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Abstract

The paper describes the background to the seismic assessment of existing nuclear structures
in the United Kingdom. Nuclear installations in this country were not designed specifically to resist
earthquakes until the nineteen-seventies, although older plants were robustly constructed. The
seismic capability of these older installations is now being evaluated as part of the periodic safety
reviews which nuclear licensees are required to carry out. The regulatory requirements which set
the framework for these studies are explained. The licensees' processes of hazard appraisal and
examination of the response of the structure are briefly summarized. Regulatory views on some of
the criteria used to judge the adequacy of safety are discussed. Finally the paper provides some
comments on future initiatives and possible areas of development.

1. INTRODUCTION

The first electricity-generating nuclear power station to be constructed in the United
Kingdom was Calder Hall, a Magnox type gas-cooled reactor which began operating in 1956 and is
still in operation 40 years later. In those early days of the UK nuclear programme the installations
were not designed specifically to resist earthquakes, indeed seismotectonics was in its infancy.
However, as the potentially damaging effects of earthquakes even in low seismicity areas came to
be recognized, modern standards were developed which considered earthquake forces. The first
power reactors for which seismic loading was considered in the UK were the Heysham Stage 2 and
Torness Advanced Gas-cooled Reactors (AGRs), which were designed in the 1970s and received
consent to begin construction in 1980.

This paper described the background and the present position for seismic assessment of
existing nuclear installations. This is reported within the context of the overall arrangements for the
regulation of nuclear safety in the UK. A strategy has been adopted of reviewing the safety of all
nuclear installations for their long-term operation, this programme is known as the periodic safety
review (PSR). The evaluation of the seismic capability of a plant forms part of the investigation.
The paper explains the regulatory view on the criteria used to assess the adequacy of the
performance of the plant.

HM Nuclear Installations Inspectorate has now had several years' experience of assessing
seismic safety cases for existing nuclear plant. At the same time, we are aware of similar initiatives
in other countries and have, in fact, had a number of contacts on this subject, either bilaterally or
through conferences, seminars and other meetings, such as those arranged by the International
Atomic Energy Agency (IAEA). It is hoped that both we and the licensees can gain from these
exchanges in terms of identifying potential improvements and areas of confidence in a plant's
performance, as well as learning new techniques which can be adapted for assessment of UK plant.

2. REGULATION

In the UK, the main legislation governing the safety of nuclear installations is the Health and
Safety at Work etc. Act 1974 and the associated relevant statutory provisions of the Nuclear
Installations Act 1965. Under the Nuclear Installation Act, no site may be used for the purpose of
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installing or operating any commercial nuclear installation unless a nuclear site licence has been
granted by the Health and Safety Executive (HSE) and is for the time being in force. HM Nuclear
Installations Inspectorate (Nil) is that part of HSE responsible for administering this licensing
function.

The Health and Safety at Work etc. Act requires the provision and maintenance of plant and
systems of work that, so far as is reasonably practicable, are safe and without risks to health. This
means that risks must be reduced to as low as is reasonably practicable, this is the "ALARP
principle'. The legislation places the primary responsibility for safety on the licensee of each
installation. It is the duty of Nil to see that appropriate standards are developed, achieved and
maintained by licensees, to ensure that any necessary safety precautions are taken, and to monitor
and regulate the safety of plant by means of its powers under the licence and relevant regulations.
This is a non-prescriptive licensing regime chosen so that responsibility for safety is left with the
licensee.

The Nuclear Installations Act gives the Nil, on behalf of HSE, the power to attach
conditions to each site licence in the interests of safety. There are 35 standard licence conditions
which are applied to most sites. Before granting a licence, the Nil requires a written demonstration
of safety, the safety case, and the licensee must make adequate arrangements for keeping the safety
case up to date (Licence Condition 14). Also, the licence requires the licensee to carry out a
periodic and systematic review and reassessment of safety cases (Licence Condition 15). Long
Term Safety Reviews (LTSR) carried out for the Magnox gas-cooled reactors after they had been
operating for 20 years were the earliest form of continuing performance review in the UK. Periodic
safety reviews (PSR) are now required every ten years, and these have already been carried out for
some Magnox stations operating beyond 30 years and are currently under way for the AGRs.
Seismic assessment of the installation is one of the topics covered by the LTSRs and PSRs.

3. SAFETY ASSESSMENT PRINCIPLES

The regulatory system in the UK is non-prescriptive so the licensees are free to develop
arrangements to give appropriate levels of safety to their plant. To help judge the adequacy of the
licensees individual safety cases, HSE has published the safety assessment principles (SAPs, Ref.
1). These are used by the Nil Inspectors in their assessments; they are not mandatory. The SAPs
are fairly general in nature providing a broad view in most instances. They have been developed
drawing on past experience, best practice and international standards (IAEA). The guidance
provided by the SAPs was initially intended for new plant, i.e. plant yet to be constructed. In many
cases, however, it is equally applicable to older plant. As stated in the text of the SAPs, for older
plant the age of the plant and its projected life are important factors to be considered when making
an assessment.

The SAPs can be split into five groups:

1. Fundamental principles

2. Siting principles

3. Safety analysis principles

4. Engineering principles

5. Life cycle requirements
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When making a seismic assessment of an existing structure, principles from most groups are
relevant, but Principles PI 19 to P125 and PI28 to P131 are directly applicable. Further discussion
of the application of the SAPs to seismic design can be found in Reference 2.

In response to Sir Frank Layfield's recommendation at the Sizewell B Inquiry to formulate
guidelines on the tolerable levels of individual and social risk to workers and the public from
nuclear power stations, HSE produced its Tolerability of Risk (TOR) Report (Ref. 3). TOR
effectively defines a number of high level criteria which modern nuclear power stations must meet
to comply with the levels of risk which, in HSE's judgement, society and public are prepared to
tolerate. A plant would not be licensable if the risk was intolerable. As the risk decreases, it enters
the tolerable region and the plant is in principle licensable, but UK law requires the risk to be
pushed down to 'as low a level as is reasonably practicable' (ALARP). Further reductions in risk
would bring it into the broadly acceptable range where Nil would not normally push for further
improvement, though the law still requires the licensee to provide such improvements as are
reasonably practicable.

As pointed out in TOR, there are additional uncertainties in quantifying the risks from some
older designs since the plants, although often robust, do not have designs and construction governed
by modern standards of quality assurance or quantitative risk estimation. On the other hand, HSE
does not consider it reasonable to expect such older plants to demonstrate that they meet all the
safety requirements that would be required for modern plants.

TOR and SAPs, therefore, give us some basic numerical guidelines, but the essence of our
seismic assessments is that we are looking for the licensees to provide a demonstration that the risks
from their plant in the event of an earthquake are both tolerable and have been reduced to as low as
is reasonably practicable.

4. SEISMIC HAZARD

The UK is situated in an intra-plate tectonic region of north-western Europe which has low
seismicity. Since the late 70's, techniques for the determination of seismic hazard have developed
significantly and various approaches are now available for calculating the site specific hazard. SAP
PI29 requires that a design basis earthquake should be determined so that conservatively it has a
predicted frequency of being exceeded no more than once in 10,000 years. At the Sizewell ' B ' and
Hinkley ' C Inquiries (Refs. 4 & 5), the site specific seismic hazard was reviewed, techniques are
now well established. Principia Mechanica Ltd (PML), developed a piece-wise linear spectrum
from southern European and US data using the Newmark Hall methodology. This spectrum has
been used extensively for the design of new plants and the assessment of existing structures. More
recently, strong motion data from intra-plate areas has been collected to produce uniform hazard
spectra (UHS). This latter approach is believed to be more appropriate by some researchers.
However, there are no strong motion UK records and there is debate over the validity of the low
frequency section of the UHS generated. The record of historical earthquakes for the UK is only
essentially complete above magnitude 4 for the last 200 years. There is still considerable
uncertainty in defining the seismic hazard.

5. SEISMIC EVALUATION OF EXISTING NUCLEAR PLANT

5.1 Overview of the Programme of Reviews

British Nuclear Fuels pic (BNFL), and the pre-privatization Scottish Nuclear (SNL) and
Nuclear Electric (NE) have all carried out reviews of older plants. The seismic capability of each of
the Magnox reactors was assessed in its Long Term Safety Review (LTSR). The purpose of the
LTSR programme was to demonstrate that the plants would be adequately safe for at least 30 years'
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operation. For the Chapelcross and Calder Hall reactors, BNFL used techniques which were
developed during the Seismic Damage Assessment (SDA) of reprocessing plant at Sellafield (see
below). From the experience gained in both the LTSRs and SDAs, ways are being developed by the
licensees to enhance the methodology of seismic evaluation. Magnox Electric pic (MEP) is now
carrying out studies to show that its Magnox reactors are fit for continued operation beyond 30
years and BNFL is doing the same for operation beyond 40 years for Calder Hall and Chapelcross.
Nuclear Electric Limited (NEL) and Scottish Nuclear Limited (SNL) have also begun Periodic
Safety Reviews (PSRs) of their AGR reactors. All these reviews include seismic evaluation.

5.2 Seismic Safety Strategy

As a result of the non-prescriptive nature of the British regulatory system, the approach to
achieving an acceptable level of safety at existing nuclear installations varies between the licensees
and the different types of plant involved. The review carried out to date by licensees have
compared the performance of each structure to various seismic input reference levels. This
approach has been used to indicate the level of hazard which would cause failure of the system as
the complexity of the structure and the definition of failure often make the calculation of ultimate
seismic capability very difficult.

5.2.1 NE and SNL's Magnox Long Term Safety Reviews

The LTSR assessments used a ground motion defined by a O.lg horizontal pga and the PML
response spectrum. A consideration in choosing this level was undoubtedly that the IAEA guidance
for the siting of new nuclear power plants (Ref. 6) recommends that, regardless of any lower
apparent exposure to seismic hazard, all plants should adopt a minimum value of O.lg peak ground
acceleration. The intention was to establish that the major structures and the plant used to shut
down the reactor, remove decay heat and maintain negative reactivity could survive this motion, and
to use this information as a basis for deciding whether the stations were acceptably safe. The
assessment should also have identified any improvements which were reasonably practicable. Plant
improvements have indeed resulted from these reviews, including such things as better restraint of
electrical equipment and the installation of tertiary boiler feed systems for decay heat removal.

5.2.2 BNFL's Seismic Damage Assessment

BNFL have carried out a seismic damage assessment (SDA) for the chemical plant at
Sellafield, firstly to identify the potential for improvements to the robustness of the installations,
and secondly to allow preparation of emergency plans for coping with the consequences of an
earthquake. The SDA predicted the likely plant performance at 0.125g, 0.25g, and 0.35g pga (PML
spectrum). The 'walkdown' methodology developed in the USA was also used. Many of the
techniques in the Electric Power Research Institute (EPRI) methodology for the conservative
deterministic failure margin (CDFM) (Ref. 7) were employed. The SDA aimed, however, to
provide only a slightly conservative, best estimate of the plant performance and therefore did not
actually comply with all the CDFM criteria. The SDA techniques are now being developed to
provide a methodology for periodic safety reviews. For their reactors, BNFL adopted a two-stage
process. All safety-related plant was shown to be capable of surviving a 0.125g pga event (PML
spectrum) and a subset of'plant essential to safety' one of 0.2g pga.

5.2.3 AGR Periodic Safety Reviews

NEL and SN have proposed the following policy for the integrity of protection in the periodic
safety review programme for AGRs:
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(a) For any infrequent initiating event (more frequent than 10'3 per annum), there should
normally be at least two lines of protection to perform any essential function, with diversity
between each line;

(b) For any infrequent initiating event (less than or equal to 10"3 per annum) there should be at
least one line of protection to perform any essential function, and that line should be
provided with redundancy.

NEL and SN have stated that, for the seismic safety case, the magnitude of the infrequent
initiating event should correspond to a severity consistent with a return frequency of 10"4 per annum
at the site. In some plant reviews, e.g. Hinkley Point B, Hunterston B, due to the urgency of the
work, the spectrum for the assessment of the 'bottom line' plant has been pragmatically agreed as
the PML spectrum anchored at 0.14g pga. This is thought to be a sufficiently adequate surrogate of
the 10"4 per annum UHS. For other AGRs, NEL intend to provide a site specific UHS at the
expected confidence level, with a probability of exceedance of 1 in 10,000 per year. The appraisal
will examine all essential structures and a single line of protection (including redundancy) to trip,
shutdown and cool the reactor. The systems involved have been designated 'the bottom line plant'.

The plant which will provide a diverse means of achieving trip, shutdown and post trip cooling
against frequent events, is called the 'second line plant'. The ground motion specification for the
frequent initiating event is O.lg pga and the PML response spectrum appropriate to the site
condition. This choice of input motion allows continuity with the methods used in the assessments
of the Magnox stations for the LTSRs.

Plant whose failure could threaten the defined lines of protection is known as 'related plant'. It
will be assessed to the same level as the plant which it could threaten.

Building response to the input ground motions will be determined using established modelling
techniques and soil structure interaction. Two approaches will be used for plant assessment:
analysis and 'walkdown'. The 'walkdown' will make use of the SQUG Generic Implementation
Procedure (Ref. 8) and its associated caveats when using earthquake experience data. Analysis will
be used whenever the walkdown approach is not applicable or fails to demonstrate that the item can
withstand the earthquake. The capacity of the structure and plant items will be determined using
design code allowable stresses, strains and deflections in the first instance. Should the determined
capacity be inadequate for the proposed functional requirement, more detailed calculations may be
carried out allowing limited but tolerable damage or inelasticity.

By reviewing against two levels of seismic input motion which can be related to frequency of
occurrence and past experience, a judgement can be made on the acceptability of the plant. NEL
and SN intend to declare the margins above assessment levels in order to provide confidence in the
methodology and to help establish that the ALARP principle has been satisfied.

5.2.4 MEP, Magnox Periodic Safety Reviews

To establish that the MEP Magnox plants can continue operating safely beyond 30 years,
Magnox PSRs are being carried out as a development of the LTSR programme. Nil has requested
that the licensees' PSRs should show, where possible, that the 'bottom line plant' has a safety
margin beyond the capacity which was demonstrated in the LTSR against an earthquake ground
motion defined by the PML response spectrum anchored to O.lg pga.

Discussions with MEP are still ongoing however, but MEP has proposed to demonstrate that a
single line of protection exists against the 10"4 per annum seismic event in an essentially similar but
perhaps simplified manner to that for the AGR PSR.
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6. REGULATORY VIEW OF SEISMIC EVALUATION IN PSRs

6.1 Objectives

The general objectives established for the Magnox LTSRs for assessors to review the licensees'
safety cases against are also an appropriate guide for periodic reviews on AGRs, chemical plants
and other existing nuclear installations. They are:

(1) To confirm that the plant is adequately safe for continued operation.

(2) To identify any life limiting features.

(3) To compare the existing plant's safety against modern standards and to instigate any reasonable
practicable improvements.

The findings from Nil's review of the Magnox LTSRs (Ref. 9) have been published. The
general approach was further considered in the 'Submission to the Nuclear Review' from the HSC
(Ref. 10) and as such the programme represents a basis upon which further development can be
made.

6.2 Seismic Safety Case Considerations

A Safety Case is the written justification of a plant's safety and shows that the risks are
tolerable and ALARP. The adequacy of the Safety Case is judged using TOR, SAPs, the debate
from public inquiries, international discussion and experience.

The Safety Case should clearly establish the strategy for showing an adequate level of seismic
safety for a structure. It should explain how tolerability and ALARP requirements have been met.
This could be achieved by producing a generic top tier document that describes an appropriate
methodology providing a coherent philosophy from input motion to performance criteria. This top
tier document should link safety significance to performance criteria. The SAPs in the safety
analysis principles discuss the use of both probabilistic and deterministic techniques. In practice,
deterministic methods have been used exclusively in the seismic safety cases so far submitted. The
lower bound of demonstration of seismic safety has generally been established in reviews as the
PML spectrum anchored at 0.1 g pga. Judgements on the satisfaction of the ALARP principle may
be aided by considering the numerical margin provided by the structure above the hazard reference
level and carrying out a comparison against modern standards. The size of the nuclear inventory
should be considered in assessing risk. Research initiatives are progressing on seismic probabilistic
risk assessment (PRA), particularly investigation into structural fragility curves. It is hoped that a
more quantitative method of the assessment of risk will soon be adopted to be used in conjunction
with present techniques.

The Safety Case should describe the safety significance of a structure, particularly with
reference to overall plant safety and the consequences of failure. A comprehensive plant hazard
identification procedure is needed to establish adequate lines of protection. The present reviews
have used a combination of desk top studies and 'walkdowns'. The state of the structure that would
constitute failure, and the consequences of that failure, should be identified. For multi-plant sites,
the allocation of the risk between facilities should be studied as the earthquake will affect the whole
site simultaneously. Safety categorization of the structure may help in determining the level of
examination required. Once the safety significance of a structure has been established, the
appropriate level of seismic performance can be identified.
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For older plant, the condition of the structure may have considerable impact on its seismic
performance. The Safety Case should identify the current state of the structure and elements that
have been subject to maintenance or repair. Any life limiting features should be determined. The
Safety Case should take account of the structure's past history where relevant and justify the
monitoring and inspection regime. Monitoring may be required to ensure that the structures
material properties as used in seismic performance calculations are maintained for its remaining life.

Difficulties are sometimes experienced in obtaining information, e.g. drawings, material
properties about the structure. Various techniques can be used to confirm structural layout and
material properties, e.g. NDT, video inspection. Any ductility factor used to modify the seismic
forces due to inelastic behaviour should be justified, in particular, there should be appropriate
structural detailing.

The licensee is expected to make arrangements for the safety case to be peer reviewed to
provide an independent overview of its adequacy.

6.3 Approaches Presently Adopted by Licensees

The licensees' continued development of the methodology for the seismic evaluation of
existing nuclear structures is welcomed The multi-level seismic input approach, for example,
'bottom line plant' backed up by 'second line plant' qualified at different hazard levels, enables a
judgement to be made that the risks from the plant in the event of an earthquake are tolerable. Any
sensitivity analyses should provide additional confidence. An appraisal of the margins that exist in
the seismic capability of the plant assessed against these events should permit an argument to be
developed that the risks have been reduced to as low as is reasonably practicable. Various
reasonably practicable options for improvements to the plant and structure should be considered,
particularly those that enhance the seismic performance to modern standards. Any weak links in
items of plant or structure which might cause failure to provide their functional requirements during
an earthquake, should be identified by this process. If numerical margins are determined, these
plant items may then be ranked so as to identify areas where strengthening would decrease risk most
effectively. Care must be taken that comparisons between margins are meaningful, e.g. the
calculations should be made on the same basis. One of the objectives of this technique is to create a
balanced design.

At present, tolerability and the ALARP principle are demonstrated by deterministic engineering
analysis only. Additional confidence could be obtained if seismic probabilistic risk assessments
were undertaken. The risk from the seismic hazard could then be found quantitatively and
compared to the risk from other classes of hazard. More effective strengthening of the safety case
could be carried out as necessary.

Inevitably, the assessment of older plant requires an element of judgement, e.g. quality of
information, making of the ALARP argument. When this is necessary, it is useful for the areas of
judgement to be clearly indicated for the full reasoning behind the judgement made to be identified
and for details of the sensitivity of the structure's performance to the judgement to be provided.
From our experience in reviewing licensees' Safety Case, Nil has found that discussion at an early
stage in the development of the seismic safety strategy helps reduce the number of plant specific
issues that often develop at a later stage.

7. FUTURE DEVELOPMENTS

The Nuclear Industry Group on Seismic Methodology established by BNFL, MEP, NEL, SN
and the UK Atomic Energy Authority, reviews current issues in seismic assessment. The group
considers generic seismic hazard or design matters, and part of its current programme involves the
assessment of existing plant. Nil keeps in regular contact with the group.
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Some of the UK's nuclear research is co-ordinated under the auspices of the Health and Safety
Commission and is managed by the nuclear industry, in consultation with Nil, through a series of
technical working groups (TWGs). The programme provides for safety issues to be raised by Nil
and for research to be contracted out to consultants and research establishments by the licensees.
Relevant current issues include: probabilistic seismic hazard assessment, seismic performance of
masonry panels, soil-structure interaction, fragility studies, inelastic seismic design, uncertainty and
conservatism in seismic design.

The Nil monitors developments internationally in seismic assessment. In May 1995, two
American consultants were invited to the UK to bring ourselves and the major licensees up to date
on progress in the USA. They visited briefly a number of nuclear installations and provided
information on 'walkdowns', seismic assessment approaches and simplified seismic PRA. In
August 1995, Nil took an active role at the post SMiRT 13 Conference Seminar organized by the
IAEA on seismic re-evaluation, where seismic assessment of existing structures was discussed.
This may eventually lead to IAEA guidance on the subject. Nil also participates from time to time
in other international collaborations. One such project in which we are currently involved is the
Seismic Shear Wall ISP (International Standard Problem) being co-ordinated by the OECD's
Nuclear Energy Agency. The research involves comparison of the results from full-scale shake
table tests on concrete shear walls with computer models. Nil is also a supporter of the Center for
Nuclear Power Plant Structures, Equipment and Piping, North Carolina State University, USA,
which promotes seismic issues relevant to the operation of nuclear plant.

Internationally, a considerable amount of assessment concerning seismic performance appears
to have been carried out on existing nuclear power plants using seismic PRA. For example, in the
US some plants in the IPEEE programme have been assessed using seismic PRA, similar studies
have also been undertaken on selected plants in Spain, Switzerland and Eastern Europe. However,
the reactors are not gas-cooled and the overseas experience may not be directly applicable to the
UK. In the Sizewell B PRA the plant's seismic response was included. Seismic PRA for existing
plants has been found to be beneficial overseas in providing a systematic process of hazard
consideration, a quantitative estimation of risk, a means of identifying weak links, and a balanced
protection system. The challenge is to see if it can be usefully adapted in the UK.

8. CONCLUSION

(1) As a result of the non-prescriptive nature of the UK regulatory system, the licensees have been
able to adopt a number of approaches to demonstrate the seismic safety of their existing structures.
This has accommodated the wide range of types of nuclear installation which have different safety
and protection requirements.

(2) The licencees are further developing their methodologies for seismic evaluation of existing
plant. The Safety Cases need to clearly indicate how tolerability and ALARP requirements are met.

(3) A multi-level seismic input approach has been used by some licensees, which has facilitated
judgement on the tolerability of risk and aids the extent to which risks can be considered to be
reduced to as low as reasonably practicable (ALARP).

(4) There is scope for further improvement by more robustly demonstrating that the ALARP
principle has been satisfied. From international studies there is justification for believing that
seismic PRA could provide some assistance in this area. Also, seismic PRA may be helpful in
better determining where the weak links are in a seismic safety case and providing an estimate of
risk.
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(5) Benefit has been gained from techniques and systems for evaluation adapted from US practice.
By reviewing international practice, further initiatives may be developed.
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