performance of the asset management system and/or the condition of the assets and/or
asset systems”. The processes and/or procedures shall provide for the consideration of:
• Reactive monitoring – identifies non conformity in the asset management system after
deterioration, failures or incidents have taken place
• Proactive monitoring – provides assurance that asset management systems are
operating as intended
• Leading performance indicators – provide forewarning of non-compliance with
performance standards
• Lagging performance indicators – enable detection of failures of the asset management
system from incidents and/or deficient performance of assets
• Qualitative and quantitative measures – judgment and numerical metrics may be used
• Monitoring the effectiveness and efficiency of the asset management system (eg in
terms of cost and resource)
• Recording of monitoring and measurement data to facilitate analysis of problems for
continual improvement.
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Thus performance indicators and metrics can cover both the asset management system
and the assets themselves. They should be used in conjunction with defined performance
standards which specify the minimum standard of performance to be achieved. These can
relate to the performance of the asset management system (eg maintenance backlog or
number of deferred inspections, existence and review of policy and strategy) or the asset
condition in terms of functionality, availability, reliability, survivability and interdependence.
A similar approach is adopted in other industry sectors [EI, 2009, OMAE 2011].
2.1.5

Context of the ageing management framework
This report builds on PAS 55 by providing supplementary information on the management
of ageing for nuclear chemical facilities. It is consistent with international guidance on the
management of ageing from the IAEA and other sources in terms of the organisation, rigor,
competences and practical means required for ensuring that the risk to nuclear safety is as
low as reasonably practicable (ALARP). It highlights the importance of understanding and
identifying ageing through condition assessment and inspection, and gives insight into
addressing ageing through the categorisation of asset condition, an Ageing Management
Programme, assessment of defects and prioritising remedial actions.
The report is intended to be useful to many personnel across a site including Duty Holders
and managers, professional engineers and technicians and practitioners. There is a
considerable quantity of practical information on all aspects of ageing management, but the
report does not claim to be an exhaustive compendium or to be prescriptive or applicable to
every site and situation. It is intended to stimulate awareness and action for the
management of ageing and to provide a reference point or roadmap whereby an individual
or organisation can navigate and relate within a wider context.
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2.2

Essentials of ageing management

2.2.1

Scope
It is contended that the effects of environment and service will in time degrade assets to a
level of physical condition or performance where actions over and above periodic routine
maintenance are required to keep the asset fit-for-service for the remainder of its life. This
is the concept of an ‘ageing asset’. The concept is recognised more readily in some
industry sectors (for example in the aircraft sector) than in others.
The characteristics of an ‘ageing asset’ are defined in HSE Research Report 509 on Plant
Ageing [HSE, 2006a] as when:
• Damage due to degradation has accumulated and may have become widespread
across multiple sites and be accelerating.
• Design or performance margins may have eroded to a point where future acceptable
performance cannot be assumed.
• A different more quantitative approach to inspection and NDT may be necessary for
determining the extent and rate of damage to demonstrate fitness-for service.
• Proactive ageing management and asset care is required through revalidation, major
repairs, refurbishment and replacement of key items at various times.
In addition to the physical ageing of assets, lack of knowledge or history due to retirement
of key personnel or loss of corporate memory or records can be just as much of a problem.
Obsolescence and a lack of spare parts or the disappearance of the original equipment
manufacturer or non-conformance with current safety requirements, codes and standards
and procedures may also be indications of an ageing asset. It no longer becomes possible
to predict future performance from design and past service.
Ageing management is the part of asset integrity management which focuses on the ageing
issues during operation and during the post operation phase until the asset is finally
decommissioned. It is the process adopted to identify and control asset degradation and
failure from deterioration due to the environment and/or age of the asset. It includes a range
of activities which allow potential threats from ageing to be recognised and managed.
Controls to prevent or mitigate ageing comprise a mixture of activities including optimised
operation, maintenance and asset care. The management of ageing is also concerned with
research into failure rates and characteristics. The effort expended to manage ageing can
be linked to the nature and likelihood of degradation and the consequences of asset failure
or unavailability. All the activities required to manage ageing need to be co-ordinated
through an Ageing Management Programme within a total asset management plan.

2.2.2

Stages of ageing
Ageing of assets is conceptually represented using the ‘bathtub’ curve. This represents the
probability or rate of failure of a population of assets over its life. Here ‘failure’ should be
broadly interpreted to mean any state where the asset does not perform as required, or is
not fit for service, or where remedial work is required. The shape of the curve reflects the
rate of degradation and the effect of accumulated damage on operating margins: it is a
symptom of typically poor asset management without ageing management interventions.
An example of a bathtub curve is shown in Figure 1. Asset life can be divided into four
stages of ageing according to the position on the curve. Early life wear out is followed by a
more stable period until the effects of ageing degradation become more prominent and the
failure rate markedly increases towards end of life. Each stage requires a different
approach to the ageing management, inspection and maintenance. The four stages are:
•
•
•
•
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Figure 1 Probability of failure rate of a large population of equipment, known as the bathtub
curve, showing the stages of ageing.
More information can be found in HSE Research Report 509 [HSE, 2006]. Tables
describing the four stages of ageing in more detail have been included in Appendix B for
reference. Appendix B also includes a table of risk factors that may enhance ageing.
While the management of ageing applies throughout life, Stage 3 is where proactive ageing
management intervention can be of most benefit. Stage 3 can be identified with design
limits approaching, evidence of active deterioration and increasing degradation rates,
repairs and modifications, and when corporate knowledge about its past service history
may be declining. At this stage it becomes more important to have greater confidence and
control in the condition through a more quantitative and frequent inspection and NDT.
2.2.3

Concept of an Ageing Management Programme
IAEA Safety Guide No NS-G-2.12 [IAEA, 2009] provides recommendations on meeting the
requirements in respect of the management of the ageing. Proactive ageing management
may, in practice, be accomplished by co-ordinating existing programmes within a
systematic defined and recognised management framework. It is an activity that goes well
beyond traditional reactive plant management and maintenance.
The concept of an Ageing Management Programme (AMP) is illustrated in Figure 2.
Understanding ageing of the components lies at the heart of the concept. It is the driver for
planning a programme of relevant activities and actions, operating the system to minimise
and monitor degradation, checking periodically the condition and keeping records, and
taking action in response to ageing effects, including obsolescence issues.
On its own the concept does not define the organisational arrangements to put an Ageing
Management Programme (AMP) in place. Ideally these should be put in place at the design
stage, but for plants already in operation this is not possible. The Safety Guide presents
guidance and recommendations on a systematic approach to managing ageing of systems
structures and components (SSCs) and lists the following steps to establishing an AMP.
•
•
•
•
•
•
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Establishing a suitable system for data collection and record keeping
A process for screening SSCs for proactive ageing management
A review of existing arrangements and understanding/data for ageing management
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PLAN
2. Development and optimisation of
activities for ageing management of
a structure/component
Preparing, coordinating, maintaining
and improving activities for ageing
management:
•
Improve
effectiveness
of ageing
management
programmes

ACT
5. Maintenance of a
structure/component
Managing ageing
effects:
•
•
•
•
•

Preventive
maintenance
Corrective
maintenance
Spare parts
management
Replacement
Maintenance
history

•
•
•

Document regulatory requirements
and safety criteria
Document relevant activities
Describe coordination mechanisms
Improve effectiveness of ageing
management based on current
understanding, self-assessment
and peer review

1. Understanding ageing of a
structure/component
Key to effective ageing management
based on the following information:
•
•
•
•
•
•
•
•
•
•

Materials and material properties,
fabrication methods
Stressors and operating conditions
Ageing mechanisms
Sites of degradation
Consequence of ageing
degradation and failures
R&D results
Operational experience
Inspection/monitoring/maintenance
history
Mitigation methods
Current status, condition indicators

Minimise
expected
degradation

DO
3. Operation/use of a
structure/component
Managing ageing
mechanisms:
•

•
•
•

Operation according
to procedures and
technical
specifications
Chemistry control
Environmental
control
Operating history,
including transient
records

CHECK
4. Inspection, monitoring and
assessment of a
structure/component
Mitigate
degradation

Detecting and assessing ageing
effects:
•
•
•
•
•
•

Check for
degradation

Testing and calibration
Pre-service and in-service
inspection
Surveillance
Leak detection, vibration
monitoring, etc.
Assessment of functional
capability/fitness for service
Record keeping

Figure 2 IAEA concept of ageing management programme.
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2.2.4

Attributes of an Ageing Management Programme
An AMP may be considered at a whole system level or at a structure or component specific
level. The development of the AMP requires an engineering assessment taking into account
the applicable design basis, risk and regulatory requirements together with information on
the degradation and the influencing factors and models. An AMP has the following
attributes under each of which there is a defined programme of activities (Table 1).
• Scope of the AMP (selection of SSCs and understanding of ageing)
• Preventative actions (operating procedures/controls to minimise ageing)
• Detection of ageing (inspection, testing, plant monitoring)
• Monitoring of trends (data analysis, predictive analysis etc)
• Acceptance criteria (Performance standards, Incredibility/probability of failure
•
•
•
•

Mitigation actions (maintenance, repairs, replacement etc)
Corrective actions (revised operating procedures, de-rating, refurbishment)
Feedback of operating experience (failure database)
Quality management (record keeping)

The scope of an AMP needs to cover all relevant assets whose performance can impact
safety and availability, including equipment that would not normally receive much attention,
and all design transient and postulated conditions, and all credible ageing mechanisms.
The term Ageing Management Progamme is very close to the term Asset Management
Plan used in PAS 55. To avoid confusion, the acronym AMP refers in this report exclusively
to the former and is a programme of works to manage ageing. An asset management plan
should describe how an asset is to be managed so as to achieve the business objectives,
which will include optimising the management of risk to cost over the period of ownership.
2.2.5

Role of research and development in ageing management
Research and development are particularly important in the nuclear industry due to the
large number of unusual material/environment combinations and lack of previous
experience of these materials in these particular environments. Where there is no previous
experience, research is needed to understand materials properties and performance to fully
control and manage the asset. Understanding of ageing over long timescales is not well
developed, and there can be an important role for predictive modelling where testing is not
feasible.
The complex issues surrounding inspection, such as lack of access and the radioactive
environment, may require novel inspection techniques to be developed. If a defect is
detected, appropriate and validated assessment methods must be used to ascertain the
component’s fitness for service, depending on the particular combination of materials, flaws
and loading conditions. While assessment of crack-like defects in nuclear components is
well established for nuclear power plant components, there is an on-going need to develop
methods targeted at the specific issues and materials of nuclear chemical facilities.
Providers of research and development include universities, research and technology
organisations and in-house departments. They can also be an important external resource
in the management of ageing (see Section 2.4.7). Research and development can play an
important role in facilitating information sharing across the nuclear industry and with other
industrial sectors.
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Table 1 Attributes of an ageing management programme
Attribute
1. Scope of the ageing
management
programme based on
understanding
ageing

2. Preventive actions to
minimise and control
ageing degradation

3. Detection of ageing
effects
4. Monitoring and
trending of ageing
effects
5. Mitigating ageing
effects
6. Acceptance criteria
7. Corrective actions
8. Operating
experience feedback
and feedback of
research and
development results
9. Quality management
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Description
• Structures (including structural elements) and components
subject to ageing management
• Understanding of ageing phenomena (significant ageing
mechanisms, susceptible sites):
- Structure/component materials, service conditions,
stressors, degradation sites, ageing mechanisms and
effects
- Structure/component condition indicators and
acceptance criteria
- Quantitative or qualitative predictive models of relevant
ageing phenomena
• Identification of preventive actions
• Identification of parameters to be monitored or inspected
• Service conditions (ie. Environmental conditions and
operating conditions) to be maintained and operating
practices aimed at slowing down potential degradation of
the structure or component
• Effective technology (inspection, testing and monitoring
methods) for detecting ageing effects before failure of the
structure or component
• Condition indicators and parameters monitored
• Data to be collected to facilitate assessment of structure or
component ageing
• Assessment methods (including data analysis and trending)
• Operations, maintenance, repair and replacement actions to
mitigate detected ageing effects and/or degradation of the
structure or component
• Acceptance criteria against which the need for corrective
action is evaluated
• Corrective actions if a component fails to meet the
acceptance criteria
• Mechanism that ensures timely feedback of operating
experience and research and development results (if
applicable), and provides objective evidence that they are
taken into account in the ageing management programme
• Administrative controls that document the implementation of
the ageing management programme and actions taken
• Indicators to facilitate evaluation and improvement of the
ageing management programme
• Confirmation (verification) process for ensuring that
preventive actions are adequate and appropriate and that all
corrective actions have been completed and are effective
• Record keeping practices to be followed
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2.3

Process of ageing management
The high-level process of ageing management falls into five steps as shown in Figure 3.
Once started the process is a continuous loop: the final ‘Are they working?’ step feeds back
and updates the ‘How will it change in the future?’ activity. An organisation that has no
history of proactive asset management may need to employ additional short term ‘fire
fighting’ processes before it can adopt this idealised approach.

Organising for ageing management
What have we got?

What does it do?
How important is it?

Condition assessment
What state is it in now?

Ageing model
How will it change in the future?

Ageing management implementation
What actions should we take?

Feedback and analysis
Is the approach working?

Figure 3 Basic Ageing Management Process
In common with most complex processes, each individual step contains many detailed
tasks and there are interactions between those tasks. These steps are described in a series
of sub-processes given in more detail in Appendix C.
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2.4

Roles and Responsibilities

2.4.1

Setting policy and standards
Before an Ageing Management Programme can begin, senior management of the duty
holding organisation would set out the policy, strategy and objectives of the asset
management plan in accordance with PAS 55 or other standard. These identify the key
roles and responsibilities, organisational structure, management processes and working
arrangements. Duty Holders are expected to have an in-house standard that is consistent
with the principles of BS PAS 55, or other guidance, eg HSE(G) 65 [HSE, 1997].

2.4.2

Organisation and Co-ordinator
The IAEA Safety Guide on ageing management for nuclear power plant [IAEA, 2009]
provides a good model for the organisational arrangements for an Ageing Management
Programme. Relevant best practice and organisational models from other industry sectors
can also be considered. The comprehensive nature of ageing management requires the
involvement and support of both the duty holding organisation and external organisations.
Senior management will appoint a Co-ordinator with a co-ordinating team or unit
responsible for proactive asset management of systems, structures and components
important to safety and business continuity. The Co-ordinator (maybe called the ‘Asset
Responsible Person’), with the necessary authority and resources, has the role to create an
effective Ageing Management Programme. The Co-ordinator (or team) could be:
• A single person or an existing part of the operating organisation (eg operations,
engineering or quality management); or
• A task force consisting of members of different units of the operating organisation and
external experts if necessary; or
• A dedicated unit created to manage ageing on a continuous basis.
An illustration of the organisational arrangements including the participating organisations
and their interfaces is shown in Figure 4, which indicates the main roles of the organisations
involved and the Co-ordinating Team. While this model was developed for power plant, it
may be applied at nuclear chemical facilities at the level of an individual operating unit with
some site-wide co-ordination to avoid duplication of effort and a common approach.
The Co-ordinator cannot be expert in every item of equipment nor every ageing
mechanism. The expectation is that the Co-ordinator would take a systems approach and
be aware of all the ageing issues and be able to direct and co-ordinate the relevant teams
and experts. In addition to the Co-ordinator, Figure 4 shows the roles for senior
management, ageing management teams, plant engineering (including operations,
maintenance and inspection), and external organisations.
The Co-ordinator is usually accountable to senior management for the functionality,
availability and reliability of systems and plant subject to proactive asset management. The
Co-ordinator is also responsible for ensuring training on the management of ageing for
relevant personnel involved in ageing management (i.e. engineering, maintenance and
inspection) to enable them to understand the process and make an informed contribution.
Complex ageing issues where ageing is not well understood may require interdisciplinary
Ageing Management Teams to develop the ageing management programme, including
relevant experts from design, technical departments, operations and maintenance. Where
ageing is well understood, specific units of the operating organisation will organise the
established component ageing management activities, as agreed with the co-ordinating
team. External organisations and experts can contribute experience from other sites and
industries, specialist technical knowledge and data into these processes.
The co-ordinating team generally contains the individuals responsible for developing the
AMP for specific systems, structures or components. In some organisations, these roles are
called ‘Systems Engineers’. The role is considered in the next section.
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Plant senior management
Champion ageing management programme
- Specify high level objectives and
responsibilities
- Provide required resources
- Approve major aging management
actions
- Monitor ageing management
programme effectiveness

-

External organisations

Ageing management
programme coordinators

Ageing management
teams*
Deal with ageing
management issues

Provide expert services
-

-

-

Coordinate and oversee
ageing management
programmes

Perform ageing
management review
and condition
assessment
Develop ageing
management
programmes
Perform research and
development
Set standards

-

-

Coordinate relevant
programmes
Exchange information with
external organisations
Assess and optimise
ageing management
programmes
Evaluate need for training
Report to senior
management

-

-

-

Review major
ageing
management
issues and
recommend
appropriate actions
Recommend
indicators of ageing
management
programme
effectiveness and
preform studies
Perform research
and development

Plant engineering, operations and
maintenance
Implement ageing management
programmes
-

Conduct day to day activities of ageing
management programmes
Recommend major ageing
management actions for approval
Report indicators of ageing
management programme effectiveness

Figure 4 Illustration of organisation for ageing management (after IAEA, 2009).
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2.4.3

Role of the “Systems Engineer”
In this report, the title ‘Systems Engineer’ is used for the wide-ranging role as the custodian
for a designated system and the management of ageing. The system could include civil,
mechanical and electrical facilities, such as a building containing a fuel pond with electro
mechanical skip handlers. The System Engineer knows the system, its risks, role and
interaction with other systems, and understands its current condition and ageing processes.
A model profile for this role is given in Table 2. Ideally, the role needs differentiation from
day-to-day fire-fighting and maintenance activity. A Systems Engineer should focus on
understanding ageing mechanisms and the impact of ageing of different parts of the
system, condition assessment and risk monitoring, and the development and
implementation of an Ageing Management Programme for the system as a whole. The
Systems Engineer will need to work closely with the relevant technical Design Authorities
(see below) for the planning of inspections and evaluation of the results.
Other roles of the ‘Systems Engineers’ sometimes include activities to evaluate system
performance, performing technical system reviews of modifications, assist with start
up/shutdown, maintenance activities and outage work. It is important that these other roles
of Systems Engineer do not detract from the responsibility of the management of ageing
and the focusing on longer term objectives. A professional engineer with several years’
plant experience or very experienced plant engineer would typically hold this role.
Some Duty Holders use different job titles for this role. Other job titles for the same role
include Asset Manager, Asset Care Manager, Engineering Manager, or Project Engineer.
The title of ‘Systems Engineer ’was introduced into the US nuclear power industry in 1992
in the context of plant health monitoring [INPO, 1992]. It was later expanded to include the
concept of planning for system reliability [INPO, 1998 and 2010]. The title was introduced to
the UK in the early 2000s where it has been interpreted in different ways.

2.4.4

Roles of Design Authorities
The Design Authority role is well established at many UK sites with nuclear chemical
facilities and has aspects that contribute to, but do not supplant the role of managing
ageing. There is a clear regulatory expectation [HSE, 2010] that a discrete Design Authority
function will be embodied into the licensees’ organisation, which is independent of the
operations function. The IAEA also advocates the role in its report INSAG-19 [IAEA, 2003].
The organisation of Design Authorities usually comprises of ‘subject matter experts’ within
prescribed discipline areas (eg pressure systems, lifting equipment, civil structures,
electrical). The Design Authorities focus on understanding the original design intent, any
modifications to the design intent, and maintaining the integrity of the design intent
throughout all phases of the plant life cycle. The understanding of design intent should
cover all equipment within their discipline including that designed by other organisations. A
Design Authority will advise the Systems Engineer on changes in duty and loading,
degradation and ageing mechanisms, fitness-for-service of equipment in a degraded
condition and remnant life. In addition, a Design Authority should:
• Be a defined function within a licensee’s organisation. Design Authorities should be
independent of the operations organisation to obviate any potential conflict of interest.
• Have the authority and experience to review and sentence modifications to the plant.
The design authority organisation should be represented in the design change review
process and be a signatory to design change approval / rejection documentation.
• Have control of the design configuration process covering all base line design
information including - engineering calculations, design drawings, manuals and
engineering design standards.
• Ensure that sufficient engineering resources’ are maintained to correctly implement
design modifications in line with the requirements of the original design intent.
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• Be a repository for knowledge management within their defined area. This includes
collating Learning From Experience (LFE) data form outside and inside the organisation
and understand the implications on plant operation
• Ensure that all regulatory requirements are complied with including all licensing
conditions and relevant industrial regulations and standards, including inspection.
2.4.5

Role of operators, inspection and maintenance teams
For the management of ageing, operators have a duty to operate the asset within the
design basis and to report any excursions (eg of temperature, pressure) or nonconformances with operating instructions and procedures. As far as possible they should
operate the asset in a way that minimises ageing degradation (eg by avoidance of
unnecessary cyclic operations, impact loads and transients) and should record the service
performance data necessary to allow ageing damage to be quantified. Unreliability,
vibration, incidents and failures should be reported to the Systems Engineers for analysis.
Maintenance teams need to work with Systems Engineers to ensure relevant information is
captured from maintenance actions. For example, there should be a system on the ageing
management database for reporting repeated replacement of parts, wear, and observations
of degradation. The control of repair or replacement of parts of ageing assets is a key
activity requiring good communications with the ageing management team.

2.4.6

Role of the asset owner
The asset owner is the senior manager with the authority for allocating resources for all the
assets across the site. That person may also be responsible for setting the policy and
standards, defining the organisation and key roles, as well as providing the monetary and
other resources necessary for asset management.
The owner has a responsibility to know the current risks from ageing assets across the site
and how these may develop in the future. Ultimately, it is the asset owner that is
responsible for ensuring these risks are suitably managed at tolerable levels and for taking
action if risks are becoming intolerable. The owner is also responsible for ensuring that
good, current and suitable industry practices are being used to identify and assess ageing.
At complex sites there can be many installations creating risk from ageing. One of the key
roles of the asset owner is to rationalise all the sources of risk and to ensure that the
available resources are focussed on the areas of highest risk. Where necessary, the asset
owner may have to find additional resources to respond to urgent situations.
Where a Systems Engineer feels that a risk from ageing is not sufficiently recognised and
that the resources to deal with it are not available, there needs to be a formal procedure for
appeal to the asset owner to register concern, particularly if immediate action to address a
safety issue is necessary. The appeal process could also be used when a case for long
term savings could be made by more up-front investment. Here a business case should be
put forward and treated within the context of the lifetime plan and financing of the site.

19283/1/11

19

TWI Ltd

Table 2 Model role of Systems Engineers in respect of the management of ageing
1

Know the contents, boundaries, interfaces and interactions of the asset system for which have
been defined as their responsibility.

2

Understand the technical design basis, service history, environment and current function,
configuration and life time plan of the asset system within the site as given.

3

Know from given information which are the critical assets in terms of their safety function
(nuclear and non-nuclear) according to the LTP.

4

Ensure that information about the existence and safety function of the asset system is entered
on the site asset database at the appropriate hierarchical level, together with key details about
the age, service, reliability and relevant experience.

5

Determine the principal ageing issues, failure modes, vulnerabilities and degradation
mechanisms and their location within the asset system and their potential impact on safety
function taking advice from appropriate Design Authorities and technical specialists.

6

Arrange for the information necessary to ascertain asset condition (eg inspections) to be
scheduled and gathered and for a condition assessment with respect to performance, integrity
and safety to be undertaken by the relevant specialist teams.

7

Establish gaps and shortfalls in asset condition information (eg uninspectable areas) and the
significance of these.

8

Determine an Ageing Management Programme for the system in order to meet current and
future performance requirements according to the LTP without compromise to asset integrity
or safety given its current condition and performance and to identify any gaps, shortfalls or
increases in system risk.

9

Provide periodic system health reports and to enter condition and performance information on
the relevant database providing asset owners with the means to access the current status and
determine future maintenance and asset care requirements against the LTP.

10 Determine trends in the data for condition and performance, and monitor system availability
and reliability and interdependence on other systems.
11 Understand the gaps and shortfalls in terms of the increased risk and the timescale for the
issue to be addressed by remedial work.
12 Provide input to asset owners to ensure that the appropriate work priority based on risk
reduction is reflected in remedial work affecting the system and to alert the necessary
authorities if there is unacceptable slippage.
13 Assist in the investigation of reportable occurrences or operating events and in the preparation
of associated reports and root cause analyses, and to review and address problems identified
by component failure analysis reports particularly where these may have an ageing
connection.
14 Be aware of new or revised regulatory requirements and requests.
15 Initiate appropriate research into ageing mechanisms or inspection techniques and to
accumulate, review and initiate action on operational experience and information on ageing
received from industry sources
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2.4.7

Role of external organisations and experts
The structure for the organisation of ageing management (Figure 4) shows that agencies
and experts external to those responsible for the facilities can play an important role.
External bodies and organisations can bring cross industry expertise and knowledge to
advise Duty Holders for NCFs of the current best industry practices at any given time.
Experts from universities and research and technology organisations often have leading
edge knowledge of ageing degradation mechanisms and inspection technology. There is
also an important role for external organisations to contribute to condition assessment and
inspection and NDT on site, as well as undertaking relevant research and development.
Sharing information on safety related structural integrity and ageing issues through external
engagement can provide greater foresight of potential future issues and enable Duty
Holders to plan mitigation. In addition, external organisations can also undertake
independent expert peer review of safety cases and integrity justifications through expert
elicitations. It may be useful for Duty Holders to invite appropriately qualified ageing
management assessment teams to conduct site audits of the ageing management
processes as a whole, potentially on the basis of the audit tool (Appendix A).

2.4.8

Visible accountability and interfaces
The division of assets within a site into individual systems may be done in several ways.
Some duty holder will define systems by means of an entire process that could involve
equipment in several buildings (eg waste water handling). Others may choose to define
systems on a more traditional discipline basis (eg mechanical, electrical, civils etc) within
designated areas or across the whole site.
Questions of accountability can easily arise. Multiple parts of the operating organisation and
external organisations may both have a role to play. As a large asset may contain several
systems, a number of people may have responsibilities (eg building, crane, process plant,
utilities etc). The way in which responsibilities are divided needs to be clearly defined.
The role of the Co-ordinator is to provide a single point of reference for each asset and deal
with interface issues where asset systems interact. This can arise in relation to the
traditional roles of Design Authorities and Maintenance and Inspection Departments and
Operations. It is the job of senior management to define roles and accountabilities for
everyone involved in the management of ageing and their interfaces and interactions.
Good communications mechanisms are required where asset systems interact (eg civil and
mechanical in pipe bridges) or are interdependent (say on common utilities or product feed
from adjoining buildings) to ensure a free flow of data and understanding. This can occur
where there are different teams responsible for separate aspects of systems or undertaking
specific functional roles. This is particularly important where the Systems Engineer role is
set against those providing support services such as power supplies across a site where
neither may have a complete view of the other’s process...
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2.5

Competency

2.5.1

Skills and knowledge-base
Ageing management is a key part of the larger umbrella discipline of asset management.
PAS 55 supports the need for competence of all staff involved with these processes. The
skills and competence-base for ageing management are similar to those required for
developing and implementing asset management plans, with the additional requirement for
specific competences in ageing mechanisms and management for the particular system.
The Institute of Asset Management (IAM) has produced a competency framework [IAM,
2008a]. Role 4 of the framework describes the generic requirements for the implementation
of asset management plans including: Maintain Assets; Optimise and Rationalise Assets;
Renew or Dispose of Assets. The generic knowledge and understanding requirements for
this role include: project planning and management; maintenance principles, techniques
and processes; calculation and management of residual risk and liabilities.
The IAM have also produced guidance on using the framework and how to link it to role
profiles [IAM, 2008b]. It can be tailored to the needs of the organisation and the individual’s
role and could be adapted to match the role given in Section 2.2.2.above.

2.5.2

SQEP, training and qualification requirements
Nuclear site licence conditions 10 and 12 [HSE, 2008a] require that that licensees shall
train and employ Suitably Qualified and Experienced Persons (SQEP) for performing duties
that may affect safety The training and qualification requirements are defined by the skills
and knowledge-base for the particular role in ageing management. In accordance with ISO
9001 [BSI, 2008c] the personnel performing the work shall be competent.
The Duty Holding organisation is expected to determine the necessary competence for
each role and provide appropriate training or take other actions to achieve that
competence. It will normally maintain appropriate records of education, training, skills and
experience. Leading organisations are demonstrating SQEP by means of internal
competence and knowledge tests to screen personnel for particular areas of work or
specific tasks.
The qualification of personnel is most established in the field of inspection and NDT.
Personal certification for NDT (PCN) and inspection personnel exist at different levels and
there are recommendations for the types of work each level can do. For safety critical
inspections, the Duty Holder may impose a further level of qualification of personnel and
procedure specific to the task (see Section 3.4.3).
The requirement for qualification for undertaking other specific types of work is becoming
more common. For example, qualification for undertaking finite element analysis is provided
by NAFEMS, while that for welding, defect and fitness-for-service assessment is provided
by TWI and other organisations. Expertise in materials degradation requires the advice of
materials scientists and corrosion chemists with relevant knowledge. Staff undertaking
expert, supervisory and managerial roles are expected to have professional qualifications
from recognised engineering institutions.
All personnel involved with the management of ageing need to be aware of the importance
and relevance of their work to asset management. This requires an awareness of the wider
context of ageing degradation, condition assessment and the remediation options available.
This report provides a good reference source, but is no substitute for knowledge gained
through qualifications and hard–won experience.

2.5.3

Competency by role
Without being prescriptive or exhaustive, the following table gives an indication of the
competencies required to fulfil the roles identified above. The roles and the competencies
required may vary between organisations. Organisations may of course make their own
judgments and appointments.

19283/1/11

22

TWI Ltd

Table 3 Competencies required for certain roles
Role
Asset management co-ordinator

Competencies
Knowledge of the principles and standards of asset
management

Knowledge of all assets within a site down to a
systems level
Knowledge and understanding of risk assessment
Broad understanding of ageing mechanisms for
different types of facility
Project and personnel management skills
Systems Engineer

Knowledge and understanding of the design, function
and role of the designated system and components,
including its safety and business significance
Knowledge and understanding of ageing mechanisms
for the designated system.
Knowledge and understanding of interactions with
related systems
Knowledge and understanding of risk assessment and
the impact of failure and defects on risk
Appreciation of other
management of ageing

roles

involved

in

the

Appreciation of capabilities of inspection, NDT, repair
techniques and maintenance
Knowledge and understanding of the design, function
and role of equipment within their discipline

Design Authority

Expert or authority in specified discipline
Knowledge of relevant design codes and standards
Knowledge of relevant statutory regulations

Operators
maintenance

inspection

and

Competency to approve repairs and modifications
Technically qualified and competent within a specified
technical range
Trained and SQEP for their role

Asset owner

Relevant project management skills
Technically qualified and competent to take decisions
involving the safety and integrity of facilities
Knowledge and understanding of the across-site risks
Ability to prioritise risks and resources according to
technical arguments
Ability to plan for foresee changes to the risk profile
and lifetime plan
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2.5.4

Culture of nuclear professionalism for staff and contractors
An ageing management process will only be effective if all staff working on the plant are
engaged with the process and are proactive in reporting information. In particular,
contractors are expected to work to the same standards as the staff of the asset owner.
This is referred to as a culture of Nuclear Professionalism.
Nuclear Professionalism is based upon:
• Creating and maintaining an environment where staff will raise safety related issues
even if the issue does not fall under their particular job description / responsibility.
Connected to this is reviewing and implementing the lessons from events within the
business and industry at large.
• Reducing errors by using error reduction tools (HSE(G)48) [HSE, 1999] and by all being
intolerant of error likely situations. The culture should be such that individuals feel
confident to challenge inappropriate working practices of their subordinates, peers and
leaders.
• Management driving the culture by providing: positive reinforcement to personnel
exhibiting correct behaviours; coaching to reinforce standards and expectations; training
in human performance; disciplinary policies with an agreed distinction between
acceptable and unacceptable behaviour; proactive intervention on factors which impact
on safety such as staffing and work management.
• Learning from experience. Nuclear chemical facilities in the UK are often unique and so
it is important that it is possible to learn from experience, both within the site and
experience gained at other nuclear chemical facility (NCF) sites. Feedback channels,
reporting systems and access to historical records need to be in place to enable this.
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2.6

Information management and databases

2.6.1

Inventories of assets
Businesses need to know the assets for which they own responsibility. Asset management
requires an accounting inventory (which includes all assets on site). It is important that
there is a specific inventory for assets under proactive ageing management that is
consistent with the more general asset management databases.
An ageing management inventory separates out those assets with high associated risk
(both safety and business related) from those assets that might be regarded as part of the
normal infra-structure (such as offices, bus stops etc) or where the impact of ageing is low.
Rather than basing this distinction on function or value, it should be based on the risk
associated with failure of the asset to perform its duty due to ageing. Where a business
does not know its assets, then gaps in its understanding need to be identified, and a
cautious risk based approach taken until better knowledge is gained.

2.6.2

Asset hierarchies
It can be useful to categorise assets at different levels of resolution. The top level could be
the complete site, a second level could be a division into major building complexes or plant
operations, reducing to individual buildings, then to functional systems and eventually down
to individual components. An example of a hierarchy of levels is shown in Table 4. All
assets within the plant can be labelled with informative unique identification codes, or ‘tags’.
To split assets into hierarchies, the Duty Holder must draw boundaries between assets. The
highest levels may be based on geographical location of the assets (such buildings within
the site) or on functionality (such as piping or electrical systems). A combination of the two
concepts may be most useful (such as piping systems within a particular building). Thinking
about these high level systems leads to the next level of tags, which might be pipes
containing a particular fluid, and so on until the level of single components is reached.
Information about the assets can be entered into a database at all the levels down to the
most detailed. For ageing management it should be low enough that it is possible to easily
identify any high risk systems with components in an unacceptable condition. A higher level
of information will be an averaging or aggregate of lower levels where it may be useful to
understand the condition of whole plants or the site for asset management decisions.
Table 4 Example of an asset hierarchy
Example Asset Hierarchy
Site
Operating unit
Building
Functional group

Functional plant

Functional area

Equipment and components
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Description
A collection of assets (buildings, plants, infrastructure)
within a defined geographic area
Major operational activities, large multi-function grouping of
assets within the site
A physical structure or operational area associated with one
or many operational processes
The highest functional grouping of assets within a building
or operational area or between buildings and operational
areas (eg building and civil structures, control systems,
electrical distribution, plant wide systems, production
facilities, ventilation)
A significant function element within a functional group (eg
production unit, water cooling systems, steam systems,
compressed air)
An individual system or part of a functional plant (eg major
vessels, piping systems, tanks complete with associated
features and components)
Individual features or components within a functional area
(vessel supports, pipe hangers, valves, welds, control
boxes etc)

25

TWI Ltd

2.6.3

Interfaces between systems
When tagging assets, the boundaries used to divide the plant must be chosen in a way so
that the components and systems which link plants, buildings or systems (such as pipe
bridges, electrical systems or ventilation) are included. Site services (water, steam,
electricity) fall into this category and may be specifically tagged. Where product is
transferred from one plant or building to another, either by pipes, over bridges or through
tunnels, or by transport (flasks, vehicles), these assets also need to be specifically tagged if
they are important to safety or the operation of the business. The ownership and
responsibility for these types of asset should be clearly specified.

2.6.4

Manufacturing, service and asset care history
Ideally, the ageing management database should include links to all relevant background
information and reports about each component or system. Such information should include
design drawings, component specifications, operational thresholds, operational history,
repairs and maintenance and inspection records, past condition assessments, and the
current condition assessment reports. This allows informed ageing management related
decisions to be made when considering individual and groups of assets.

2.6.5

‘No history’ scenarios
Due to the age of components and systems, original records and knowledge about a plant’s
design or operating history may have been lost. At the point when it is realised that records
for a component or system are not available, a thorough condition assessment can produce
a base line against which results of future condition assessments can be compared.
The situation where no historical records are available is one with associated higher risk,
and should be recorded as such. As more information is gathered over time, the risk
associated with uncertainty may be reduced. Higher risk provides the motivation to gain
sufficient information about these ‘known unknowns’.

2.6.6

Purposes and types of databases
It is often useful to have several databases relating to different aspects of the assets on site
at different levels of resolution. In addition to the accounting and ageing management
databases, databases logging the maintenance actions, inspections scheduled and the
maintenance reports and inspection reports are also required.
It is also important that a database exists containing the risks associated with each asset at
the appropriate level. These risks should be calculated using probability/hazard analysis
(Section 2.4). The value of risk associated with each asset should be the criteria used to
decide which assets are included in the database for ageing management.

2.6.7

Information management
From a practical perspective of gaining a comprehensive view of an asset, the format of the
information within the ageing management database should also be compatible and
synchronised with that in the accounting inventory and any other databases (eg
maintenance, inspection etc). Information needs to be easily transferable or viewable from
one database to another.
Presentation of information should be clear and accessible. The database report on an
asset condition should clearly state whether it is that of the general condition of the system
as a whole, or the specific condition of any individual components. Where the condition is
poor or unacceptable and requires urgent attention, then this needs to be suitably flagged
within the database. Summary reports and sorting of data should be available.
The data storage format should be ‘future proof’ so that today’s data can be accessed in
50+ years. If no robust digital solution can be found, a paper or microfilm archive should be
considered. The issue of obsolescence of data storage devices raises major questions for
operations and operators over very long timescales.
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Ideally, information relating to ageing management should be accessible and shared
between those responsible for ageing management across all the operating units. Where
there are security issues associated with using computer networks to share information
across a site, a specific ageing management network (that is not, and could not be,
connected to the internet) could be implemented.
2.6.8

Knowledge Management
Ageing Management is still a relatively new discipline within many organisations. As such it
is important that there is a system in place to facilitate learning and to spread good practice
throughout the organisation. One of the inputs to an Ageing Management process is
operational experience from other plants and industries which may provide prior warning of
previous unexpected damage mechanisms. A system needs to be instigated to proactively
gather this knowledge and disseminate it to the relevant engineers.
Ageing management spans the life of plant which in some industry sectors can extend to
over one hundred years. In this time, key staff will retire so procedures must be in place to
elicit and retain the experience which the individual has gained during their employment on
the plant. The same process can also be used to educate and develop new staff in Ageing
Management as applied to the specific plant.
Such a knowledge management system will have at its heart a searchable knowledge
repository and the application of suitable knowledge gathering and dissemination tools such
as structured interviews, shadowing of senior staff, mentoring and succession planning.
One valuable tool is to ensure that Learning-From-Experience (LFE) exercises are
conducted following any ageing management related project or incident. These exercises
should be conducted in an open manner with contributions from all levels of staff involved.
What worked well, what did not work as expected and what could be improved in the future
should be recorded and used for continuous improvement of procedures and processes.
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2.7

Risk assessment and screening

2.7.1

Purposes
An assessment of the risk due to asset ageing and how this may increase with time has
three main purposes for the management of ageing. It influences the
a) The screening of systems for proactive ageing management
b) The rigor of the condition assessment and management attention
b) The priority given to remedial action when degradation has been found.
The risk assessment determines the hazards that could result from age related failure,
degradation, unavailability or reduction in functional performance at a defined level and the
likelihood of these occurring in a given time frame. This kind of assessment is normally part
of the safety case and business assessment for the asset. Managers should understand
how the risk has increased from the original condition due to ageing and how this risk may
change in future. Escalating hazards if a risk is not addressed by a given time need to be
determined and made clearly visible.

2.7.2

Hazard assessment
Hazard assessment is well established in industry and it is for each Duty Holder to consider
hazards appropriate to the context. Safety related hazards will include:
•
•
•
•

Impact on personnel health and safety (injury/fatality/longer term health)
Implications for safety site-wide, off-site issues (injury/fatality/longer term health)
Loss of system integrity and security (fire/explosion, toxicity, radiation, containment etc)
Effect on integrity and security of critical inter-dependent and adjacent systems

In addition most Duty Holders will also wish to assess the hazards for:
•
•
•
•
•
•

Environmental damage (air/land/water contamination, damage to eco-systems)
Mission/Lifetime plan objectives (failure to meet objectives)
The ability of the system/operation to function as a whole (secondary impacts on site)
Financial and wider economic impact (loss of income, recovery costs)
Legal and security implications (regulatory action, other claims)
Reputation and stakeholder confidence (press coverage, public perception)

Duty Holders may define a scale to rank the magnitude of a hazard normally ranging from
negligible to critical. For example, a radiological/chemical release could range from no
hazards to a potential leak beyond the site boundary. The resolution of the assessment
needs to be sufficient to identify all reasonably foreseeable hazards.
2.7.3

Screening for ageing management
A nuclear chemical facility has a large number and variety of systems, structures and
components that may be described at different hierarchical levels (see section 2.6.2). The
extent to which ageing degradation or failure of these would create a hazard and to which
they are susceptible to ageing mechanisms varies considerably. It is neither practicable nor
necessary to manage ageing proactively in every individual system.
A systematic approach should be applied to screen for those systems, structures and
components where ageing degradation or failure would have a direct negative impact on
the health and safety of workers or the public and the safe operation of the site, and that
are susceptible to ageing degradation. Most duty holders would also include the impact of
ageing degradation and failure on other hazards to the business (see section 2.7.2).
The screening should include SSCs that do not have direct safety functions but whose
failure or unavailability could prevent other SSCs from performing their intended safety role
(eg impact adjacent equipment, cooling water supplies). Failures which would result in an
interruption to the normal process that could in time lead to safety implications (eg
unavailability of the site steam system) should also be included.
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A safety based approach should be applied to screen all the assets on site for proactive
management of ageing and having an Ageing Management Programme. As well as safety
Duty Holders may also wish to screen systems essential to business and production. The
following five step approach (based on the IAEA Safety Guide [IAEA, 2009]) is suggested.
1. Form a list of all assets on site at a suitable hierarchy level.
Identify those systems, buildings, or major structures that are important to safety (nuclear,
major hazards, process etc) and to the business on the basis of what they contain, whether
or not a component malfunction or failure within them could lead (directly or indirectly) to a
hazard from the loss of a safety or other business function.

2. For each system building, or major structure identified, list the structural elements and
components within them whose failure could lead (directly or indirectly) to loss or
impairment of the safety function or other hazard.

3. From the list of structural elements and components identified, identify those for which
ageing degradation has the potential to cause failure resulting in a safety or other hazard.

4. Group the structural elements and components so identified so as to ensure that the
ageing management is resource effective.

5. Select for proactive ageing management those buildings, systems or major structures
with structural elements or components with the highest potential for ageing degradation
to cause a failure resulting in a significant safety or other hazard

Some organisations use a risk matrix of the kind shown in Table 4 to assist the process.
The vertical axis shows different levels of consequence for different types of hazard. The
horizontal axis is the potential for ageing to cause a failure giving rise to a hazard at a
certain consequence level. The potential is a judgmental probability of the combination of
the possibility of ageing mechanisms occurring and causing a failure, together with an
analysis of failure modes and effects of the failure giving rise to a hazard at that level. For
each system, the user judges the level of hazard and its potential in the relevant timeframe.
Duty Holders will normally categorise assets according to the hazard level resulting from a
postulated failure. Asset systems in the two highest hazard levels (ie critical, important),
and those where a significant hazard is more likely than ‘possible’ should have an Ageing
Management Programme under the proactive co-ordination of a Systems Engineer.
Risk informed methods including probabilistic safety analyses and deterministic approaches
can be used to prioritise the screening of components. Evaluation of structures and
components whose failure would release radioactive material out of its containment should
be given highest priority. Consideration should be given to the possibility of common cause
failures in the event that normally redundant systems undergo the same ageing degradation
or environmental loading and to the indirect impact of failure of secondary systems.
The hazard assessment will identify all systems and their components whose performance
and availability are essential to the functioning or safety of the site or operation as a whole.
Both direct and indirect impacts of a failure should be taken into account. The difficulty and
timescale required to take remedial action if a hazard were to occur should be considered in
making the assessment. The escalation of the magnitude of a hazard if remediation is not
completed within a given timeframe should also be taken into account.
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2.7.4

Review of ageing mechanisms and scenarios
For the purpose of establishing the initial risk profile, a review is made of credible ageing
mechanisms and foreseeable scenarios and their effects on the component/system
performance and safety based on prior experience and best existing knowledge. A
qualitative assessment may then be made of the potential for ageing issues causing failure,
degradation, unavailability, or reduction in functional performance resulting in a hazard
within a specified timeframe. At this stage the assessment is usually subjective based on
current knowledge about the nature, environment and condition of the asset, technical
knowledge of ageing mechanisms, and experience of similar assets.
The screening process should be periodically reviewed as system configuration and
radioactive inventory may change over time. The risk should influence the approach to
condition assessments and the priority given to remediation actions when ageing is found.

2.7.5

Use of risk based approaches
Current safety management fully accepts the use of risk based approaches to plant
management based on the combination of the balance of probabilities of a hazard occurring
(eg a leak) and the severity of its potential effects and consequences. As well as its use for
screening for ageing management, risk can be used as a basis to determine inspection and
maintenance priorities where sufficient data and expertise exists. Risk based inspection
(RBI) and maintenance (RBM) are well established in the high hazard industries where
there are user inspectorates and industry standards [HSE, 2001, API, 2008].
Information on the principles and application of RBI to process and pressure plant is given
in reference [HSE, 2001]. The common views of European nuclear regulators of power
plant components [EUR, 2004] is that RBI needs to be consistent with the principles of
reducing risk ALARP. A risk based approach to inspection based wholly on current
understanding, and accepting its limitations, may not be sufficient where very high hazard
nuclear plant is involved. Where it is reasonably practicable, a limited in-service inspection
for gross or generic defects should be undertaken on critical items, even when their
probability of failure may already be judged to be very low.
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Table 4a Safety risk profile criteria {Building, Plant, System, Component}: yellow shading indicates systems for proactive ageing management

Immediate/
Long term
health and
safety of
personnel

Safety hazard from ageing issue(s)
Loss of system
integrity security
Site wide and
(fire/explosion,
off-site safety
toxicity,
implications
contaminant

Integrity and
security of inter
dependent and
adjacent critical
systems

Consequence
level

Potential for ageing to create a hazard in a relevant timeframe

Very
unlikely
-4
<10

Unlikely
-4
-3
10 to 10

Possible
-3
-2
10 to 10

Likely
-2
-1
10 to 10

Buildings,

Systems or

Components

Critical

Very
likely
-1
>10
Highest
risk

Important
Duty holder defined

Significant
Marginal
Negligible

Lowest
risk

Table 4b Non safety risk profile criteria - {Building, Plant, System, Component}: yellow shading indicates systems for proactive ageing management

Operability
and LTP
objectives

Direct
Financial
cost

Non safety hazard
Wider
cost
Legal
impact
action Reputation

Consequence
level

Potential for ageing to create hazard in a relevant timeframe
Very
unlikely

Environment
Critical

Unlikely

Possible

Likely

Very
likely
Highest
risk

Important
Duty

Holder

Defined

Significant
Marginal
Negligible
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3

Understanding and Identification of Ageing

3.1

Modes of ageing

3.1.1

Typical degradation mechanisms and failure modes for NCFs
There are many ageing-related degradation mechanisms relevant to items in NCFs. Some
of the main degradation mechanisms are corrosion, fatigue, radiation damage (to polymers)
and obsolescence. A summary of degradation mechanisms, hazards and most suitable
inspection methods for detecting the degradation in particular types of facility is given in the
Table in Appendix D and described in more detail in the body of Appendix D.
The aim of this Appendix is to draw the reader’s attention to ageing related degradations
which may otherwise be overlooked. As well as physical loss or discontinuity of material,
degradation can also mean a change in material properties In addition to the ‘primary’
failures highlighted in the Table, asset managers and Systems Engineers should also be
aware of consequential failures that can also occur (such as corrosion of steel supports due
to an acid leak) or the impact of falling debris or structures on other equipment.

3.1.2

Continual improvement and changes in standards and knowledge
Over the life of a facility there will be a continual improvement in the knowledge and
technology available for asset management. A Duty Holder has the responsibility for
acknowledging modern practice and ensuring it is used where it is reasonably practicable to
do so. There will, however, be instances where it is not practicable to back-fit to modern
standards. In these instances it is necessary to show that an appropriate level of safety is
being achieved and any risks are being managed by other means.
Design codes can change incrementally to take advantage of more powerful analysis
methods or inspection techniques and practical experience. Depending on the original
design date of the plant, there can be differences between the requirements of the original
design code and the modern equivalent. In addition, many national codes (ie British
Standards) have been converted to European BS EN standards with different provisions.
The approach to code compliance should focus on the central technical issues that are
likely to have an impact on the ageing of the asset. For example, it may be important to
compare the properties of the materials that have been used with those that would be
required using modern standards, whilst taking the actual operating conditions of the asset
into account. An example of a change in design standards would be the current
requirement for a double braking system on cranes whereas many older cranes only had a
single braking system.
Changes in design codes and standards since the installation of assets in NCFs means that
there may be instances where obsolete materials are in use (such as those susceptible to
liquid metal assisted cracking, which can result from hot dipped galvanising and cause
premature cracking of the base material and thus reduce life), or steels with a high brittle to
ductile transition temperature). When obsolete materials are found, fitness for purpose
analysis should be carried out to ensure that the materials are still suitable.
Advances in knowledge and human experience may affect the continuing validity of the
design basis assumptions. For example, a plant designed to withstand a given level of
metrological condition may need to be reviewed if new knowledge and experience suggest
that conditions greater than the design basis are considered more likely than once thought.

3.1.3

Obsolescence of components
Assets within NCFs may be expected to remain operational for over one hundred years.
This means that there is a high probability that the original manufacturers will disappear
over the course of the asset’s lifetime. If the manufacturer no longer exists, then obtaining
spare or replacement parts which are compatible with the existing asset can be difficult.
Disappearance of the original manufacturer can also make it difficult to obtain the original
design drawings or information.
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This is a particular issue for electronic components and computer systems, where the
market moves quickly and hardware and its manufacturers and suppliers change
frequently. Where spare parts do not exist, the options are to source bespoke items with the
same design as the original, or to replace the complete system. Asset managers need to
identify components that are or may become obsolete and make allowance or contingency
within asset management plans.
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3.2

Condition assessments

3.2.1

Introduction
The aim of condition assessment is to establish the current condition of assets within a
facility. Items which require attention can be identified and future asset care, repair,
refurbishment or replacement can be scheduled. Condition assessments are ‘engineering
assessments’ and their level may be determined on risk based inspection principles. Initially
they involve obtaining qualitative information less detailed than close-up NDT inspections.
The reported condition is then assessed against a number of criteria. These include the
original design specification, the required structural integrity, functionality and performance,
the impact of defects if remediation is not carried out, and the associated risk. In addition to
informing asset management decisions, condition assessments are used to direct future
maintenance and inspection work and initiate further NDT and technical assessments.

3.2.2

Requirements
The purpose of a condition assessment is to gain an understanding of both the physical and
functional condition of all assets requiring proactive ageing management. A range of
aspects usually need to be assessed including geometry changes, material loss (wall
thinning, pitting, absent parts), material discontinuities (eg cracks) material property
changes (thermal/strain ageing, hydrogen uptake, embrittlement of elastomers, breakdown
of insulation), and the working of mechanisms and moving parts. Functional performance of
active components like valves and pumps may need to be tested.
Condition assessments should provide sufficient information about the physical condition of
an asset to highlight any areas of unacceptable physical condition and performance and
therefore unacceptable risk. The information should be presented in a way that highlights
any problem areas, whilst also being succinct enough to provide information on as much
plant as possible. Condition assessments must be objective and consistent over time.

3.2.3

Interface with legislation
Nuclear site licence condition LC28 requires adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may affect
safety. Other legislation requires statutory written schemes of examination (such as
Pressure System Safety Regulations (PSSR) for pressure systems and Lifting Operations
and Lifting Equipment Regulations (LOLER)). Such inspections are necessary to comply
with the legislation but are generally not aiming to gather the information required to
facilitate asset care and management decisions.
For instance, the PSSR focus on the hazard associated with the release of stored energy,
but with nuclear chemical and other higher hazard plant, failure of containment of
radioactive or toxic fluids is an additional hazard with an equal or greater risk if released.
Therefore, the ageing management inspection programme should be based on assessing
the condition of assets, with an understanding of all of the identified hazards associated
with the asset, rather than just those identified within the legislation. Information from
statutory inspections is, however, a useful contribution to condition assessments.

3.2.4

Methods
Condition assessments are in the first instance typically obtained from a Plant Walk-down
Visual Inspection (see section 3.2.7 below). If the initial inspection (visual or remote video)
discovers a problem, further investigation in the form of Functional Tests, or Intrusive
Examinations (where NDT is employed) may be necessary. If visual inspection is not
possible (due to, for example, radiological hazard) then as a first step a Desktop
Assessment (carried out by one or two experienced people) or Workshop Assessment (ie
desktop assessment carried out by 3-5 experienced people) should be carried out. For
assets with high associated risks, it may be appropriate to use more rigorous quantitative or
testing based approaches. Methods of condition assessment should be targeted at the type
of ageing expected.
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Condition assessments should be carried out or supervised by people who know the
internal and external environment of the asset as a result of the position in its lifecycle (eg
operational, post operational clean up (POCU), decommissioning phase) and the effect of
that environment on ageing degradation. This is important as different degradation
mechanisms may apply when the component is in use (and say, at high temperature)
compared to when it is shut down (and, for example, cold and corroding).
An appreciation of the rate of change of the asset’s condition can be gained by consulting
past condition assessments, maintenance, inspection and operational records. It is helpful if
there is consistency between the methods used for gathering data over time and care is
needed when different approaches are used. Trending of condition is an important tool to
predict future states but may not be sufficient if environmental conditions change.
3.2.5

Selection of methods
The methods of examination chosen should not just depend on the amount of time and
personnel available. The choice should be based on which method is most suitable for the
particular system being assessed, the associated risk from ageing, and which is best to
detect the type of degradation that would be expected for the operating environment.
A combination of methods of condition assessment may be necessary to fully appreciate an
asset’s condition. For example, it may be helpful to first conduct a Workshop Assessment to
determine which degradation mechanisms and locations are most important to inspect.
Based on this knowledge, a visual inspection may confirm or modify these predictions.
Depending on the observations, functional testing or non-destructive examination may be
necessary to locate the root cause of the degradation.

3.2.6

Timing, implementation, integration,
The interval between condition assessments should be chosen based both on the
perceived rate of change of the asset’s condition and the hazard or risk associated with
failure of the asset. High hazard/ risk assets, and those assets whose condition is changing
rapidly, should be assessed more frequently. Where condition assessments involve
exposure of personnel to higher dose, time at risk needs to be taken into account.
To reduce the resource required to complete ageing condition assessments, the criteria
used could be included in routine inspections for other purposes. This would avoid the
duplication of effort which may occur if condition assessments are carried out separately
from other scheduled inspections. Those carrying out routine maintenance work could also
add any useful information on the asset’s condition to the ageing management database. In
this way the condition assessments become ‘live’ documents and will more accurately
represent the asset’s current condition and its rate of change.

3.2.7

In-house versus out-sourcing
Condition assessments may be carried out using in-house staff or external subcontractors.
Each has benefits and disadvantages. In-house staff is more likely to have a good
understanding of the assets and their environment and so should be able to identify the
most likely types of degradation and recognise off-normal conditions. However, familiarity
with the plant may lead to ‘blindness’ to slowly progressing degradation.
Subcontractors may be less familiar with the plant and may point out degradation that in
house staff has failed to recognise. Also, subcontractors employed specifically to carry out
condition assessments may include more than the minimum information in order to
maximise the benefit of their service. However, if subcontractors are unfamiliar with the
purpose of the plant and its operating conditions, they may not realise the importance of
certain defects, such as serious corrosion of partially buried pipe, and instead may highlight
cosmetic deterioration, such as flaking paint on access structures. Outsourcing to poorly
trained and ill-disciplined subcontractors has led to serious accidents in other industries.
This point highlights the need for the training of teams undertaking condition assessments
and of nurturing long-term relationships with subcontractors so that both staff and
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subcontractors carry out work to the necessary standard. Particular care is needed when
employing subcontractors not familiar with the plant and its risks of ageing and when
changing subcontractors. Experience has shown that subcontractors who are familiar with a
plant can provide a good independent assessment of condition and can add considerable
value to the work of the permanent in-house team.
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3.3

Role of inspection

3.3.1

Why Inspect?
There are a number of regulations which require plant owners and users to perform
inspections of plant. The primary one for nuclear chemical plant is Licence Condition 28
[HSE, 2008a] which, under the following sub-clauses, requires that:
• The licensee shall make and implement adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may
affect safety.’
• The licensee shall ensure in the interest of safety that every examination, inspection,
maintenance and test of a plant or any part thereof is carried out: by suitably qualified
and experience persons; in accordance with schemes laid down in writing; within the
interval specified in the plant maintenance schedule; and under the control and
supervision of a suitably qualified and experienced person, appointed by the licensee for
that purpose.
• The licensee shall ensure that a full and accurate report of every examination,
inspection, maintenance or test of any part of plant indicating the date thereof and
signed by the suitably qualified and experienced person appointed by the licensee to
control and supervise such examination, inspection, maintenance or test is made to the
licensee forthwith upon completion of the said examination, inspection, maintenance or
test.
The interpretation of Licence Condition 28 is wide-ranging and it is not the purpose of this
report to provide guidance on compliance. The following sections discuss inspection within
the context of the management of ageing, which may be useful in the course of meeting
Licence Condition 28. As noted previously, the information in this report is not on its own
sufficient to ensure compliance with nuclear licence conditions.
Other statutory inspections are required by the additional regulations shown in Table 5.
Where it is possible, inspection is the primary tool for informing condition assessment about
current condition. It is the main mechanism for detecting degradation due to ageing, as well
as errors in design, construction and operational activities. In addition to allowing plant
owners to meet regulatory requirements, inspections assist plant owners / users to avoid
failures and to better plan maintenance and replacement activities.
The regulations have the following requirements, which is good practice of any inspections:
• For plant with specific risks, inspections should be planned and performed to a written
scheme.
• Inspections should be planned and performed by competent persons.
• Records of inspections should be produced, stored and viewed before the next
inspection takes place.
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Table 5 Regulations requiring statutory inspection (in addition to Licence Condition 28)
•

Pressure Systems Safety Regulations 2000 (PSSR 2000) [HSE, 2000]. PSSR 2000
addresses the risks created by a release of stored energy through system failure. It is not
concerned with hazardous nature of the system contents (see COMAH below). The
regulations apply to pressure systems and equipment operating in excess of 0.5 bar above
atmospheric pressure where combined pressure times volume exceeds 250bar-litres. Users
and owners of pressure systems must ensure that a Written Scheme of Examination (WSE) is
in place before the system is operated and they must also ensure that the system is
examined in accordance with that Written Scheme of Examination. The Written Scheme of
Examination must be prepared or certified as suitable by a competent person. The regulations
also require that proper records are kept.

•

Lifting Operations and Lifting Equipment Regulations 1998 (LOLER) [HSE, 1998a]
require that, where appropriate, before lifting equipment and accessories are used for the first
time, they are thoroughly examined. During operation, lifting equipment needs to be
thoroughly examined at periods specified in the regulations or, alternatively, at intervals laid
down in a written scheme of examination drawn up by a competent person. All examination
work shall be performed by a competent person. The results of a thorough examination of
inspection of any lifting equipment shall be included in a report submitted by the competent
person so that the employer can take any appropriate action.

•

A copy of the Written Scheme of Examination along with a record of examinations and details
of any modifications, repairs or additions must be made available to the competent person
carrying out an examination.

•

Control of Major Accident Hazards Regulations 1999 (COMAH) [HSE, 1999].
The
Control of Major Accident Hazards Regulations 1999 came into force on 1 April 1999 and was
amended by the Control of Major Accident Hazards (Amendment) Regulations 2005. The
main effect of the COMAH (Amendment) Regulations is to broaden the scope COMAH
through changes to Parts 2 and 3 of Schedule 1. Their main aim is to prevent and mitigate the
effects of those major accidents involving dangerous substances, which can cause serious
damage/harm to people and/or the environment. These regulations require that all measures
necessary are taken to prevent major accidents and limit their consequences to people and
the environment.

•

Although inspection and NDT are not specifically mentioned in these regulations, they have a
role to play as part of the Operator's demonstration, in respect of mechanical integrity, that all
necessary measures have been taken. It provides confidence that plant is constructed to the
required standard and is in good repair. NDT can provide information to confirm or otherwise
that unexpected damage is not occurring.

•

Provision and Use of Work Equipment Regulations 1998 (PUWER) [HSE, 1998b] require
that any work equipment is suitable for use, and for the purpose and conditions in which it is
used. This requires the equipment to be maintained in a safe condition for use, so that
people's health and safety is not at risk, which in turn may require inspection to be performed
to ensure that it is safe. The inspection is required to be performed by a person who has the
necessary competence to perform the task. A record of the inspection is required to be kept
until the next inspection.

•

Management of Health and Safety at Work Regulations 1999 [HSE, 1999b] require
employers to make suitable and sufficient assessment of the risks to employees and the
public arising from the business activities. Inspection and NDT have a role to play in
assessing and managing the risks.
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3.3.2

The changing role of inspection with ageing
Inspection is particularly important plant and equipment deteriorates, but inspection is
important at all stages of the life cycle. The approach to inspection will depend on the stage
of equipment life that has been reached, but as a guide, Appendix E gives a general
methodology for inspection that applies at all stages. Appendix E provides guidance on the
capabilities/limitations of various NDT methods/techniques.
Figure 5 below identifies the types of inspection approach that are appropriate at the
different stages of ageing (detailed in Appendix B). Early in life (Stages 1 and 2) the
approach to inspection is generally confirmatory. Later in life, (Stages 3 and 4) a more
deterministic, quantitative, approach is advisable.

Figure 5 Approach to inspection at the different stages of equipment life
Before equipment enters service, it is good practice to draw up a scheme of future
examination designed to detect damage due to potential deterioration mechanisms in the
areas where they are most likely to occur and cause danger. The scheme should schedule
the first thorough examination after entering service and subsequent examinations as far as
these can be foreseen.
It should be noted that where there are many, often complex, components within a plant,
the approach to the focussing of the inspection effort is best based on an assessment of
component criticality. This should be part of an on-going risk assessment throughout the life
of the equipment.
The inspection requirements for each of the equipment life stages are described in full in
HSE Research Report 509/1997 [HSE, 2006a] and are summarised below:
• Stage 1: Confirmatory – The inspection is carried out to confirm what is expected
about the equipment condition based on the design assumptions and inspections during
construction. It is a first, thorough finger-print/benchmark inspection. It will allow
comparison with results from in-service inspections carried out during the later stages of
life.
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• Stage 2: Confirmatory – At this Stage 2 (Risk-based, or ‘Maturity’), most of the initial
(unexpected) integrity issues should have been dealt with and the equipment should be
in its most stable operating regime. It may now be possible to extend inspection intervals
through a risk-based approach. The nature of the inspections is still generally
confirmatory as no damage or defects will generally be expected if the equipment
operation has remained within the design envelope.
• Stage 3: Deterministic – In Stage 3 (Deterministic, or ‘Ageing’), damage and the
likelihood of equipment failure increases and a more deterministic approach to
inspection is appropriate. This approach is applied when there is insufficient knowledge
or prior experience to support integrity, when the evidence of deterioration starts to
increase, or when a previous integrity issue has arisen in the item or a similar item of
equipment. The objectives of a deterministic inspection are to detect the onset of
damage and quantify the current condition and rate of ageing.
• Stage 4: Deterministic – In Stage 4 (‘Terminal’), the equipment will be in a potential or
actual damaged condition. Inspection is required to justify continued operation and may
tend to be more frequent. The accuracy of measurement is even more of a key
requirement. For components approaching the minimum safety margin, continuous/on
line monitoring may be appropriate.
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3.4

Inspection process and management

3.4.1

Control of the inspection process
Licence Condition 28 requires the licensee to perform inspection. Licence Condition 17
requires that the licensee makes and implements adequate quality assurance
arrangements in respect of all matters which may affect safety. ISO 9000 is the accepted
Standard for Quality Management Systems [BSI, 2008c].
When buying in products or services, ISO 9000 requires that the organisation shall ensure
‘that purchased products meet specified purchase requirements’. When applying this to
inspection or NDT, it is important to specify the requirements of the inspection at the start:
•
•
•
•
•
•

What defects do the inspection/ NDT need to detect?
Where are the defects likely to be?
What size of defect must be detected?
What level of confidence is required that a defect has been detected?
Is sizing of defects required?
If so what precision is necessary?

Even if an inspection is speculative, it is important to know, at least in general terms, what
the defects of concern would look like, and otherwise they could easily be missed. Note that
the term ‘defects’ is used here as a generic term covering defect, feature indicative of a
defect, distortion or general damage.
Having specified the requirements, it is then important to know that the applied inspection
or NDT method can meet the requirements. In QA terms, NDT is a ‘Special Process’. The
results of a special process cannot be easily verified after completion of the process and
deficiencies only become apparent after the service has been delivered. ISO 9000 [BSI,
2008c] requires that the organisation shall validate such processes and states that
validation shall ‘demonstrate the ability of these processes to achieve the planned results’.
Without such validation it is not possible to have confidence in the results of the inspection
(i.e. in the defects that have been found and more importantly what defects may have been
missed and left in the component). In addition, the capability of the inspection technique is
determined by the laws of physics, and so the results of a special process are often highly
dependent on the control of the process and or the skill of the operator.
Simple process parameters, such as the level of light, can have a big impact on the ability
to detect defects. The process should be controlled by a written procedure which ensures
that the inspection is applied in a consistent and reproducible way. Inspection procedures
should be written in a way which promotes their systematic application. They should be
written to communicate with the inspector or operator and not just as a QA document.
Generally, the UK philosophy for NDT operators is knowledge based: operators are
expected to apply their knowledge to achieve the inspection. This approach has both
benefits and drawbacks. In order to maximise the benefits it may be necessary to provide
extra knowledge through job specific training whilst the application of rules through
adherence to the procedure will counter the drawbacks.
Human factors play a big part in the performance of inspectors and operators. It is
important that organisations show that inspection / NDT is important. Facilities need to be
made available for use by inspectors and operators and proper preparation made for any
inspection. An operator’s ideal process is one where they can concentrate on the inspection
and there is a clear demarcation of roles and responsibilities.
Common pitfall 1: all NDT techniques rely to a greater or lesser extent on human
operators. Human operators are affected by both their own characteristics and by the
organisation in which they work. The HSE PANI 3 report [HSE, 2008c] gives information
and recommendations on how to address these Human Factors. Although produced for
manual ultrasonics it is relevant to all NDT techniques.
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As the regulations emphasise, it is important to keep proper records of inspections and their
results. The inspection report should record what was done. Quoting that the inspection
was performed in accordance with a particular standard may not be enough as standards
often allow for a range of parameters to be used. There needs to be sufficient detail to allow
the inspection to be repeated.
Where decisions regarding the fitness for purpose of the plant will be made on the basis of
the inspection results, the inspection report should provide estimates of the uncertainties
inherent in the results, both detection and sizing. Any restrictions to test are also important
to decisions made on the basis of the results and need to be reported. Care needs to be
taken to ensure restrictions are clearly understood: reporting ‘100% inspected’ is not the
same as ‘100% of accessible area inspected’.
The output from the inspection process is the inspection results which should be acted on.
Whilst each individual inspection can provide information on the condition of the plant,
trending changes between a series of inspections can provide valuable information of the
behaviour of the plant over time and allow predictions of future condition to be made.
3.4.2

The Role of an Inspection Authority
Section 3.3.1 describes the requirements of Licence Condition 28 which state that the
licensee appoints a suitably qualified and experienced person to control and supervise
every examination, inspection, maintenance and test of a plant and to sign off the reports. It
is also required that a full and accurate report of every examination, inspection,
maintenance or test is made to the licensee. An efficient and appropriate way of meeting
these requirements is for the licensee to appoint an Inspection Authority to have
responsibility for and to be the focus for all the inspections performed on the licensed site.
Section 3.3.6 highlights the fact that many NDT techniques are relatively easy to
understand and apply in principle. As a result there is a widespread misconception that
specialist inspection knowledge is not required to manage the purchase of NDT services.
This in turn can lead to a wide variability in the quality of inspections applied. The
Inspection Authority role is important in ensuring that there is a consistent approach to
inspection and that all inspections, whether they are statutory inspections or ageing
management inspections, meet the required standard of application.
Whilst statutory inspections can provide useful information for the purposes of ageing
management, they are not necessarily designed to simultaneously achieve both statutory
and ageing objectives. The Inspection Authority will have the oversight to optimise the
inspections performed, to minimise any duplication of effort in performing repeat inspections
for different purposes and to maximise the benefit obtained from any one inspection.
It is important that the Inspection Authority is independent of operational pressures and has
direct report to the licensee management. Commercial pressures can lead to short cuts
being taken with NDT and inspection activities, in order to get plant back on line, leading to
inappropriate or inadequate inspections. The Inspection Authority needs to have the
delegated authority to police the inspections and to ensure that the required inspections are
performed before plant is put back into operation.
The Inspection Authority will also have responsibility for identifying and assessing new
techniques and equipment and managing their introduction into the organisation. The
activities required to discharge this responsibility are likely to be delegated to other qualified
personnel within the organisation but the Inspection Authority provides the final approval for
the use of new techniques and equipment.
The qualification of personnel also falls within the remit of the Inspection Authority. He /she
will take ownership of the Employer’s Written Practice which stipulates the training and
qualification of inspection personnel within the organisation. This includes discharging the
Employer’s responsibility in approving the operators for work on the plant based on their
qualifications and experience.
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3.4.3

Qualification of Inspection Systems
‘Qualification’, ‘performance demonstration’ and ‘validation’ are interchangeable terms
which describe the assessment of the capability of an inspection.
Qualification is ‘the systematic assessment of an NDT system, by all those methods that
are needed to provide reliable confirmation, to ensure it is capable of achieving the required
performance under real inspection conditions’.
The European Network for Inspection Qualification (ENIQ) has produced a methodology for
Inspection Qualification [ENIQ, 2007]. This methodology provides a general framework and
can be tailored to suit different types of inspection. It is based on Nuclear ISI but is
transferable to manufacturing or non-nuclear inspections. It is based strongly on UK
experience and incorporates a combination of Open and Blind Trials and Technical
Justification (TJ).
The assessment of inspection capability has traditionally been based on test piece trials.
Although practical trials are a key test for the inspections system and operator performance
they cannot cover all the potential defect scenarios. The use of a TJ can address this
deficiency, reducing costs of test piece manufacture whilst increasing confidence in the
inspection performance.
A TJ justifies the capability of an inspection through the use of scientific and engineering
principles, the application of theoretical models and calculations, experiments, previous
published work and analysis of equipment performance and operator training and
experience. TJs provide confidence in the inspection procedure design and are a means of
extending qualifications to cover a range of similar components.
Practical trials can be Open, where the positions of any defects are known, or Blind, where
the operators do not know the position of any defects. Open Trials identify weaknesses in
inspection procedures, equipment and personnel training. Blind Trials test the ability of the
inspection personnel to apply the procedure.
The extent and cost of the Inspection Qualification needs to be appropriate to the
confidence required in the inspection which is determined by the role the inspection plays in
the integrity of the plant and the safety and economic consequences should the plant fail.
Generally, a qualification body will be set up to review the inspection specification,
procedure and TJ and oversee any trials. For safety critical inspections, the qualification
body may be independent of the plant owner and the inspection body.
Inspection Qualification imposes a discipline on inspection specification, design,
assessment and implementation. It provides assurance of inspection capability / reliability
for safety critical components.
Even if qualification is not applied, it is necessary to have some assessment of capability in
order to be able to understand the results and use them to make informed decisions
regarding the plant.

3.4.4

Challenges to inspection in a nuclear chemical environment
The biggest challenge to performing inspection on nuclear chemical plant is access. Many
plant components are contained in cells which can only be accessed remotely through
specific ports. Access is limited to the external surface and the available ports may only
enable a restricted view. Depending on the risk associated with asset failure, it may be
necessary to add extra ports. In cases where vessels have water jackets, even access to
the external surface of the vessel is not possible. Inspections of the fabric of buildings and
can be restricted by radioactive shine from active components within.
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The need to conduct inspections in areas of high radiation puts particular demands on
equipment. Equipment exposure time may need to be limited. Working life may be
increased by making equipment (eg cameras, ultrasonic transducers) radiation resistant.
The inability to access the component adds an additional challenge to the NDT that can be
applied – how can NDT be used to give warning of possible damage? Remote Visual
Inspection (RVI) is a potential solution to difficult access. If this is applied when the plant is
off load then it will not detect possible vibrations in pipes which could lead to fatigue failure.
More research is needed to develop remote inspection technologies.
The complex interaction of plant on a nuclear chemical plant causes inspection planning to
be challenging. Plant which on its own may not be classed as a high risk, may impact on
more critical plant if it does fail, introducing a layer of complexity into the inspection
planning. Decommissioned plant adds to this complexity, with different damage and failure
mechanisms having to be considered compared to when the plant is operating.
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3.5

Methods of inspection and non-destructive testing

3.5.1

Plant walk-down inspections
In this report, the term ‘plant walk-down’ is used solely to describe the process of visually
inspecting plant with the aim of recording information about the condition of its fabric. Some
organisations use the term ‘walk-down’ more widely to mean a full system review, including
a review of drawings’ and configuration validity, performance history, and reported defects
since the last walk-down. In other words all relevant information is reviewed or walkeddown as well as performing a physical inspection. This is good practice.
As the term implies, a walk-down inspection is a structured and planned walk around the
plant examining at the condition of components and recording the results. A walk-down is a
visual check on the plant: it does not include the application of other NDT methods.
Prior to conducting a plant walk-down inspection, it is important to establish the objective of
the walk-down. This will then allow the relevant plant items to be examined to be listed prior
to undertaking the walk-down and an appropriate route to be planned: if the walk-down is to
examine civil structures then supports, pipe bridges and buildings will be identified. Some
walk downs will cover items not within statutory schemes of inspection (eg non PSSR).
The examined items should include areas which are hard to reach and not just be limited to
items which are easy to look at. It may be necessary to remove a sample of the protective
cladding or insulation from external pipework to examine the state of the metal. Further
examinations and NDT should be planned and performed as stand-alone inspections.
Walk-downs should be planned to be performed on a regular basis depending on the safety
role of the system and its condition. However, it is important to be flexible and perform walk
downs during outages when plant items may be dismantled and also in response to any
events. The next step is to gather a team of suitably qualified personnel who provide the
expertise, pertinent to the walk-down objective, to be able to identify anomalies and to
make assessments of the condition.
For all except the ad-hoc, simple check on the plant, plant walk-down inspections should be
conducted and reported against pre-established criteria. These criteria should be put into a
checklist, or a series of checklists, for completion during the walk-down. The completed
checklists should form part of the walk-down report and should be input to the condition
assessment. Reporting of the findings, trending of walk-down data and assessing it against
known acceptance criteria should all be part of the plant walk-down process.

3.5.2

General remarks on NDT
This and the following sections are provided as an initial guide to assist in the selection of
the appropriate NDT technique for ageing management. The sections are not meant to be
detailed explanations of the techniques. More detailed information should be sought and
considered prior to any final decisions being made. Appendix E summarises the capabilities
and limitations of the various NDT methods and techniques.
Common pitfall 2: many of the NDT techniques described below are relatively easy to
understand and apply in principle. However, even with the simpler techniques, there are
parameters which, if incorrectly selected, can have a big impact on the performance of the
technique. All inspections should be performed in accordance with an approved written
procedure and by a qualified operator.
NDT measures a physical property or effect from which the presence of damage or
irregularity can be inferred. It is not a measurement of an absolute parameter such as
temperature or pressure.
The distinction between what would be considered changes in material properties and what
would be considered a defect is not distinct. This can lead to NDT missing defects and also
producing false calls (i.e. a defect is reported when in fact the signal is not produced by a
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defect). Also, NDT is applied to a greater or lesser extent by human operators who
introduce human error and subjectivity into the process.
NDT is rarely 100% effective at detecting defects of concern. Like all measurements, defect
positioning and sizing measurements with NDT techniques are subject to errors. As these
techniques are often a combination of separate measurements, these errors can be
significant.
Each NDT technique has its own areas of applicability and benefits and drawbacks. NDT
techniques fall into different categories:
• Screening Techniques – techniques that cover a large area or volume of material and
generally provide qualitative information about the presence of defects. Such techniques
identify areas to investigate further with quantitative techniques.
• Surface Techniques – techniques that provide information on surface breaking or near
surface defects.
• Volumetric Techniques – techniques that provide information on defects throughout the
volume of a component.
• Remote Techniques – techniques that can be applied through the use of manipulators
and robotic arms.
• Automated Techniques – techniques which can be applied through the use of
manipulators and robotic arms but where the data is collected by and stored on
computer. Analysis of the data can be performed off-line.
3.5.3

NDT developments
NDT developments tend to be driven by the main industry sectors of power, oil and
petrochemical and aerospace. As a result a common area of development is ultrasonic
inspection. The manufacture of phased arrays has opened up new developments in their
application and the associated processing and imaging of phased array signals. The
operation of probes at high temperatures is being investigated along with the use of thin film
transducers.
Development is being invested in EMATS because of their potential benefits (see Appendix
E, Section E4.1) in order to overcome their current drawbacks. Long range ultrasonics is
also benefiting from investigations into the use of arrays and improved processing.
Arrays and special sensors are also being developed for eddy current inspection. Defect
detection and sizing capabilities are likely to improve with new developments.
Applications of thermography (see Appendix E, Section E7.3) and of digital and real time
radiography are being stimulated by developments in detector and imaging technology.
Imaging techniques such as digital image correlation are also improving the capabilities of
remote visual inspection allowing 3-D displacement and strain to be measured and hence
defects to be detected.
In the future RVI will continue in the direction of digital three-dimensional imaging while
videoscope technology will continue to evolve. RVI will become part of an overall health
monitoring system rather than individual inspections, supplementing other NDT methods.
Computer-based defect recognition developments will allow RVI to be more automated.
A potential solution for difficult access inspections is the development of autonomous
wireless devices powered by on-board batteries. These can be used in conjunction with
ultrasonic thickness measurement devices, area mapping array sensors and time-of-flight
diffraction (TOFD) technique transducers for defect monitoring.
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Structural Health Monitoring is a growing area of development in sectors with large
structures and the line between NDT and condition monitoring is blurring through the
application of permanently installed NDT sensors. NDT is being used more for materials
characterisation and the detection of pre-damage before a crack actually forms.
It is important that the nuclear chemical industry influences developments in the area of
NDT and condition monitoring so that its needs can be addressed and techniques
applicable to radiation environments produced. It is also necessary to ensure that the
practicalities of applying new techniques on plant are addressed prior to an inspection and
that the capability of the technique, equipment and operators are established.
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3.6

Reporting of inspection and non-destructive testing results

3.6.1

The use of inspection results
Individual inspection results provide information on the current condition of the plant. If any
damage or defects are detected then these results can inform an immediate decision on
whether the component is near to failure and needs to be removed from service or repaired.
A fitness for purpose assessment (or engineering critical assessment, ECA) requires a
quantitative measurement of damage or defect size. Ultrasonics is often the best method of
obtaining this information and the HSE has produced guidelines on the use of ultrasonic
sizing and ECA [HSE, 2008a].
Decisions regarding for how long to put plant back into operation and when to perform the
next inspection require an understanding and assessment of the damage or defect
mechanism and underlying root causes. It is also necessary to know the rate at which the
damage has been occurring or the defect growing. This information may be readily
available or may require some investigative work. However, the best measure of actual
growth rates, and hence predictions of future growth rates for a particular component, can
be obtained by trending the changes in the inspection results over a period of time. The
intervals between inspections may need to become more frequent if the damage rate is
observed to be increasing.
Trending of inspection results is important for the pro-active management of ageing and the
planning of replacement or life extension. It is also important that results of previous
inspections are available to operators performing an inspection so that they can ensure the
details of the report are consistent.

3.6.2

Limits to inspection quality, reliability and coverage
In order to optimise the quality and reliability of an inspection it is necessary to ensure that
the QA requirements for the inspection “special process” are appropriate. All inspections
are subject to human factors and the presence of a hostile environment and difficult access
conditions will only increase the likelihood of occurrence of errors and blunders.
Inspection qualification has a role to play, not just in establishing or proving the capability of
the inspection system but of increasing the chances of the inspection being performed right
first time hence maximising the value of each inspection. Qualification will also provide
knowledge of the limitations of an inspection.
In areas of restricted access it is important that the coverage achieved is clearly understood
and reported. In standard NDT, 100% coverage can be reported and means that there was
100% coverage of the accessible regions: the operator assumes that the recipient of the
results would know that, for example, there was a nozzle or fixed feature which obstructed
part of the inspection.
It is important to not fall in to the traps offered by the myths that have grown up round NDT:
• No defects found does not mean that there are actually no defects, it means that the
NDT technique applied did not find any defects.
• A defect measured at 5mm is not necessarily a defect at 5mm. All defect measurements
are subject to measurement uncertainty which should be stated.
• There may be misplaced confidence in defect growth/non growth. The identification of
growth or non-growth is made from two sets of NDT results. Since each are subject to
measurement uncertainty, the combined uncertainty determines the confidence which
can be placed in growth / no growth deduction.
• There is misplaced confidence in hard copy results. As a special process the results are
dependent of the skill of the operator and the control of the process. Just because a
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radiograph or a computer generated plot looks good does not necessarily mean either
the application of the correct procedure or the procedure was correctly carried out.
• An inspection to standard is not always appropriate .Standards often apply to specific
configurations of component with good access. They also can specify a range of
parameters which can be used, so that two significantly different inspection techniques
can both comply with the requirements of a standard.
3.6.3

Uninspectable areas
Nuclear chemical plants, by their very nature, have regions of difficult or even no access for
inspection. It is not acceptable to simply label an asset as uninspectable and take no further
action. In the first instance, a risk assessment must be carried out to evaluate the risk
associated with failure of the uninspectable item.
In certain circumstances, if only part of a vessel or a pipe can be inspected then it may be
possible to make a judgement on the condition of the uninspected regions based on the
inspection results. In doing this, assumptions are made that the uninspected part of the
component is seeing the same environmental and operating conditions as the inspected
region and that the same damage mechanisms apply to both regions. Statistics can be
used to make an estimate of the damage that could be present in the uninspected region.
Work done on this approach in the offshore industry is reported in [HSE, 2002].
If it is not possible to inspect the item but possible to mitigate the risk sufficiently by some
other means, then not inspecting the item may be justified. Methods of mitigating the risk
include, for example, the use of leak detection systems. The mitigation chosen must be
sufficient to reduce the risk such that the consequences of failure are acceptable.
Another approach to uninspectable areas is to demonstrate the tolerance to postulated
defects, and then to argue that such defects would occur only with a very low probability.
This theoretical approach may use expert elicitation of the fabrication welding and
manufacturing inspection to agree reasonably foreseeable and bounding defect sizes with
different probabilities. If a fitness for service analysis demonstrates that such defects are
within the safety case, then the absence of in-service inspection may be tolerable.
If however, the risk is so great that it is not possible to mitigate it without inspection, then
the item must be inspected. To allow inspection, it may be necessary to introduce new
camera ports, in enclosed tanks or pipe bridges for example, or to gain access in some
other way to allow remote camera inspection.
In all cases, control of the asset and system must be maintained, either through the
confidence that mitigation measures provide, or through carrying out inspections on these
‘uninspectable areas’.

3.6.4

Inspection reports and records
The inspection report should describe what was actually done. It should reference the
procedure and provide sufficient details for the inspection: just quoting a standard may not
be enough to allow a repeat inspection to be performed. Especially where measurements
are going to be used to justify subsequent actions, the report should provide information on
uncertainties in the detection and / or sizing measurements.
Any restrictions to test should be explicitly stated even if they are obvious. Sometimes
100% coverage is quoted in reports when it actually means 100% coverage of the
accessible inspection volume despite the fact that a proportion of the inspection volume
may not be inspectable due to obstructions from adjacent components: it is assumed that
the Client will know about the presence of the adjacent components and their impact on the
inspection.
Proactive Ageing Management requires comparison of inspection results in order to provide
trending data both for similar components and the same component over time. To achieve
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reliable trending data it is important that inspection reports are consistent, containing the
same data and the same quality of data (see Section 4.1.2 and 4.1.3). Practically, this is
achieved by having clear reporting instructions in the inspection procedure and standard
proformas for the results. Operators performing inspections should also have access to any
previous inspection reports so that they can see what is required.
It is important that inspection reports are reviewed and information fed back into the ageing
management process; not just stored away. Inspection records should be kept for the life of
the component and include the procedures, statements of capability and the inspection
reports.
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3.7

Other forms of condition assessment

3.7.1

Identification of uncertainties in condition assessments
The problems associated with access and dose rates impose constraints on the application
of NDT techniques on nuclear chemical plant to greater extent than are experienced
elsewhere. These constraints impact on the amount of data which can be obtained on the
current plant condition and on the uncertainties in the data that is obtained.
In addition, the prediction of ageing and life extension requires deductions to be made on
incomplete knowledge: the plant may be operating in extreme chemical and radiological
environments and may be expected to continue to operate for a length of time which is
beyond the current time some materials have been around.
It is important that the uncertainties and limitations in any inspection are explicitly reported
along with the results. The International standard for testing laboratories [ISO IEC 17025,
2005] requires that uncertainties are quantified when ‘relevant to the validity or application
of the test results’. These uncertainties can be calculated from a theoretical basis or it may
be necessary to undertake a practical exercise to establish possible values.
In fitness for purpose assessments materials property data and damage mechanism
information are inputs to the calculations but may all have uncertainties inherent in them.
Again these uncertainties are important to the confidence which can be placed in the results
of the assessment and hence in the ageing management decisions made on the basis of
the assessments. For safety critical components, reducing any such uncertainties is a key
part of the ageing management process.

3.7.2

Alternatives to inspection
In the absence of inspection results, alternative means may be necessary to gain
information the current condition of a plant. A range of techniques is available to obtain
information about the state of the material.
Coupons are pieces of relevant material which are placed plant in positions which
experience the same chemical or radiation environments as the plant component of
concern. These coupons can be removed at intervals during the life of the plant component
and inspected remotely to provide data on any damage or material property changes
caused by the operational environment. Alternatively, a small scale test rig replicating the
environment material combination could be used to generate similar information which can
then be used in the ageing management model for the component.
Boat samples cut from components in service can provide material which can be used for
metallurgical examination. Metallographic replication produces a replica of a surface and so
can be used to detect the progress of corrosion pitting, cracking or creep damage. Portable
harness testing can be used to provide an indication of the microstructure present in a
component and so check whether the item has been correctly heat treated or whether the
welds are within acceptable hardness limits to mitigate stress corrosion cracking and
hydrogen uptake.
Residual stresses can be cause of stress corrosion cracking. Shallow hole drilling can be
used to obtain a measure of the level of residual stress in a component. Modelling of
welding residual stresses has advanced in recent years and can give an indication of the
magnitude and location of high residual stress.

3.7.3

Manufacturing NDT
The inability to perform NDT in-service puts more onus on capability of the manufacturing
NDT to show that the component enters service free of any defects which could threaten its
integrity throughout its life. It may be appropriate to increase redundancy in NDT techniques
applied and to qualify the NDT systems. It may also be appropriate to undertake a preservice inspection to show that the component is free of structurally important defects even
if the generation of such defects cannot be envisaged from the manufacturing process.
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3.7.4

Ageing models for extreme environments and long term (beyond current experience)
The proactive management of ageing requires the existence of a physically based
predictive model of the ageing process to provide information on likely damage rates. This
requires an understanding of the damage mechanisms supported by R&D and/or
experience. Such a model can be quite simple: a predicted corrosion rate of x mm per year
and a minimum allowable thickness. If NDT can be applied to the component then the
thickness can be measured at the necessary intervals. The results can be used to confirm
or modify the model and hence inform the ageing management programme.
However, models are approximations of the complex, real world and are built on current
knowledge of damage mechanisms and operating conditions: they will only be as good as
the approximations and the inputs. So when models are required to address extreme
environments and long term ageing beyond current experience, there will inevitably be
knowledge gaps which need to be filled before an accurate model can be produced.
Experimental research work is likely to be required and NDT techniques can be applied
alongside destructive techniques to collect the necessary data from the experiments.
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4

Addressing ageing

4.1

Categorisation of assets based on current condition

4.1.1

Current condition scoring system
It is useful to have a system for scoring the current physical condition of assets as found
from condition assessment by means of desktop and workshop assessments, inspection
walk-downs, statutory or other inspections and NDT, and alternative approaches. A simple
scoring system would have two components: one relating to the current ability of the asset
to reliably deliver its required functions (to specified performance standards), and the other
relating to the extent to which degradation has reduced or is affecting these functions. At
this stage there is no specific consideration as to the rate of degradation and its predicted
evolution and the hazard level: these will come later.
Duty Holders may define their own scale for scoring current condition. An example of a four
level qualitative scale is given in Table 6 below. There will inevitably be a degree of
judgment necessary and Duty Holders should take appropriate steps to ensure a common
understanding of condition scoring exists within their organisation.

Table 6 Example of a qualitative condition scoring scale
Designation

Description

A - Good

Asset delivering all required functions to required levels of
performance at required levels of reliability
AND

B - Acceptable

No evidence of (or no reason to believe) the onset of degradation
mechanisms (or that known progressive degradation mechanisms
are not behaving as anticipated).
Asset delivering all required functions to required levels of
performance at required levels of reliability
AND/OR

C - Poor

Evidence of (or reason to believe) the on-set of one or more
degradation mechanisms (excluding obsolescence) that currently
pose no significant threat to the delivery of required functions
Levels of asset availability and/or reliability are below that required
to consistently deliver required function(s) to the required levels of
performance
AND / OR

D - Unacceptable

Evidence of (or reason to believe) the significant progression of
degradation mechanism(s) (including obsolescence) that are
affecting or threatening key functions and required to be addressed.
Unacceptable levels of availability and/or reliability mean that the
asset is currently unable to deliver the required function to the
required levels of performance
AND / OR
There is evidence of (or reason to believe there is) substantial
progression of degradation mechanism(s) (including obsolescence)
that are currently affecting key functions or which pose an
immediate threat to key functions.
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4.1.2

Condition scoring asset hierarchies
When scoring an asset, due regard has to be taken of the asset hierarchy. It is important
that there is a means to differentiate between the condition of an asset or system as a
whole and particular important features or components that may be in a more degraded
state. In this scenario a parent asset can be given two scores: the first score is an averaged
or aggregated score for the asset as a whole and the second sore is for the component or
feature that has the worst individual condition score.
In the first instance, a score per whole asset or system can be awarded to give an overview
of general asset condition. As the condition assessment process progresses, condition
assessments can be carried out selectively at lower hierarchical levels so that eventually,
the component level will have a condition score. This allows users to gain an overview of
the condition of assets, but also to identify components that may be in need of attention.
The asset hierarchy level at which condition assessment is carried out should be that most
appropriate for the asset and the management of ageing. Condition assessments carried
out at ‘functional group’ level (eg buildings, process systems) are useful to asset owners for
providing a ‘birds eye’ view of plant across the site. However, Systems Engineers need to
highlight problems with individual systems and components which require attention.
Therefore, condition assessments need to be made at both asset and component level.
One practical point to note is that condition assessments carried out at a system and
component level produce much more data and require more resource. A degree of
selectivity is needed. For example, it would be appropriate to focus on those components
with the highest potential to cause a hazard, those where ageing is most advanced, and
those which may be representative of other components in similar duty. The ageing
management database must be sufficiently large to accommodate the information collected.

4.1.3

Achieving consistency in scoring
The output of a condition assessment should be objective, quantifiable, ‘trackable’ and
supported by evidence. It would be normal for Systems Engineers to track an asset’s
condition and award its condition a score. However, guidance is useful for ensuring
consistency in scoring across the organisation
Condition assessments should be as objective as possible. It is helpful to have guidelines
for scoring each asset based on design specifications or functional performance standards.
Even with this information, an asset’s condition which appears ‘acceptable’ to one assessor
with a background in structural engineering may not be so to a metallurgist (or visa versa).
In order to reduce subjectivity, and seek other opinions, it is good to benchmark condition
by means of a permanent record. A photograph of a defective or degraded asset can be
associated with a particular score and so a comparative assessment can be made. Where
possible it is good to get quantitative data such as thickness measurements.
The way that scores are awarded should also be consistent over time: there must be a
degree of ‘measurement invariance’ so that any trends in asset condition that are identified
can be attributed to changes in the asset’s condition rather than changes in the
measurement technique or the personnel employed. Two separate groups of assessors can
be used to carry out scoring to ensure that the scores are consistent across the site.
Alternatively external auditors can be used to ensure consistency of condition assessments.

4.1.4

Reporting the general asset condition and specific issues
When presenting condition assessment results, a balance must be struck between
presenting so much information that the condition assessment report is impenetrable, and
oversimplifying the results so that important information is ‘averaged out’ or omitted. It is
therefore necessary for the results of the condition assessments to be displayed in such a
way that the overall score for a system can be seen, but any unacceptable or poor
components are also flagged. The detailed information should be accessible (at least in the
digitally stored version) from the system level in the hierarchy.
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4.1.5

Confidence in asset condition
In addition to the scoring of asset condition it is desirable to make an assessment of the
confidence that may be held in the knowledge of asset condition and the source of that
confidence. Confidence may be considered to be obtained from a combination of two
distinct sources: firstly, the knowledge from design, manufacturing and commissioning, and
secondly knowledge gained during service from operating experience, examination,
inspection, testing and maintenance (EIT&M). The balance between these sources typically
changes through life as shown in Figure 6. The level of confidence that is necessary is
related to the importance category of the asset.

Figure 6 Sources contributing to confidence in asset condition through life
At start of life (stage 1) confidence in condition derives largely from knowledge of the initial
build. During life this source of confidence gradually diminishes, and must be compensated
by confidence achieved from EIT&M activities and other forms of condition assessment if a
constant level of confidence is to be obtained. From stage 3 onwards, the required
confidence will mostly need to come from appropriate condition assessment.
In circumstances where the original documentation is no longer available, some confidence
may be built up from drawing together elements of corporate knowledge and operating
experience, including reliability data. Further knowledge may also be obtained from periodic
design reviews and similar processes. As previously noted in section 3.3.2, the nature of
inspection needs to change through life from confirming the original design assumptions to
a deterministic activity that seeks to measure the extent of degradation (eg wall thinning).
The level of confidence required in asset condition depends on the hazard category of the
asset (see section 2.7.3). Clearly the highest degree of confidence is required in assets
where the potential hazards are categorized as critical or important, while a lower degree
may be acceptable for those where the hazard is negligible or marginal. Whereas
confidence in the high hazard assets requires a significant and increasing contribution from
condition assessment through life, confidence for lower hazard assets may rely more on
retained knowledge of the original design, manufacture and commissioning.
Although assets generally move through the stages of ageing from 1 to 4, it is possible
through refurbishment for an asset to revert to an earlier stage. Under these circumstances,
it is likely that new data on the design, manufacture and commissioning will follow from the
refurbishment project. The confidence attributed to design, manufacture and commissioning
should be kept under review and adjusted in the event of revisions to original design codes.
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4.1.6

Asset risk profile
Having undertaken a current condition scoring it is important to use this knowledge to
create a risk profile by assessing the likelihood and level of hazard that may result in the
short term timeframe from any failure or reduction in performance. This requires a failure
modes and effects analysis (FMEA) to determine the nature and level of the hazard.
An example of a five level hazard likelihood scale is given in Table 7. It is important to point
out that the likelihood of a hazard resulting from ageing may not always correspond to the
severity of the current condition. In other words, an asset in very poor condition may
sometimes not significantly increase the likelihood of a hazard arising, while a slight fall-off
in performance of another asset (eg a small leak) could make a hazard much more likely.
As well as considering the assessed current condition and the failure modes and effects
analysis, the scale also takes into account of the EIT&M regime and its documented history
and the position within design life. In terms of condition scoring, scores B, C and D might be
linked with hazard likelihood categories 3, 4 and 5, but as noted above there is not
necessarily direct correspondence. The attributes are merely indicators.
Table 7 Example of a qualitative hazard likelihood categorisation scale
Hazard
Likelihood of
Guidance criteria of attributes
Likelihood
hazard caused by (engineering judgement based on knowledge of the
category
ageing/defects
asset, environment and degradation mechanisms and
the failure modes and effects analysis)
1
Very unlikely
In very good condition. New or well within original
(Not in the
design life. Predicted to meet lifetime plan (LTP)
foreseeable
demand. Good EIMT regime. No obsolescence or
future)
spare availability issues. No known defects. High
reliability and availability.
2
Unlikely
In good condition. Within original design life and should
generally meet LTP demand. Adequate EIMT regime.
All key areas inspected. No obsolescence issues.
Generally reliable and reasonable performance.
3
Possible
In acceptable condition but with isolated defects. May
be approaching end of original design life. May not
meet full LTP demand. Reasonable IMT history. Some
uninspectable areas. Spares generally available but
might be a problem within LTP demand. Generally
acceptable availability, reliability and performance.
4
Likely
In poor condition with known defects. Past original
design life. Patch IMT history. Uninspectable areas
susceptible to degradation. Difficult to obtain spares.
Some history of defects repaired. Some availability,
reliability and performance issues.
5
Very likely
In an unacceptable condition. Known widespread
degradation or significant defects. Past original design
life. Little IMT history. Indicators of degradation in
uninspectable areas. Current obsolescence of parts.
Frequently unavailable, unreliable and underperforming.
Assets may be categorised within a risk matrix. Examples of risk matrices for safety and
non-safety related hazards are shown in Tables 8. It may be appropriate to construct a risk
profile at the hierarchical level of major plant systems or buildings, and then to focus in on
the sources of high risk at a system or component level to pin-point the effect of particular
ageing issues and defects that may be creating a high but localised hazard. A view of the
site-wide risk is important for managers to make strategic decisions, but it is important not
to obscure single issues that could escalate. The treatment of assets for the purposes of
the management of ageing depends on in which risk cell they have been placed.
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Table 8a Safety risk profile criteria for degraded facilities
Safety hazard from ageing issue(s)
Effect of
Loss of system
integrity and
integrity security
security of inter
Immediate
Site wide off
(fire/explosion,
dependent and
safety of
site safety
toxicity,
adjacent critical
personnel
implications
contaminant
systems

Consequence
level

Hazard likelihood in immediate timeframe

Very
unlikely

Unlikely

Possible

Likely

Buildings,

Systems

Components

Very
likely

Critical
Important
Duty holder defined

Significant
Marginal
Negligible

Table 8b Non safety risk profile criteria for degraded facilities
Safety hazard from ageing issue(s)
Operability
and LTP
Economic
objectives
Financial impact
Legal
Reputation

Consequence
level
Environment

Hazard likelihood in immediate timeframe
Very
unlikely

Unlikely

Possible

Likely

Very
likely

Critical
Important
Duty

Holder

Defined

Significant
Marginal
Negligible
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4.2

Ageing Management Programmes

4.2.1

Generation of an ageing model
An ageing model takes the understanding of the mechanisms of ageing and current
condition with performance standards and acceptance criteria, and converts these into a
tool to predict future condition and risk profile. An ageing model may be as simple as a
constant rate of corrosion or wear backed up by previous inspection data. In other
instances a more complex calculation based on operational data may be required such as
with fatigue and creep. The ageing model may be an extrapolation of reliability data
(number of breakdowns/year), or the on-going costs of maintenance and repairs. It may be
a notional estimate of the future performance based on experience or judgment.
Ageing models are by their nature subject to uncertainties. It is necessary to monitor the
predictions of the model by testing against new data as it is acquired. Key performance
indicators are useful to benchmark the model.
Where there are uncertainties, particularly over long timescale or new mechanisms or
environments, adequately funded research and development programmes may be
necessary to improve confidence in the models. Universities and research and technology
organisations can play an important role. A strategic approach is useful to promote long
term R&D into generic issues including national and international collaborations.
The generation of an ageing model introduces a dynamic into the ageing management
process. It predicts the rate of ageing and the impact of future condition on the risk profile. It
is important then to predict the change in the risk profile over different timescales. This
enables the priority of intervention and remediation works to be determined, as well as
measures that can slow the ageing process. Future inspections and maintenance work can
be planned at appropriate intervals. Where rapid future degradation is predicted more
urgent remediation/corrective actions can be taken.

4.2.2

Development and implementation of an Ageing Management Programme
Duty Holders are expected to develop and implement Ageing Management Programmes
(AMPs) and plans for all their assets requiring proactive ageing management. The
attributes of an AMP are listed in Section 2.2.4. There should be arrangements covering all
the attributes of an AMP for all assets, but the degree of detail to which these are
developed will depend on the type, function and role of the asset.
In practice an AMP may be defined by a set of summary sheets for each asset system,
structure or component under proactive ageing management. Each sheet would contain a
series of activities and actions under each attribute heading. It would include an executive
summary of the AMP that highlights or references the current understanding of ageing,
materials and degradations sites, and information in support of the programme. The
summary sheet would also highlight uncertainties in terms of condition assessment and
areas where a long term understanding of ageing is lacking.
The AMP needs to interface with other schedules for statutory inspection and maintenance
where these are different. The AMP needs to be developed, owned and implemented by
the Systems Engineer (or equivalent) but made readily available to other stakeholders in
ageing management. Implementation of the AMP should include periodic collection and
reporting of appropriate data to provide a basis for decisions on the lifetime plan. Where the
lifetime plan requires assets to operate beyond their specified design life, or where final
dismantling and removal is deferred, the AMPs need to be revised accordingly.
A process for periodic review and improvement of the AMP is required in the light of current
knowledge and experience. Relevant current knowledge would include the latest condition
assessments, operating and maintenance histories, and information from the results of
research development and generic industry experience. Consideration should be given to
arranging independent peer review of AMPs in order establish whether the AMP is
consistent with generally accepted industry practices and knowledge.

19283/1/11

58

TWI Ltd

4.3

Reacting to defects

4.3.1

Process
When defects are found during the course of an inspection walk-down, or from statutory or
other inspection or NDT, or reported by plant personnel, a defined process should be in
place to determine the appropriate course of action. The process should be tiered and
graduated in concept, including several stages of evaluation, starting with an initial risk
assessment through to deciding remediation and impact on the lifetime plan. Where defects
give rise to imminent serious safety implications, these should be subject to special
immediate attention and visibility within the process. Defects with the potential to have
serious impact on business production can also be given high priority.
Duty Holders will wish to define their own process but an example process is given in the
flow diagram below for information.

Detection of a defect
Examine
safety
Case &
risk
analysis

Examine
Operational
implications

What are the
safety/business
implications?

Anticipated
timescales?

Imminent

Flag for
Immediate
action

Longer term
Update
database

Amend
Lifetime
Plan

Replace/
remove

Report
Classify &
Log defect

Implement
urgent
defects
procedure

Sentence

Develop & schedule
remediation work

Repair/
refurbish

NDT/FFS
Assessments

Defer/
monitor

Figure 7 Process flow diagram for reacting to defects
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4.3.2

Defect categorisation
The System Engineer (or similar post holder) should characterise, evaluate and categorise
the severity of a defect in relation to its potential and timescale for creating a hazard to
safety or production/business using the risk matrices suggested above in Section 4.2. It is
necessary to consider the effect of the defect on the performance of the asset taking into
account required performance standards, the safety case and business risk analyses.
Defects where a critical or important hazard is likely or very likely in the immediate
timeframe should be identified for urgent attention or the plant removed from service.
Defects where the hazard from the defect would be marginal or negligible could be posted
and treated with less urgency via normal repair and maintenance procedures. Where
important or significant hazards could arise in the longer term, but are unlikely at the
present, the asset management plan should ensure that remediation of the defect is
scheduled before such hazards are realised.
The Systems Engineer would be expected to report the category of the defect and update
the site risk database and asset management plan. A defect may be referred to a site
sentencing committee for more detailed evaluation using quantitative inspection and NDT
and fitness-for-service assessment. A course of repair remediation action may then be
agreed and scheduled or deferred depending on the severity and timescale of the hazard in
relation to the current condition and predicted rate of further deterioration. Plant Health
Committees may exist for monitoring trends and ensuring actions are completed.

4.3.3

Fitness-for-service assessment
When a defect is found it may not always be necessary to repair or to replace the item. A
fitness-for-service assessment of the item may conclude that the reduced performance of
the item is a low risk band in view of the current duty and any further deterioration in the
duration of the remaining service required. The process of fitness-for-service assessment
can be applied to a defect in any type of system. An illustration of the general approach with
regard to the assessment of defects in welded structures is given in BS 7910 [BSI, 2008].
The topic and approach to fitness-for-service as applied to corrosion and crack-like defects
in process plant is described in more detail in RR 509 (HSE, 2006a). There are a number of
standards which provide methods for assessing a component’s “fitness for service”,
whether that is the component’s tolerance to defects or the severity of a particular defect if
present in the component. These include:
•
•
•
•
•
•

BS 7608 (fatigue assessment of steel structures)
BS 7910 (assessment of crack like flaws, including fracture, fatigue and collapse)
API 579 (covers a range of topics including locally thinned areas of vessels and pipes)
R5 (covers high temperature crack growth and creep in high temperature reactors)
R6 (covers fracture and fatigue of defects under typical nuclear power plant conditions)
FITNET, 2008 European procedures (covers fracture fatigue, thinned areas)

Beyond defects in structures there are few standards that can be referenced. The normal
course of action is to refer the defect to the Design Authority. A more formal approach to
fitness-for-service assessment for defects in different types of mechanical, civil and
electrical systems is needed, particularly when qualitative judgments have to be made.
4.3.4

Prioritising for remediation
Some operators have a local sentencing committee to review all defective items within a
system and decide the remediation and prioritisation. Time for action should be based on:
•
•
•
•
•
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Prioritisation of remediation could be in the following categories:
•
•
•
•
•

Begin work immediately
Schedule at the earliest opportunity
Schedule at next system availability within 13 weeks
Schedule as resources allow within the normal process
Work only when time allows

All defects and remediation actions should be entered on the relevant ageing management
databases and recorded when resolved or with alert triggers if they have not been resolved
by the stated date. An appeals process to more senior site management is necessary when
the resources are not adequate to address the need.
In reaching a decision on a course of action all options for addressing the defect should be
considered. These should take account of any safety implications, future lifetime
requirements, operating regimes, maintenance strategies and costs associated with the on
going management of the asset. In general the lowest cost option over the remaining life of
the asset is preferred unless there is over-riding justification for doing otherwise.
4.3.5

Trending and forecasting
The condition assessment score should give an indication of the asset’s current condition.
There may be a separate score to indicate the rate at which its condition is changing over
time. This is an important aspect of condition assessment as this should influence priority in
the maintenance schedule: An asset with a high associated risk that is currently assessed
as in ‘acceptable’ condition but is degrading rapidly may be a higher maintenance priority
than one which is currently ‘poor’ but deteriorating more slowly.
Trends observed in the results of condition assessments which have been recorded over
time can be used to predict the likely future performance of the asset. These predictions
can inform maintenance schedules and repair/refurbish/replace decisions within the asset
management plan. It is important consider the long term future condition, but to be aware
that current trends may not always be a good indicator of future rates of degradation.

19283/1/11

61

TWI Ltd

4.4

Ageing management of non-operating facilities

4.4.1

Challenges of the decommissioning phase
When normal operation of an nuclear facility ceases, plant and buildings once classed as
‘assets’ become ‘liabilities’ and are progressively removed as the site is decommissioned.
There may be many years if not centuries before decommissioning can be fully completed.
Throughout this phase, it is necessary that work on the site can proceed safely, efficiently
and economically to achieve the strategic objectives.
The decommissioning process is akin to construction as a series of phased projects over
many years. Sites have a lifetime plan and a schedule for dismantling and removal of the
fabric. Sometimes new facilities are constructed as part of the decommissioning process.
During this phase asset management is aligned with the strategic objectives and lifetime
plan for the site, and should take ageing account.
In principle there should be no difference in approach between asset management of
operating and non-operating facilities. The things that differ are the mechanisms that come
to age the assets and the nature of the resulting hazards. Whereas the objective of the
operating phase to sustain the facility for production and to prolong its life, during
decommissioning the ultimate objective is removal. The aim is to act as ‘care taker’ of
liabilities until they can be removed: this can affect the view on maintenance and repair.

4.4.2

Changing hazards and risk profile
Once sites enter the decommissioning phase and later become fuel-free and partly
decontaminated, the level of nuclear hazard is reduced but not eliminated. However,
deterioration of civil and other structures and plant may create more ‘conventional’ hazards,
such as the risk of fire, structural collapse, loose objects, and electrical faults. During
normal operation, these hazards would have posed a relatively low risk and may have been
‘lost in the noise’. Some hazards may never have been present before and so may be more
difficult to recognise in the decommissioning phase.
Buildings containing non-operational facilities no longer required may be left in the ‘cold and
dark’ state (ie without permanent heating, lighting or ventilation) for a long time. This ‘cold
and dark’ state can accelerate degradation of both the civil structures themselves and the
liabilities inside, due to damp conditions which can cause condensation to accumulate.
When structures are no longer in regular use or visited, problems such as water ingress,
damp, failed handrails or leaky roofs may go unnoticed.
Equipment at sites in the decommissioning phase may be needed well beyond its original
design life. Normal ageing processes may reduce the integrity of ancillary items such as
storage tanks, pipe ridges and cable trays, which may not be subject to statutory routine
inspection and maintenance. Emergency systems (and their associated electrical systems
and other utilities) such as fire detection, water hydrants and diesel generators need to be
kept in good working order, yet can be easily neglected.

4.4.3

Changing inventory and Interactions
Sites in the process of decommissioning are in a constant state of change as liabilities are
removed or demolished. To manage risks effectively, tight controls are needed and the
asset register must be kept up to date with the changing configuration. The complexity,
bespoke nature and interactions between systems and structures mean that removing
liabilities and demolishing structures is a long, complicated process with many stages.
As liabilities are removed, ageing problems may ‘cascade’ due to the complexity and
interaction between systems. For example, the ventilation system of a building may have
been removed as part of the decommissioning. In the same building, a leaky joint may have
been sealed to prevent water ingress into the building. The lack of active ventilation, plus
the sealing may prevent natural ventilation and cause the building to become damp, leading
to accelerated corrosion of plant contained in the building.
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Another example is when a pipe bridge and its support structure are corroded and need to
be dismantled. Electrical or low level waste services running across a corroding pipe bridge
may need to be rerouted before dismantling can commence. Such changes can affect the
risk profile associated with these systems.
There can be new hazards associated with redundant plant and equipment if these are not
properly managed. The corroding pipe bridge may no longer be required once its services
have been rerouted, but the possibility of its potential collapse should be considered with
regard to impacting any sensitive equipment beneath. It is not safe to forget about it.
4.4.4

Approach to ageing management
During most of normal operation, the approach to integrity management is largely based on
monitoring the operating performance backed by routine inspection and maintenance. The
state of the plant is controlled within specified operational and environmental limits.
Equipment operates within its design basis and design life and there is expected to be an
operator presence and level of knowledge so that problems may be readily detected.
During the decommissioning phase these assumptions may no longer apply. What were
once operating assets are now seen as liabilities to be ‘kept safe’ before they are removed.
Some facilities may be required for a period as part of the decommissioning process.
Sometimes the required life or removal date for some facilities may be extended as a result
of changes in the site’s strategic objectives. The Ageing Management Programme needs to
reflect these factors and degradation mechanisms that were not present or potent before.
Where equipment is not operating, more regular plant walk-downs are needed as a
substitute to plant monitoring to determine the physical condition. All the key assets
important to safety and business on the site should be covered. Items that may have
received little attention during the operating phase, such as trenches, utilities, support
structures, and storage areas, should be included. Areas where there has been no previous
inspection (eg foundations, roofs, floors, encased tanks, buried pipes and cables) may need
to be addressed for the possibility of slow long term deterioration.
A comprehensive process for dealing with defects and degradation is necessary so that
problems can be logged and evaluated within the context of the safety of the site and the
strategic objectives. A system is needed for determining the risk created by the defect or
degradation and the increase in risk if the issue is not dealt with over different timescales.
The process may involve many parties including the Systems Engineers, risk management
and control, maintenance and projects. Plant Health Committees meeting periodically may
be the formal route for determining priorities, trends and reporting to site management.
A schedule of maintenance and the remediation of defects and longer term projects for
assets care is required. It is important that sites keep a check of any backlog since this can
increase the risk. The condition and risk profile should be recorded on the site asset
register for ageing management so as to be visible to senior management.

4.4.5

Long lead time items
Certain equipment, such as cranes, gantries and walkways, may be needed throughout the
decommissioning process, or alternatively only at some later date which may be tens of
years into the future. Depending on whether and when the facility will be needed, there are
three options for these facilities. The facility can be preserved in good order for the entire
process, abandoned completely, or abandoned in a known state where it can be re
commissioned at a later date.
The option selected will depend on the context and a cost risk analysis of the options and
alternatives if the facility is not available. As an example, consider a pile cap crane that will
not be needed for many years. The decision may be made to cease the LOLER inspection
and tests and to leave the crane in a greased but otherwise unprotected state. The process
of re-commissioning such a crane after being in a dormant state for many years is currently
not well understood and may carry significant risks and unforeseen costs.
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4.4.6

Personnel management
Asset management on decommissioning sites may be made more difficult if many of the
staff who worked on the plant during operation (and who may have been experts in a
particular area of plant) have left, taking with them knowledge about the behaviour, design
and quirks of the plant. The converse problem is that staff who remain, and who were
familiar with the site during operation, may be unaware of the new hazards and modes of
degradation that affect the non-operational plant. Keeping staff motivation high is a
challenge when very long timescales are involved and day to day progress is slow.
Personnel should remember that asset management is still important even after the plant
stops operation in order to maintain the risk to safety at a low level until the final
decommissioning of the site. There are new and different dangers to consider. The
constantly changing nature of the liabilities makes the interactions between systems and
people even more important. The implications of a particular change to the plant should be
considered before action is taken and good teamwork and communications are essential.
There are now many sites in various stages of decommissioning in the UK. All face similar
issues which to an extent is uncharted territory. Sites should encourage their staff to share
knowledge and experience with other sites undertaking a similar role. Attendance of
conferences and interactions with external providers of services can stimulate and bring
new ideas, motivation and creativity.

19283/1/11

64

TWI Ltd

5

Good Practices
While this report is not intended to be prescriptive, nor is it official guidance, the following is
a summary of good practices that the authors believe will enable sites with nuclear
chemical facilities to implement effective ageing management.
1

Introduce a system of asset management in line with BS PAS 55 (or similar standard).

2

Have an asset management policy, strategic objectives, lifetime plan and organisation
that recognise the need for proactive management of ageing of important assets.

3

Appoint an asset management Co-ordinator and Systems Engineers (or similar role) to
co-ordinate the management of ageing, with support from Design Authorities,
operators, inspectors and maintenance teams, and external advisors and experts.

4

Ensure that the relevant personnel are appropriately qualified (SQEP in engineering
roles, qualified inspectors) and competent to manage ageing through having adequate
training, knowledge and experience.

5

Have an inventory of assets, structured into an appropriate hierarchy, and a database
for assets requiring proactive ageing management.

6

Screen assets requiring proactive ageing management on the basis of a risk
assessment using best available current knowledge.

7

Understand the modes of ageing and failure of the relevant assets (design, materials
properties, environment, possible degradation mechanisms, current and likely future
condition, obsolescence issues, changes in standards, knowledge and technology).

8

Undertake suitable condition assessments, (including desktop and workshops
assessments, inspection walk-downs, other inspections and NDT, and quantitative
approaches) to gain the required confidence and knowledge in the asset condition.

9

Ensure that inspections are properly managed (eg through an Inspection Authority) and
reported, and that inspections and inspectors are appropriately qualified.

10 Use appropriate methods of risk based inspection, including remote visual and long
range techniques to access difficult areas, but use alternative approaches to
demonstrate integrity where inspection is not possible, incomplete or insufficient.
11 Have a scale for scoring and categorising condition of assets, including a score for the
general condition and the worst component, and a dynamic visible process for updating
the risk profile of the site’s assets according to the ageing condition.
12 Develop an ageing model as a means for forecasting the evolution of ageing and future
condition and the potential impact on the risk profile of the site.
13 Develop and implement an Ageing Management Programme(s) for assets requiring
proactive ageing management, including ageing prevention, detection, monitoring and
mitigation actions, acceptance criteria and performance standards, corrective actions,
feedback of operating experience and R&D, with suitable quality controls.
14 Have a process for reacting to defects (including a fast track procedure when urgent
action is required) and fitness-for-service sentencing assessment.
15 Have a system for prioritising remediation and asset care (using trending data) before
problems escalate, and have a process of appeal for priority to the asset owner.
16 Understand the changing hazards and risk profile of non-operating facilities and the
need to manage long lead time items in line with the decommissioning plan.
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Glossary of technical terms

Ageing

Ageing management database/
inventory

Ageing Management Programme

Ageing mechanisms

Ageing related degradation

Ageing model

Asset

Asset care
Asset condition

Asset hierarchy

Asset integrity management

Asset management

Asset management plan
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The stage of asset life when the possibility or rate of accumulation
of degradation, damage and defects increases beyond that which
can be managed by routine maintenance. Ageing also includes
notions of change in knowledge, practice and codes and standards,
and of obsolescence in terms of the availability of the original
manufacturer, replacement components and design data.
See Section 2.2.1.
A list of assets that is prioritised in terms of the risk associated with
asset ageing, unavailability or failure. In this report, the ageing
management database also includes information on asset
condition, maintenance and inspection records and design
information. The database helps the Systems Engineer making
asset management decisions.
See Sections 2.6.1 and 2.6.6.
An asset specific programme of work for proactively managing
ageing. The programme starts from a fundamental understanding of
the ageing mechanisms, specifies preventative actions, establishes
current condition and trends, implements remediation/risk mitigation
actions and ends with feedback for evaluating the effectiveness of
the programme.
See Sections 2.2.3 and 2.2.4.
In this report, ageing mechanisms are typically time dependent
degradation mechanisms which may occur throughout life, for
example, wear, creep, corrosion or fatigue.
Degradation which occurs when the asset is ageing ie when the
asset has accumulated damage and the rate of degradation has
increased beyond that can be managed by routine maintenance.
A method of understanding and calculating how an asset degrades
with time (for example, uniform corrosion rate, fatigue usage).
Ageing models are used to predict future asset condition and
therefore plan asset management actions.
See Section 4.2.1.
Infrastructure or plant within a site that has some value to the
organisation or for which the organisation is responsible.
See Section 2.1.1.
Term used at some nuclear chemical facilities to describe an
Ageing Management Programme.
The physical state and configuration of an asset, including
degradation, damage and defects and aspects of ageing in relation
to current knowledge, standards and obsolescence.
See Section 3.2.1.
Ranking of assets in functional groups (eg the entire plant down,
through individual systems, to individual components).
See Section 2.6.2.
The process of managing the integrity performance (including
functionality,
availability,
reliability,
survivability
and
interdependence) of assets.
See Section 2.1.2
The process of balancing need, costs, risks, functionality and
performance of assets throughout their lifetime to achieve business
objectives within a strategic lifetime framework.
See Section 2.1.1
Document that specifies activities, resources, responsibilities and
timescales for implementing the asset management strategy and
delivering the asset management objectives. Section 2.5.1.
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Asset management policy

Asset register

Audit tool

Bathtub curve

Component
Condition Assessment

Condition Score

Containment
Co-ordinator

Corporate knowledge

Corporate memory
Corrosion
Creep
Decommissioning
Defect
Design Authority

Design limits

Desktop assessment
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The document that states the principles and mandated
requirements derived from and consistent with the organisational
strategic plan, providing a framework for the development and
implementation of the asset management strategy and the setting
of the asset management objectives (PAS 55).
See Section 2.1.1.
List of all assets on site, including those not listed in the Ageing
Management Database, including those which do not have a high
risk associated with their failure.
See Section 2.6.
Questions with a commentary which aim to evaluate the
effectiveness of an organisation’s ageing management regimes
See Appendix A.
Represents the probability of failure of a population of assets and is
one way of describing the ageing process.
See Section 2.2.2 and Appendix B.
Individual identifiable part or feature of a plant or item of equipment.
The process of ascertaining the current physical condition,
configuration and ageing of an asset.
See Section 3.2.1.
Score awarded to an asset which allows assets to be ranked based
on their physical condition.
See Section 4.1.2.
Physical means of containing (ie preventing access to or movement
of escape) nuclear material and ionising radiations.
In this report the asset management Co-ordinator is the person with
responsibility for overseeing the asset management over all assets
at a site including ageing management programmes.
See Section 2.4.2.
Insight or experience relevant to the operation of the company. It
often resides with individuals and without a system for retaining it,
corporate knowledge may be lost when personnel change roles or
leave the company.
See corporate knowledge.
Degradation of metals by chemical interaction with the environment.
Plastic deformation of susceptible metals when subject to stress at
high temperatures.
The whole process of taking a nuclear facility out of service,
dismantling and removing it from site.
Imperfection in a component or material, including cracks, welding
defects, construction defects etc.
The person with responsibility for the design integrity of a specified
equipment or discipline (eg electrical, civil, pressure systems). The
DA approves design changes and is responsible for ensuring that
knowledge of plant design is maintained and respected when
modifications to the plant are required.
Section 2.4.4.
The limits of the conditions for which the component is designed.
Design limits can be reached by changes in environmental
conditions (eg stresses or temperatures) or changes in the
component (eg reduction in wall thickness due to corrosion or
wear).
Method of assessing the physical condition of an asset by an
individual consulting data (such as design data, inspection and
maintenance records and operational data).
See Section 3.2.4.
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Duty holder

Engineering assessment
Fatigue

Fitness for service

Flaw
Information management

Inspection

Inspection Authority

Inspection validation/qualification

Intangible assets
Intrusive examination
Lagging (performance indicators)

Leading (performance indicators)

Legacy liabilities

Life extension
Lifetime
Lifetime plan
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The organisation or person that holds a legal or contractual
responsibility. In this report this normally refers to responsibility for
health and safety and the delivery of contractual obligations for
management, production and progress at site.
Assessment of available information or data by a professional
engineer.
Deterioration of material due to repeated cyclic loads, due to, for
example, vibration, fluid flow at pipe bends and changes in
temperature.
Quantitative assessment to determine whether a structure or
component meets the service requirements for which it was
intended
Imperfection in a material or component, including, for example,
cracks, welding defects, construction errors.
Process of ensuring information is correctly stored and made
available to those who require it.
See Section 2.6.7
Method of evaluating the physical condition of assets, including
broad scale condition assessments to detailed non-destructive
testing.
See Section 3.3 and Appendix E.
A person with responsibility for overseeing the quality, competency
and efficiency of inspection at a site. The Inspection Authority
ensures inspections are validated when required, using appropriate
and modern techniques and carried out by qualified persons. The
Inspection Authority should minimise duplication of effort and
commission research.
See Section 3.4.2.
Also known as inspection qualification. The formal independent
assessment of the capability of an inspection to meet its objectives
in terms of its process, personal and procedure. It can involve
technical justification, open and blind trials.
See Section 3.4.3
Those non-physical assets which are difficult to quantify, such as
reputation or goodwill.
Inspection of the physical condition of an asset, which uses non
destructive testing techniques.
Performance indicators which enable failures to be detected and
therefore highlight incidents and/or deficient performance of assets
See Section 2.1.4.
Performance indicators which can be used to predict future
performance and therefore forewarn of non-compliance with
performance standards.
See Section 2.1.4
Items which were once termed assets during operation are classed
as liabilities when the plant becomes non-operational. They are
items no longer required but for which responsibility is retained.
There is normally a timescale and cost associated with their
decommissioning and removal from site.
See Section 4.4.
The process of justifying the operation of an item of plant beyond its
originally anticipated design life.
The time between commissioning and decommissioning an asset.
A plan for the life of assets which is consistent with the strategic
objectives of the company and includes the asset management plan
with specific ageing management programme actions. Section 2.3.1
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Non-operational equipment/facilities

Nuclear chemical facilities

Nuclear Installations Act

Nuclear licenced site

Nuclear power plant

Nuclear professionalism

Obsolescence

Owners

PAS 55

Periodic safety review
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Non-operational equipment and facilities are those whose use and
purpose for existence have ceased but the fabric remains. It
includes facilities at sites waiting decommissioning and removal.
See Section 4.4
In this report nuclear chemical facilities comprise all nuclear fuel
cycles facilities and infrastructures excluding those directly for
power generation
See Section 1.2
The Nuclear Installations Action 1965 (as amended) is the statutory
instrument for the licensing, regulation and inspection of nuclear
installations and sites.
See Section 1.6.
A nuclear site is a site for which a license is required under the
Nuclear Installations Act 1965 (as amended). It is usually any site
holding with nuclear materials or capable of causing emission of
ionising radiations
See Section 1.6.
In this report the term nuclear power plant (NPP) is reserved for a
reactor plant involving controlled nuclear fission or fusion usually for
the generation of electricity. While nuclear chemical facilities may
be found at NPPs in areas such as fuel handling and ponds, the
primary circuits of NPPs are outside the scope of this report.
See Sections 1.2 and 1.9.
Nuclear professionalism is the culture expected of all people (staff
and contractors) working at nuclear licensed sites and on projects
related to such sites. In particular there is the expectation of
reporting and challenging safety related issues, behaviours and
conditions (including ageing) that could be detrimental to the well
being of the site or project regardless of ownership.
Section 2.5.4.
Obsolescence is where a system or components within it cannot be
easily replaced or where replacement components are not
compatible with the original system. It often relates to electrical and
control systems, but can also relate to mechanical systems where
the original supplier or design drawings have disappeared.
See Section 3.1.3.
The owner of a site or asset is the entity or person that holds the
legal right of possession of that site or asset and the ultimate
responsibility for its value or liability. Thus the NDA is the owner of
many nuclear sites on behalf of the British government. Owners
may and do delegate management and upkeep of the sites or asset
to another parties. In this case the asset owner is the senior
management with the authority for allocating resources for the
upkeep of assets across the site.
See Section 2.4.6.
PAS 55 is British Standard Publically Available Specification for
Asset Management. It is a generic management system for
optimising the management of assets of all kinds.
Section 2.1.1.
A periodic safety review is (according to the IAEA) a systematic
safety reassessment to assess the cumulative effects of plant
ageing and plant modifications, operating experience technical
developments and siting aspects on safety, including an
assessment of the plant design and operation against current safety
standards. In the UK a periodic safety review is a periodic and
systematic review and reassessment of safety cases (carried out
every ten years) as part of the site licence conditions.
Section 1.6

73

TWI Ltd

Proactive ageing management

Reliability

Remote Visual Inspection

Risk

Risk profile

Risk-based approach

Safety case

Stages of ageing

Stress corrosion cracking
Structural Health Monitoring

Survivability
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Proactive ageing management has the attributes of an Ageing
Management Programme according to Section 2.2.4. It requires a
level of foresight and proactivity based on an understanding of
ageing, a screening of assets, preventative actions, monitoring and
trending, and targeted inspection regimes.
See Section 2.2.3 and 2.2.4.
Reliability is a measure of the frequency with which a system fails to
deliver its function when required to do so. It may be the failure to
function on demand or the failure to continue functioning. It is
measured by metrics such as the mean time between failures,
number of breakdowns or the number of failures to start on
demand/unit of time.
See Section 2.1.4.
Remote visual inspection is visual examination achieved by means
such as telescope, endoscopes and cameras on robotic arms in
situations where close proximity to the surfaces being examined is
not possible.
Section 3.4.4
In this report, risk is a qualitative or quantitative notion of the
association of the degree of susceptibility, likelihood or probability of
a detrimental occurrence with a measure of the magnitude of the
detrimental effects or consequences of that occurrence. In cases
where risk is treated quantitatively, it is often considered as the
product of the probability and consequences.
See Section 2.7 and 4.1.6.
A risk profile is a sequential ranking of assets according to their
individual level of risk. This is sometimes called a parento plot.
See Section 4.1.6.
A risk based approach is one where decisions are based on the risk
associated with an asset, operation or action. In this report it usually
applies in the context of determining to inspection and maintenance
priorities.
Section 2.7.5
A safety case is (according to the NII safety assessment principles)
is a logical and hierarchical set of documents that describes the
radiological hazards in terms of the facility, site and modes of
operation, including potentially undesired modes, and those
reasonably practical measures that need to be implemented to
prevent harm being incurred.
See Section 1.6.
Periods of the life of an asset or item of equipment with different
characteristics: Post commissioning infancy, Risk based maturity,
Deterministic and ageing, Monitored and Terminal. First defined in
HSE Research Report 509.
See Section 2.2.2.
Cracking of the susceptible microstructure of a metal is subject to
tensile stress and a corrosive environment.
Structural Health Monitoring is a term used to describe in-situ
measurements and metrics that can be used as indicators of the
integrity of the structure. Typically SHM covers strain gauging,
displacement measurements, and vibration monitoring, but is
considered separate from inspection and non-destructive testing.
See Section 3.7.
Survivability is the term use to describe the resilience of a system to
function during and after an extreme event such as an impact fire,
storm or an earthquake. It is often used in conjunction with defined
performance standards. See Section 2.1.4.
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System

Systems approach

Systems Engineer

Tag

Trending (data)

Uninspectable areas

Visual Inspection

Walk down inspection

Workshop assessment
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A system is an assemblage of several components or items of
equipment to form an entity with a collective function or purpose
beyond that of any individual item (eg electrical system, pressure
system, a crane, a pond).
See Section 1.5 (for examples).
A systems approach is a consideration of the interactions and inter
relationships of the different items and components within a system.
It is often inter-disciplinary in nature.
In this report the term or title Systems Engineer is used for the
wide-ranging role as a custodian for a designated system, including
the management of ageing. A model profile for this role is given in
Table 2. Some organisations define the role more widely or use
different titles for this role.
Section 2.4.3.
A tag is a reference to a particular asset, plant, structure, system, or
component within an asset inventory or database hierarchy. It
recognises the existence of that item. The tag would normally
indicate the hierarchical level of the item to which it is referring (eg
a.b.c.d).
See Section 2.6.2.
Trending is an extrapolation of a series of measurements or metrics
beyond the range over which they have been collected. In this
report trending usually refers to an extrapolation in time into the
future.
See Sections 3.6.4, 4.2.1 and 4.3.5.
An uninspectable area is one which is either hidden or obscured by
other fabric or one for which access by humans and remote
examination devices is not possible by virtue of radiation or access
or other physical condition. Typical examples would include piles
and building foundations and encasements, the inside of sealed
vessels and tanks, complex piping systems, highly radioactive or
contaminated areas.
See Section 3.6.3.
A visual inspection is a formal examination of exposed surfaces for
cracks, corrosion and other defects degradation. It includes
examination made with the naked eye, the use of magnification and
telescopic devices, and with endoscopes and cameras.
See Section 3.5.1, 3.5.2 and 3.5.3.
In this report a walk-down inspection is the process of obtaining
information about the current condition an asset, plant, structure or
system, from a visual inspection by qualified personnel of the
appearance of exposed surfaces according to a predetermined
viewing plan or schedule. Some organisations use the term walkdown more broadly to mean a full system review, including a review
of drawings and configuration validity, performance history and
reported defects as well as performing a visual inspection.
See Sections 3.2.4 and 3.5.1.
A workshop (condition) assessment is a review of the current
condition and ageing mechanisms of an asset, plant, structure or
system based on an expert elicitation of the knowledge and
experience from a meeting of a group of suitable people (typically 3
5). See Section 3.2.4.
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9

Acronyms
ALARP
AMATs
AMP
BAT
COMAH
EA
ECA
EI
EMATS
ENIQ
EPRI
FFS
Four C’s
HSE
IAEA
IAM
INPO
ISO
LC 15
LC 28
LFE
LOLER
LTP
NAFEMS
NCF
NDA
NDT
NPP
OEM
ONR
PAS 55
PCN
POCU
PSSR
PUWER
QA
R&D
R2P2
RBI
RBM
RR 509
RVI
SAPS
SLC
SQEP
SSCs
TAG
TJ
TOFD
TWI
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As low as reasonably practicable
Ageing Management Assessment Teams
Ageing Management Programme
Best Available Techniques
Control of Major Accident Hazards Regulations
Environment Agency
Engineering Critical Assessment
Energy Institute
Engineering, Management and Technical Support group
European Network for Inspection Qualification
Electric Power Research Institute
Fitness for Service
Containment, cooling, criticality prevention and control.
Health and Safety Executive
International Atomic Energy Authority
Institute for Asset Management
Institute for Nuclear Power Operations
International Organisation for Standardization
Licence condition 15
Licence condition 28
Learning From Experience
Lifting Operations and Lifting Equipment Regulations
Lifetime plan
National Agency for Finite Element Methods and Standards
Nuclear Chemical Facility
Nuclear Decommissioning Authority
Non destructive testing
Nuclear power plant
Original Equipment Manufacturer
Office for Nuclear Regulation
Publically Available Specification 55
Personal Certification for Non-destructive testing
Post Operational Clean Up
Pressure Systems Safety Regulations
Provision and Use of Work Equipment Regulations
Quality Assurance
Research and Development
Reducing Risks Protecting People – HSE 2001a
Risk based inspection
Risk based maintenance
HSE Research Report 509
Remote Visual Inspection
Safety Assessment Principles
Site Licence Company
Suitably Qualified and Experienced Persons
Systems Structures and Components
Technical Assessment Guide
Technical Justification
Time of Flight Diffraction
The Welding Institute
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Appendix A
Audit Tool
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A1

Introduction
This audit tool comprises a set of questions with a brief commentary and references to the
main text. It is designed for Duty Holders to use to stimulate, develop and audit their
processes and procedures for the management of ageing of nuclear chemical facilities. It
may also be useful for regulatory inspectors when assessing the management of ageing at
licensee’s sites. The tool is primarily intended for asset managers and Systems Engineers
(or equivalent) but may also be applied by other engineers holding a range of roles and
responsibilities in relation to the management of ageing.

Process Map for the Audit Tool
Awareness of Ageing (Section 1)

•
•

What safety critical components are on site?
What consideration is given to equipment ageing and life extension?

Management of Ageing (Section 2)

•
•
•
•
•

Who is responsible for ageing management?
Can your company demonstrate it has the competencies for managing ageing?
What systems are in place for managing ageing assets?
What records/ documentation about equipment are maintained?
What provisions are in place for the retention and use of corporate knowledge?

Identification of ageing (Section 3)

•
•
•
•
•
•

Do assets have a specified operating life and decommissioning date?
How well is the equipment lifecycle known?
How aware is your company of the indicators of ageing?
How is the most appropriate inspection method chosen for each piece of
equipment?
Does the approach to inspection take account of the stage of equipment life?
How are inspections managed?

Addressing ageing (Section 4)

•
•
•
•
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What ageing management programmes have been developed?
How is asset condition categorised and scored?
What process exists for reacting when ageing degradation is detected?
How is ageing managed during the decommissioning phases?

78

TWI Ltd

A1

Awareness of ageing

A1.2

What safety critical components are on site?
Before asset management of ageing management can take place, it is important to know
what assets are on site. An inventory of all assets site (or ‘asset register) is therefore
essential. In order to make this usable, assets are often ‘tagged’ at different levels in a
hierarchical way. This hierarchy may be based on discipline (eg steam pipe work,
radioactive waste, civil structures) or on geographical location (eg a particular section of an
operating unit).
To allow asset management effort to be prioritised appropriately, the assets should also be
separated into safety critical and non-safety critical, based on the hazard posed by the
condition and failure of the asset. In this way, the asset register contains more information
and is distinct to any accounting asset registers that may already exist. It should allow Duty
Holders to gain a ‘birds eye view of asset condition and risk across site.
See:
• Section 1.4 (Hazards from ageing of nuclear chemical facilities)
• Section 2.1.1 (Asset management)
• Section 2.6.1 (Inventories of assets)
• Section 2.6.2 (Asset hierarchies)
• Section 2.6.6 (Purposes and types of database)
• Section 2.7 (Risk assessment and screening)

A1.2

What consideration is given to equipment ageing and life extension?
The consequences of ageing-related failure of SCCs in NCFs are very severe. For ageing
management to be effective and ageing-related failures to be avoided, all employees within
the organisation (from the chief executive, to those who operate or maintain the plant) must
be aware of the importance and impact of ageing equipment, so that ageing related
degradation or failures are not just written off as inevitable.
Management of ageing is distinct from day-to-day maintenance, as it involves a thorough
understanding of the ways in which an asset can degrade combined with the use of
operational data, failure logs and maintenance records to record current and forecast future
asset condition. This then allows pro-active maintenance to be carried out to ensure the
continued operation of the asset until such time as it is decommissioned.
If there is an understanding of this type of ageing management at the CEO or board level,
there is a higher likelihood that funding will be found for such pro-active maintenance work.
Moving down the organisation, it is often helpful to have a specific department (perhaps
within engineering) who focus is on site-wide ageing management. They have a high-level
view of the site and so can direct maintenance work and effort to where it is needed most.
System Engineers (or their equivalent) are responsible for a particular asset system (either
discipline or location-based). It is important that ageing management is given priority within
their role. Lastly, it is important that those engineers actually carrying out the inspection or
maintenance work are aware of ageing related damage, so that the importance of small,
recurring faults, and the importance of logging such faults, is recognised.
See:
• Section 1.4 (Hazards from ageing of nuclear chemical facilities)
• Section 2.2 (Management of ageing assets)
• Section 2.4 (Responsibilities, accountabilities and authorities)
• Section 4 (Asset care)
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A2

Management of ageing

A2.1

Who is responsible for ageing management?
Responsibility for setting policy and standards for ageing management, creating an
organisation and appointing a co-ordinator lies with senior management. Since ageing
management is a holistic process, where interactions between systems are important, an
effective method for managing individual groups of assets is by using System Engineers.
The role of Systems Engineers (or equivalent) is described in Section 2.4.2 and Table 2.
The Duty Holder should clearly define the responsibilities of the System Engineer. The
responsibilities should be structured such that System Engineers can focus on ageing
management aspects of their job. Related roles include those of the Design Authority,
operators and maintenance teams and the asset owner for the site.
See:
• Section 2.4 (Roles and responsibilities)
• Section 2.4.1 (Setting policy and standards)
• Section 2.4.2 (Organisation and coordinator (for ageing management))
• Section 2.4.3 (Role of the Systems Engineer)
• Section 2.4.8 (Visible accountability and interfaces)

A2.2

Can your company demonstrate it has the competencies for managing ageing?
It is important that all of those carrying out ageing management activities are suitably
qualified and experienced persons ‘SQEP’ (or that they enlist the help of a SQEP) for the
jobs that they are required to perform. Duty Holders should define the SQEP requirements
for each role and qualify personnel. This is also relevant for contract inspectors and NDT.
See:
• Section 2.5.1 (Skills and knowledge-base for management of ageing NCFs)
• Section 2.5.2 (Training and qualification requirements)
• Section 2.5.4 (Culture of nuclear professionalism for staff and contractors)

A2.3

What systems are in place for managing ageing assets?
A company should have a strategy which sets out the principles for ageing management.
This may include specific policies, procedures or standards for ageing management. As
part of these, an Asset Management Plan is essential in order to manage safety critical
ageing assets effectively. It should be consistent with the site’s Lifetime Plan. Both
documents should be ‘live’ and regularly updated. To make the Asset Management Plan
user friendly, the inspection requirements should tie in with the timescales of the regulatory
requirements (such as the safety case of LC28).
PAS 55 can be used to manage non-safety critical assets.
See:
• Section 1.6 (Regulatory framework)
• Section 2.1.1 (Asset management)
• Section 2.1.3 (Definition of lifetime performance requirements, objectives and plans)
• Section 2.2 (Management of ageing assets)
• Section 2.3 (Processes for ageing management)
• Section 4 (Asset care)
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A2.4

What records/ documentation about equipment are maintained?
An asset inventory (or ‘asset register’) for all assets on site is a useful way of providing an
overall picture of the condition of the site’s assets. For individual assets, documents which
record the risks associated with failure, condition assessment reports and scores, planned
inspection and maintenance actions should also be kept. The information contained within
all of these things, ideally, should be accessible via the asset register.
The hierarchical level at which the condition assessment results are presented is important
and depends on what they will be used for - at a system level it is useful to provide a ‘birds
eye view’, whereas at a component level highlights specific issues that require attention.
See:
• Section 2.6.7 (Information management and databases)
• Section 3.2 (Condition assessments)
• Section 3.4 (Inspection and NDT of NCFs)

A2.5

What provisions are in place for the retention and use of corporate knowledge?
Corporate knowledge can be easily lost when staff retire or leave the company. The
company should have strategies to retain this knowledge, such as work shadowing and
ensuring that records and procedures are up-to-date.
Alternatively there may be cases where the historical records or design drawings have
already been lost. In this case, a strategy is required to deal with this situation, and a
starting point is usually to perform a condition assessment as soon as it is realised that no
other records exist to create a benchmark against which to compare future condition
assessments.
See:
• Section 2.6.5 (‘No history’ scenarios)
• Section 2.6.8 (Knowledge management)
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A3

Identification ageing

A3.1

Do assets have a specified operating life and decommissioning date?
Assets should have a lifetime plan, which specifies an operating life and decommissioning
timescale. The specified operating life for individual assets may be based on the asset’s
original design life. It should be noted, however, that the actual operational life may be
different to the original design life depending on the actual service or asset condition.
See:
• Section 2.1.3 (Definition of lifetime performance requirements, objectives and plans)
• Section 2.7 (Risk assessment and screening)
• Section 4.4 (Ageing management of non-operating facilities)

A3.2

How well is the equipment lifecycle known?
The decommissioning date of an asset may be based on the original design life, but the
original design life was calculated using a set of assumed operational or environmental
conditions. Differences between these and the actual conditions experienced by the asset
may lead to a different asset life. Therefore, the information recorded in operational,
inspection, maintenance records and failure logs is essential to ascertain the actual
conditions experienced by the asset, and therefore justify the asset’s life. It is also important
that the condition of uninspectable areas is considered and taken into account when
reassessing the asset’s predicted life.
The future performance of the asset can then be forecast based on the actual conditions
experienced and performance to date. Future potential changes in operation (or nonoperation) or environment should be taken into account when trending.
See:
• Section 2.6.7 (Information management)
• Section 3.2 (Condition assessments)
• Section 4.1.2 (Condition scoring scales)
• Section 4.1.4 (Reporting the general condition and specific issues)
• Section 4.3.5 (Trending and forecasting)

A3.3

How aware is your company of the indicators of ageing?
For ageing to be managed effectively, it must be visible within the organisation so that
ageing related degradation is noticed and addressed. The organisational structure should
be such that the management of ageing assets is specifically covered within people’s roles
(such as System Engineers).
Those responsible for managing ageing must understand the ways in which an asset is
expected to degrade so that the asset’s maintenance can be proactively scheduled. If the
degradation mechanisms are not known (because, for example, the asset is exposed to a
particularly harsh or unusual environment) then research and development should be
launched or advice sought from other NCFs who may have relevant experience.
See:
• Section 2.4.2 (Organisation for ageing management)
• Section 3 (Identification of ageing)
• Section 3.1.1 (Typical degradation mechanisms and failure modes for NCFs)

A3.4

How is the most appropriate inspection method chosen for each piece of equipment?
The method chosen to inspect or assess equipment condition should be suitable to detect
the degradation foreseen. The choice should take account of (among other things)
operating conditions, environment, expected type and location of degradation and the
reliability of detection versus risk associated with not detecting a defect. The aims and level
of detail required from the inspection or condition assessment should be specified. When
specifying inspections, it is important that any potentially uninspectable areas are noted.
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Inspections should only be specified by someone qualified for the task. System Engineers
may need to consult a qualified inspector if they are not so qualified. In this case a
specification drawn up jointly would be appropriate. In general, there should be good control
over the inspection process. An Inspection Authority may be helpful for large sites to ensure
that inspections are specified and carried out consistently across the site.
See:
• Section 3.1.1 (Modes of ageing)
• Section 3.2 (Condition assessments)
• Section 3.5 (Inspection and NDT of NCFs)
A3.5

Does the approach to inspection take account of the stage in asset life?
The way in which an asset degrades changes with time due to changes in environmental or
operational conditions for example. The method of inspection chosen should therefore also
change to ensure that is it the most appropriate one for detecting the new mode of
degradation.
For example, non-operational plant in the POCU phase requires a very different approach
to condition assessment and inspection to that of operational plant. Apart from differences
in the modes of degradation (which would require different inspection approaches), there
are different levels of risk associated with asset failure, which should influence the choice
of, and detail required from, the condition assessment or inspection method.
See:
• Section 2.7 (Risk assessment and screening)
• Section 3.2.5 (Section of methods [of condition assessment])
• Section 3.3.2 (the use of inspection in ageing management)
• Section 3.7.4 (Ageing models for extreme environments and long term ageing)
• Section 4.3.4 (Prioritising for remediation)
• Section 4.4 (Ageing management of non operating facilities)

A 3.6

How are inspections managed?
To meet the requirements of Ageing Management inspections need to be applied in a
consistent and reliable manner. This is achieved through the application of a controlled
inspection process. An Inspection Authority will facilitate the achievement of a common
approach to inspection across the plant.
The requirements for each inspection should be clearly stated and understood by all parties
prior to the inspection. In order for the results to be of benefit to the ageing management
process it is important to know the capability of each technique applied: to know what
defects would be detected and what defects could still be in the component after completion
of the inspection.
Inspections should be applied by qualified personnel familiar with the inspection procedure.
The inspection report should contain all the necessary information and allow comparison
with other relevant inspections. A pro forma can help achieve this. Operators should have
sight of previous inspection reports prior to undertaking the inspection. The inspection
reports should be fed back into the condition assessment of the component and subject to
trend analysis. On completion, the information system should be updated in line with the
inspection results. The reports should be stored in appropriate manner and maintained for
use in the future.
See:
• Section 3.4 (Inspection process and management)
• Section 3.6 (Reporting of inspection and Non destructive testing results)
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A4

Addressing ageing

A4.1

What ageing management programmes (AMPs) have been developed?
By application of the process for ageing management, Duty Holders are expected to
develop a programme for proactively managing ageing of each asset or component for
which this is required. Section 2.2.3 lists the attributes of an AMP. These include the
understanding of the ageing mechanisms, definition of inspection and maintenance
regimes, and planned maintenance, repair, refurbishment and replacement, and
mechanisms for the feedback of experience. The AMP should be regularly reviewed and
linked to the lifetime plan for the asset.
See:
• Section 2.2.2 (Concept of an ageing management programme)
• Section 2.2.3 (Attributes of an ageing management programme)
• Section 4.4 (Development and implementation of ageing management programme)

A4.2

How is asset condition categorised and scored?
Duty Holders are expected to have a system for categorising the condition of assets based
on the likelihood of a hazard occurring as a result of ageing degradation (and other forms of
ageing, eg obsolescence or lack of retained knowledge). Any condition scoring system
should discriminate between the condition of the asset as a whole and the condition of
individual components that may create a hazard. Data relating to asset condition needs to
be available to all the parts of an organisation that may require it from senior management
to the working level. An asset risk profile is required as that the increased risk as a result of
ageing may be determined and made visible to responsible persons and Duty Holders.
See:
Section 4.1.1 (categorisation of asset condition)
Section 4.1.2 (Condition scoring)
Section 4.1.3 (Report of general asset condition and specific issues)
Section 4.2 (Asset risk profile)

A4.3

What process exists for reacting when ageing related damage is detected?
Duty Holders are expected to have a defined process or procedure for reacting to ageing
related damage. Procedures are required for triggering immediate action in the event of
imminent danger. A system is needed for categorising defects according to their likelihood
and timescale of causing a hazard and for prioritising remediation. The process should
include means (eg periodic meetings of Plant Health Committees) for identifying trends in
ageing related damage, forecasting future ageing and adjusting the lifetime plan, and
tracking the progress of remediation, refurbishment and replacement actions
See:
• Section: 4.4 (Reacting to defects)

A4.4

How is ageing managed during the decommissioning phases?
Duty Holders managing assets and ageing during decommissioning phases should be
aware that the degradation mechanisms relevant to the non-operational plant may be
different to those during operation (for example ‘conventional’ safety becomes a higher
priority as nuclear inventory is reduced). A very long-term approach to ageing management
is expected taking into account the requirement for equipment during the latter phases of
decommissioning. Where the timescales for the removal of assets are put back, changes in
the ageing management programmes and lifetime plan would be anticipated. A robust,
‘future-proof’ approach to information management and retention is important.
See:
• Section 4.5 (Ageing management of non-operating facilities)
• Section 3.7.4 (Ageing models for extreme environments and long term ageing)
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Appendix B
Extracts from Research Report 509 on the
four stages of ageing and the risk factors for ageing
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B1

Stages of ageing
Ageing of assets can be represented using the ‘bathtub’ curve. This represents the
probability or rate of failure of a population of assets over its life. Here ‘failure’ should be
broadly interpreted to mean any state where the asset does not perform as required, or is
not fit for service, or where remedial work is required. The shape of the curve reflects the
rate of degradation and the effect of accumulated damage on operating margins.
An example of a bathtub curve is shown in Figure B1. Asset life can be divided into four
stages of ageing according to the position on the curve. Early life wear out is followed by a
more stable period until the effects of ageing degradation become more prominent and the
failure rate markedly increases towards end of life. Each stage requires a different
approach to the ageing management, inspection and maintenance. The four stages are:
•
•
•
•

Stage 1: Post Commissioning (‘Initial’)
Stage 2: Risk-Based (‘Maturity’)
Stage 3: Deterministic (‘Ageing’)
Stage 4: Monitored (‘Terminal’)

Figure B1 Probability of failure of a population of equipment, known as the bathtub curve,
show the four stages of ageing.
The four stages may correlate to the age of the equipment, and it would be normal for
equipment to move progressively from Stage 1 to Stage 4 as it gets older, but this is not
necessarily always the case. Some stages may not apply to some types of equipment, and
sometimes equipment can be moved back a stage with appropriate remediation. There are
no fixed periods or clear demarcations between the stages. It is matter of judgement from
the particular circumstances at which stage equipment lies.
The time that equipment may be considered to be in a given stage can vary markedly from
one item to another depending on the operating environment and life history. The stage an
item has reached can be determined from finding out about the degradation mechanisms,
undertaking assessment, monitoring, maintenance, repairs and refurbishment.
The four stages of ageing are described below and summarised in Table B1. The
descriptions relate primarily to process and pressure plant, but the principles may be read
across to other types of assets.
Stage 1: Post Commissioning (‘Initial’)
As equipment enters service there may be a relatively higher rate of damage accumulation
and failures. There are two main causes. The first is where experiencing service conditions
for the first time reveals an inherent weakness or fault in the design, materials or
fabrication. Typical faults include incorrect dimensions, faulty material, welding procedures
and fabrication defects that have not been identified from manufacturing NDT, or loads and
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environments that were not foreseen. Many of these issues can be eliminated with
appropriate quality assurance and control.
The second cause of early life adjustments arises from bedding-in effects that the
equipment may experience as it enters service. These can be as a result of large
installation stresses or damage from mal-handling during installation. They can also be due
to variations in service conditions as the equipment experiences ‘shake-down’ and loads
redistribute themselves throughout the structure. Other non-critical symptoms of the ‘Initial’
Stage may be leaking valves, bolts or seals that are not fitted or bedded perfectly. Most of
these problems can be managed through routine maintenance.
Stage 1 integrity issues can be identified and addressed at the first comprehensive
examination. The timing of the first examination can be determined from a thorough
assessment of the factors that might threaten integrity early in life. These factors include the
stability of all process conditions, quality of construction and fabrication inspection. Where
the process conditions are stable and a good fingerprint examination (prior to service) has
been made, a risk assessment may be able to justify a longer period before the first
examination than that recommended in industry guidance [F1, F2].
Stage 2: Risk-Based (‘Maturity’)
After the equipment has passed through the early-life problems of ‘Post Commissioning’, it
enters the second Stage. The ‘Maturity’ Stage is when the equipment is predictable, reliable
and is assumed to have a low and relatively stable rate of damage accumulation and few
issues requiring attention. It is operating comfortably within its design limits. Examination
and inspection, maintenance and NDT are generally to confirm the basis for these
assumptions, and their scope and periodicity can be risk-based.
Stage 3: Deterministic (‘Ageing’)
By this Stage the equipment has accumulated some damage and the rate of degradation is
increasing. Signs of damage and other indicators of ageing are starting to appear (see
Section 3.3). In this Stage it becomes more important to determine quantitatively (hence
‘deterministic’) the extent and rate of damage and to make an estimate of remnant life. A
more proactive approach to equipment management, inspection and NDT is required.
Design margins may be eroded and the emphasis shifts towards fitness-for-service and
remnant life assessment of specific damaged areas.
Lack of knowledge can be just as much a problem and can put equipment into Stage 3.
Knowledge of the equipment’s history may have been lost, perhaps as a result of the
equipment being second-hand, or changes to the process for which the equipment is used,
or from changes in personnel, record keeping and other human factors. It may now no
longer be possible to predict the current condition or future service life of the equipment
from design or risk-based considerations. Second hand equipment is assumed to be
directly in Stage 3 unless there are sufficient historical evidence and records to
demonstrate a lower risk.
Stage 4: Monitored (‘Terminal’)
When equipment becomes severely degraded, the rate of degradation tends to increase
and is not easy to predict. Repair, refurbishment, decommissioning or replacement will be
needed before too long. In this final ‘Terminal’ Stage of the equipment’s life, the main
emphasis is on guaranteeing adequate safety between examinations while keeping the
equipment in service as long as possible.
Stage 4 can be managed through making more use of on-line monitoring of the damaged
areas, or by more frequent NDT to monitor the sizes of flaws until they reach the maximum
tolerable size, or by repairing unacceptable flaws. A reduction of the severity of the duty, for
example reducing the pressure rating of the equipment may be another option to maximise
the usefulness before decommissioning. However, by Stage 4 no guarantees can be made
about future service life beyond the next examination.
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Table B1 Summary description of the four stages of ageing

STAGE 1

POST
COMMISSIONING
(‘INITIAL’)

STAGE 2

RISK-BASED
(‘MATURITY’)

STAGE 3

DETERMINISTIC
(‘AGEING’)

STAGE 4

MONITORED
(‘TERMINAL’)
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•
•
•
•
•
•
•
•

Design and manufacturing faults
Installation issues (bolting, valves, leaks)
Commissioning issues (over/ under filling)
Early life operating faults (training, trials)
Shake-down
Identification of potential ageing sites
First thorough examination (finger-print)
Reducing rate of problems

• Operation well within design limits
• Retained corporate knowledge of design/
manufacture
• Ageing damage not yet significant
• Routine maintenance
• Extended operating periods
• Selected inspection, by risk analysis, to confirm
expectation of slow degradation
• Updated risk analysis from experience
• Rate of damage low and predictable
• Design limits approaching
• Evidence of active deterioration
• Repairs, refits, modifications
• Changes in ownership; second hand plant
• Quantitative NDT inspection to measure extent and
rate of damage accumulation
• FFS assessment required for life extension
• Degradation rate increasing – less predictable
• Accelerating and accumulating damage
• Beyond design limits and known operating
experience
• Approaching safe operating limits
• Advanced inspection and FFS required to determine
residual life
• Decreasing intervals between inspections
• Monitoring
• Major repairs and refits replacement needed
• End of life based on costs of repairs or replacement
and wider economic factors
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B2

Risk Factors
Risk factors are conditions or circumstances that can promote, increase the likelihood or
accelerate ageing degradation, or a lack of control. They are not necessarily sufficient for
ageing to occur. They can be specific scenarios, occurrences or events that can predict or
suggest that ageing degradation may have occurred or could occur in the future. Factors
influencing the risk of ageing of pressure and process plant are listed in Table B2.

Table B2 Risk factors for ageing of pressure and process plant
Risk factor

Details

Equipment age

The symptoms of ageing normally become more apparent with time, and
older equipment may be expected to have more damage and deterioration
than new. Age is not necessarily a risk factor. Older equipment that
contained large design margins of has simply been well maintained may be
still in an early Stage of life compared with newer equipment that has not
been as well managed.
Equipment designed and manufactured to superseded standards and
codes, such as BS 1500, may be more susceptible to ageing than more
modern equipment. Parent metal quality, welder and procedure approvals,
Charpy requirements and dimensional tolerances may not have been as
well controlled, or al least not to current standards.
Equipment operated at low temperatures (generally below 0°C) needs to be
assessed against risk of brittle fracture, eg by using materials with specified
low temperature impact values. Lack of low temperature justification is a
risk factor for such equipment.
The changes in steelmaking in the 1970s have resulted in much cleaner
steels since then. Older steels can contain residuals (S and P) of 0.05%
whereas levels of 0.01% can now be obtained. The carbon level has also
dropped over time as a result of modern microalloyed steels. This means
that older steels have a higher tendency for cracking as a result of welding
– particularly a consideration for repair welding older material.
Poor quality of welding and joint design are key factors promoting the onset
of ageing damage. Welding has improved markedly during the last 40 years
with better design, improved process control and quality standards. Modern
welding consumables can also reduce the potential for hydrogen cracking of
arc welds. More effective ultrasonic NDT methods have improved the ability
to detect and size weld flaws.
Fatigue analysis considerations were not a requirement for general
pressure vessels designed to the early construction standards. Often a limit
to the number of stress cycles was given, but no further assessment was
possible. Experience has shown that equipment designed to early codes,
such as BS 1500, BS 1515 and BS PD 5500 before 1996, can experience
fatigue problems in service.
Once the design fatigue life or corrosion allowance is used up, a thorough
inspection and fitness-for-service assessment is normally required to extend
life.

Equipment designed
and manufactured to
‘old’ codes

Lack of low
temperature
justification
Outdated materials

Welding quality,
welding defects and
repairs

Equipment without
fatigue assessments

Design fatigue life/
corrosion allowance
utilisation
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Table B2 continued

Risk factor

Details

Re-occurring service
problems – unplanned
shutdowns

Any problem, no matter how small and insignificant, that continues to reoccur during service is an indication that conditions in the equipment are not
optimised and may make it prone to degradation. Good inventory control is
important for detecting these small but recurring faults.
A corrosive environment has the potential to cause corrosion to exposed
surfaces if not properly protected. Attention should be paid to crevices and
stagnant areas and to regions of composition differences, such as at welds.
Additionally, some materials are susceptible to stress corrosion cracking in
specific environments.
It is important to monitor the extent of predictable deterioration (e.g. wall
thinning) through review of inspection reports and service history to
determine the rate of ageing of the equipment. Was the predictable
deterioration accurately anticipated from design?
If the operating conditions of equipment change then it can have an
increased risk of ageing until service history or experience shows otherwise.
Particularly for equipment purchased second-hand. See Section 4.4.
If a CP system has failed, or records not adequately maintained, there is an
increased risk of corrosion occurring.

Corrosive
environments

Predictable
deterioration

Change of service

Failure of cathodic
protection systems or
lack of records
External hazards,
mechanical, thermal or
fire damage
Poor condition of paint
and surface coatings
Repairs
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Surface impacts due to collision from moving equipment can result in small
defects, which can act as initiators for mechanisms such as fatigue or
corrosion. Thermal and fire damage can alter the metallurgy of a material so
that it can subsequently lose strength, toughness or corrosion resistance.
Poor condition of paint or other surface coatings indicates a breakdown in
protection. It could be concealing corrosion of the underlying metal.
Repairs are often a source of further degradation. They represent a change
to the design intent and an intervention which could alter the susceptibility
of the existing material. Weld repairs can give rise to high residual stresses
and brittles zones if not properly planned and conducted.
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Appendix C
Sub-processes of Ageing Management
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C0

Introduction
At a high level, the full ageing management process can be summarised by the structure and
questions shown in Figure C0 below. This appendix details the five individual sub-processes
of ageing management (Organizing for Ageing Management, Condition Assessment, Ageing
Model, Ageing Management Implementation and Feedback and Analysis). Figure C0 also
shows the key to the process flow diagrams that follow.

Organising for ageing management 
What have we got? 

What does it do? 
How important is it? 

Condition assessment 
What state is it in now? 

Ageing model 
How will it change in the future? 

Ageing management implementation 
What actions should we take? 
Feedback and analysis 
Is the approach working? 

Sub-process
connector

Activity
Input or Output
information 

Decision

Figure C0 Full ageing management process and key to Sub-Process flow diagrams
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C1

Sub-process: Organising for Ageing Management
‘What have we got?’, ‘What does it do?’ and ‘How important is it?’ are the relevant
questions at the start of the asset management process within which ageing is managed. At
the outset senior management develops an asset management policy in line with the
strategic objectives for the site (see section 2.4.1). It will typically create an organization for
asset management and appoint an asset management Co-ordinator and Systems
Engineers (see sections 2.4.2 and 2.4.3) responsible for the management of ageing.
The foundation of managing ageing is an asset inventory and database (see section 2.6.1).
This details all assets which are important for safety, business or production reasons. There
are often discrepancies between the existing inventory and the assets that are present. The
first step is then to carry out plant walk downs and other reviews and add any assets not
currently in the inventory. To assist the usefulness of the inventory, assets may be
categorised into hierarchies, based on function or location for example (see Section 2.6.2).
Assets are then screened according to their potential for ageing to create a hazard within a
given timeframe on the basis of current knowledge (see section 2.7.3). The screening may
be undertaken using a risk matrix (see Section 2.7.3). Assets for which the risk significance
is sufficiently high (or uncertain) are selected for a programme of proactive ageing
management. Data relevant to these assets is placed in an ageing management database.

Organising for Ageing Management 
Develop asset management policy in
line with strategic objectives

Appoint an asset management 
Co-ordinator and Systems Engineers

Compile an inventory of important
assets (ie those with a business,
production or safety critical function)

Confirm configuration of assets on site
and update inventory

Categorise assets into hierarchies,
noting key assets

Screen assets for ageing management
according to their risk significance

Condition Assessment

Figure C1 Organizing for ageing management sub-process
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C2

Sub-process: Condition Assessment
It is important to know and categorize the condition of the site’s assets. At the start of the
ageing management process, a baseline must be established, against which asset
condition can be assessed in the future. See Section 3.2 and 4.1.
Firstly, the scope of the condition assessment is determined, and an assessment team
assembled. Those carrying out the condition assessment will have a good understanding of
the asset (its material properties, function, operational environment, most likely degradation
mechanisms and areas most prone to degradation). Relevant information is gathered, such
as the lifetime plan and safety case, design specification, drawings and calculations,
operating information and previous inspection and maintenance reports.
The team will typically review the data in a desk-based assessment and make an estimate
of the likely current condition of the asset. The aim of the desk based assessment is to get
a feel for whether the item has been and is still operating within the design limits, the
frequency of breakdowns and amount of remedial action that has been carried out on the
component. This desk-based assessment can also highlight any gaps in knowledge, which
should be rectified by further condition assessment work.
The desk based assessment is the basis for a Walk-down visual inspection (see Section
3.5), where this is possible. For active areas, remote visual inspection may be required.
These inspections are made against suitable checklist planned in advance. Observations
from the Walk-down or remote visual inspections are included in a condition assessment
report (Section 3.6) and the relevant databases updated.
The aim of the condition assessment is to update and fill any gaps in the previously
documented condition of the asset. Where a desk-based assessment and visual inspection
give cause for concern, it may be necessary to carry out more in-depth condition
assessments (such as functional tests, vibration monitoring, hardness checks or intrusive
NDT examinations) to obtain quantitative measurements. A fatigue or creep analysis may
be necessary for cyclically loaded or high temperature plant.
Having established the current condition of the assets, the ageing management database is
updated. The next sub-process is to predict how their condition will change in the future.
This is done by establishing an Ageing Model.
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Organising for Ageing Management

Condition Assessment

Identify key personnel
Operating data

Design
Information
Gather information on
components

Lifetime plan
Safety case

Inspection
reports
Maintenance
records

Perform desk based
assessment

Establish checklist for
walkdown

Condition
assessment
report

Perform
more indepth tests/
calculations

Walkdown
checklist

Perform walkdown and
report findings

Do
knowledge
gaps
remain?

Yes

No
Update asset ageing
database

Ageing Model

Figure C2 Condition assessment sub-process
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C3

Sub-process: Ageing Model
A Systems Engineer must be able to make predictions about an asset’s future performance
and condition in order to have sufficient confidence in the asset and to schedule
maintenance and inspections at appropriate intervals. To do this, the Systems Engineer
must know the likely future operating and environmental conditions and the relevant
damage mechanisms that apply to the asset. This understanding of the ways in which
assets can degrade is used to define ‘ageing models’ (Section 3.7.4).
The first step when generating an ageing model is to identify the relevant damage
mechanisms for the relevant components of the asset. Appendix D provides a compendium
of damage mechanisms relevant to assets in nuclear chemical facilities. Other sources of
information include condition assessments, operational and fault logs specific to the asset,
world experience, and advice from of external experts.
The next important aspect is to note what is currently not understood. For example, there
may be no prior experience of how a particular material degrades in a particular radioactive
or highly acidic environment in a long timescale. These gaps in knowledge can be
addressed by seeking advice from world experience or external experts or initiating relevant
research and development programmes.
Combining this information produces the ‘ageing model’ for predicting future condition and
performance for each relevant component of the asset. For example, a very simple ageing
model could be a uniform rate of corrosion of a vessel wall, dependent on temperature. The
inputs to this model would be the operating temperature, the wall thickness measured at a
number of previous inspections and the chemical environment (both now and in the past).
This information can be combined to predict the time for the wall to reach its minimum
acceptable thickness for a specified future operating regime.
The ‘ageing model’ can be judgmental and experienced based where condition assessment
data is qualitative. Other models may be more complex, incorporating statistical techniques
to predict the likelihood of the damage reaching a particular critical level. The model is
simply a prediction of the effects of ageing reflecting the current understanding.
Once the ageing model for the limiting component of the asset is established, the outputs
from the model may show that it is an oversimplification and does not represent reality
closely enough (by comparison with experience or other condition assessments). It may
also become apparent that there are gaps in knowledge or understanding. The model
should therefore be continually updated based on current information and understanding
(eg from new R&D results or new external information).
The outputs of the ageing model, in combination with measured data, should then be acted
upon within Ageing Management Implementation.
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Condition Assessment

Ageing Model
World/
external
expert’s
experience

Identify ageing
mechanisms

Past condition
assessments,
operational,
inspection and
maintenance
records

Identify gaps in
knowledge
R&D to close
gaps or seek
external advice
Model understanding of
ageing mechanisms and
rate of ageing

No

Do model
outputs
align with
operating
experience?

Yes
Use model to predict
future performance

Ageing Management Implementation

Figure C3 Ageing model sub-process
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C4

Sub-process: Ageing Management Implementation
The predicted future performance of assets must now be the motivation for actions in the
Ageing Management Programme (AMP) (Section 2.2.3 2.2.4 and 4.3). For example, the
best method to inspect the asset depends on the relevant degradation mechanisms. The
rate of degradation (obtained by trending the ageing model outputs and measured
operational data (Sections 3.2.6, 4.4.3 and 4.4.4)) should control inspection intervals and
the maintenance schedule. The AMP can apply at whole system or single component level.
Trended parameters (such as area of corrosion, wall thickness or fatigue usage) can be
compared to design information and the requirements for the asset from the lifetime plan.
Appropriate actions can then be taken to run the assets safely for as long as they will be
required. In order to achieve this, operational or design changes (such as decreasing the
operating temperature, or reducing the number of times a tank is filled and emptied) may be
required to prolong asset life and reduce the degradation rate.
Data logged during operation of the asset is used to refine the ageing model. Examples of
parameters that can be monitored to gain further understanding of current performance
include temperature, humidity and vibration (in pipes or rotating machinery). Additional
ageing management actions may include regular walk-downs of the plant by the Systems
Engineer and Design Authorities with appropriate discipline knowledge in order to note
anything unusual that is not covered by the scheduled inspection or maintenance.
The ageing management actions are communicated to those responsible for implementing
operations control, inspection and maintenance, and repair and replacement. Appropriate
acceptance criteria are defined based on performance standards, fitness-for service
assessment and the lifetime plan. Where defects and failure to meet performance
standards are reported, the urgency for remediation and corrective actions is assessed
based on risk criticality. Actions are taken within an appropriate timeframe (see section 4.4).
Information generated in the AMP (ie inspection and maintenance reports, monitored
parameters, operating parameters and information on repairs or replacements carried out)
is then be subject to Feedback and Analysis to in the next sub-process in order to evaluate
the effectiveness of the AMP.
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Ageing Model

Ageing Management Implementation

Collate information on
key ageing performance
indicators

Design and
operational data,
condition assessment
reports,
ageing rate 

Monitor and trend
relevant ageing KPIs

Apply ageing mitigation
by operational, or
scheduled MRR actions

Remediation/ 
Corrective
actions 
Change design
or operational
parameters or
decommission/
replace asset
Perform
reactive
repairs/
maintenance
work

Within
acceptance
`
criteria?

No

Design data,
Fitness for service
assessment, 
Lifetime plan 

Acceptance criteria

Yes
Yes

Urgent
remediation
required?

No
Plan future
inspections based
on appropriate
interval

Plan preventative
maintenance work

Perform
inspection/maintenance
work

Feedback and Analysis

Condition Assessment

Figure C4 Ageing management implementation sub-process
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C5

Sub-process: Feedback and Analysis
The feedback and analysis stage is to ascertain how well the ageing management process
is working. Reliability and performance data logged during operation, inspection and
maintenance reports, repair frequencies and fault logs are reviewed and compared to past
data. If the proactive ageing management process is working, the data should show that
there is less down time, fewer faults and fewer unscheduled repairs.
If it is found that the ageing management implementation measures are not preventing
breakdowns or slowing the effects of ageing, the Systems Engineer would be expected to
reassess the approach: Are the correct key performance indicators being monitored? Is the
ageing model too simple? How can the ageing model be refined to better reflect
observation? Is the predicted deterioration rate too high? Too low? What further measures
can be put in place to reduce the damage rate? At the same time, it is necessary for the
Systems Engineer to keep a watch on world experience and the results from research and
development programmes and to ensure knowledge is current from seeking expert advice.
Objective analysis of the effectiveness of the entire process of the ageing management
programme is essential. The audit tool in Appendix A provides some questions, which can
help in evaluating the process. The analysis may be undertaken in-house, but there is
advantage in bringing independent experts in ageing management to provide wider
insights.

Ageing Management
Implementation

Feedback and Analysis
Compare fault logs, frequency of repairs
etc before and after ageing management
programme was implemented 

Have the number
and frequency of
urgent repairs/
faults decreased?

No

Analyse ageing
management process
eg confirm correct KPIs
have been used and
that asset deterioration
is understood

External
advice, world
experience,
R&D

Yes
Continue to proactively manage assets

Ageing Management Implementation

Figure C5 Feedback and Analysis sub-process
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Appendix D
Degradation and failure mechanisms by facility
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D1

Introduction
This appendix and Table D1 review some common types of nuclear chemical facilities and
the ageing mechanisms that can occur. It is presented on a discipline and plant type basis
to enable System Engineers (or equivalent) ready access to relevant ageing information.
The appendix comments on the most appropriate inspection technique likely to reveal the
ageing mechanism of concern.
Given the scope and nature of chemical nuclear facilities the information given cannot be
considered exhaustive. The information is based on the experience of engineers with
design and operating insight into the ageing issues typically found in the type of plant under
consideration.
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Table D1 Key to inspection methods: ACFM = Alternating Current Field Measurement, ACPD =Alternating Current Potential Drop, RFEC = Remote Field Eddy Current, AE = Acoustic Emission, MFL = Magnetic Flux Leakage, SLOFEC =
Saturation Low Frequency Eddy Current.
Facility

Ageing mechanism

Fatigue (particularly welds)

Reactors /process vessels,
tanks and piping

Creep (eg evaporators)
Corrosion (general, local)
Stress corrosion cracking
Erosion
Physical damage

Fatigue (particularly welds)
Concealed systems in cells/
ducts/ pipe bridges

Creep (eg evaporators)
Corrosion (general, local)
Stress corrosion cracking
Erosion

Corrosion (eg rails, structures)

Method of inspection
Visual, penetrant testing, ultrasonic testing
(time of flight diffraction, automated pulse echo,
phased array), radiography, eddy current,
ACFM and AE. Remote camera in radiation
areas
Visual, replication, magnetic particle inspection,
remote camera in radiation areas
Visual, penetrant testing, UT(corrosion
mapping, long range), RFEC, remove visual,
pulsed eddy current, Real time radiography,
Neutron backscatter, AE, MFL, SLOFEC,
remote camera in radiation areas
Visual, penetrant testing, magnetic particle
testing, remote camera in radiation areas
Visual, penetrant testing, ultrasonic testing
(time of flight diffraction, automated pulse echo,
phased array), radiography, eddy current,
ACFM and AE, remote camera in radiation
areas
Visual, replication, magnetic particle inspection,
Remote camera in radiation areas
Visual, penetrant testing, UT(corrosion
mapping, long range), RFEC, remove visual,
pulsed eddy current, Real time radiography,
Neutron backscatter, AE, MFL, SLOFEC,
remote camera in radiation areas
Visual inspection, penetrant testing,
UT(corrosion mapping, long range), RFEC,
remove visual, pulsed eddy current, Real time
radiography, Neutron backscatter, AE, MFL,
SLOFEC

Effects of ageing

Hazard

Cracking, leakage of contained fluid.

Potential release of radioactive/toxic fission
products and aggressive acids
Radiation threat to workers, public and the
environment.

Wall thinning, catastrophic failure, complete
loss of containment

Damage to supporting structures and
adjacent equipment, destabilisation of
ground resulting in settlement of buildings

Potential gross release of fission products

Criticality

Potential release of radioactive/toxic fission
products and aggressive acids
Radiation threat to workers, public and the
environment.

Loss of primary containment

Damage to supporting structures and
adjacent equipment
Criticality

Uncontrolled lowering of load
Catastrophic structural collapse, dropped loads.

Cranes and lifting equipment
Skip handlers
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Rail distortion

Visual and laser

Fatigue (eg structures, gears)
Physical damage
Wear (eg gears, bearings)
Contamination of brake material

Dye penetrant and volumetric
Visual inspection
Visual and audio
Visual and function test

Lubrication seal leakage

Visual (of drip trays)

Degradation/obsolescence of
electrical/control systems(s)

Visual and function test

Degradation of hoisting ropes
(kinks and bird cages)

Visual and eddy current

Damage to other safety related plant and
structures
Direct release of fission products unlikely but
possibility of radiation exposure/
contamination during recovery operations.

Inadequate braking performance.
Excess wear, seizure of mechanisms and or
failure.
End of horizontal travel: impact of crane
structure with end stops.
Over hoist protection: double blocking.
Replacement parts unavailable - loss of facility
Catastrophic failure of ropes

Derailment and threat to other safety
equipment
Potential for uncontrolled lowering of load
Inability to move loads (eg active materials
from ponds)
Release of load and threat to safety systems.
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Table D1 (continued) Key to inspection methods: ACFM = Alternating Current Field Measurement, ACPD =Alternating Current Potential Drop, RFEC = Remote Field Eddy Current, AE = Acoustic Emission, MFL = Magnetic Flux Leakage,
SLOFEC = Saturation Low Frequency Eddy Current.
Facility

Glove boxes

Ageing mechanism
Radiation degradation of seals
Ozone attack of seals
Heat degradation of seals
Chemical degradation of seals:
Degradation due to the presence
of aggressive chemicals
Delamination of glass laminate
panels
General corrosion of Shell
(internal and external)
Degradation of Perspex/Lexan
windows

Method of inspection

Effects of ageing

Hazard

Exposure to alpha and other radiations.
Loss of containment
Visual

Damage to human tissue

Radiation shine

Spread of contamination and environmental
degradation
Loss of control over working material

Loss of vision

Seal degradation
Manipulators

Functional test

Loss of functionality.

Unavailability of facility
Dose uptake due to repair.

Visual observation of corrosion.
Surface crack detection (eddy current)

Corrosion, pitting and cracking

Loss of sealed containment leading to
escape of radioactive substances

Structural overloading
On site containers for long term
storage of spent nuclear fuel (eg
fuel racking, storage drums)

Atmospheric induced stress
corrosion cracking
Ageing of electronic components
(resistors/capacitors etc)

Detectors, alarms and general
instrumentation
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Insulation resistance breakdown
Gold embrittlement
Dendrite growth
Sticking of relays / contactors
UV hardening of plastics
Degradation of instrument
diaphragms
Wear in control valves
Obscuration of sight glasses
Ergonomics decay
Radiation degradation
(insulation, electronic
components and CRT tubes)
Flexing of cables
Temperature cycling
Obsolescence

Sample testing

Parameter drift, loss of reliability and
functionality resulting in operator error.

Visual examination

Loss of control

Functional testing
Lack of monitoring
Delays in remedial action
Unsafe failures of protection systems

Accident potential

Failure of soldered connections
Replacement parts unavailable - loss of facility

Loss of control, inability to use equipment

Visual examination

TWI Ltd

Table D1 (continued) Key to inspection methods: ACFM = Alternating Current Field Measurement, ACPD =Alternating Current Potential Drop, RFEC = Remote Field Eddy Current, AE = Acoustic Emission, MFL = Magnetic Flux Leakage,
SLOFEC = Saturation Low Frequency Eddy Current.
Facility
Air conditioning and filters

Ventilation

Ageing mechanism
Fouling/ disintegration of heating
coils
Fan performance de-optimisation
Environmental attack of seals

Method of inspection
Visual

Chemical degradation of
bearings
Corrosion of ducting
Fan motors and bearings
Damper failure due to corrosion,
control system failure, bearing
failure
Filter failure due to steam
damage and age
Carbonation induced corrosion of
reinforcement bars (rebars).

Visual

Chloride induced corrosion of
reinforcement

Storage ponds (concrete)

Waterbar and sealant
degradation, (ie due to chemical
and radiological exposure).
Temperature induced movement,
(expansion or shrinkage), either
caused by contained liquor or
external environment.
Early age and long term
shrinkage cracks.
Degradation by aggressive
contained liquor (eg acidic
media)
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Visual, UT thickness surveys
Condition monitoring
Visual and functional test

Effects of ageing
Loss of temperature control and subsequent
loss of environmental storage conditions.
Reduced air quality
Increased concentration of particulates
Loss of vent flow regime.
Loss of functionality of bearings

Inability to change filters during operation

Loss of containment

Exposure to alpha and other radiations
Damage to human tissue
Spread of contamination and environmental
degradation

Monitor flow rate
Visual
Crack monitoring
Carbonation and chloride testing
Video inspection of areas difficult to access by
personnel.
Half cell potential measurement
Remote corrosion detection
Digital Imagery Correlation.
Embedment techniques (new &post)
Visual
Crack monitoring
Video inspection of areas difficult to access by
personnel.
Digital Imagery Correlation.
Visual
Crack monitoring
Video inspection of areas difficult to access by
personnel.
Digital Imagery Correlation.
Embedment techniques (new and post)
Visual
Video inspection of areas difficult to access by
personnel.
Digital Imagery Correlation.
Embedment techniques (new and post)

Hazard
Contamination spread.
Environmental degradation
Higher radiation levels

Water retaining properties reduced.

Reduction in strength. Spalling of concrete
cover causing exposure of reinforcement and
its subsequent corrosion.

Leakage of liquor through degraded waterbars
and sealants

Water retaining properties reduced.

Demands higher levels of inspection and
maintenance.

TWI Ltd

Loss of containment
Loss of serviceability
Environmental challenges (leak to ground).
Degraded structure presents greater
challenge to subsequent decommissioning,
POCO and demolition.

Increased nuclear risk due to lower
protection of the contained hazard
Loss of containment
Loss of serviceability
Environmental challenges such as leak to
ground.
Reduced liquor cover therefore reduction in
shielding
Exposure of fuel, sludge and contaminated
miscellaneous beta gamma waste.
Degraded structure presents greater
challenge to subsequent decommissioning,
POCO and demolition

Table D1 (continued) Key to inspection methods: ACFM = Alternating Current Field Measurement, ACPD =Alternating Current Potential Drop, RFEC = Remote Field Eddy Current, AE = Acoustic Emission, MFL = Magnetic Flux Leakage,
SLOFEC = Saturation Low Frequency Eddy Current.
Facility
Shielding Walls (concrete)

Ageing mechanism
Carbonation induced corrosion of
reinforcement.
Chloride induced corrosion of
reinforcement.
Chemical exposure.
Temperature induced movement,
(expansion or shrinkage), either
caused by contained operation
environment or external
environment.
Early age and long term
shrinkage cracks.

Pre-stressed post tensioned
concrete

Corrosion of
reinforcing wires

Corrosion (general and pitting) ,
potentially severe especially in a
marine environment.
Acid attack due to leaks or
fumes.

Structural steel and supporting
structure, pipe hangers

Temperature induced movement
creating higher stresses (eg as
due to movement joints being
locked by corrosion of bearings,
as in bridges).

Low temperature brittle fracture.
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Method of inspection
Visual
Crack monitoring
Carbonation and chloride testing
Video inspection of areas difficult to access by
personnel.
Half Cell potential measurement
Remote corrosion detection
Digital Imagery Correlation.
Post embedment techniques.
Radar and ultra-sonic tests to investigate
density and voidage.
Visual
Crack monitoring
Video inspection of areas
difficult to access by personnel.
Digital Imagery Correlation
Radar and ultra-sonic tests to investigate
density and voidage.
Destructive examination
Acoustic monitoring

Visual
Weld inspection such as MPI.
Acoustic emissions
Ultrasonic inspection to detect cracks and steel
thickness
Paint thickness tests.

Visual

Visual
Weld inspection such as MPI.
Acoustic emissions
Ultrasonic inspection to detect cracks and steel
thickness

Effects of ageing
Spalling of concrete cover causing exposure of
reinforcement and its subsequent corrosion.

Hazard
Shielding properties reduced with increased
nuclear risk to workers and environment.

Wide cracks resulting in radiation shine

Loss of serviceability

Demands higher levels of inspection and
maintenance and repair

Challenge to safety case and
operations.
Challenge to subsequent POCO,
decommissioning, and demolition.

Failure of beam element to carry load

Loss of section leading to increased stress and
increased deflection.
Instability
Distortion
Collapse
Demands higher levels of inspection and
maintenance
Increased rate of fatigue damage
Instability
Distortion
Collapse
Demands higher levels of inspection and
maintenance

Spontaneous collapse
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Potential structural collapse

Loss of support for safety significant plant
and equipment
Collapse and impact with other safety
significant plant and equipment

Table D1 (continued) Key to inspection methods: ACFM = Alternating Current Field Measurement, ACPD =Alternating Current Potential Drop, RFEC = Remote Field Eddy Current, AE = Acoustic Emission, MFL = Magnetic Flux Leakage,
SLOFEC = Saturation Low Frequency Eddy Current.
Facility
Architectural Building Fabric:
External Envelope

Wall Cladding
Brick/Block Walls
Glazing
Roofing

Architectural Building Fabric:
Internal Elements
Internal Partition Walls
Fire Compartment walls
including service penetration
seals

Ageing Mechanism
Environmental corrosion (marine
environments)
Electrolytic corrosion
Corrosion in cavities (wall ties)
Thermal Movement
Perishing of gaskets/sealants
Organic contamination (mould
growth)

Method of Inspection
External visual inspection, fibre-optic
camera(cavities)

Effects of Ageing
Loss of fixing
Water penetration
Impaired ventilation efficiency (excessive air entrainment)
Degradation of protective surface coatings
Erosion of mortar in masonry walls resulting in cracking/ loss of
strength

Structural movement (cracking)
Effects of moisture.
condensation/water ingress.
Mechanical damage

Visual inspection.
Moisture penetration metering.
Sampling and laboratory testing of
intumescent coatings.
Crack monitoring

Structural instability/spalling/collapse
Loss of fire compartmentation
Uncontrolled spread of fire

Surface deterioration of coating
Wear and tear
Mechanical damage
Cracking/degradation of substrate

Visual.
Dry film thickness.
Mechanical pull-off tests

Loss of ability to decontaminate

Hazard
Cladding sheets flashings
becoming loose or blown
off by winds.
16 Injury/possible death from
flying objects.
17 Damage to other
buildings/services
18 Cracking/spalling of
brick/blockwork masonry
walls – potential collapse
19
Fire damage
Loss of facility
Nuclear fire incident
Loss of segregation of
safety systems

Structural Fire Protection (Board
encasement and intumescent
coatings)

Decontaminable surface
coatings

Spread of surface
contamination
20 Contamination of
substrates

Building envelope: usually denotes roof decking, side cladding, external or dado walling and glazing. Occasionally the envelope is used or claimed in a safety case to assist in containing airborne contamination (secondary or tertiary). It is
important to understand the degradation mechanisms and failure modes of these elements. The inspection and maintenance regime is crucial to their performance.
Building fabric: may comprise all of the materials and elements within a building. The may be required to be decontaminated in certain areas. Inspection and maintenance is generally required.
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D2

Reactors/process vessels, tanks and piping
Repeated filling and emptying of vessels and reactors with high or low temperature liquors
is a source of cyclic loads which can cause fatigue damage in steel vessels and pipework.
Welds in such structures are particularly susceptible to such fatigue damage.
Vessels and pipework held at high temperatures and under load (for example due to their
own mass) for prolonged periods of time can creep. If left unmitigated, creep cracks
initiating at grain boundaries progress and can cause the pipework or vessel to rupture.
The contents of the vessels or pipework if aggressive can cause corrosion resulting in wall
thinning. Fluid flow through pipework results in erosion.

D3

Cranes
The environment within which the crane operates can cause corrosion of the structural
steel. Visible corrosion can be easily flagged and addressed but hidden corrosion (such as
within bridge girders or box sections) is serious as it may go undetected until failure of the
component. As a preventative measure, areas that can trap moisture should be correctly
treated or sealed to prevent moisture ingress. If this has not been done, periodic ultrasonic
thickness measurements can be used to trend the wall thickness so that maintenance can
be scheduled when the wall thickness decreases to unacceptable levels.
The cyclic loading that occurs during crane operation can cause fatigue damage. Those
areas most susceptible to fatigue should ideally be identified at the design stage and
subject to regular dye penetrant or magnetic particle inspection throughout the life of the
crane so that any fatigue cracks can be detected and repaired early. If not identified at the
design stage, engineering judgement or finite element modelling could be used to identify
these fatigue critical locations so that more regular inspections can be carried out for the
remainder of the crane life.
Over-lowering of the hook (generating slack in the rope) or seizing of the rope anchor
swivel bearing can result in kinks or birds nests in hoist ropes. These defects can have
serious consequences and cause the ropes to fail resulting in dropped loads, however they
can easily be seen by crane operators. Defective ropes should be replaced immediately.

D3.1

Crane bearings, brakes and gearboxes
Cranes should be inspected annually for signs of wear by a competent person. Vibration
monitoring can also be used to continuously monitor wear or bearings.
The brake material can become contaminated if the brake hydraulic thrustor units leak.
Contaminated brake material will cause the load to slip when it is raised. This should be
detected during the brake test which should be performed by the operator during every lift.
Lubrication may leak from gearboxes if the seals are degraded, which can lead to
enhanced wear of the gears. This in turn could cause failure of the gear shaft bearings and
uncontrolled lowering of the load. Lubrication leakage should be detected visually during
regular crane inspections.

D4

Gloveboxes
Gloveboxes are an essential barrier between personnel and radiation within NCFs. Glove
box containment relies on the integrity of seals between window panels and the box shell
and between the box shell and penetration features (such as drive shafts, pipe/electrical
service connections and filter attachments). Many seal materials are used including natural
rubber, nitrile, neoprene, EPDM, viton and silicone all of which have disadvantages. For
example, Nitrile has a narrow operating temperature range (between 30 -100°C), limited
weathering resistance and it suffers from cracking when exposed to ozone. Neoprene has
poorer compression set and creep properties than natural rubber.
A wide range of materials are used for glove box windows including Darvic® (PVC),
Laminated glass, Perspex® (PMMA – Acrylic), Lexan® (Polycarbonate) and Premac®
(lead loaded acrylic). As with seals, all of the choices have disadvantages. Darvic® has a
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limited life and low heat resistance. Laminated glass can be susceptible to chemical / heat
attack causing bubbles and delamination, resulting in sharps if the delaminated material
cracks. Perspex® and Lexan® windows can display environmental stress cracking in a
number of environments.
The outer shell (typically made from carbon steel or stainless steel) may corrode if in
contact with process chemicals such as acids/fluorides for prolonged periods of time.
The majority of these defects can be detected through visual inspection. The inspections
should include the condition of the glove box shell and all features that maintain
containment (seals etc). If seals are not visible, then the area around the seal should be
monitored to determine whether the seal has been breached. Alternatively, if leakage into
the box is suspected, smoke testing can be used to detect seal breakdown.
Consumable containment items such as gloves and PVC bags have a recommended shelf
and plant life, which should be tracked so that they can be replaced when required. More
frequent inspection of gloves/bags is required when used in more extreme environments
(such as in the presence of aggressive chemicals, or high radiation levels or high
temperatures).
D5

Ageing of electronic components

D5.1

Parameter drift
Electrical component parameters can ‘drift’ from their specified values over time. This is
most problematic for sensitive analogue circuits because a change in any component’s
performance will cause a corresponding change in the analogue signal.
The components most sensitive to ageing are older capacitors and larger size transistors.
The electrolytes in old capacitors can dry out causing a change in their capacitance. The
term has thus been carried over even into ‘dry’ capacitors. The performance of older
discreet transistors can be caused by oxidisation of the internal materials and cracking of
the germanium or silicon due to temperature cycling.
To avoid parameter drift, routine calibration and proof testing must be carried out.

D5.2

Insulation breakdown
Electrical cables from the 1950s are often insulated with natural materials, such as rubber,
paper and paper coated with shellac. These insulators are now exhibiting ageing
degradation such as rotting, being consumed by vermin, attack by mosses and bacteria and
degradation by sunlight resulting in cracking of the insulation. This cracking usually occurs
when the cables are physically moved (eg to reroute the cables).
Newer electrical cables (up to the 1980s) are insulated with polymers such as PVC or
polyamide. These have proven very reliable but ageing related degradation includes
cracking when exposed to ultraviolet (UV) in sunlight, or reaction of chlorine in PVC with
other materials. Modern electrical cables are insulated with polymers, such as PEEK, which
are ‘low smoke and flame’ and resistant to UV.
Alternative to polymeric insulators are ceramics (often porcelain). Ageing related damage is
typically cracking due to temperature cycling or vibration.
To inspect the integrity of the insulation of electrical cables (for 400V ac circuits and above)
routine insulation resistance checking should be used.

D5.3
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Gold embrittlement and dendrite growth
Embrittlement of eutectic lead-tin solder (63%Sn – 37%Pb) by gold reduces the life of
printed circuit boards (PCBs). When gold dissolves into molten eutectic tin-lead solder, in
addition to the lead-rich and tin-rich phases which form, AuSn4 and AuSn2 intermetallic
compounds also form. These Au-Sn intermetallic platelets are hard phases within the
ductile Sn-Pb matrix and cause embrittlement of soldered joints.
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Dendrites of silver, copper, tin, lead or a combination of metals grow as metal (from
unreacted plating residues, improperly cured solder resists, soldering fluxes and
inadequately cleaned assemblies) dissolve at the anode and is electrodeposited at the
cathode of the electrical circuit. Dendrite growth can be rapid (occurring over a few hours)
or can occur over a longer period of time. The rate of growth depends on applied voltage,
quantity of contamination and amount of surface moisture. The presence of dendrites can
cause short circuits.
The EU Restriction of Hazardous Substances (RoSH) regulations ban tin-lead solder and
so other more environmentally friendly solders are now used. They are not embrittled by
gold but unfortunately, they have inferior performance and ‘tin whiskers’ and ‘tin pests’ can
form which can also cause short circuits. The use of these new solders has also changed
the chemistry of electronics assemblies.
Gold embrittlement, whisker formation and the presence of dendrites can detected using
routine visual examination and proof testing.
D6

Relays and contactors
Relays and contactors are used in electrical circuits to switch electrical currents remotely.
They are electro-mechanical devices in which a simple coil is energised or de-energised
and moves a set of electrical contacts from either open to closed position.
Relays and contactors degrade by:
• Contact welding - the small arc produced when the contact opens ionises the contact
material. Contacts become eroded and pitted over time and become welded together.
This process is accelerated if breaking currents above the manufacturers’ specified
rating are used
• Wear of hinges, bearings and springs.
• Relays and contactors can stick in their dormant position when they remain in one state
for prolonged periods (years)
The main method of inspection to detect degraded contacts and relays is by proof testing.

D7

Embrittlement of plastics
Many types of plastic can embrittled by UV rays in sunlight. The associated problems range
from a cosmetic nuisance, to the snapping of door handles and hinges, to the failure of
weather-tight seals and gaskets. The most obvious solution is to screen the component
form the sun (eg using a canopy or roof). The first sign of embrittlement is loss of colour
pigmentation and the formation of cracks and distortions on the plastic’s surface and so can
be detected by visual inspection.

D8

Degradation of instrument diaphragms
Instruments used to measure pressure do so by detecting deflection of a diaphragm due to
pressure. Diaphragms are designed to be resistant to process medium attack,
overpressure, pressure pulsing, however like any moving part, diaphragms are also subject
to fatigue. Over the long lifetime of nuclear plants, such fatigue of diaphragms can occur.
Diaphragm fatigue can be detected during regular calibration or proof testing. However it is
important to calibrate at the low measurement ranges (i.e. 2% or 5% of range) to diagnose
this consistently.

D9
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Wear in control valves
Process control valves contain some form of valve seat or process fluid seal and a seal
between the process medium and the outside environment. Pressure seals and gaskets
can wear and develop leaks or the control valve seat and plunger can wear via erosion by
the process medium, cavitation or foreign-object-damage which destroys the seat, valve
stem or plug and the valve will no longer be able to produce a tight seal or fully shut-off the
process medium.
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Much of this degradation can occur due to poor control of pressure, temperature, allowable
pressure drop across the valve seat and the process fluid viscosity as these parameters are
specific to a particular design and size of valve.
Wear in control valves can be detected using tear down and inspection (but this may be
inconvenient and result in problems on reassembly) or using advanced diagnostics (such
as measuring valve stem speed).
D10

Civil structures

D10.1

Types of structures
Civil structures on nuclear sites can comprise safety related and non-safety related
structures, such as:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Reactors
Containment structures
Secondary containment structures
Chemical reprocessing plants
Control buildings
Reinforced concrete ponds (lined or unlined)
Secondary liquid containments
Tanks and silos for low level, intermediate level and high level liquors
Pipe bridges (shielded and unshielded)
Pipelines
Culverts, ducts and trenches
Spoil tips
Chimneys and stacks
Interim stores for high level waste, intermediate level waste and low level waste
Stores for special nuclear material
Low level waste repositories for long-term storage
Geological disposal facilities for final long-term storage

D10.2

Reinforced concrete structures
Reinforced concrete can be subject to a number of degradation mechanisms including
sulphate attack, Delayed-Ettringite Formation (DEF), Alkali-Aggregate Reaction (AAR),
Alkali-Silica Reaction (ASR), carbonation induced corrosion, chloride induced corrosion,
acid attack and freeze-thaw.Some of these mechanisms attack the concrete itself, while
others allow or promote corrosion of the steel reinforcement .

D10.3

Concrete storage ponds/shield walls: carbonation induced corrosion of
reinforcement
‘Carbonation’ is the process where carbonic acid (which forms when atmospheric carbon
dioxide reacts with pore water in concrete structures) reacts with the calcium hydroxide in
the concrete to form calcium carbonate. It occurs progressively from the outer surface as
carbon dioxide diffuses into the structure.
Carbonation reduces the pH of the pore fluid to around 8. This reduction in alkalinity causes
depassivation and subsequent corrosion of the steel reinforcement. The volume expansion
associated with the corrosion products can cause the concrete to crack and spall, reducing
the serviceability of the structure and may ultimately lead to loss of strength.
Carbonation induced corrosion can be detected by drillings and measuring the pH.

D10.4
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Concrete storage ponds and shield walls: chloride induced corrosion of
reinforcement
If chloride is present in reinforced concrete, it can cause very severe corrosion of the steel
reinforcement. Chlorides originate from two main sources: ‘internal’ chloride added to the
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concrete deliberately at the time of mixing to accelerate the concrete’s setting time, or
accidentally if the aggregate is contaminated or seawater has been used to mix the
concrete. Additionally, chloride ions may ingress into the concrete externally from, for
example, de-icing salts, salt in seawater or salt-laden air which can extend inland from the
coast for distances up to 5km.
When chloride reaches the steel reinforcement, the reinforcement corrodes and in a similar
manner to carbonation induced corrosion, the volume expansion associated with the
corrosion products can result in cracking and spalling of the concrete, loss of serviceability
and ultimately may lead to loss of strength.
Chloride induced corrosion can be monitored by drilling samples and analysis.
D10.5

Concrete storage ponds: waterbar and sealant degradation
When waterbars are exposed to gamma radiation, radiation induced deterioration reduces
their life. Exposure of PVC waterbars to radiation causes increased stiffness, loss of
elasticity and cracking. It also produces significant amounts of hydrochloric acid, which can
degrade the concrete surrounding the waterbar. The rate of radiation induced deterioration
of the waterbar depends on the joint design (especially the amount of shielding that the
surrounding concrete provides to the waterbar from the radiation from the pond’s contents)
and the effectiveness of joint sealants and fillers in preventing the ingress of sludge into the
joint.
Asphalt plays a key role in some water-containing structures, where it is usually protected
from the environment by the surrounding concrete. However, other bitumen-based products
used as coatings and membranes, may be subject to deterioration depending on their
location and use, particularly when exposed to radiation from the pond contents or other
sources.
Polysulfide and polyurethane sealants are used at movement and construction joints in
storage ponds. These materials may deteriorate or debond from the concrete surface over
time but may still continue to provide a physical barrier which prevents materials, such as
sludge, from entering the joint.
Degradation of water-bars, sealants and joint fillers can lead to seepage and leakage at a
joint. Failure of a water bar could result in significant local loss of containment, but with an
adequate leak management system, including leak collection, monitoring and return, this
would not result in bulk loss of containment. Intervention to transfer contents, reduce head,
and enhanced leak management systems would further mitigate the consequences.
Waterbar and sealant degradation can be detected by monitoring joint movement,
particularly when the water temperature fluctuates and/or the concrete is subject to ambient
temperature variations including solar heat gain. Damage to waterbars can be minimised by
controlling the pond water temperature to minimise demand on the water bar.

D10.6

Concrete storage ponds: Temperature induced movement, expansion or shrinkage
The environment plays a significant role in the service life of concrete structures. The
temperature of the contained liquor or the external environment can cause temperature
induced expansion or shrinkage of the concrete. Restraint from the surrounding structure
can produces internal stresses which in turn lead to cracking, spalling, loss of serviceability
and in some instances ultimately may lead to loss of strength.
The structure should be inspected periodically to monitor any movement or sliding joints,
and inspected for cracks and spalling.

D10.7
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Concrete storage ponds: early-age and long term shrinkage cracks
Early-age cracking occurs within a few days of fabrication in thin sections, but may develop
over a longer period in thicker sections as the heat of hydration takes longer to dissipate.
Both early-age and long term shrinkage cracks can render water retaining structures such
as ponds unfit for purpose.
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Cracks present after commissioning of the structure can have a significant effect on
serviceability, performance and longevity. These cracks may self-heal over time, or
alternatively may grow as carbon dioxide diffuses into the concrete leading to carbonation.
D10.8

Concrete storage ponds: exposure to aggressive contained liquor
Water-retaining structures may be required to provide primary containment for highly
aggressive or corrosive water, chemicals such as acids and alkalis and nitrates, oils
(mineral and non-mineral) and fuels, sludges and slurries, all of which can lead to
deterioration of the structure.
Acids dissolve the calcium hydroxide in concrete and therefore can weaken it. However,
acid attack tends to be self-limiting as insoluble calcium salts precipitate in the pores and
act as a barrier to further attack.
Attack by ammonium nitrate is more severe as it can dissolve previously insoluble calcium
salts into readily dissolvable calcium salts. Both acid and nitrate corrode the steel
reinforcement.
To prevent degradation of concrete by aggressive media, the liquor inventory should be
actively monitored to avoid acid spikes or other severe liquor transient conditions. Since the
water face may be inaccessible, when the tank is emptied for refurbishment purposes, a
new lining should be considered. In addition, the structural condition should also be actively
managed over time.
In some cases, an existing structure may be required to contain a transient inventory that is
mildly aggressive to concrete. It may be necessary to tolerate some degradation of the
concrete for a short period of time.
Any leaking or seepage from cracks should be repaired in accordance with industry best
practice and only following a rigorous risk assessment process.

D10.9

Pre-stressed and post-tensioned concrete structures
Pre-stressed concrete structures are those in which the concrete has been cast around
wires which are under pre-tension. The wires are only relaxed and cut when the primary
concrete has reached sufficient strength. Pre-tensioned concrete structures tend to be more
resistant to degradation than post-tensioned structures because they have fewer
weaknesses through which corrosion of the wires can occur. However, the amount of
concrete covering to the wires is often smaller than with post-tensioned concrete systems.
Post-tensioned segmental or non-segmental concrete structures are those in which
concrete is cast with embedded ducts into which pre-stressing wires are later introduced. In
segmental construction, the concrete element is assembled from smaller precast elements,
each with aligned ducts which are then joined together on site. Wires are then introduced,
crossing through the joints, which are then tensioned and anchored at the ends. The duct
may be grouted or ungrouted. Weaknesses associated with post-tensioned segmental
construction concrete structures include ingress of salts between segments, inadequately
designed or constructed grout ducts that allow ingress of de-icing salts to the wire duct,
insufficient grouting of ducts, the presence of chloride in the grout can cause corrosion of
the reinforcement wires and the relatively unprotected end anchorage systems may
corrode.
The reinforcement wires are typically small diameter (5-7mm) and may be distributed in
bundles or groups, either embedded in the concrete or in grouted or ungrouted ducts. The
wires may corrode with time due to chloride ingress and loss of passivity from the grout or
concrete. The small diameter of the wires mean that only a small amount of corrosion is
required before there is a large reduction in cross-sectional-area and if this occurs in a
critical number of wires, the beam or element may fail.
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Concerns generally exist regarding the condition and integrity of the elements as a result of
their age, possible aggressive environment, damage and the inability to inspect the pre
stressing wires.
Investigation of the integrity of a pre-stressed or post-tensioned structural element is difficult
due to lack of access to the wires. Destructive examination is more common but suffers
from the inevitable low sampling ratio. Structural health monitoring is possible with
techniques such as acoustic monitoring.
D11

Structural steelwork

D11.1

Structural steelwork: corrosion
Structural steelwork in dry, heated, internal environments should not suffer from corrosion,
however external steelwork or internal steelwork exposed to an aggressive environment will
corrode.
Factors affecting corrosion of carbon steel include: steel type, presence of coating,
atmospheric conditions (including humidity, water, contact with airborne chlorides,
sulphates, cleanliness and chloride deposition remaining damp (poultice effect), sea spray
deposition, temperature and chemical (acid) attack.
Corrosion can produce red rust (the most common and is formed in aerobic conditions) or
black rust. Black rust is produced in anaerobic conditions, such as under paint films. When
exposed to oxygen, black rust oxidises further to produce red rust.
Alternatives to general corrosion, which produces wall thinning, include pitting corrosion (in
the presence of chlorides), stress corrosion cracking (SCC), bi-metallic corrosion (when
there is an unfavourable electrochemical potential difference between two metals in
contact) or corrosion fatigue (in the presence of a cyclic stress).
Inspections should also monitor structural steelwork for evidence of movement or twisting
due to restraint, particularly where there are sliding joints which may ‘lock’ due to corrosion.

D11.2

Structural steelwork: acid attack due to leaks or fumes
Structural steelwork can be exposed to acids due to leakage. Areas which are susceptible
to exposure to acid from leakage should be identified and the effect of the leak on the
structural steelwork should be identified. If the consequence would be the loss of
performance of the structure or a breach in the site licence conditions, then action should
be taken to prevent these leaks occurring.
To mitigate the effects of acid leakage on structural steelwork, the acid leak management
systems must be robust and adequate if a leak should occur.

D11.3

Structural steelwork: temperature induced movement
Significant temperature variations (for example due to solar heat gain) can result in thermal
expansion and subsequent thermally induced stresses. Corrosion of sliding joints may
cause them to lock. Thermal expansion of such locked joints can result in large forces.
Generally, the consequences of thermal loading on structural steel are usually not severe
as the material and structure have the potential to resist the induced loadings without
distress. However in some structures, thermal loadings, can be large enough to cause
structural failure.
As part of the periodic structural inspection, the condition of steelwork and joint movement
should be monitored/inspected . Monitor sliding joints to ensure lock-up due to corrosion
does not take place. Review existing structures to identify those that would be susceptible
to distress should a movement joint lock up. Inspect members for signs of movement,
buckling, twisting or sliding joint witness marks.
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D11.4

Structural steelwork: low temperature brittle fracture
Ferritic steel goes through a ductile to brittle transition as temperature decreases. Those
steels specified in older standards may have a relatively high ductile to brittle transition
temperature. This innate susceptibility to brittle behaviour may be exacerbated by material
thickness, welding or stress raisers. In some structures, exposure to low temperatures in
conjunction with tensile loads has resulted in structural failure without warning.
The condition of steelwork and particularly zones that may be underspecified for resistance
to brittle fracture should be monitored as part of the periodic structural inspection.

D12

Pipe bridges
Typically there are two types of pipe bridge on nuclear chemical plants: open frame
steel/concrete structures which support exposed electrical and non-active piping services,
and enclosed concrete structures, which provide support and shielding to internal active
pipework.
The concrete enclosure can act as secondary liquid containment, either via an internal
coating as an integral part of the structure or by, for example, coaxial piping or a discrete
leak catchment tray. Many pipe bridges were designed and constructed at a time when
permanent provision for personnel access was not a high priority and therefore access for
general inspection can be limited. In addition, the high level of activity in the enclosed
concrete pipe bridges may mean that personnel are not able to access the structures for
enough time to adequately inspect the structure and so ensuring adequate asset care
throughout life is challenging.
Pipe bridges are often positioned in exposed locations and subject to extreme weather
conditions, which may not be seen by other more sheltered facilities. This is of particular
concern in the case of coastal sites. Pipe bridges therefore require special attention in asset
care programmes to ensure they are inspected and maintained sufficiently frequently.
Both the structure and the mechanical and electrical systems contained within the pipe
bridges should be included in the inspection program, and therefore it is important to clarify
who is responsible for each part of the pipe bridge system.
Relevant deterioration mechanisms for pipe bridges and associated structures include
corrosion under insulation and pitting of stainless steels. The addition or removal of mass
can be problematic for pipe bridges if mass is added to a pipe bridge, the original design
basis should be reviewed to ensure that the bridge can carry the additional load.
Leak tightness of active pipework in enclosed pipe bridges, cannot be assumed throughout
the life cycle and so periodic inspections are needed. However, the coverage that can be
achieved by the camera access ports should be taken into account when reviewing the
photographs or video of the inside of pipe bridges. If the coverage is not adequate, the
possibility of adding additional camera ports should be considered. If there are insufficient
access points, internal services should be monitored during operation to detect dynamic
effects (which may result in fatigue damage) and /or signs of leakage.
Where visible, the secondary containment provisions should be visually examined to ensure
that liquid would still be able to flow freely and not be blocked by general detritus.
The civil internal structure should be examined for signs of water ingress. This is particularly
important in coastal sites where the ingress of salt laden water has the potential to cause
pitting corrosion on stainless steel pipework and undermine the integrity of the containment.

D13

HVAC

D13.1

Fouling/disintegration of heating coils
The fresh air intakes for buildings have to perform in adverse conditions where incoming air
could be wet and cold. The conventional equipment provided (heating coils and filters)
which condition the air for supply into the facility can age under these adverse conditions.
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The specific equipment provided can vary, but typically plants would include:
• Inlet Louvre – normally triple bank to capture rain and water droplets in the air flow.
• Coalescing filter – to further capture droplets.
• Preheat coil – normally an unfinned or very low fins per inch coil to raise the temperature
a few degrees to reduce the likelihood of condensation within the roughing filters.
• Roughing filters – normally bag or panel filters to reduce the atmospheric dust challenge
to the main heater coil
• Main heater coil – normally a high number of fins per inch (up to 24) for maximum
heating surface for the air.
There are two main ageing degradation mechanisms related to this equipment:
If there is a failure to regularly change the roughing filters they will ultimately collapse. The
result would be that atmospheric dust challenges the high fin coil which then blocks. The
supply to the building would slowly reduce and ultimately fail. Regular visual inspection of
the roughing filters (monitoring the differential pressure and the supply flow rate) would
remove this issue.
Where the plant is in a coastal plant location the air taken into buildings has a salt content
and this is normally dissolved in the moisture carried by the air. The action of the heaters
(both preheat and main heater) has the potential to evaporate the moisture and solidify the
salt. The unfinned preheat coil is normally not affected, but as a precaution it should be
inspected. The high finned main coil is frequently affected by this issue, especially if the
construction is copper pipe with aluminium fins. The corrosion of the aluminium ‘blows’ the
fins and slowly blocks the heater. Regular visual inspection of the coils can identify the
problem.
D13.2

Fan performance de-optimisation
Two main ageing factors can affect fan performance:
• Belts wear, deteriorate and become loose over time
• Bearings degrade
In addition to fan performance, bearings in dampers which are infrequently used can seize
and result in unforeseen system failures.
Regular visual inspection of the fan /dampers can identify these ageing issues.
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Appendix E
Compendium of NDT techniques
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E1

Visual examination and remote visual inspection (RVI)
The simplest and easiest technique to apply and often called by the generic term
'inspection' on process plant. Visual inspection is able to detect surface damage, distortion,
pitting, scratches, dents, gouges, general wall thinning and discolouration which may be
indicative of leakage. However, only the surface extent of the defect can be obtained.
Access to the surface requiring inspection is required and the capability relies on the
illumination and the optical system being used, which for conventional visual inspection is
the operator’s eyesight. Many aids are available for enhancing visual inspection ranging
from a magnifying glass through endoscopes and boroscopes which allow viewing of
surfaces inaccessible to the human operator.
In recent years RVI has benefited from the significant improvements in cameras and image
processing and storage systems as well as in robotic arms to get cameras through small
access ports and in and around vessels and associated pipe work.
With such systems it is easy to fall into the 'seeing is believing' trap. It is important to know
the resolution of the camera and associated electronics and to ensure it is sufficient to allow
the defects of concern to be detected. A resolution test on a wire calibration will not
necessarily be a true test of the resolution of the system when looking for cracks. Changes
in resolution due to perspective/camera angle can lead to differences in resolution in
different parts of the same image.
Visual acuity is lost when the camera is moving, rather than static, and the procedure needs
to specify whether the camera is scanned whilst the image is viewed and if so at what
speed. The level and angle of illumination has a big impact on the visibility and hence
detectability of defects. Similarly, there are many easy to use image processing software
packages around which can be used to ‘enhance’ images but the implications of the various
algorithms and filters on defect detection need to be understood.
It is important that the operator is aware of effect of the various parameters on the
performance of the inspection and so should have been provided with relevant training and
demonstrated competence in the application of the equipment. It is also important that a
written procedure is produced for the inspection to assist the operator in its application. The
procedure needs to provide sufficient information to complement the operator’s training and
allow the operator to tick off the various activities as they are completed in the required
sequence.
It is also important that the operator is knowledgeable, not only in the defects to detect but
also in the other signs that indicate possible degradation and damage such a staining due
to leaks. Indicators, such as vibrating pipes, may only be visible when the plant is operating
and so it may be necessary to conduct the inspection twice, with the plant both on and off
line.
As visual inspection of corrosion is both qualitative and subjective, it is important to try and
obtain consistency in assessments by providing the operator with access to example
reference images of damage. This is supported by a study carried out in America [US
department of transportation, 2008] into the differences in the inspection processes applied
to bridge NDT across European countries, most of which is visual/remote visual inspection.
Examples of best practice identified were:
• The use of tools such as detailed heavily illustrative manuals to focus inspectors and
provide uniform ratings;
• Access to photographs from previous inspections to use in current inspections;
• Standardisation of inspection reports, forms, terms and ratings.
No matter how good the remote visual equipment, the examination of the images generally
relies on a human operator and human factors [HSE, 2008c] come into play. Eyesight
condition, vigilance, fatigue, concentration on one defect type at the expense of not seeing
another all contribute to the success or otherwise of the inspection. There are a number of
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videos available on the internet which, powerfully illustrate how easy it is to not see items in
clear view.
E1.2

Magnetic particle and dye penetrant
Surface damage that is not clearly visible to the naked eye, such as fine cracking, may be
revealed using NDT methods such as dye penetrant and magnetic particle testing. Both
these methods are relatively straightforward to apply and like visual examination, they only
enable a measurement of the length of the damage at the surface.
Magnetic particle inspection is applicable to ferromagnetic materials and is particularly
suited to detection of planar defects. Dye penetrant inspection can be applied to any
materials and is more sensitive to volumetric defects like pitting but is more susceptible to
the surface condition than magnetic particle inspection. There are many different
techniques of applying both methods- different magnetising techniques; different inks and
consumables.

E1.3

Replication
Surface replication requires the application of specially formulated liquids to the surface of a
component. The liquids cure quickly and produce a flexible high resolution mould of the
surface. When this is peeled off it can be viewed under a microscope, allowing detail of the
surface microstructure, micro-cracking and pitting to be observed.

E2

Eddy current inspection
Eddy current testing as an electromagnetic method which detects defects by the distortion
of eddy currents induced in the surface of the component. The depth of penetration of the
eddy currents is dependent on the skin depth, which is a function of the permeability of the
material and the frequency. In ferro-magnetic material the skin depth is very small and an
eddy current technique will only detect surface breaking defects. In non-magnetic material it
provides some sub-surface capability and can give some indication of the depth of a defect.

E2.1

Manual eddy current techniques
Eddy current inspection can be performed by manually scanning a probe over the
inspection surface whilst observing the amplitude and phase of the signal displayed. Like
manual ultrasonic inspections, manual eddy currents is flexible and easy to apply but will
suffer from the same human factors [HSE, 2008c].

E3

Semi-automated and automated eddy current techniques
Being an electrical technique, eddy current inspection is suited to automation. Eddy current
techniques are widely applied in the NDT of heat exchanger tubing and semi-automated
techniques are applied with data stored and displayed on computer as the probe is pulled
back along the tube. Automated systems can be used to scan probes over a surface and
collect data for processing and analysis off-line.

E3.1

Pulsed eddy currents
This is a technique for detecting corrosion and erosion and measuring average remaining
wall. It measures average wall loss over an area (footprint). The average thickness is
derived from the comparison of signals from the component with signals from known
calibration pieces. It is important to have information regarding the component to allow the
equipment to be set up correctly and the results to be accurately interpreted. The technique
is quick to apply and can test through non-conductive and non-magnetic material coatings.
It is only suitable for low alloy steels and is unable to differentiate defects on the top and
bottom surfaces.

E3.2

Alternating current field measurement (AC-FM)
This is a non-contacting electromagnetic technique which is used for surface defect
detection in conducting materials. AC-FM probes detect magnetic field disturbances cause
by defects obstructing a uniform electric current induced into the material to be inspected.
Software algorithms allow an estimate of crack depth and crack length to be obtained. The
technique is capable of detecting sub-surface defects on non-magnetic materials. It can
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cope with poor surfaces and can test through coatings. However, it requires skilled
operators to apply it correctly.
E4

Ultrasonic inspection
Ultrasonic inspection operates in solids in a similar manner to that which sonar operates in
water. High frequency sound pulses are transmitted and reflected back from discontinuities
within the material, be they defects or surfaces of the component. Knowledge of the
velocity, the transit time and the angle of the beam allows the position of the reflector to be
located within the component.

E4.1

Ultrasonic probes
The sound pulses used for ultrasonic inspection are generated by probes (or transducers).
The standard approach is to use piezoelectric probes and these require a coupling medium
to transfer the sound between the probe and the component to be tested. The requirement
for coupling is probably the biggest drawback of ultrasonic techniques.
The coupling medium is generally either a liquid (eg water) or a gel. When undertaking a
test the coupling medium needs to be applied to maintain coupling during the test and may
need to be removed afterwards. Piezoelectric transducers can be permanently fixed in
position using an epoxy resin which has the dual role of glue and couplant.
There are other techniques for generating ultrasonic pulses without the need for couplant:
lasers and EMATS. Neither of these techniques has found widespread practical use on site
but of the two EMATS are potentially the most useful.
Electromagnetic-acoustic transducers (EMAT) use electrical induction in the presence of a
magnetic field to generate the sound. However, they require strong magnetic fields and
large currents to produce ultrasound that is often weaker than that produced by
piezoelectric transducers. As a result the transducers tend to be large and generate sound
at lower frequency than piezoelectric transducers.
The EMAT offers many advantages based on its couplant-free operation and have been
used for thickness measurement of boiler tubes through an external oxide layer.
Note that unless explicitly stated, the discussions in the sections below are based on
piezoelectric transducers.

E4.2

Thickness measurement
The simplest application of ultrasonics is for manually applied wall thickness measurement.
The sound pulse reflected from the backwall of a pipe or vessel is used to give an accurate
point measurement of wall thickness directly under the probe.
The surface on which the transducer is placed needs to be clean and care needs to be
taken on painted or coated surfaces to ensure that the measurement is just that of the
remaining wall. Measurement positions need to be selected with consideration of the type
of corrosion damage so that the minimum wall thickness can be detected. When using a
grid to survey a large surface area, the pitch of the grid needs to be selected so that it will
detect the damage of concern.

E4.3

Defect detection and sizing using ultrasonics
Ultrasonic inspection is a volumetric method and has the ability to detect defects through
the full wall thickness of a component. It can also provide sizing measurements in both
length and through wall directions. Ultrasonic inspection is degraded by materials with
coarse grain structures like austenitic welds and special techniques are required.
Manual techniques are easy to apply and flexible but can suffer from reliability issues
especially on complex geometries due to human factors [HSE, 2008c].
The conventional technique is manual pulse-echo using a number of separate probes with
different beam angles. Digital ultrasonic sets allow signal range and amplitude to be
measured accurately using electronic gates, and allow storage of signals for off test

19283/1/11

TWI Ltd

evaluation and reporting. The standard pulse echo technique can be used for sizing with
errors typically of the order of ±3 mm for through wall measurement.
The development of phased array probes has allowed a manually deployed single phased
array probe to replace the separate angled probes. Phased array probes also allow a
‘sector’ scan to be applied where the beam is electronically scanned across a range of
angles. This can be useful in the inspection of complex geometries but care needs to be
taken to ensure that any defects inspected will return a signal to the probe. Phased array
probes have the facility to electronically focus the beam and to vary the position of the
focus. The combination of focusing and the ability to interrogate a defect with a non
standard angle leads to improved sizing over a conventional pulse echo inspection.
Improved through wall sizing is provided by the Time of flight diffraction (TOFD) technique.
TOFD is also used, in certain situations, as a quick method of detecting defects. TOFD is a
two-probe technique that works by accurately measuring the arrival time of ultrasound
diffracted from the upper and lower extremities of a planar defect. Because TOFD relies
upon diffraction from the defect tips it is relatively insensitive to defect orientation. TOFD is
ideally suited to the accurate sizing of flaw height (±1 to ±2.5mm depending on site
conditions) and monitoring changes in flaw size from repeat inspections.
The diffracted wave from defect tips, which the TOFD technique uses, is generally a low
amplitude signal. TOFD inspections are therefore performed at high sensitivity and as a
result certain flaw types and small flaws in, for example, ‘dirty’ steels, can generate false
calls. TOFD has dead zones at the inspection surface and at the backwall. TOFD requires
specialist equipment and software and generates complex images which require analysis
by skilled operators.
E4.4

Semi-automated and automated ultrasonic techniques
Ultrasonic techniques lend themselves to automation. The received ultrasonic signals can
be digitised and stored, allowing processing and analysis to be performed either on-line or
subsequently off-line.
Semi-automated techniques use manually operated scanning axes, or frames, to measure
the position of the probes and link the position with the data collected at the particular point.
The data can then be displayed in any of the three orthogonal views relative to the scanning
surface: Plan (C-scan); End (D-scan); Cross-section (B-scan). The 2-D display of data
simplifies the interpretation of complex echoes which can be difficult to do on individual
signals observed on flaw detectors screens (A-scans). This is particularly relevant to TOFD
which is often used in semi-automated mode.
Semi-automated thickness measurement allows a fine measurement grid to be used and a
large area to be covered in a relatively quick time. Corrosion mapping, as it is known,
records data every few millimetres of probe movement and the stored data is plotted in a
wall thickness map (usually a plan view (C-scan) presentation). Each thickness level eg
25-23mm, 22-20mm etc. is then usually displayed as a colour on the C-scan allowing
material loss by corrosion to be easily recognised.
The potentially large amounts of data which can be generated when using phased array
probes mean that it is beneficial to use semi-automated or automated techniques.
Automated techniques use motor driven scanning frames to scan the ultrasonic probe(s)
over the surface of the component. This removes the operator from the scanning process,
allowing inspection in limited or remote access areas and reducing any dose of radiation
that operators may face. All the semi-automated techniques can be applied in automated
mode.
The use of semi/fully-automatic ultrasonic techniques can eliminate some of the human
factor issues associated with manual ultrasonic testing, improve reliability. However, they
can create other issues associated with equipment set-up, data processing and analysis of
large amounts of data.
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E4.5

Long range ultrasonics
This technique differs from conventional ultrasonics in that it uses a different wave mode
and a lower frequency. The technique is used to detect features including wall loss defects
in pipes at ranges up to 50m. It can be used on pipes which pass through culverts and
pipes with insulation on them. The technique is generally used as a screening tool to
identify areas to investigate with more detailed NDT using alternative techniques.

E5

Radiography

E5.1

Defect detection and sizing using radiography
Radiography is a volumetric inspection technique. It is the detection of material loss in a
component by the variation in applied radiation, gamma ray or x-ray, impinging on a film or
a detector after passing through a component. As it is sensitive to material loss,
radiography is best suited to the detection of volumetric defects such as slag or porosity.
Detection of planar defects will depend on the gape or opening of these defects and the
misorientation of the radiation beam from the axis of the defect. In many cases, cracks will
not be detected.
Radiography is unable to provide depth information regarding defects without additional
specialist techniques. Industrial Radiography is covered by the Ionising Radiations
Regulations 1999 (IRR99) which mostly came into force on 1 January 2000. Information
regarding the requirements of the regulations is available from the HSE website [HSE,
1999c].
The application of radiography requires suitable access to place the source and the film or
detector on either side of the item to be inspected.

E5.2

Thickness measurement
As radiography is the detection of material loss in a component, it can be used to measure
corrosion/wall thickness in pipes. This can be achieved by directing the radiation
tangentially to the pipe or by transmitting through the whole pipe (passing through double
pipe walls). The tangential technique can be used to detect corrosion under insulation (CUI)
and is a suitable application of real-time radiographic imaging. The through thickness
method can detect internal and external corrosion and pipe blockages. Good access
around the pipe is required.

E6

Flux leakage techniques
The conventional Magnetic Flux Leakage (MFL) technique is similar to MPI in that it detects
the magnetic flux, which is 'squeezed' out of the metal by any defect or decrease in the wall
thickness. In this case rather than detect the flux using magnetic ink, MFL uses a coil or a
special probe, which are better suited to detecting more gradual field changes.
MFL is quick to apply and can detect material loss on both surfaces of a plate or pipe wall.
Hence it is used widely for inspecting tank floors. MFL is a qualitative technique: it is unable
to give an accurate assessment of the remaining wall; it cannot discriminate between
material loss on the near surface and material loss on the far surface. Surface roughness,
surface corrosion, and surface distortion can all adversely affect the results. MFL can be
used to inspect through non-magnetic coatings.
A technique with the commercial trade name of Saturation Low Frequency Eddy Current
- SLOFEC is very similar to the magnetic flux leakage technique but it uses an eddy current
sensor to detect changes due to flux leakage. The eddy currents are used to sense the
distortion of the magnetic field in a layer close to the surface of the component, which
means that this NDT system is able to inspect a greater wall thickness and also able to
cope with thicker non-magnetic coatings than the magnetic flux leakage NDT system.
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E7

Non-invasive NDT
Many of the inspection techniques described above require direct access to a surface close
to where the damage is situated and this can mean that vessels need to be opened for
internal access. Non-invasive inspection (NII) is a term used widely in the petrochemical
industry for NDT techniques applied where access to the equipment is from just one side
and/or at position remote from the damage. It is being used increasingly in lieu of visual
inspection for the detection of damage such as cracking and corrosion inside vessels and
corrosion under insulation on pipe work.
It is important to be able to show that the non-invasive NDT methods, procedures and
implementation are able to meet the requirements placed on them. In the petrochemical
industry this means being able to prove that is either equal to or better than the visual
inspection it replaces. In the nuclear chemical industry, internal visual inspection may not
be feasible to start with but it is still important to quantify the capability of any NII techniques
in order to have confidence in the results and subsequent decisions.
The HSE has issued Guidance on the application of NII for safety critical equipment [Ref.
12].

E7.1

Remote inspection
As defined in Section 3.2.5, remote inspection techniques are techniques that can be
applied through the use of manipulators and robotic arms. In the nuclear chemical
environment these techniques are likely to be the only techniques that can be applied on
some components. With the increasing sophistication of robotics and cameras virtually any
NDT technique can be applied remotely including dye penetrant and magnetic particle
inspection. However, the techniques best suited to such applications are those which can
be automated so that the inspection data can be stored on computer and subsequently
analysed off-line.
Ultrasonics is widely used as a remote, automated technique in the civil nuclear industry but
has the disadvantage that a coupling medium (water or gel) is needed. Ultrasonic
equipment with couplant recovery systems have been built and applied. Eddy current
systems do not have this disadvantage but, for crack detection applications, are limited to
surface defects.

E7.2

Remote visual inspection
The simplest and most commonly used remote inspection method is remote visual
inspection. There have been significant improvements in cameras and image processing
and storage systems as well as in robotic arms to get cameras through small access ports
and in and around vessels and associated pipe work.
With such systems it is easy to fall into the 'seeing is believing' trap. It is important to know
the resolution of the camera and associated electronics and to ensure it is sufficient to allow
the defects of concern to be detected. A resolution test on a wire calibration will not
necessarily be a true test of the resolution of the system when looking for cracks. Changes
in resolution occur due to perspective / camera angle and can lead to differences in
resolution in different parts of the same image.
Visual acuity is lost when the camera is moving, rather than static, and the procedure needs
to specify whether the camera is scanned whilst the image is viewed and if so at what
speed. As the level and angle of illumination can have a big impact on the visibility and
detectability of defects, they need to be selected carefully and specified in the procedure.
Similarly, there are many easy to use image processing software packages around which
can be used to ‘enhance’ images but the implications of the various algorithms and filters
on defect detection need to be understood.
No matter how good the remote visual equipment, the examination of the images generally
relies on a human operator and human factors [HSE, 2008c] come into play. Eyesight
condition, vigilance, fatigue, concentration on one defect type at the expense of not seeing
another all contribute to the success or otherwise of the inspection.
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It is important that the operator is knowledgeable, not only in the defects to detect but also
in the other signs that indicate possible degradation and damage. As visual inspection of
corrosion is both qualitative and subjective, it is important that the operator has access to
example reference images of damage when making assessments.
E7.3

Thermography
Thermography is a non-contacting, remote inspection technique that produces a heat
picture of the surface of a component using an infrared camera. Line of sight to the surface
under examination is required and a measure of the actual temperature of a component or
the variation over an area of the surface can be recorded. It is quick and easy to apply but
can only detect defects and or faults which cause a change in heat flow or the surface
temperature of the item.
In plant, any changes in temperature may be attributable to wall thinning or build up of scale
affecting the heat transfer at that position. It can indicate the presence of wet insulation and
the potential conditions for corrosion under insulation (CUI). For containers containing hot
or cold liquid it is possible to observe the level of the liquid in the item non-invasively. In
assessing results, the emissivity of any paints or coatings on the component need to be
considered and sunlight can also distort readings.
An active heat source can be used to heat the surface of a component and the camera
used to observe the heat dispersion observed. Unexpected changes in the heat flow
highlight the presence of defects.
Thermography is also useful for assessing the condition and deterioration of electrical
equipment: hot spots indicating where an electrical component may be malfunctioning.

E7.4

Acoustic emission
Acoustic emission is a passive inspection technique identifies defects by detecting the
acoustical noise they generate. The technique requires an array of acoustic sensors to be
attached around the plant item under test. Potentially, signals from crack propagation,
corrosion products and leaks may be identified and located by triangulation. A common
application is in monitoring above ground storage tanks with the sound being generated by
the spalling of corrosion products on the bottom of the tank. A qualitative assessment of the
condition of the tank is based on the level of noise measured.
When acoustic emission is used to detect cracks it faces the challenge of detecting the
potentially small signal generated by the crack growth in the presence of operating noise. It
is important to know the level of noise that the cracking mechanism will generate in order to
assess the capability of the technique.
Acoustic emission is used during hydraulic tests to detect defects by the generation of noise
from brittle fracture when operational noise may not be present and the stresses seen by
the plant item may be quite different to those seen in service
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Managing ageing plant effectively requires a
paradigm shift in the way that asset condition
is regarded, assessed and maintained. The
conventional approach to asset management is
often reactive. The focus is on carrying out work that
must be done now, rather than work that will prevent
future problems. The result is often unanticipated
failures, long backlogs of maintenance work and no
time to carry out the preventative maintenance which
would alleviate many of the problems.
To effectively manage ageing and ensure that assets
operate efficiently and safely requires a proactive
approach with a thorough understanding of asset
ageing mechanisms and condition and the ways in
which assets interact. Competency and organisation
of the people responsible for asset management
and knowledge management are the keys to
ensuring that this understanding of current and
predicted asset condition is used when making asset
management decisions.
Since ageing occurs to all items in a plant, asset
managers should manage ageing of all assets, but
with a special focus on safety and production critical
assets with a high consequence of failure. Nonoperating legacy plant also requires management until
it is removed. This report provides a framework of the
competencies and processes required to proactively
manage ageing of nuclear chemical facilities within
the context of asset and safety management.
This report and the work it describes were funded
by the Health and Safety Executive (HSE). Its
contents, including any opinions and/or conclusions
expressed, are those of the authors alone and do
not necessarily reflect HSE policy.
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