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1. [bookmark: _Toc223959994][bookmark: _Toc234587373]Introduction
This annex to Technical Assessment Guide on civil engineering (‘TAG 17’) [1] provides guidance to advise and inform ONR inspectors in the exercise of their regulatory judgement on the topic of civil engineering nuclear containments. It aims to highlight the application of the Safety Assessment Principles (SAPs) [2] to aid the assessment of civil engineering containment structures and signpost links to other relevant good practice. 
The guidance is intended for use in the assessment of both existing and new design civil engineering containments for reactor plants.
Purpose and scope
The purpose of this annex is to provide inspectors with guidance on the interpretation and application of SAPs that relate to civil engineering containments for reactor plants. It contains guidance to advise and inform ONR staff in the exercise of their regulatory judgement.
For the purposes of this document, the term "containment" refers to civil engineering structures in reactor plants that currently fall broadly into two types:
Pre-stressed concrete pressure vessels (PCPV) where the concrete provides support to a thin primary containment liner against reactor operating pressure and provides biological shield functions to the nuclear reactor core. The PCPV provides the reactor pressure boundary.
Containments that house (pressurised water or boiling water type or hot gas) reactors and which are designed to contain leakage at pressure in the event of failure of the enclosed reactor pressure boundary. 
A secondary containment may also be included.
The components of nuclear containments can also include, isolating systems, penetrations, pipe work, and pressure relief valves that constitute the containment boundary; however, these items are not within the scope of this appendix. Freestanding steel tanks and containers, including the AP1000 primary containment, are outside the scope of this appendix, as they lie within the domain of ONR’s Structural Integrity Specialism. 
Steel liners may be used to enhance the leak tightness of the containment and the design and construction of the liner and its anchors are assessed by civil engineers with assistance from structural integrity inspectors.
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The safety and leak tightness of civil engineering nuclear containments depends on a correct assessment of the loadings likely to be applied to the containment and on the design of the containment structure to resist these loadings. Additionally it depends on suitable in-service operational management arrangements to keep the containment within its designed service envelope and on adequate operational procedures being adopted for monitoring, inspection and testing throughout its service life.
This annex notes the relevant SAPs, provides a commentary on these principles, identifies areas that inspectors should consider when reviewing a safety case and lists relevant supporting references. Although this guide specifically addresses the sub-sections of the SAPs concerned with containment, inspectors are also referred to the SAPs that provide guidance on:
Key Engineering Principles; 
Safety Categorisation; 
Special Case Procedures; 
Plant Ageing; 
Reliability; and, 
Structural Integrity.
Relationship to relevant legislation
The Pressure Systems Safety Regulations 2000 (PSSR 2000) require the owner or user of a pressure system to maintain and operate safe plant, to conduct regular examinations of the system and to keep suitable records. The primary purpose of the Regulations is to secure the safety of people at work i.e. to prevent serious injury from the hazard of stored energy as a result of failure of a pressure system or one of its component parts.
For the Advanced Gas-cooled Reactors (AGRs) and PWR type concrete pressure vessels, the corresponding licensee is the Competent Person (as defined in the Regulations). The Company Officer designated as the Appointed Examiner (APEX) for a particular containment structure undertakes the duties imposed by the Regulations on the Competent Person. The Competent Person defined within the Regulations has two distinct functions. Firstly drawing up or certifying schemes of examination (Regulation 8) and secondly carrying out examinations under the scheme (Regulation 9). 
[bookmark: _Toc45178847][bookmark: _Toc173225668]Applicable SAPs to this annex
It is expected that design meets the expectations of the SAPs. In particular for this annex, the relevant SAPs are noted in Appendix A. 
The Inspector should be cognisant of the broad intent of the SAPs, namely that it is not the level of conservatism assigned to one element of the civil engineering analysis and design process, but the (overall) level of conservatism, applied to the design process as a whole, in line with the sample that is being assessed.
Applicable standards and international expectations
The relevant WENRA Reference Levels [3] (Issue E, Design Basis Envelope for Existing Reactors and Issue F, Design Extension of Existing Reactors) both apply to existing reactors. This annex generally includes the provisions of these Reference Levels and more detailed information can be obtained from [3].
For new nuclear power plants, due account should be taken of the requirements of the WENRA guidance on Safety of new NPP designs in [4] and [5].
The IAEA Safety Standard  SSR 2/1 entitled "Safety of Nuclear Power Plants: Design" [6] has been considered in this annex and more detailed information can be obtained from this reference. The main requirements in relation to containment structure and containment system are as follows:
Requirement 54: Containment system for the reactor

A containment system shall be provided to ensure, or to contribute to, the fulfilment of the following safety functions at the nuclear power plant: 
confinement of radioactive substances in operational states and in accident conditions;
protection of the reactor against natural external events and human induced events;
radiation shielding in operational states and in accident conditions.
Requirement 55: Control of radioactive releases from the containment 
Requirement 56: Isolation of the containment 
Requirement 57: Access to the containment 
Further guidance is available in IAEA Specific Safety Guide SSG-53 “Design of the Reactor Containment and Associated Systems for Nuclear Power Plants” [7] regarding implementation of SSR 2/1 in containment design.
The IAEA Nuclear Energy Series Construction Technologies for Nuclear Power Plants [8] have been considered in this annexe and more detailed information can be obtained from these references.
The IAEA have defined terms relevant to the design of civil engineering containments, these are reproduced below:
Confinement: Prevention or control of releases of radioactive material to the environment in operation or in accidents. Confinement is closely related in meaning to containment, but confinement is typically used to refer to the safety function of preventing the ‘escape’ of radioactive material, whereas containment refers to the means for achieving that function. Confinement in nuclear safety is the safety function that is performed by the containment.
Containment: Methods or physical structures designed to prevent or control the release and the dispersion of radioactive substances. Although related to confinement, containment is usually used to refer to methods or structures that perform a confinement function in facilities and activities, namely preventing or controlling the release of radioactive substances and their dispersion in the environment.
[bookmark: _Toc223945695][bookmark: _Toc223959995][bookmark: _Toc473642919][bookmark: _Ref485108197][bookmark: _Ref485112275][bookmark: _Toc519072432][bookmark: _Toc521510829][bookmark: _Toc141358369]
[bookmark: _Toc234587374]Guidance on the assessment of safety cases for existing pre-stressed concrete pressure vessels for advanced gas-cooled reactors
General
UK gas-cooled reactors use uranium oxide fuel within a graphite moderator and are cooled by pressurised carbon dioxide, which transfers heat from the nuclear reaction to boilers that generate steam for electricity production. 
The reactor core, gas circulators, and boilers are contained within a PCPV. The contained plant is not covered in this annex.
This guidance relates to safety case revisions and the maintenance of existing PCPVs that were designed and constructed to historic standards. The PCPV provides the reactor pressure boundary during normal operation, fault and severe accident conditions of the reactor.
Due account of known and potential degradation should be taken into consideration during future assessments. More advice on degradation can found in IAEA Nuclear Energy Series, NP-T-3.5, “Ageing Management of Concrete Structures in Nuclear Power Plants [9].
British Standard 4975:1990 [10] specifies the design, construction, inspection and testing of PCPVs for nuclear reactors, including components that are necessary to maintain the structural integrity and leak tightness of the vessels.
The safety of a PCPV relies on accurately assessing expected loadings throughout its service life and ensuring the vessel is properly designed to withstand them. Ongoing safety is achieved through established operational procedures and regular monitoring and inspection. When evaluating a PCPV for continued use, inspectors need to consider its operating history, including vessel temperature, CO2 gas and Pressure Vessel Cooling Water (PVCW) leakage, and pressure as well as inspection results that may reveal signs of ageing. The inspector may wish to investigate the anomalous results and request further investigation if necessary. Any proposed operational changes should be reviewed against BS 4975:1990, considering the vessel’s current ageing condition.
BS 4975:1990 states that the structural integrity of a PCPV relies on the combined action of the concrete, pre-stressing system, and any bonded reinforcement. For AGR and Magnox PCPV designs, the pre-stressing system is the key factor in ultimate load capacity. 
Periodic measurement and inspection
EAD.4 states that where parameters relevant to the design of plant could change with time and affect safety, provision should be made for their periodic measurement. ECE.20 requires that provision should be made for inspection, testing and monitoring during normal operations aimed at demonstrating that the structure continues to meet its safety functional requirements. Due account should be taken of the periodicity of the activities.
To ensure the safe operation of PCPVs, ongoing assurance of its continued structural integrity is provided by the programme of inspections and measurements carried out by the Competent Person (via its Company Officer designated as APEX) under the PSSR and reported at required intervals. The scope of the examination is based on BS 4975:1990 and is detailed in each Station’s Maintenance Schedule, and normally covers:
Condition of the accessible concrete surfaces of the vessel and support structure;
Pre-stressing tendon anchorages;
Tendon loads;
Pre-stressing strand withdrawal, examination and tensile testing;
Vessel settlement and tilt;
Vibrating wire strain gauge monitoring;
Vessel temperatures;
Main reactor coolant loss;
PCPV cooling water loss;
PCPV top cap deflection;
Review of operating history.
ESR – but only for pod type boilers
The areas of interest that may influence the test regime include:
The degree of relaxation of the pre-stress in the steel tendons.
The influence of concrete creep on the pre-stress in the tendons and the changes to the stress regime in the concrete.
The location of cooling water leaks and CO2 coolant leaks, and their potential to degrade the concrete and corrode the steel tendons.
Changes to the concrete temperatures during operation and the significance of failures to the thermocouples that monitor this.
As a result of these inspections and measurements, the APEX produces a report on the Statutory Outage, typically recommending that the PCPV remains fit for service for a specified period. When reviewing this report, the inspector should confirm that all Maintenance Schedule requirements are met, previous APEX recommendations have been actioned, and that conclusions align with inspection findings. If any prior recommendations cannot be addressed before restart, they must be reviewed by the APEX and justified with appropriate safety arguments to support start-up with these issues outstanding.
Over time, relaxation in the pre-stressing tendons reduces the margin of pre-stress above the Minimum Design Load (MDL). The MDL refers to the tendon anchor load that the arithmetic mean of all residual tendon anchor loads in the PCPV must exceed. Using the arithmetic mean is acceptable when the tendon system and concrete mass are sufficiently stiff, making small variations in tendon load inconsequential.
Residual tendon anchor loads are periodically checked by testing at least 1% of tendons on each PCPV, with the mean value calculated for each vessel. Top and bottom tendon anchorage loads are usually assessed separately, and for AGRs with helically wound tendons, the mean effective load at both ends must meet or exceed the MDL. These samples estimate, rather than precisely determine, the population mean. If the data variance is low and the margin above the MDL is high, this estimation is sufficient. However, if variance is high and the margin is low, results should be evaluated using an appropriate confidence level, based on the consequences of breaching the MDL for each PCPV.
It is important to note that BS 4975:1990 does not define the MDL as a design safety limit; the actual design constraint is the compressive stress in the vessel concrete, determined via computer analysis. While a significant margin exists between the average tendon load and the MDL, for a PCPV, the MDL serves as a practical benchmark for to demonstrate adequate margin for safety. At some sites this margin is narrowing and could eventually disappear in near future. This does not automatically indicate inadequate safety margins; instead, the safety case for continued operation should rely on computer analysis and the calculated compressive stress in the concrete.
When evaluating safety margins, it is essential to account for uncertainties in tendon strand condition and the effectiveness of the original corrosion protection grease, especially where tendons have been exposed to PVCW or combined PVCW and CO₂ leaks. Additionally, while periodic sampling offers some assurance of tendon integrity, some tendons may remain uninspected due to inaccessible locations or prohibitive removal costs.

If previously unforeseen operating conditions are identified or suspected, the periodic measurement regimes should be adjusted accordingly. 
For instance, if tendons have been exposed to PVCW leakage, sampling should focus on all known and suspected areas and tendons, with replacement considered for those known to be wetted.
Where tendon anchors facilitate safe access, any damaged or wetted tendons should be routinely and promptly replaced.
For PCPVs that must be taken out of service to facilitate safe access to the tendons, pre-outage inspections should target tendon anchors in known or potentially wetted areas to inform the scope and location of further inspections and strand replacements during the outage. Water and CO₂ leak locations must be identified before the outage and addressed prior to the reactor’s return to service. Laboratory analysis of damaged tendon strands and their grease should be carried out to determine the cause of any damage. The causes of tendon and grease degradation must be clearly understood, with wetted strands replaced before the PCPV is returned to service. If this cannot be achieved, the risks should be fully assessed and additional mitigation planned in line with ALARP principles.
Functional performance and loading
ECE.1 requires that safety functional performance of civil engineering structures under normal operating and fault conditions should be specified. ECE.6 states that load development and a schedule of load combinations, together with their frequencies, should be used as the basis for structural design and loadings during normal operating, testing, design basis fault condition and accident conditions should be included.
For operational PCPVs, the primary concern is any change to the existing normal or fault loading conditions prompted by updates to the safety case of other reactor components. For instance, increased reactor over-pressure may arise from a higher risk of boiler tube or spine failure, or from greater potential for safety relief valve clogging due to coolant debris. 
Likewise, anticipated concrete temperatures during normal or fault conditions could rise if the safety case is revised for undetected Pressure Vessel Cooling System (PVCS) blockage or leakage.
In some key areas of the PCPV (such as the top-cap), the development of differential temperatures may be critical to the design of the concrete structure. Temperatures are monitored using thermocouples and vibrating wire strain gauges that were cast into key locations of the concrete.
Operational temperatures within the PCPV may gradually increase due to deterioration of the vessel’s internal insulation, particularly in the upper sections. 
Changes as listed above, along with other factors, can impact the safety functional performance requirements of the PCPV’s civil engineering structure. Inspectors should recognise that safety case revisions, even if seemingly unrelated, may collectively influence the PCPV safety case. It is essential to confirm that the Licensee has addressed this in their revised safety case and clearly specified the necessary safety functional performance for the civil engineering structure.
Independent arguments
ECE.2 states that for structures requiring the highest levels of reliability, multiple independent and diverse arguments should be provided in the safety case.
If changes to a reactor component’s safety case place greater demands on the PCPV, the Licensee should reassess the vessel’s structural integrity to confirm it meets SAP paragraphs 337 and 338, and to identify the available safety margins.
If a reduction in the MDL is proposed as part of a revised safety case the inspector should establish that an adequate safety margin remains bearing in mind the aged condition of the reactor vessel strength components, the potential for future ageing and the inherent uncertainty in the knowledge of the actual aged condition of some of the pre-stressing tendons.
It should be noted that most AGR-type PCPVs were originally designed so that the pre-stressing tendons could be re-stressed (for example by re-shimming which involves re-tensioning tendons and reinstalling anchors) to restore the vessel to its initial design condition. The inspector should ensure the Licensee clearly justifies why the original MDL cannot be reinstated in this way. Any decision to adopt a reduced MDL means the safety margin is genuinely decreased, which must be considered alongside potential long-term ageing effects that may further diminish safety margins. The Inspector should review whether any prior decreases in the MDL have been made and ensure that any additional reductions are supported by stronger justification.
Gradual long-term increases in the ambient concrete temperature of the upper half of the vessel are apparent in some PCPVs such that the average tendon load measured at the PCPV Top Cap is markedly lower than the average measured at the Bottom Cap.  In such cases, tendon anchor loads at the top and bottom should be considered separately when comparing each to the MDL.
Structural analysis for safety case changes
Demonstration that the PCPV can fulfil its safety functional requirement over its lifetime should be based upon structural analysis or model testing which meets the requirements of ECE.1, ECE.12, ECE.13, ECE.14 and ECE.15 on the use of data, sensitivity studies and validation methods.

Licensees have performed finite element analyses on PCPVs to assess how various faults—such as the failure of pre-stressing tendon groups, asymmetric or general tendon load loss—affect safety function. 
These analyses help the inspector assess vessel behaviour in response to unexpected findings during periodic inspections.  However, specific case-by-case further justifications should be requested from the Licensee.
When reviewing a defect-specific safety case, the inspector should consider cumulative effects of previously justified defects. If new finite element analysis is used to support a reduction in pre-stressing MDL due to tendon relaxation, it is debatable whether the lower safety margin is acceptable when the original design margin could be restored. However, as stated above, reducing the MDL decreases the safety margin during both normal operation and fault conditions.
Defects and ageing
ECE.3 states that it should be demonstrated that safety-related structures are sufficiently free of defects so that their safety functions are not compromised, that identified defects can be tolerated, and that the existence of defects that could compromise safety function can be established through their life-cycle. EAD.2 requires that adequate margins should exist throughout the life of a facility to allow for the effects of materials ageing and degradation processes on structures, systems and components.
If periodic outage inspections reveal defects in replaceable pre-stressing system components, these should be replaced as standard practice. 
If defects are found to have a common cause, such as corrosion from PVCW leakage, the inspector should require full extent of the issue to be established and expect that the Licensee take necessary precautions to prevent further degradation. 
In the past, some newly replaced tendons have suffered severe corrosion after a relatively short wetted period. If leak sealing proves ineffective, tendons exposed to wetting, along with nearby tendons, should receive interim inspections between outages, where possible, with particular focus on the condition of their grease protection.
Cracks in the external concrete surface of the vessel are continuously monitored by the PCPV APEX. Gradual, permanent rises in concrete temperature, resulting from changes in ventilation or minor operational variations may lead to increased cracking due to drying shrinkage. 
If significant changes in crack width or new cracks are detected, the assessor should confirm that the causes are understood and that any adverse trends in crack development remain acceptable for the next operating period.

Thermocouples embedded in the PCPV concrete monitor temperatures and some of them may become unreliable over time. The inspector should confirm that the and adequate number of thermocouples is providing accurate data to demonstrate that bulk temperatures remain within operational limits.
Pressure Vessel Cooling Systems
To prevent corrosion of the internal surfaces of the PVCS pipe work, the PVCW is demineralised, de-aerated and dosed with lithium hydroxide to achieve a pH of around 10 to 10.5. Notwithstanding these measures, leaks from the PVCS into pre-stressing tendon ducts are relatively common with the potential for corrosion of wetted pre-stressing tendons.
Each PCPV has a safety case covering partial or total PVCS loss, requiring activation of the back-up cooling system, which provides limited cooling for a set duration. Additional safety cases address complete loss of cooling, with or without natural circulation of primary CO2 coolant, and longer-term post-event cooling, where elevated concrete temperatures may be maintained during depressurisation to prevent cracking.
There is a risk of losing PCPV penetration restraint, leading to penetration ejection or failure due to the surrounding concrete known to be ‘non-tolerant’ to elevated temperatures. Some current safety cases for PVCS loss require regular flow checks. During statutory outages or as specified by the safety case, the inspector should confirm that any detected flow reductions meet safety case requirements, or that plant adjustments have restored flows. Where necessary, flow filtering should be implemented to address blockages.
Vibrating Wire Strain Gauges
Vibrating wire strain gauges (VWSGs) were installed at key locations within each PCPV during construction to monitor performance during proof pressure testing. Over time, some VWSGs have failed or become unreliable, yet overall compressive strain trends remain clear, providing valuable evidence of PCPV performance. For certain PCPVs, time history finite element analysis has been compared with recorded strain data, showing strong correlation. VWSG readings reveal long-term PCPV behaviour and highlight areas of low compressive or minor tensile stress as pre-stressing relaxes. The inspector should ensure the Licensee continues to collect, review (including comparison with finite element analysis), and report strain gauge results to ONR via APEX.
It should be the expectation that recovery and reactivation of VWSG continues.
PCVCs with “Pod type” boilers
The PCPVs at Hartlepool and Heysham 1 Power stations include "pod type" boilers within the thickness of the walls of the PCPVs. These preclude the installation of helical pre-stressing tendons within the walls and compressive pre-stress is provided via layers of tensioned steel wire wrapped around the external cylindrical surface of the PCPV, and vertical pre-stress tendons within the walls around the boilers.
Between 2008 and 2009, the Licensee introduced a revised safety case involving lightly tensioned pre-stress lock-in bands fitted over existing wire windings. This modification also included a dewatering system, a nitrogen-controlled environment, and instrumentation to monitor band tension. The revised safety case specifies continuous monitoring of the wire-winding environment and band tension, with phased inspections of anchorages and lock-in bands during Statutory Outages. The BCU Oversight Panel oversees the long-term condition of the BCUs and ensures compliance with the revised safety case.
If PVCW leaks into wire winding chambers have continued post-modification, the inspector should ensure that the selection and number of BCU enclosures inspected during Statutory Outages appropriately reflect the risk of further corrosion at each BCU. The Licensee’s BCU inspection choices are often influenced by the PCPV penetration weld inspection schedule, which may not always align with the need for BCU winding chamber inspections as indicated by previous monitoring. If there have been deviations from the safety case, such as a loss of the winding chamber’s controlled environment, the inspector should confirm that the environment was restored promptly and that any resulting degradation remains within the safety case limits.
The Licensee’s safety case for the modifications acknowledges that the BCU can no longer be considered an Incredibility of Failure (IoF) component. However, fitting an external steel restraint (ESR) to prevent ejection of the BCU’s central concrete section brings it within the ‘tolerable if ALARP’ category. While ONR does not use the IoF term, it accepts the ESR as a secondary restraint should partial pre-stressing fail. The ESR comprises heavy steel frameworks bolted to the main BCU studs and surrounds the steam, feed, and super-heater penetrations. Compressive strain in key ESR members is monitored during reactor operation to provide early warning of potential BCU failure.
A drawback of the ESR is that it must be fully dismantled and removed during periodic outages to inspect penetration welds or BCU wire windings. As the ESR is built to precise tolerances and its load-bearing feet are shimmed for correct load transfer under failure conditions (while avoiding undue loading during normal operation), dismantling and reinstallation require strict control. The inspector should verify that thorough checks are conducted after reassembly to ensure the ESR is correctly reinstalled and able to perform its safety role effectively.
1. [bookmark: _Toc223945696][bookmark: _Toc223959996][bookmark: _Toc234587375]Guidance on the assessment of safety cases for pre-stressed and reinforced concrete containments for Light Water Reactors
General
This guidance relates to the design and construction of new containments of LWRs to modern standards; some guidance on in-service maintenance is also included. These containments do not provide the reactor pressure boundary but serve to provide a containment to confine escaped reactor coolant.
Primary containment liners
If a vented containment is used and design pressure and temperature are reduced due to filtered venting, the inspector must confirm that the structure can still withstand full unvented pressure, even if it enters the inelastic range. This ensures protection should filters become blocked and unfiltered venting is required, providing extra resilience for severe accident scenarios.
The inspector should verify that the steel liner, including its welds, embedded retention components, and thickness transition plates, is designed to withstand differential strain rates during fault conditions and high temperatures without sustaining damage. Additionally, it should be confirmed that the liner would not tear if the stud anchors fail first.
Before liner construction, the inspector should confirm there is a design justification for the specified construction tolerances, covering alignment, bowing, dishing, and ovality, to prevent unintended strains from construction errors. If the liner is erected well before concreting, a temporary wind brace may be needed to manage strains and maintain stability.
For liners embedded in concrete, the inspector should ensure there are adequate provisions for pressure testing buried welds to confirm their integrity after concrete placement. For novel designs, such as steel / concrete composite (s/c) units or a floating liner base, compliance with safety functional requirements should be demonstrated through calculations to relevant codes, mock-up testing, and post-concreting pressure tests.
The inspector should establish that liner weld procedures, welder qualification, weld materials and the welding environment are all appropriate to the nuclear safety classification of the liner both for on-site and off-site fabrication.
Prestressing systems
The inspector should expect the pre-stressing system to be designed so that, except in the most severe accident scenarios, the structure generally remains elastic and retains redundancy under infrequent fault conditions. The design must withstand the undetected failure of multiple tendons, whether grouped or dispersed, without significantly compromising the containment’s safety function. For design basis loads, the inspector should confirm there are no sudden ‘cliff edge effects’ leading to instability with a slight load increase. The tendons’ capacity for further extension beyond initial pre-stressing provides assurance that any transition from elastic behaviour to collapse is gradual.
The inspector should confirm that the modulus of elasticity and stress/strain behaviour of pre-stressing tendons have been determined by testing full-scale tendons of adequate length to ensure uniform loading of all bars, wires, or strands.
Reinforced and prestressed concrete containments
ECV.2 and ECV.3 relate to containment design. ECV.2 requires containment systems to reduce radioactive releases during normal, fault, and accident conditions. ECV.3 prioritises passive sealed containment and intrinsic safety features over active dynamic systems for confining radioactive substances.
The inspector should verify that the containment’s structural integrity under peak internal pressure and temperature does not depend on active pressure reduction systems. In the UK, it has been standard practice to ensure that the containment to remain largely elastic during typical fault and accident scenarios.
PWR (light water) reactors may also feature a reinforced concrete secondary containment (Reactor Building) designed to withstand volume pressurisation in the event of an accident or failure of the annulus ventilation system. 
The inspector should ensure that the secondary containment must resist external loads independently or together with the primary containment.
Structural performance
ECE.1 requires that the safety functions and structural performance of the civil engineering structures under normal operating and fault conditions should be specified.
The assessor should establish that a detailed schedule of loading for both serviceability and ultimate limit states such as:
Normal operation.
Plant transients
	Faults
	Internal and external hazards
has been prepared and that the design analysis covers potential failure modes for conditions arising from design basis faults and potential in-service degradation mechanisms.
The inspector should ensure that adequate safety margins are in place so that failure of less ductile structures is highly improbable during credible initiating events, and that any failure under severe loads would be predictable, gradual, and detectable in advance.
The inspector should establish that only proven materials are used for construction and that high standards are applied, as verified by inspection of the construction work and of the materials used.
Independent arguments
ECE.2 requires that the highest levels of reliability, multiple independent and diverse arguments should be provided in the safety case. 
To support assessment of the design the inspector may seek evidence of design substantiation by alternative calculation and analysis routes. In this respect, the provision by the Licensee of Third Party endorsement of the design by means of independent analysis can provide the inspector with a high level of confidence in the design. Similarly, for assurance of construction compliance with specification and quality on site, the inspector may also seek endorsement of the construction process by a Third Party that is independent of the site-specific management and quality assurance arrangements.
To assist in design assessment, the inspector may request evidence of design validation through alternative calculations and analyses. Third Party independent endorsement of both the design and construction process can provide the inspector with strong assurance of compliance with specifications and quality, independent of site management and quality assurance arrangements.
Codes and standards
ECS.3 and ECS.4 require that safety-critical structures, systems, and components are designed, built, maintained, and inspected to relevant standards. If no established codes exist, similar codes for comparable equipment and safety importance should be used.

When reviewing a new containment design, the inspector should determine the design standards and loading schedules used, assess their equivalence to UK standards and Eurocodes, and consider the level of regulatory scrutiny in the design’s country of origin, including any identified gaps. This enables a judgement on the extent and focus of further scrutiny required.
The applicability of non-UK design codes and material standards should be viewed with caution and assurance be sought that the design intent of the codes can be met using available UK materials.
If suitable established codes or standards are unavailable due to novel construction methods, any proposed alternative codes and standards should be thoroughly evaluated. It should be demonstrated that these alternatives offer reliability equal to or greater than recognised codes, with their reliability clearly quantified and compared to that of established standards.
The combining of different codes and standards for a single aspect of a structure, system or component should be avoided. Where this cannot be avoided, the combining of the codes and standards should be justified and their mutual compatibility demonstrated.
Design basis
ECE.6 requires that load development and a schedule of load combinations,, together with their frequencies, should be used as the basis for structural design.  Loadings during normal operating, testing, design basis fault and accident conditions should be included.
The pressures and temperatures within both primary and secondary containments under normal operating, fault, and accident conditions must be established and verified. The safety functions and categorisation of all structures, plant, and equipment forming the containment boundaries should be clearly defined. The ultimate limit state design requirements for these boundaries will depend on the selected load combinations and reactor type.
Peak fault pressures and temperatures experienced by certain primary containments during a LOCA may depend on the reliability of emergency internal spray or heat removal systems. The assessor should ensure a consistent, validated rationale supports the selected design and extreme load combinations. Forces resulting from passive or active pressure and temperature reduction systems must be clearly understood and quantified.
Careful consideration should be given to temperature effects on civil engineering containments during normal operation and design basis accidents. While high temperatures are unlikely, adequate insulation and cooling may be needed to protect the containment’s inner surfaces and limit concrete temperature increases if they occur. Temperature-induced stresses can affect reinforcement requirements and may cause cracking during cooling.
For PWRs, the secondary (outer) containment should be designed to withstand external human-made and natural loads. Serviceability should be demonstrated under meteorological conditions (such as snow, wind, and extreme temperatures) and stability must be ensured during the design basis earthquake, aircraft impact, external explosions, and other internal hazards. To prevent radioactive releases in accidents, the containment should be leak-tight enough to maintain negative pressure for a specified grace period without using the ventilation system.
The purpose of the secondary containment is not to take over the functions of the primary containment should it fail. Its function is to collect potential leaks from the primary containment for filtered release. More detailed advice is available in IAEA Specific Safety Guide SSG-53 Design of the Reactor Containment and Associated Systems for Nuclear Power Plants [7].
Structural analysis
ECE.12, ECE.13, ECE.14 and ECE.15 relate to the use of data, sensitivity studies and validation methods in structural analysis and model testing to demonstrate that the PCPV can fulfil its safety functional requirement over its lifetime.
The structural performance of a containment should be demonstrated to be conservative by a combination of analysis; design, model test and pressure test of the built containment. The design should generally meet the requirements of SAP paragraphs 337 to 339 to establish what safety margins exist.
Regardless of the work done by other regulators, when using an ‘overseas’ containment design, the assessor must ensure that suitable load combinations have been applied, sufficient numerical analysis has demonstrated compliance with SAPs, and the design computer codes are validated with verified outputs.
When designing a containment, it must be verified that all boundary components. such as structures, isolating systems, access points, and penetrations for pipes and cables, are identified. The safety functions of each part under normal, fault, and accident conditions should be specified, along with criteria to assess their performance under the defined loads. Particular attention should be paid to local membrane strains around large penetration groups, access hatches, and airlocks to ensure they stay within allowable limits.
Structural interactions with non-civil components of the containment should be fully understood and considered in the analysis and design. 
Calculations for beyond design basis conditions may predict extreme physical behaviour and often use methods that cannot be rigorously validated. Therefore, results should be reviewed to ensure they broadly reflect expected physical performance, and a containment ultimate capacity analysis must be performed.
The assessment should confirm that the containment design maintains its safety functions despite internal and external hazards. SAP, paragraph 525 Clauses a) to n), outline general design requirements for nuclear containments. It is also necessary to establish design safety limits and performance criteria for severe accidents, addressing both structural integrity and stability.
Parallel structural analyses undertaken to support probabilistic safety analyses (PSA) should also be considered as they represent realistic margins to realistic failure mechanisms and they can provide guidance on which areas of the design are most critical.
Construction
ECS.3, ECE.3, ECE.16, ECE.17, ECE.18 and ECE.19 relate to standards, defects (and prevention of), materials, inspection and non-conformities.
The inspector should be aware of current containment design and construction issues  to ensure that these have been adequately addressed in the containment that is the subject of assessment.
In addition to the usual routine inspection of construction work carried out by the Licensee’s Site Resident Engineer function it is also desirable to have additional Third Party inspection of the containment construction, and some Third Party testing of construction materials independent of the pressures of the site management function. ONR’s expectation is that appropriate inspection arrangements will be established for construction of each new containment.
Given the substantial thickness of the base slab and containment wall, and the risk of heat of hydration cracking, the inspector must ensure the Licensee conducts thorough concrete mix trials using the actual materials, equipment, and methods intended for construction. If the base slab is poured in multiple layers, the assessor should confirm that adequate reinforcement is provided to ensure the layers function as a single unit. 
After concrete mix trials, the inspector should confirm that the relevant hardened concrete properties have been assessed and that the results align with those used in the containment design and analysis. The following properties should be evaluated:
compressive strength
tensile strength
modulus of elasticity
poisson’s ratio
creep
shrinkage/coefficient of thermal expansion
coefficient of thermal conductivity.
Where possible, the properties shall be determined under test conditions conforming to those expected in the containment under design, fault, and accident conditions.
Concrete. Where placing and compacting concrete in congested areas may impact the final properties or structural performance, suitable concreting trials must be conducted under conditions replicating the actual structure.
Steel plate. The assessment of steel containment would be the responsibility of Structural Integrity assessors. In this case, an outer reinforced concrete and s/c unit structure provides a secondary containment function and protection from hazards including impact.
Steel plate. Where steel/concrete composite units, are used in the construction, sufficient full-scale construction trials should be conducted to demonstrate that the design intent would be met. Areas of the construction to be examined and/or demonstrated in the mock up should include:
site steel fabrication details by non-destructive testing
method of concrete placement
monitoring of concrete temperatures
visual inspection of exposed concrete surfaces
preparation of construction joints
preparation connection to reinforced concrete sections, including rebar coupler tests
concrete strength and shrinkage measurement
confirmation of concrete placement by cutting and/or coring of complex sections.
Pre-stressing system – Bonded and un-bonded tendons
EMT.6 and ECE.8 reliability claims and inspectability. EMT.6 requires regular testing, maintenance, monitoring, and inspection of structures, systems, and components (including portable equipment) to ensure their required reliability. ECE.8 states that designs must allow for inspection and, as needed, maintenance of key load-bearing elements.
Un-bonded tendons. In the UK, un-bonded tendons are  used in Magnox, AGR, and Sizewell B PWR containments, allowing for load checks, re-tensioning, removal for inspection, and replacement if defects like corrosion are found. This capability ensures ongoing containment integrity through regular statutory examinations.
Bonded tendons. The long-term structural integrity of a fully grouted (bonded) tendon is dependent on the completeness and quality of the grout body around the tendon within the tendon duct. The assessor should therefore be satisfied that the installation and grouting procedures have been fully tested to establish that the site construction methods will result in a fully contiguous grout body fully adhered to the tendon and duct. The effectiveness of the grouting method should be demonstrated at full scale using the actual grout material to be used in the structure.
Dome ring beam. The connection of the torispherical dome to the cylindrical containment skirt in PWR containment is achieved using a ring beam, which may incorporate vertical and horizontal pre-stressing, anchorages, and bonded reinforcement. The inspector should be assured that sufficient site trials have been conducted to confirm this complex junction can be constructed without voids or poorly compacted concrete.
Further discussion on bonded and un-bonded (un-grouted) tendons can be found in - NEA/CSNI/R(2015)5, “Bonded or Un-bonded Technologies for Nuclear Reactor Pre-stressed Concrete Containments” [11].
Overpressure test
ECE.21 requires that pre-stressed concrete pressure vessels and containment structures should be subjected to a proof pressure test, which may be repeated during the life of the facility.
Proof pressure tests apply to pre-stressed concrete containments and reinforced concrete containments without pre-stress.
After construction is completed, an initial proof pressure test is performed to confirm the containment’s elastic response, structural strength, and leak tightness. This test ensures the containment can safely endure the applied pressure without visible damage, that concrete crack widths remain within acceptable limits at peak pressure, that strains and deformations match design predictions, and that all deformations are reversible, confirming elastic behaviour.
The test does not fully simulate LOCA conditions as it uses air pressure at ambient temperature, excluding the outward force from thermal effects on the steel liner. This omission justifies the application of over-pressure during the test.

A structural over-pressure test demands significant resources and careful attention to personnel safety. While suitable instrumentation provides valuable insights into structural performance, there is a risk of local damage or weakening if the test is not managed properly. Pressure should be increased in controlled stages, with each stage held for a set period and then slightly reduced to permit external inspection before proceeding further.
It is important to note that repeat pressure tests at operational sites present unique challenges, as all enclosed spaces within the containment will be subject to the test pressure. Therefore, plant, equipment and instruments should be properly prepared, typically by removal or venting to the containment air.
The proof pressure test can be undertaken in accordance to ASME Section III and followed by a leak rate test.
Periodic measurement and inspection
EAD.4 states that where parameters relevant to the design of plant could change with time and affect safety, provision should be made for their periodic measurement. ECE.20 requires that provision should be made for inspection, testing and monitoring during normal operations aimed at demonstrating that the structure continues to meet its safety functional requirements. Due account should be taken of the periodicity of the activities.
Examination, maintenance, inspection and testing (EMIT) is required to ensure that the required safety and reliability of the containment will be maintained throughout the life of the plant. This should comply with LC28.
IAEA SSG-74 [12] provides general guidance on frequency of inspections for PWR type reactor containments and IAEA SSG 53 Section 5 [7] gives guidance re inspections during construction, commissioning and in-service. Detailed guidance on the frequency and content of inspection of pre-stressed and reinforced concrete containments, for reactors, is provided in the ASME-BPVC-III-2 [13].
During the construction phase at site, a surveillance program should be produced that satisfies the requirements of ASME BPVC Section III Division 2 [13] Article CC-5000, or similar.
During operation, visual inspections of the reinforced concrete containment components should be carried out by SQEPs at intervals not exceeding five years, as determined by the safety case and previous inspection outcomes. These inspections should consider the significance of each structural element, changes in loading, and local environmental conditions. Inspectors should document concrete cracks, any changes since the last inspection, and evidence of surface deterioration such as spalling. Where appropriate, tests for carbonation and rebar corrosion may also be performed.
Pre-stressed and reinforced concrete containments for light water type reactors include an internal integral mild steel liner that secures the pressure boundary in the event of a release of coolant from the reactor or the primary circuit. During the operation phase, the liner should be inspected and tested in conjunction with the concrete containment, at the refuelling outages. The inspections should include a visual inspection which may be based on ASME BPVC Section XI Division 1 [14] Subsection IWE. 
In addition, a containment leak test should be undertaken to ensure that the leakage through the primary containment (including penetrations) does not exceed the allowable leak rate. USNRC guide 10CFR50 [15] Appendix J has guidance on leakage testing for light water reactors. Integrated Leak Rate Tests can be repeated typically every 15 years.
In the UK, inspections of the only operational LWR containment structure (Sizewell B) take place to a 10-year plan, with examinations and tests inside the containment being done during refuelling outages that occur every 18 months.
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	Principle
	Title
	Subtitle

	ECE.1 
	Engineering principles: civil engineering 
	Functional performance 

	ECE.2 
	Engineering principles: civil engineering 
	Independent arguments 

	ECE.3 
	Engineering principles: civil engineering 
	Defects 

	ECE.6 
	Engineering principles: civil engineering: design 
	Loadings 

	ECE.8 
	Engineering principles: civil engineering: design 
	Inspectability 

	ECE.12 
	Engineering principles: civil engineering: structural analysis and model testing 
	Structural analysis and model testing 

	ECE.13 
	Engineering principles: civil engineering: structural analysis and model testing 
	Use of data 

	ECE.14 
	Engineering principles: civil engineering: structural analysis and model testing 
	Sensitivity studies 

	ECE.15 
	Engineering principles: civil engineering: structural analysis and model testing 
	Validation of methods 

	ECE.16 
	Engineering principles: civil engineering: construction 
	Materials 

	ECE.17 
	Engineering principles: civil engineering: construction 
	Prevention of defects 

	ECE.18 
	Engineering principles: civil engineering: construction 
	Inspection during construction 

	ECE.19 
	Engineering principles: civil engineering: construction 
	Non-conformities 

	ECE.20 
	Engineering principles: civil engineering: in-service inspection and testing 
	In-service inspection and testing 

	ECE.21 
	Engineering principles: civil engineering: in-service inspection and testing 
	Proof pressure tests 

	Other SAPs within the Engineering Principles

	EKP.3
	Engineering principles: key principles
	Defence in depth

	ECS.3
	Engineering principles: safety classification and standards
	Codes and standards

	ECS.4
	Engineering principles: safety classification and standards
	Absence of established codes and standards

	EMT.3
	Engineering principles: maintenance inspection and testing
	Type testing

	EMT.6
	Engineering principles: maintenance inspection and testing
	Reliability claims

	EAD.2
	Engineering principles: ageing and degradation 
	Lifetime margins 

	EAD.4
	Engineering principles: ageing and degradation 
	Periodic measurement of parameters 

	ECV.2
	Engineering principles: containment and ventilation: containment design
	Minimisation of releases

	ECV.3
	Engineering principles: containment and ventilation: containment design
	Means of confinement

	Note: Additional SAPs may be required in specific circumstances
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A comprehensive list of regulatory acronyms, abbreviations and initialisms can be found in ‘ List of regulatory acronyms, abbreviations and initialisms’ [16] 

AGR		Advanced Gas-cooled Reactor
ALARP	As Low As Reasonably Practicable
APEX		Appointed Examiner (under PSSR)
ASME		American Society of Mechanical Engineers
BCU		Boiler Closure Unit
BIM		Building Information Modelling
BS		British Standard
EIMT		Examination, Inspection, Maintenance and Testing
EPR		European Pressurised Reactor
ESR		External Steel Restraint
ENSREG	European Nuclear Safety Regulators Group
FEMA		Federal Emergency Management Agency
FE		Finite Element
FEA		Finite Element Analysis
GDA		Generic Design Assessment
IAEA		International Atomic Energy Agency
IoF		Incredibility of Failure
JRC		Joint Research Centre
LC		Licence Condition
LOCA		Loss of Coolant Accident
LWR		Light Water Reactor
MDL		Minimum Design Load
NDT		Non-destructive Testing
NPP		Nuclear Power Plant
NPC		Nuclear Pressure Containment
ONR		Office for Nuclear Regulation
PCPV		Pre-stressed Concrete Pressure Vessel
PSA		Probabilistic Safety Analysis
PSR		Periodic Safety Review
PVCW	Pressure Vessel Cooling Water
PVCS		Pressure Vessel Cooling System
PWR		Pressurised Water Reactor
RGP		Relevant Good Practice
SAP		Safety Assessment Principle(s)
S/C		Steel–Concrete composite
SFR		Safety Functional Requirement(s)
SQEP		Suitably Qualified and Experienced Person
SSC		Structure, System and Component
TAG		Technical Assessment Guide(s)
VWSG	Vibrating Wire Strain Gauge
WENRA	Western European Nuclear Regulators’ Association
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To be read in conjunction with the glossary of terms in [1].

	Term	
	Description
	Source

	Confinement
	Prevention or control of releases of radioactive material to the environment in operation or in accidents. Confinement is closely related in meaning to containment, but confinement is typically used to refer to the safety function of preventing the ‘escape’ of radioactive material, whereas containment refers to the means for achieving that function.
Confinement in nuclear safety is the safety function that is performed by the containment.
	IAEA Nuclear Safety and Security Glossary

	Containment
	[bookmark: _Hlk120709281]Methods or physical structures designed to prevent or control the release and the dispersion of radioactive substances.

Although related to confinement, containment is usually used to refer to methods or structures that perform a confinement function in facilities and activities, namely preventing or controlling the release of radioactive substances and their dispersion in the environment.

Further guidance is available in IAEA Specific Safety Guide SSG-53 “Design of the Reactor Containment and Associated Systems for Nuclear Power Plants” regarding implementation of SSR 2/1 in containment design [7].
	IAEA Nuclear Safety and Security Glossary
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