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1. [bookmark: _Toc234837301]Introduction
This annex to Technical Assessment Guide 17 (‘TAG 17’) [1] provides guidance to advise and inform ONR inspectors in the exercise of their regulatory judgement on the topics of ageing management and structural damage in relation to civil engineering Structures, Systems and Components (SSCs). 
This annex is not intended to provide detailed guidance on any ageing or damage mechanisms or processes: its main purpose is to highlight certain salient areas for inspectors to consider as part of their regulatory assessment. It aims to highlight the application of the Safety Assessment Principles (SAPs) [2] to aid the assessment of civil engineering works and structures (refer to Appendix 1 of [1]) and signpost links to other good practice.
This annex is complementary to the TAG on ageing and degradation management [3], which provides more general guidance. This annex focusses on nuclear safety functions provided by civil engineering SSCs, but the guidance herein is equally applicable to any security, safeguarding or environmental protection functions provided by civil engineering SSCs.
Scope
The topics of this annex apply to the following nuclear site activities:
normal in use operations, including Examination, Inspection, Maintenance and Testing (EIMT),
periodic safety review,
post event assessment,
life extension, and
defect investigation and remediation.
This annex does not provide detailed information in relation to the topics identified below, and the inspector is advised to consult the references contained herein for further information:
Allowance for ageing effects in the design (refer to Annex 1 of TAG 17 [4]).
Degradation and damage mechanisms (refer to SR 82 (Rev 2) [4], NP-T-3.5 [5] and NP-T-3.24 [6]).
Non-destructive testing (refer to CIRIA 798 [7]).
Monitoring systems and techniques (refer to NP-T-3.5 [5]).
Repair methods (refer to NP-T-3.5 [5] and [8]).
The potential impact of modifications and repairs on operational structures (refer to [4]).
Facilities that are beyond operation, but which still provide a residual safety function (refer to Annex 6 of TAG 17 [10]).
Structure of this annex
This annex identifies the ageing and damage effects and associated assessment considerations:
Section 2 of this annex describes the common ageing effects and associated failure modes,
Section 3 of this annex provides guidance on the mitigation activities (monitoring and repair) and ongoing ageing management,
Section 4 of this annex provides guidance on the situation where damage to a structure cannot be readily or reasonably practicably repaired and the ongoing demonstration of safety,
Applicable SAPs to this annex
The assessment of civil engineering SSC expanded upon within this annex is informed by and meets the expectations of the SAPs. In addition to the key SAPs identified in [3], the following are particularly relevant:
ECE.2 establishes that, for structures requiring the highest level of reliability, failure modes should be predictable, gradual and detectable and consideration should be given to providing devices to monitor for degradation.
ECE.3 concerns the identification of defects, and in particular the expectation that the existence of defects that could compromise safety functions can be established throughout the lifecycle of the structure.
ECS.3, ECS.4 and ECS.5 are relevant to the application of codes and modern standards (or lack of them) to the inspection, testing, assessment and maintenance of structures.
ECE.8, ECE.20, EMC.25, EMT.1, EMT.2, EMT.6 and EMT.8 establish expectations for inspection, testing and monitoring of structures.
SC.6 establishes the expectation that safety cases should identify and justify EIMT regimes.
SC.7 establishes the expectation that safety cases will be actively maintained and reviewed and updated regularly to take into account changes, including those due to plant or facility ageing.
DC.3 and DC.5 consider the possible impact of ageing on the timing of decommissioning and the need to establish an appropriate EIMT regime before entering a care and maintenance phase.
Applicable standards and international expectations
In addition to the WENRA and IAEA guidance cited in [3], this annex considers the following IAEA guidance that is of particular relevance to civil engineering SSCs.
NP-T-3.5 - Ageing Management of Concrete Structures in Nuclear Power Plants [5]. A figure depicting a recommended approach to ageing management is included as Figure 1, copied at the end of this annex.
Safety Reports Series No.106, Ageing Management and Long Term Operation of Nuclear Power Plants: Data Management, Scope Setting, Plant Programmes and Documentation [9].
TECDOC-1957, Ageing Management of Nuclear Power Plants during Delayed Construction Periods, Extended Shutdown and Permanent Shutdown Prior to Decommissioning [10].
 
[bookmark: _Toc234837302]Ageing effects
A key consideration for the inspector is whether ageing effects have degraded the ability of civil engineering SSCs to provide their safety function to a point where the safe operation of a facility can no longer be assured by a sufficient margin. This could include consideration of loads resulting from design basis events and accidents, with due account taken of uncertainty of the loading and the rate of future degradation for the required lifetime of the structure.
The inspector may assess Periodic Review submissions in order to gain confidence that adequate consideration has been given to the remaining required life, as stated in the decommissioning strategy. For more information on Periodic Safety Reviews, refer to the TAG on ‘Periodic Safety Review (PSR)’ [11].
Replacing defective civil SSCs is often impractical, so ageing management is crucial. Many ageing effects are identified during non-civil engineering inspections or maintenance. Inspectors should gain confidence that dutyholders do not assume concrete structures are ‘massive and passive’ and will deliver their safety functional requirements (SFRs) without adequate EIMT implementation. Claims on civil engineering SSCs should be explicit in safety cases, substantiated and SFRs stated in arrangements for effective EIMT.
Ageing effects change the physical or chemical properties of civil engineering materials, potentially reducing load resistance, durability, and serviceability. SAPs SC.5, EKP.3, ERL.4, EAD.2, EHA.7, ECE.1, ECE.2 and ECE.6 expect civil engineering SSCs to have a margin against failure, meaning ageing effects should not immediately result in loss of safety function. Adequate margins should exist throughout the facility's lifetime to account for ageing and degradation processes, as well as hazard changes like climate change. Ageing should be considered at the design stage and during periodic reviews to maintain sufficient margin.
Ageing effects generally fall into six groups. The first group should be taken into account when specifying the design life of the civil engineering SSCs. SSCs could be subject to simultaneous ageing effects from multiple groups at one time:
Anticipated ageing due to time and in service effects (for example, thermal or moisture movement, creep, relaxation, fatigue, identified chemical processes).
Unanticipated ageing due to inadequate in-service maintenance of the SSC (for example, vegetation damage, ponding or standing water due to blocked gutters).
Unanticipated ageing due to changes to the functionality of the building, the operational state, or changes to the environment or process 
(for example, failure of another SSC placing additional demands upon the element being considered, increased internal condensation).
Design basis or accidental loading or misuse (for example, excursion beyond normal operating parameters, impact damage, fire damage). While these might have been considered within the original design parameters, they are unlikely to have been factored in when considering the design life and are likely to result in accelerated ageing effects.
Defects incorporated into SSC (for example, design errors, construction errors, unanticipated chemical processes and inclusion of deleterious materials, excessive settlement).
Changes of loading or load path associated with modification of the structure throughout its lifetime, or change of use.
A selection of the ageing effects and potential consequences are provided in Appendix A.
Timing of ageing
Ageing effects occur throughout the life of a structure, and should be taken into account during construction, operation, post-operation and decommissioning phases. At all stages of life, the expectations of SAP ECE.3 with respect to defect tolerance should be demonstrated.
Civil assets are often constructed first and may face aggressive environments until the weatherproof envelope and ventilation system are operational. Construction may be halted or delayed, making pre-operation ageing significant. Inspectors can consult IAEA TECDOC 1957 [10] for guidance on ageing management during delayed construction periods.
Some structures on GB nuclear sites significantly exceed their original design life. Civil engineering SSCs may need to provide safety functions long after operations cease, such as containment and shielding. Even when nuclear safety functions are no longer required, civil SSCs may need to maintain the weatherproof envelope, structural support, access, egress, or non-radiological material storage. Inspectors can consult IAEA TECDOC 1957 [10] for guidance on ageing management during the post-operational period before decommissioning.
While obsolescence of components (SAP EAD.5) is unlikely to affect nuclear civil engineering SSC, records of design, construction, and maintenance of civil SSCs must be kept appropriately to prevent loss of knowledge, which can increase risks during inspection, assessment, maintenance, change of use, modification and deconstruction.
Hazards arising from ageing effects
Ageing effects may result in the creation of hazards to nuclear and conventional safety. The primary hazards have the potential to develop into secondary (or consequential) hazards to SSCs which may not fall within the scope of civil engineering assessment. A number of related or unrelated ageing effects (coincidental) may occur to the same or adjacent SSC, increasing the potential consequences of the hazard created.
The following nomenclature can be adopted when considering hazards arising from ageing effects:
Direct hazard: A hazard caused directly to an SSC by the ageing mechanism.
Consequential hazard: A hazard that is caused by and dependent on the occurrence of a direct hazard.
Coincidental ageing: Realistic combinations of independent ageing mechanisms occurring simultaneously.
Revealed and unrevealed ageing mechanisms
Safety cases should demonstrate tolerance to the effects of possible unrevealed ageing mechanisms, applying the following definitions:
Revealed ageing mechanism: A process which results in some measurable effect, which can be detected via non-destructive or non-invasive means (for example, visible steel corrosion staining, concrete cracking, spalling, excessive defection, etc.).
Unrevealed ageing mechanism: A process which results in effects which will only become apparent via intrusive or destructive testing, or when the structure is subject to design basis event or accident loading conditions.
Note that for buried SSC or areas where the radiological hazard precludes visual inspection, what might normally be considered a revealed ageing mechanism may become an unrevealed ageing mechanism for the SSC being considered.

Common failure modes
It is often useful to classify the significance of the potential failure mechanism of the civil SSC which may result due to the ageing effect. Regulatory interest should be directed to those areas with the greatest potential consequence, or where the risks are least well controlled.
Serviceability failures: While some operational functionality may have been lost, the claimed safety functions are still satisfied (for example, excessive deflection of a roof deck). These types of failure can have a negative effect upon the resilience of facilities to design basis or accident situations. These may also lead to an increase in ageing effects to the SSC.
Localised failures: A non-critical or secondary safety function has been lost, or the effect of the failure is localised and has limited consequences (for example, cracking through a wall leading to seepage of uncontaminated water, failure of a lintel leaving a masonry wall unsupported). These are likely to lead to an increase in ageing effects to the failed SSC and potentially adjacent SSC. These also might reduce the number of available lines of defence or redundancy within facilities.
Progressive failures: A failure of a safety function which rapidly propagates to adjacent SSC (for example, failure of a pipework support which leads to ‘unzipping’ of adjacent supports). These may continue to propagate and ultimately result in a catastrophic failure.
Catastrophic failures: A complete failure of a load bearing structure leading to collapse of a major element or an entire facility (for example, topple of a concrete stack). Once initiated, it is not possible to prevent a catastrophic failure.
SAP EMC.11 establishes the expectation that failure modes are gradual and predictable. This is especially relevant when considering structures where the primary load-path is via components in tension. Ageing effects to tension structures are more likely to be unrevealed, the progression from evident distress to failure is more likely to be extremely rapid (possibly instantaneous), and the results of failure are more likely to be progressive (unzipping) or catastrophic. While most design codes do not recommend increased margins for tension structures, it may be appropriate when considering ageing effects due to the limited potential for load redistribution or secondary load paths. Arrangements and regimes for EIMT of tension structures should provide adequate evidence for validation of continued operational margins.
A selection of the most important ageing effects provided in Appendix A are summarised below. The most significant potential consequential and coincidental hazards are briefly discussed.
Corrosion of embedded reinforcement due to chloride attack or carbonation
Direct effect: As the corrosion products of chloride induced reinforcement corrosion do not immediately lead to cracking or spalling of the concrete, vulnerable structures could suffer significant loss of embedded reinforcement cross-section without any visible evidence of ageing or distress, i.e. the ageing effect could be unrevealed. A small area of cracking and spalling visible to the surface may indicate considerable loss of reinforcement cross-section at depth. This could leave structures which are designed to resist loads resulting from design basis events or accidents unable to perform their safety function when the demand is placed upon them.
Some nuclear structures built prior to the late 1970s incorporated significant quantities of chlorides into the concrete, either added as an accelerant or due to the use of partly saline water in the concrete mix. 
Unprotected concrete structures in aggressive coastal environments can also absorb significant chlorides into their surfaces during their life.
Coincidental effects: Chloride corrosion can occur coincidently with anaerobic corrosion, especially in saturated or below ground concrete. 
Some forms of anaerobic corrosion do not create expansive corrosion products, and hence the combined ageing effect may remain unrevealed.
Potential consequential effects: Tall structures are particularly vulnerable to this ageing effect and have the potential to collapse onto adjacent facilities or disrupt site services. Hence unpredicted failure of such a structure could result in consequences greater than loss of that structure alone.
Regulatory expectation: The inspector may expect the dutyholder to demonstrate that all structures considered potentially at risk of chloride induced corrosion are not vulnerable to failure as a result of unrevealed corrosion. This might be satisfied by testing the concrete for chloride content, testing for electro potential at the depth of the reinforcement or exposure of a sample of the embedded reinforcement to allow visual inspection.
There are similar regulatory expectations for the consideration of concrete carbonation, particularly in structures with extensions to the design life. Concrete cover to reinforcement is typically 50mm minimum to modern standards, and condition of cover depends on the workmanship and other ageing or degradation factors over the lifetime of a structure. For older structures, the cover achieved was often considerably less than 50mm. 
Over a period of several decades, carbonation can permeate the concrete to a level where it reaches the reinforcement. The dutyholder should have adequate maintenance and monitoring regimes in place, including undertaking prevention and remediation measures where inspections and testing indicate that damage to the reinforcement can be prevented.
Damage to weatherproof envelope (due to a range of ageing effects)
Direct effects: The direct effects of damage to the weatherproof envelope could include:
loss of secondary containment safety function,
challenges to internal air pressure gradients (often used to mitigate against migration of contaminants,
creation of slip hazards (rainwater penetration),
increase in the weight of absorbent materials such as insulation, aerated concrete roof panels or compressed fibre roof panels.
As highlighted in Appendix A, there are a number of ageing effects which have a primary hazard of damage to weatherproof envelopes (which are considered to include below ground waterproofing). Multiple ageing effects may act at the same time, one cause potentially contributing to or accelerating another. These might include:
thermal movement of roof fabric leading to fatigue of weatherproof envelope (fixing and sheeting materials),
deflection to roof fabric or supporting members and / or blocked outlets leading to ponding of rainwater,
damage to any part of the weatherproof envelope leading to dominant openings that could undermine the ability of the structure to withstand wind loads,
foot traffic leading to mechanical damage to weatherproof envelope,
ultraviolet radiation embrittlement of weatherproof envelope,
legacy defect(s) revealed from substandard construction workmanship.
Coincidental effects: Saturation of insulation materials often results in loss of its ability to perform its function. This could result in condensation of internal moisture upon cold surfaces, adding to the hazard caused by water penetrating from outside the structure, or it could impact on controlled internal environments. Damage to weather envelopes and dominant openings could impact internal air pressure gradients.
Potential consequential effects: Rainwater penetration within facilities which were designed to be weatherproof could lead to:
spread of soluble contamination and contaminated water,
localised flooding (slips and loss of functionality of submerged SSC),
loss of insultation to electrical systems (shock, arcing and fire),
corrosion to metallic components,
reduced capability to withstand design basis external hazard or serviceability loading,
condensation on internal surfaces,
failure of activity-in-air or security and safeguard monitoring equipment,
rot to organic materials or water damage to items stored within the facility (including paper records).
Regulatory expectation: The dutyholder should have arrangements in place to undertake regular planned inspections and preventative maintenance to vulnerable elements of the weatherproof envelopes. 
All debris, vegetation growth and other material that could lead to failure of rainwater disposal systems should be removed as soon as reasonably practicable once identified. Fixings to cladding panels should be inspected for evidence of deterioration or impending failure. Localised failures of the weatherproof envelope should be addressed in a timely way to prevent consequential effects that may undermine the safety function of other SSC. The dutyholder should notify ONR (for example, using the ‘INF1’ reporting system) where there is a threat to nuclear safety significant SSCs as a result of a breach to weatherproofing of civil engineering SSCs (actual or near miss).
Through thickness cracking to concrete water retaining / excluding structures
Direct effects: Through thickness cracks to concrete structures resulting from early age drying shrinkage or the heat of hydration can be exacerbated by ageing effects. Where existing cracks have previously autogenously healed, the ageing effects may re-activate these through thermal or physical movement, leaving the crack unable to re-heal due to the absence of any free active materials (consumed by the first healing process). 
Through thickness crack can result in long term water egress through the crack, (or ingress for water excluding structures). Due to the considerable section thickness required to provide shielding, spent fuel storage ponds can be vulnerable to early age cracking.
Coincidental effects: Several ageing effects are likely to simultaneously contribute to prevention of autogenous healing. These might include:
thermal movement of the concrete due to the external annual temperature cycle or changes in pondwater temperature due to variability in fuel heat load or chiller availability,
post hardening concrete shrinkage,
ground movement (settlement or caused by annual changes in ground water table level,
changes in loading applied to the structure (mobile fuel handling equipment or structural modifications).
Potential consequential effects: Leakage of water containing soluble radionuclides creates the potential for activity to be released into the environment. If the crack occurs below ground, the released activity may contaminate the ground and groundwater. Groundwater flows could transport activity a considerable distance from the source of the release. 
If the crack is above ground, deposition of the contamination outside the structure can occur, e.g. upon the external surface as the seepage evaporates. This could result in a substantial dose rate in the vicinity of the leak if it is not addressed promptly.
Regulatory expectation: For spent fuel stores, any leakage must not undermine the safety case claims made on the water providing a fuel cooling or shielding safety function. The dutyholder should demonstrate that all water retaining structures are monitored for evidence of water egress, with activity monitoring arrangements in place where releases may be contaminated. For some older facilities, it may not be possible to directly monitor potential releases through the base slab or below ground elements of structures. In such cases the provision of retrospective monitoring facilities external to the structure (such as boreholes) may be proportionate. If activity is detected in the leakage, actions to mitigate against release of activity into the environment and to prevent build-up of activity to external faces or drainage features, for example by regular cleaning, are expected.
Organic materials incorporated into the water retaining construction (for example, waterbars, sealants, joints and membranes) could be adversely affected by long-term radiation. Building Research Establishment (BRE) document “A review of materials used as waterbars and sealants in pond structures” [12] was prepared in 2010 for ONR.
Nuclear-specific ageing
Aspects of degradation that are specific to the nuclear industry include the effects of irradiation on concrete [13] and organic materials [12]. The inspector may seek assurance that these aspects are adequately addressed in the ageing management programme or equivalent arrangements.
Un-permitted or poorly conceived alterations (post construction)
While not directly an ageing effect, in-use alterations to civil engineering assets can undermine their safety functions. Common issues include:
creation of new service penetrations through fire barriers which are provided with insufficient fire stopping – potential reduction in fire barrier function,
renewal of services through a fire stop without replacing the firestop – potential reduction in fire barrier function,
creation of new service penetrations through aerated concrete or lightweight roof or wall panels – potential structural failure, serviceability failure (increased deflection) or damage to weatherproof envelope,
temporary removal and reinstallation of expanding fixings and anchors – potential structural failure, serviceability failure (increased deflection),
installation of new equipment upon an existing flat roofs – potential damage to waterproof membrane, excessive defection or blockage to rainwater outlets.
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Prevention of ageing and defects
Whilst this annex provides guidance on the management of ageing and defects, preventing, avoiding and reducing the occurrence of defects or ageing effects should be prioritised, through well considered design and appropriate construction management. Refer to the relevant annex for further advice to the inspector.
Examination, Inspection, Maintenance and Testing
Adequate EIMT is key to ensuring the design life of civil engineering SSCs is achieved. Suitably qualified and experienced personnel should undertake and consider the outcome of all civil engineering EIMT. The dutyholder’s arrangements for inspection and tests of civil engineering assets should include the following provisions:
Visibility of safety case. The safety functions and design life should be identified and made known to those undertaking the inspections.
Details of known pre-existing defects and causes, together with historic records of defects to assess the rate of degradation.
The inspections should be demonstrably complete and thorough, highlighting any areas which could not be included and the reasons for the exclusion.
Consideration of any relevant operational experience (for example, degradation mechanisms for lightweight concrete panels).
A record of the relevant environmental conditions should be included in the inspection reports.
The significance to nuclear safety of any defects or degradation should be evaluated and remedial works sentenced on this basis.
SAP EAD.4 establishes the expectation that parameters that could change with time and affect safety should be periodically measured. 
When undertaking assessment of inspections, the inspector may expect a description of the intent of the inspections, e.g. condition is as per design intent, degradation mechanism is gradual and will not undermine design intent, margin is sufficient for remaining life etc., in line with the expectations of EAD.2. EMT.6 establishes the expectation that provision should be made for EIMT throughout the life, commensurate with the reliability required of each SSC.

The causes and / or implications of any defects or degradation should be investigated and recorded. These are often due to adverse environmental conditions that may, in turn, be due to other building defects or lack of maintenance of the environmental protection. Addressing the root cause is essential for effective repair or subsequent ageing management.
When undertaking an assessment of the current condition, the Inspector may wish to seek assurance that, for beyond design basis or severe accident events (including cliff edge effects), the safety functional requirements placed on the SSC (for example, collapse in a particular way, escape routes remain safe) is not undermined by the existing condition of the structure.
For further information on EIMT, refer to the TAG ‘Examination Inspection Maintenance and Testing of Items Important to Safety’ [14].
Ageing management programmes
In the context of this annex, ageing management considers activities to prevent or control within acceptable limits the effects of ageing degradation on civil engineering SSCs. It includes consideration of the way in which SSCs will respond to the anticipated design loading conditions (including design basis, beyond design basis and cliff edge effects). It also considers any associated EIMT actions required to ensure that SSCs remain capable of fulfilling their safety functions throughout construction, operation and decommissioning, including any period of delayed construction or deferred decommissioning.
Dutyholders should implement a suitable ageing management programme. This may include, but not be limited to, the dutyholder’s Licence Condition (LC) 28 (EIMT) arrangements. The programme may be specific to ageing effects and degradation mechanisms or specific to SSCs and should be subject to regular review. Further guidance on the content of ageing management programmes is given below in Section ‎3.4.
SAP ECE.1 establishes the expectation that the required safety functions and structural performance of civil engineering SSCs should be quantified and specified for the complete potential range of operational states. 
This should include:
the associated required resilience for the SSC,
the margins, such that civil engineering SSCs continue to provide their residual safety functions following the application of beyond design basis loads (including cliff edge considerations),
that SSCs should fail in a manner that suitably limits radiological consequences.
SAP ECE.20 establishes the expectation that EIMT should demonstrate that the structure continues to meet its safety functional requirements, taking into consideration changes in parameters assumed in the safety case. 
This should include ageing phenomena, as identified in SAPs EAD.3 and EAD.4, for periodic measurement of material properties and parameters. Dutyholder assessment of ageing should consider the expectations regarding independent arguments as presented in SAP ECE.2, including in-service degradation mechanisms and the potential for defects to develop into a failure mode.
SAP SC.6 recommends that the Safety Case should identify areas of maintenance to ensure continued safe operation and how these will be implemented. SAP EAD.2 establishes the expectation that programmes for monitoring to detect ageing and degradation processes should be used to verify assumptions and assess whether the margins in place are adequate for the remaining life. ERL.4 establishes the expectations around margins of conservatism stated in the safety case to ensure the SSC’s safety significance will continue to be recognised throughout its life.
[bookmark: _Ref234836563]Ownership of ageing management
The operating organisation may not have all the relevant expertise to develop an ageing management programme, and consultation is likely to be required with the designer or Design Authority (DA). However, the ownership of the programme is anticipated to remain with the operator.
Ageing management often requires the use of specialist contractors to undertake investigations or remediation works that fall outside the standard scope of the civil engineering activities on a site. Where this is the case, the dutyholder Intelligent Customer (IC) capability should ensure that optioneering, design or repair works are undertaken by suitably qualified and experienced personnel (SQEP), and that the scope of works and associated contracts and specifications have been checked by a SQEP IC function.
For further guidance on the ownership of IC function, refer to:
NS-TAST-GD-079 ‘Licensee Design Authority Capability’ [17]
NS-TAST-GD-049 ‘Licensee Core Safety and Intelligent Customer Capabilities’ [18]
NS-TAST-GD-027 ‘Training and Assuring Personnel Competence’ [19]
Ageing management programmes
Paragraph 212 of the SAPs [2] states “effective management of ageing is needed so that the safety functions, systems and components are delivered throughout the period needed, which may be the full lifetime of the facility. This may be achieved through a specific ageing management programme or through other arrangements appropriate to the SSC”.
Issue I of the Western European Nuclear Regulator’s Association (WENRA) Safety Reference Levels for Existing Reactors [15] states that ageing management programmes “shall identify in a systematic and knowledge based manner all relevant potential degradation mechanisms and their ageing effects, determine their possible consequences and the necessary activities to ensure and monitor the availability and reliability of in-scope SSCs.”
The ageing management programme should include SSCs important to safety and other features whose failure may prevent SSCs important to safety from fulfilling their intended functions.
The ageing management programme should undergo periodic reviews to ensure it remains appropriate and effective.
Features of an adequate ageing management programme or similar arrangements might include:
the objective and scope of the arrangements, informed by an understanding of ageing effects,
definition of the safety function and performance requirements provided by the SSC being considered, and the potential consequence of failure, including claims of required resilience of the structures when subject to beyond design basis loadings (including cliff edge effects) during severe accidents,
identification of relevant ageing and degradation mechanisms for each SSC (or group of SSCs) providing a safety function,
timely preventive actions to mitigate or control ageing effects for the required lifetime of the SSC, including anticipated changes in environment at different operating states or after the ceasing of operations,
requirements for suitably qualified and experienced persons (SQEP) to effectively undertake ageing management actions,
specific maintenance instructions for items requiring active maintenance, such as movement joints or bearings,
detailed guidance on assessing the condition of inaccessible areas using indirect methods,
ageing effects to be characterised, monitored, recorded and, if appropriate, trended (including periodicity, action levels, availability and limits of instrumentation), in a timely manner to allow for corrective actions before loss of the intended function,
defined acceptance criteria to ensure continued provision of safety function, with adequate margin (for example, maximum loss of pre-stress, maximum number of load cycles, radiological exposure limit),
predictive modelling to determine when safe operation may no longer be ensured,
actions to be undertaken following any design basis environmental conditions or accident event (for example, inspection by SQEP),
corrective actions to be initiated in the event that acceptance criteria are not met (including incident reporting system criteria)
quality assurance arrangements,
arrangements for the regular review of the programme, including incorporation of relevant research and operating experience.
The Inspector should be aware of potential unrevealed ageing mechanisms which may not be identified as part of inspections, especially if inspections are limited to visual survey or inaccessible areas are identified. Where a risk of an unacceptable potential consequence of an unrevealed ageing mechanism is identified, the dutyholder should considered whether invasive or instrumentation based management measures are required, and whether sufficient evidence is provided to justify ongoing safety.
Further guidance on the content of an ageing management programme is given in IAEA publications SSG 48 [16] and SR 82 [4]. Specific guidance is available in IAEA TECDOC 1957 [10] for ageing management programmes during delayed construction periods, extended shutdown of operations and post-operation prior to decommissioning. Complementary guidance in relation to the scoping and record keeping for ageing management programmes is in IAEA SR 106 [9].
Periodic safety review and life extension
It is expected that periodic safety reviews (PSRs) and proposals for life extension should appropriately consider the potential for ageing effects which could adversely affect civil engineering SSCs. The output of the consideration should either conclude, with an appropriate level of confidence and supporting evidence, the absence of any ageing effects / observed damage or clearly list any identified deterioration / damage. Any pre-existing or known damage / deterioration should be reported, preferably within an updated ageing management plan. Any information which challenges previous assumptions regarding remaining operational life or rates of deterioration needs to be highlighted, together with appropriate actions in light of the newly identified information.

The inspector may judge whether relevant aspects of ageing management have been considered in periodic reviews in accordance with LC15 arrangements, or when contemplating operating life extension (SC.7). Relevant considerations might include:
assessment of current condition, highlighting any changes since construction or previous review, including changes in environment or parameters over time and whether these align with safety case and design assumptions,
methods of validating the safety function of non-accessible components (for example, buried structures, or where radiological dose is prohibitive),
review of changes to design codes or relevant good practice, particularly when a potential inadequacy has been addressed with the original code / practice,
review of relevant operational experience, both within and outside the nuclear industry, including civil engineering SSC structural response to design basis and beyond design basis events,
review of any events and margin available to withstand an event given the potential impact on margin of aggregation of defects or ageing effects,
analysis of any monitoring data trends, possibly to refine projections for continued achievement of safety functions for whole of lifetime required,
review of climate change predictions against assumptions,
review effectiveness of ageing management programme,
evaluation of the need for research.
The inspector may wish to seek assurance regarding how the safety case records the assumptions and design justification(s) of margin(s) and allowance(s) for ageing effects. This includes the design considerations of potential changes to design parameters and material properties over time. Further guidance is given in [3].
For more information on periodic safety reviews, refer to [11] and the Technical Inspection Guide (TIG) on LC15 [22].

Post event assessment
Following any significant event which has the potential to adversely affect civil engineering SSCs (for example, earthquake, excursion, accident, internal or external hazard event, breach of operational limit or condition), a selection of responsive EIMT actions should be undertaken by the dutyholder. If there is any doubt regarding the safety of the civil engineering SSC, a conservative, risk and consequence informed approach should be adopted until the condition can be verified.
A similar approach to that outlined for Periodic Safety review or life extension should be adopted, applying a targeted subset of the relevant considerations listed. Further detailed information is available in the Federal Emergency Management Agency (FEMA) documents [17] and [18].
SAPs EHA.7, EHA.18 and ECE.6 establish the expectations of consideration for cliff edge effects for civil engineering structures. The inspector should consider how the Safety Case identifies what design basis events the civil engineering SSCs are required to withstand and to what level of confidence. The Inspector may sample how claimed safety functional requirements will continue to be met post-event. SAP EMT.8 establishes the expectation that SSCs will be inspected and / or re-validated after any event that might have challenged their design basis. Any inspection or re-validation exercise should consider any ageing or degradation of the structure, alongside any consequences of the event, to maintain adequate margin for the remaining life of the SSC.
[bookmark: _Ref234836980]Reviews following changes in state
Changes in operating states, such as end of operations, may initiate a review in ageing management arrangements. Relevant considerations for changes to facility state might include:
changes in environmental exposure, including impact on existing ageing mechanisms or defects,
changes in staffing levels and appropriate experience,
alterations to fire boundaries and condition of revised personnel access arrangements,
temporary demands placed upon structure (for example, use of cranes to remove plant components or temporary storage of materials awaiting disposal).
[bookmark: _Ref234836968]Actions following identification of ageing or damage effects
In the event that significant ageing or damage effects are identified as part of a review or other EIMT activity, a plan should be developed, defining actions to ensure the ongoing provision of the safety function. Features of such a plan might include:
immediate actions required to avoid Risk of Serious Personal Injury, operational rule breach or other potentially unsafe situations,
actions to be taken to investigate and identify the extent, cause, significance and potential consequential effects of the ageing effect (for example, research, intrusive investigation),
requirements for an increase in detailed ongoing monitoring (for example, installation of new instrumentation), including after repair or mitigation,
requirement for re-assessment of structure, subject to improved understanding of performance or material properties and / or in its altered condition, and whether additional strengthening is required to satisfy the safety function for the required lifetime,
potential options for repair or mitigation, including consideration of likelihood of effectiveness of the repair method, and proposed lifetime of remedial measures,
details of quality control and third-party supervisory requirements, and any verification methods required to demonstrate the repair or mitigation has achieved the desired effect. (Note dutyholders Intelligent Customer capability),
provision of alternate load path or other mitigation in event of failure of safety function,
measures to ensure appropriate dissemination of learning (for example, revision to ageing management programme)
actions to establish the full and potential extent of condition, i.e. where else might this issue be found.

Demonstration of safety of SSC
The inspector may expect the dutyholder to follow a logical step-by-step approach to evaluate the deteriorated / damaged structure and either justify the continuing use of the structure, reduce the loads, repair or modify it or take it out of use. The dutyholder should be able to demonstrate they have taken a graded approach, including consideration of the safety significance and potential consequence of failure.
In-service data collection methods can be used in demonstrating the adequacy of damaged or age deteriorated SSCs.
Projections of when safety functions may no longer be met (for example, when safe operations may no longer be ensured) should be based on the appropriate level of evidence. Parties should be aware of the limitations of the raw data used in projections, the quality of the raw data, the number of independent data points and the assumptions made. Projections for continued safe operations must be based on adequate collation of data, i.e. not just two data points. SAP ECE.13 expects that data used in analysis is applied so that the analysis is demonstrably conservative, with uncertainties associated with the properties of material potentially affected by degradation taken into account.
Further details on suitable approaches are described in:
BRE Digest 366: Parts 1 to 4: “Structural Appraisal of Existing Buildings” [19],
“Appraisal of Existing Structures”, The Institution of Structural Engineers [20].
Assessment of residual load capacity of ageing SSCs or projections of remaining safe operational life need to draw upon all available relevant data sources. The following section highlight potential options.
Historical records of ageing effect
LC28 maintenance inspection records or similar can be used to trend or track progression of ageing effects e.g. evidence of SSC condition in last inspection. Such information could assist with gauging the rate of degradation. Historical data not originally collected specifically for maintenance inspections should be used with caution, as it may have uncertain provenance.

Comparison with similar SSC
Comparison with SSCs of a similar construction and age may be made from within or outside the nuclear industry. The inspector should give most regard to comparable SSC which have a similar age, materials, construction history, environmental exposure conditions and in-service demands, as all these factors can affect ageing mechanisms. For inaccessible SSC, this may be the only available option. Due account of the potential consequences of failure of the SSC should be included in any comparison.
Where a defect is identified with potential to undermine the safety functional requirement(s) for the remaining life of the structure, efforts should be made to determine whether it might affect similar SSC or it is an isolated incident of degradation.
Instrumental data
Where it may not be possible to quantify the effect of the ageing mechanism for a deteriorated SSC, it may be acceptable to demonstrate the safety of ongoing operations using data collection.
Demonstration of safety provided by instrumental data might take the form of:
acoustic monitoring for un-grouted pre-stressing tendon corrosion,
deflection of a structure subject to measurable loading effects,
strain monitoring.
The ability of the method adopted to reliably predict the onset of failure with sufficient time to take appropriate mitigating actions to ensure safety should be demonstrated.
Application of Building Information Modelling and digital twins
For an existing asset, a digital model might be created to identify and trend defects, plan and record completed maintenance or modifications to the asset, or to assist with the ongoing asset care, decommissioning or demolition.
Building Information Modelling (BIM) is a process that manipulates large amounts of data with proprietary software to create a multi-dimensional model, which may include attributed data (such as material properties, safety functions, defects or inspection schedules). This model is sometimes referred to as a digital twin. The model is used as a platform to record, analyse, collaboratively share, add and manage information over the lifecycle of the asset. For the purposes of this document, it is assumed that the original asset was not designed with the application of BIM and a digital twin was not created during the construction/commissioning process.
Data collection
Laser scanners can very rapidly record millions of distance measurements in the form of a 'point cloud' that can be sufficiently dense, when combined with photographic imagery, to allow 3D modelling and visualisation of the surveyed asset. The inspector should be aware that the point cloud results reflect surface geometry only. When using point cloud data, this is often combined with additional data such as material properties, structural details, systems layout and functional data.
Further non visible data could be added to the model using techniques such as rebar cover-meter or penetrative scanning (ultrasound, radiographic). However, the limitations and inaccuracies of the methods must be taken into account.
Appropriate quality assurance processes should be applied to data collection activities, proportionate to potential safety consequences of the application of the data. Human review and interpretation of the data by a SQEP is considered essential before it can be used for any safety purpose. Note that there is the human factor tendency of users not questioning the output from the software or placing unjustified confidence in the output of the digital survey.
All relevant sources of applicable information should be considered when building the data attributed model (for example, paper as built, material testing or photographic records) to avoid over-reliance on digitally only collected data. Point cloud data can only reflect what is measurable at the time and from the viewpoint of the surveying equipment. Non-visible voids, reinforcement type or non-visible defects will not be included, which has the potential to undermine the validity of the model. Applied surfaces (such as fire protection) may lead to an overestimate in structural sizes.
The inspector may wish to consider:
demonstration by the dutyholder that the BIM process generates accurate, reliable and sufficient data, with adequate arrangements for controlling how that data is assured,
how other records, operational experience and data from EIMT activities has been included into the model,
how the dutyholder intends to update the model as opening up, new construction or demolition work progresses, such that the model can be used for subsequent purposes with confidence,
appropriate independent validation is available where any significant safety claim is made upon a SSC to supplement the data collected via the methods described above.

Remotely operated equipment can be used to reduce dose to workers, but the effects of radiation can impact the equipment and the accuracy and totality of data collected. The data collection equipment may be mounted upon remotely operated vehicles, but the type of vehicle selected could compromise the completeness and/or accuracy of the measurements taken.
Procurement of survey
The Intelligent Customer role should contribute to the procurement of BIM surveys or the creation of a digital twin. The inspector may wish to seek assurance that the Design Authority Intelligent Customer role understands the purpose of the data collection exercise and intended functionality of the subsequent model. Understanding the limitations of BIM is of particular importance where safety reliance is to be placed upon the model.
Inaccessible areas
The inspector may seek evidence that the dutyholder is taking reasonable steps to assess ageing of inaccessible areas. This might take the form of comparison of conditions to similar adjacent areas or the use of instrumentation or cameras/borescopes to detect signs of distress. Opportunistic inspections, where concealed or buried areas are being exposed for other purposes, should be taken wherever practicable.
When assessing the use of coupons to represent the ageing effects of inaccessible SSC, differences in actual environmental exposure, material variance and other sources of uncertainty should be accounted for.
Remedial actions
SAP ECE.3 establishes the expectation that structures important to safety are sufficiently free of defects so that their safety functions are not compromised. Relevant factors to consider when forming a regulatory judgement on the adequacy of proposed actions might include:
safety function significance (prioritising components providing the highest safety functions),
interruption to normal operations (for example, a planned outage allowing work to be undertaken with less disruption),
remaining service life of the affected SSC, and potential impact ageing or defects may have on the design basis and beyond design basis event response, including consideration of cliff edge effects and time at risk arguments.

Dutyholders should to undertake a suitable optioneering exercise when selecting appropriate remedial actions, demonstrating safety is ensured so far as is reasonably practicable. When assessing arrangements to undertake actions to address defects, due consideration of nuclear and conventional safety risks could include but not be limited to:
worker radiological dose uptake,
interference or temporary isolation of any safety, safeguards or security systems,
risks associated with access (for example, confined space entry, falls from height),
potential consequences of interruption to services or adjacent activities,
potential for impacts on how the civil engineering SSCs may respond to design basis or beyond design basis events, including cliff edge effects (for example, disproportionate collapse),
potential waste created and appropriate waste disposal routes.
It may not be necessary to address an ageing or damage effect immediately or at all if it can be demonstrated, with high confidence, that the effect is being adequately managed. Features of degraded SSC management include:
the ageing mechanism is well understood and future progression of the effect is predictable,
the affected components are subject to a programme of inspection and examination,
the affected components have sufficient residual margin against failure (including design basis, accidental and fault loading as claimed in the safety case) for the rest of the expected life,
the predicted failure mode of the component would be evident, gradual and with sufficient time between signs of distress and failure to allow for intervention to ensure safety.
If any of the above is not demonstrated, the effect or potential consequences should be addressed in a timely way. Budgetary limits or inconvenience of undertaking the work should not be considered in the justification for not addressing an identified defect, unless these are demonstrably disproportionate to the improvement achieved in operational safety and safe operation can be achieved by other means.

The potential consequence of not addressing the damage as soon as reasonably practicable should be considered. Remediation costs tend to increase if action is not undertaken in a timely way, particularly where the ageing effect is leading to water ingress.
Defects should be assessed on both an individual basis and holistically, considering the potential for aggregation of damage and deterioration effects on overall safety.
Record keeping
Decisions and activities associated with remediation of nuclear safety significant structures should be adequately recorded and stored for future reference. Documentation on structural condition should be readily available should the structure experience unforeseen but sudden damage, for example, earthquake or impact, or for the justification of life extension.
If a BIM model or digital twin exists, it is expected that all records will be included within this environment to ensure the model remains up to date and complete.
For further guidance regarding record management, refer to:
IAEA Safety Report 106 [9].
NS-TAST-GD-033 ‘Dutyholder Management of Records’ [27]

[bookmark: _Toc234837304]Continued use of damaged structures
Damage can be defined  as an unfavourable change in the condition of a structure that can adversely affect current or future structural performance [21]. The damaged SSC may still meet all of the required safety claims, but with reduced margins from those originally anticipated within the design. Repair may still be required when margins are considered inadequate. 
The damage might result from a number of causes, such as ageing effects, latent defects due to poor workmanship or damage due to movement, overloading or impact.
Repairs or the replacement of damaged components may not be reasonably practicable and the dutyholder may seek to justify the continued use of a structure in its damaged state, based on damage tolerance arguments or on the basis of enhanced inspection or structural health monitoring. This section focuses on the case where repairs are not reasonably practicable, yet a safety functional requirement remains.
Until safety and security can be assured, consideration should be given to stopping all activities and making safe.
Steps following damage identification
In addition to those steps included in Section ‎3.9, the dutyholder could reasonably demonstrate safety by:
demonstration of adequate residual safety margin for the SSC (considering all operating states and safety claims made in relation to design basis events and accidents),
the potential failure mode of the SSC does not adversely affect operational safety (including conventional health and safety),
any mitigating actions provided are sufficient to ensure ongoing safe operation of the SSC.
A number of the SAPs relating to integrity of metal components are relevant to damaged structures, including EMC.5 free from defects, EMC.6 means to establish defects of concern, EMC.28 margins and EMC.34 defect size.
Where the dutyholder attempts to justify the continued use of a damaged structure, the approach detailed in Section ‎3.8 is applicable, with the following additional expectations:
consideration must be undertaken by a SQEP as soon as reasonably practicable after the damage has been detected (note IC functions when identifying a SQEP resource),
review of existing operational experience of similarly degraded structures (desk study),
a numerically based and suitably conservative damage tolerance assessment, highlighting areas of residual uncertainty,
an updated safety case for future use of the structure.
Review of operational experience (desk study)
The dutyholder should to obtain and review all available documentation that would be relevant for the assessment of the structure, such as original construction drawings, specifications, calculations, modification proposals, previous inspection reports and maintenance records. These can be compared with any available operational experience relating to other damaged structures, how they performed in their damaged state, including any accelerated ageing effects and residual operational life.
Detailed assessment
Evidence that the dutyholder has made reasonable efforts to confirm the accuracy of any available documented information is expected. 
Typical activities could include visual inspection, confirmatory measured surveys, ‘opening up’ works, excavation, non-destructive tests (NDT), sampling and testing of materials or installation of basic monitoring equipment. Any ‘opening up’ works should be reinstated or repaired as soon as reasonably practicable.
As built records or existing design calculations may not correctly represent the structure as built or subsequently modified, and detailed analysis could result in a requirement for further information. An iterative approach may be appropriate between assessment and further detailed investigation.
Due consideration should be given to whether the damage is potentially progressive and whether the current degree of damage could lead to a disproportionate risk of failure or ‘cliff edge’ effect. The type of failure mode expected is key (ductile or brittle), as this will influence the structural robustness. For example, localised chloride-induced corrosion of steel reinforcement in concrete may significantly reduce the reinforcement ductility and structures that are affected by this form of corrosion should not normally be justified based on plastic analysis (such as yield line methods). For all but the simplest of structures, the inspector may challenge judgement-based assessments that are not based on calculations.

The general principles stated in the [4] apply to detailed assessment. Evidence will be expected that there is a means to detect further damage in line with SAP ECE.3. The Inspector should be aware that the unmodified use of design codes to appraise an existing structure is often inappropriate, and for damaged structures it may lead to an over-estimate of residual strength. Partial safety factors used in design codes may need to be adjusted for use in a structural assessment. In the absence of a Eurocode dealing explicitly with assessment of existing structures, guidance on adjusting material strengths and partial material factors for assessment may be found in [19], [20], and [22]. The Inspector should note that larger partial safety factors will not compensate for greater brittleness or vulnerability.
The performance of existing buildings usually exceeds that suggested in design calculations (for example, load-sharing and redistribution mechanisms). The structural assessment may account for alternative load sharing mechanisms where they can be justified, based on thorough inspection and assessment of the structure. Qualitative arguments around load sharing should be consistent with predicted behaviour from models. 
An assessment should consider actual geometry and material properties, which may be beneficial to the strength assessment and allow partial safety factors to be reduced.
Limited guidance is available on how strengths and partial factors should be adjusted to account for damage:
Alkali-Silica Reaction (ASR) – BA 52/94 [22],
Assessment of effects of corroded or damaged reinforcing bars – BA38/93 and BA51/95 [22],
Scour and hydraulic actions – BD 97/12 [22],
Damage to reinforced concrete (resulting from seismic events) – FEMA 306 [17].
An approach using lowest credible strength is permissible (rather than characteristic strength), if actual strengths are known and underpinned by testing. Any assumptions made on future deterioration should be suitably conservative and underpinned by proposals for enhanced monitoring and inspection to ensure that assumptions made are validated by physical evidence.
The assessment should account for applicable external hazards, fault and accidental loads, design basis events and the potential for cliff edge effects. Defence in depth arguments in accordance with the original safety case (SAP ECE.2) should be reviewed to confirm they not have been invalidated by the damage.

Global and local stability of the structure should be demonstrated to remain adequate, structural robustness (i.e. the ability of the structure to withstand beyond design basis events without disproportionate effects on nuclear safety) be considered and codified rules for disproportionate collapse complied with.
Reporting of assessment
A formal report is anticipated to record the scope, content and outcome of the structural damage assessment. This report should have a firm conclusion as to whether the structure is suitable for continued use in its damaged state. Content may include:
Cause and consequence of failure,
nature of the damage / defects and the rate of deterioration or change occurring,
predicted residual service life,
possibility of hidden damage or defects,
adequacy of the condition data,
justification for the material properties used,
justification for the partial factors for materials and loading,
sensitivity of the structure to the applied loading,
recent load history and performance under service loads,
type and rigour of assessment completed,
re-evaluation of the structure’s load-carrying capacity,
whether any measures are needed to restrict access or operation (including and new or modified operational limits or operating rules),
whether any reasonably practicable measures can be taken to prevent further damage,
whether there are any reasonably practicable strengthening measures should these be required at a subsequent date,
timing and extent of intensified inspection and monitoring.
Damage tolerance assessment (for progressive deterioration)
Where structural assessment indicates that the damage to the structure is likely to be progressive, then one possible approach to substantiation is by use of damage tolerance arguments. In this approach, an analysis is undertaken to determine, at a particular confidence level, the point at which the safety function would no longer be fulfilled. The inspector should expect this limit (an established damage tolerance level) to be related to suitable measurable parameters such as deflection, corrosion levels or damage extent. It would normally be expected that a confidence level of at least 95% for the safety function to be fulfilled for the remainder of the life of the structure would be achieved.
Sufficient conservatism should be adopted to allow for uncertainties in the assessment, including the extent of the damage, the accuracy of the methods used to establish the damage tolerance level, the degree of sampling applied, the expected rate of deterioration, and the accuracy with which the development of the deterioration mechanism can be established during the remaining life of the structure.
In order to underpin the safety justification, an appropriate inspection and test regime should be established. The inspector may sample assurance that the frequency of the inspections and tests are based on relevant evidence as to the expected rate of deterioration.
The dutyholder should, where proportionate, consider the installation of structural health monitoring systems that provide continuous or periodic data directly from equipment on the structure, as these can give an early warning of further changes. Such equipment can be used to trend data to underpin the safety case assumptions in relation to damage progression. Further information on Structural Health Monitoring is available in Structural Health Monitoring of Large Civil Engineering Structures, Hua-Pen Cheng, Wiley Blackwell (2018) [23].
An operating envelope should be defined where applicable in line with the principles of SAP ECE.3 for defects to not compromise safety functions, and EMC.21 and EMC.24 for use of operation envelopes in the safety case. 
The assessment should highlight the steps to be taken when approaching or exceeding the damage tolerance action levels.
Safety case for future use of the damaged dtructure
Features of a safety case for future use of a damaged structure include:
a clear strategy that looks ahead to the end of life of the structure (or the point where it will be repaired),
a concise list of assumptions made in assessing the adequacy of the structure,
safety functions to be assessed for normal operations, fault and accidental conditions, include absence of cliff edge effects,
demonstration that disruptive failure, without adequate forewarning, should be sufficiently remote, in line with the expectations of SAPs ERL.4, ECE.2, ECE.6 and EMC.11 which state that failure modes should be gradual and predictable,
how further damage can be prevented and whether there are diverse methods of preventing failure of the SSC if the damage should worsen, in line with the expectations of SAP EKP.3 for defence in depth and EDR.4 for no single failure criterion (and where the safety function is that of leak tightness, ECV.1, DC.1 and RP.5),
identification of the expected remaining service life of the structure, in line with the expectation of SAPs ECE.1 and ECE.6,
if a reduced operating reference period (i.e. the chosen period of time which is used as a basis for assessing values of variable actions or time-dependent material properties) less than the minimum usually taken for new design (generally 50 years), has been adopted. Any reduced reference period must be realistic (including post operational phases) and the resulting annual probability of failure should not exceed the required target value based on the consequences of structural failure [19]. 
how the structure will be monitored to detect further deterioration and a programme of future monitoring and testing. Reliance solely on visual inspection, even at an enhanced frequency, is unlikely to provide the required degree of confidence.
The safety case must demonstrate that risks have been reduced so far as is reasonably practicable, for example by:
demonstrating that all reasonably practicable measures to improve the situation have been undertaken,
options to cease, relocate or modify operations or reduce the quantities of material at risk are not reasonably practicable,
options to bring forward end of operations have been considered,
appropriate accident response arrangements to minimise the consequences of a failure of the SSC have been developed and, where appropriate, deployment has been practiced.

Situations where the risk of ‘cliff edge’ effects, brittle failure conditions or rapid further deterioration are undesirable and should be identified. For such cases, the inspector should focus on whether there is sufficient evidence that these mechanisms have been correctly identified and that the type of monitoring adopted is capable of providing early detection of further damage. For example, the measurement of deflection may provide an acceptable way of determining performance in many cases where a structure is capable of post-yielding behaviour, but will not be suitable where sudden brittle facture may occur. The safety margin adopted in such cases is likely to be larger than for more defect tolerant situations.
	
[bookmark: _Appendix_A_-][bookmark: _Toc234837305]Appendix A - Example ageing effects, potential results and direct effects
	Ageing effect
	Potential result
	Direct effects on safety function

	Dimensional change*:
· Thermal movement
· Moisture movement
· Post hardening concrete shrinkage
· Creep (concrete and cementitious materials)
· Swelling of masonry (moisture absorption)
	Shrinkage cracking
	Loss of containment.
Loss of shielding.
Rainwater or groundwater penetration into facilities.
Loss of water from ponds (potentially transporting contaminates).

	
	Overstress of adjacent structural components
	Cracking, deformation or failure to adjacent structural components.
Reduction in capacity of secondary load paths.
Unanticipated structural restraint.

	
	Opening of movement joints
	Losses of water from ponds (potentially transporting contaminants).
Rainwater or groundwater penetration into facilities.
Strain on sealants and waterproofing materials.

	
	Excessive deflection
	Water ponding or standing water.
Loss of serviceability.
Damage to supported services.
Damage to weatherproof envelope.

	
	Ground heave
	Damage to below ground services. Can lead to further ground movement.
Damage to groundwater or ground gas protection measures.
Loss of serviceability.
Damage to weatherproof envelope.

	
	Settlement of structures
	

	Cementitious chemical reaction (including biologically induced):
· Carbonation
· Conversion of high alumina cement
· Alkali aggregate reaction
· Sulphate attack on concrete
· Thaumasite sulphate on concrete
· Metallic component in aggregate reaction (pyrites and related reactions)
	Loss of corrosion protection to embedded reinforcement
	Corrosion of embedded reinforcement, leading to expansion of corrosion products and cracking and loss of reinforcement cross section.

	
	Loss of integrity
	Disintegration of structural component.

	
	Expansive cracking
	Strain damage to reinforcement.
Increased rate of moisture penetration effects

	
	Spalling of concrete
	Conventional health & safety risks to personnel.
Damage to waterproof envelope.
Increased rate of moisture penetration effects.
Creation of debris in controlled environments.

	Material property change due to stress**:
· Brown/red rust (oxygen rich environment)
· Chloride induced corrosion
· Anaerobic (black) corrosion (including organically induced)
· Bimetallic corrosion


	Loss of pre-stress to concrete.
	Corrosion of embedded reinforcement, leading to expansion of corrosion products and cracking and loss of reinforcement cross section.

	
	Cracking of metallic components.
	Disintegration of structural component.

	
	Loss of ductility.
Increased vulnerability to low temperature cracking.
	Strain damage to reinforcement.
Increased rate of moisture penetration effects.

	
	Stress or strain corrosion.
	Conventional health & safety risks to personnel.
Damage to waterproof envelope.
Increased rate of moisture penetration effects.
Creation of debris in controlled environments.

	Metallic corrosion***:
· Brown/red rust (oxygen rich environment)
· Chloride induced corrosion
· Anaerobic (black) corrosion (including organically induced)
· Bimetallic corrosion
	Loss of steel section
	Reduced load resistance.

	
	Formation of expansive corrosion products
	Cracking to surrounding materials (for example, concrete or masonry), spalling or unpredicted loads.
Increased frictional forces (bearings, moving components).

	
	Increase in surface roughness
	Increased frictional forces (bearings, moving components).
Increased rate of vegetation growth

	Exposure to accidental loading ****:
· Impact
· Fire
· Operational excursion
· Excessive loads (for example, earthquake)
	Direct physical damage
	Surface spalling and/or projected debris from opposite face.
Partial or through thickness cracking.
Transfer of forces via unintended load paths.
Degradation of containment.
Leak path through waterproof barriers or flood defences.
Opening up of joints.

	
	Thermal induced dimensional change
	See above section on direct effects from dimensional change*

	
	Material property change due to stress
	See above section on direct effects from material property change due to stress**

	
	Reduction in material yield point
	Development of tensile cracks.
Deformation.
Reduced load resistance

	
	Loss of material from surface
	Reduced load resistance.
Increased rate of ageing effects

	Degradation of corrosion protection system:
· Lack of maintenance
· Impact or abrasion
· Fire
· Aggressive environmental factors
	Initiation of metallic corrosion
	See above section on direct effects from metallic corrosion***

	Exposure to in-service environment:
· Foot traffic
· Abrasive environments (including movement of beach deposits)
· Moving, breaking or accelerating wheel loads
	Loss of surface
	Increased rate of ageing effects (for example, by abrasion of protective coatings).
Exposure of embedded components.
Release of particulates (for example, asbestos, fibres)

	
	Compaction or deformation
	Loss of insulation properties, leading to condensation.
Settlement of finishes.
Rutting, leading to cranking or ponding of surface water

	Ground movement:
· Consolidation
· Ground water or leakage water induced volume change
· Coastal or river erosion
· Excess pour water pressure
	Ground failure
	Structural or slope instability.
Loss of flooding defence.
Inundation with wash out material.

	
	Settlement of structures
	Damage to below ground services. Can lead to further ground movement.
Damage to groundwater or ground gas protection measures.
Loss of serviceability.
Cracking to weatherproof envelope.

	Calcite or other unreacted cementitious product leaching:
	Surface calcite deposition
	Locking of movement joints.
Blocking of drains.
Hard to remove surface staining (which may contain radioactive elements).

	Freezing of entrained moisture in cold weather:
	Frost pop outs to concrete
	Increase in carbonation depth locally.

	
	Delamination to brickwork
	Loss of masonry face.
Increase in water absorption.
Creation of debris.

	
	Ground swell or heave
	Foundation movement.
Instability of slopes.
Cracking to flexible pavements.

	Exposure to in-service radiation:
· Ultraviolet radiation (sunlight)
· Ionising radiation
	Reduced ductility
	Brittle fracture leading to component failure.
Inability to accept in-service movements.

	
	Reduced tensile or bond strength
	Reduced load resistance.
Debonding with adjacent materials.
Brittle fracture.
Tensile cracking (for example, roofing materials).

	Lack of maintenance:
· Bird, mammal or insect infestation
· Establishment of vegetation (including roots)
· Rot (timber-based materials)
· Blocking of water outlets
	Direct physical damage
	Abrasion, erosion or consumption of material.
Leak path through or under flood defences.
Opening up of joints, cracks and other vulnerabilities.
Settlement of foundations or instability of slopes.
Inability for persons to access working areas for maintenance.

	
	Overloading (by standing water or groundwater
	See above section on direct effects of exposure to accidental loading ****.

	
	Creation of debris
	Blocking drains and rainwater outlets leading to standing water.

	
	Chemical damage (guano, decomposition products)
	Staining.
Increased rate of ageing effects.
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[bookmark: _Ref234836347]Figure 1 - Systematic approach to managing ageing of a structure or component.
[bookmark: _Toc234837306]Glossary
To be read in conjunction with glossary in [1].
	Term
	Definition
	Source

	Ageing degradation
	Ageing effects that could impair the ability of a structure, system or component to function within its acceptance criteria.
	IAEA Nuclear Safety and Security Glossary

	Ageing management
	Engineering, operations and maintenance actions to control within acceptable limits the ageing degradation of structures, systems and components.
	IAEA Nuclear Safety and Security Glossary

	Ageing management programme
	A set of plant activities relating to the understanding, prevention, detection, monitoring and mitigation of a specific ageing effect on a structure, component or group of components. Plant activities include maintenance, in service inspection, testing and surveillance, as well as technical support programmes.
	IAEA SR 82 Rev 0)

	Damage 
	An unfavourable change in the condition of a structure that can adversely affect current or future structural performance
	Reference [21] 

	Design Life
	The period of time during which a facility or component is expected to perform according to the technical specifications to which it was produced.
	IAEA Nuclear Safety and Security Glossary

	Structural robustness
	Robustness is the ability of a structure to withstand events like fire, explosions, impact or the consequences of human error, (for example, design basis events) without being damaged to an extent disproportionate to the original cause.
	BS EN 1991-1-7 ‘Actions on structures’





[bookmark: _Toc234837307]List of acronyms, abbreviations and initialisms
BIM		Building Information Modelling
BRE		Building Research Establishment
FEMA		Federal Emergency Management Agency
IGALL		International Generic Ageing Lessons Learned
JRC		Joint Research Centre
NDT		Non-destructive testing

A comprehensive list of regulatory acronyms, abbreviations and initialisms can be accessed via HOW2 Hub [24] 
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Revision commentary 
	Issue 
	 Description of update(s) 

	1
	First issue.

	1.1
	Minor update to extend review date to allow time for internal peer review to account for wider review of technical guidance

	​​ 2
	Major overhaul since Issue 1. Incorporating relevant elements of previous regulatory guidance on containment and building information management (BIM). Cross referenced to TAG 109.
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