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Abstract

The paper describes the background to the seismic re-evaluation of existing nuclear
power plants 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

C nuclear licensees are required to carry out. The regulatory requirements which set
the framework for these studies are explained and the approaches being adopted by
the licensees for their assessment of the seismic capability of existing plants are
outlined. The process of hazard appraisal is reported together with a general
overview of UK seismicity. The paper then discusses the methodologies used to
evaluate the response of plant to the hazard. Various other types of nuclear
installation besides power plants are subject to licensing in the UK and the
application of seismic evaluation to some of these is briefly described. Finally the
paper provides some comments on future initiatives and possible areas of
development.

Introduction

1 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 almost 40 years later. In those early days
of the UK nuclear programme the installations were not designed specifically to
resist earthquakes, since the UK is an area of relatively low seismicity. As modern
standard:: developed, however, it came to be recognised that seismic inputs should
be taken into account by the design, and the first power reactors to be seismically
designed 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. In the decade which followed, a policy was adopted of
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reviewing the safety of all UK power reactors for their longer-term operation, and it
was decided to include seismic evaluation, or re-evaluation, in those reviews.

2 This paper describes the history of the approaches and the present position
for seismic review of existing nuclear power plants. This is reported within the
context of the overall arrangements for the regulation of nuclear safety in the UK.
The evaluation of the seismic capability of such installations is now part of a wider
programme of periodic safety reviews (PSR) of nuclear power plant. The paper
provides some background to these and explains the criteria used to assess the
adequacy of the performance of the plant.

3 There is a wide selection of UK nuclear installations other than power
reactors - for example, nuclear chemical plant - where a similar lack of knowledge
exists regarding the seismic capability of older plant. Brief details are given of one
of the assessment processes used to evaluate such plant.

4 HM Nuclear Installations Inspectorate has now had several years' experience
of assessing seismic safety cases. 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 IAEA. The present seminar provides a timely
opportunity for the wider sharing of experience of seismic evaluations of existing
nuclear installations.

Regulation

5 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 Installations Act
no site may be used for the purpose of 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.

6 The Health and Safety at Work etc. Act requires the provision and
maintenance of plant and systems of work that are, so far as is reasonably
practicable, safe and without risks to health. Another way of expressing this is that
the risks must be reduced to as low as is reasonably practicable, or ALARP. The
legislation places the primary responsibility for safety on the operator (i.e. 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. It should be noted
that this is a non-prescriptive licensing regime and, in the context of seismic
evaluation, Nil does not, for example, prescribe the level of input ground motion nor
the spectral shape to be used.
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7 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. One of these
conditions requires the licensee to produce "safety cases", which consist of
documentation to justify safety during the design, construction, manufacture,
commissioning, operation and decommissioning phases of the installation. Another
licence condition requires the licensee to carry out a periodic and systematic review
and reassessment of safety cases. The earliest manifestation of these periodic
safety reviews was the series of Long Term Safety Reviews (LTSR) which were
carried out for the Magnox gas-cooled reactors after they had been operating for 20
years. We have, however, moved now to the position where periodic safety reviews
(PSR) will be 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 evaluation of the installation is one of the topics covered by the
LTSRs and PSRs.

Safety Assessment Principles

8 Nil assesses the licensees' safety cases for their adequacy, and HSE has
published the safety assessment principles (SAPs, Ref. 1) which form the framework
used by Nil's inspectors in carrying out this work. For natural hazards, it is
recognised that the uncertainty of data may prevent reasonable prediction of design
events for frequencies less than once in 10,000 years and, where this is the case,
which is generally considered to apply to earthquakes in the UK, the SAPs call for
the establishment of a design basis event which is conservatively determined at that
frequency. The plant should then be designed to contain or limit the release of
radioactivity following such a design basis event, such that there should be no
release of radioactivity except in the most severe cases and, even then, no person
outside the site will receive an effective dose of 100 mSv or more.

9 The SAPs are, however, "aimed primarily at the safety assessment of
proposed (new) nuclear plants, but they will also be used in assessing existing
plants." The document goes on to say: "For the assessment of plants which exist
today ('old plants') there is a further point to be considered in that the safety
standards used in their design and construction may differ from those used in plants
currently being designed and built. The existence of such differences has to be
recognised by our assessors when applying the SAPs in the assessment of old
plants. The ALARP principle is of particular importance to such assessments, and
the age of the plant and its projected life are important factors to be taken into
account when making judgements on the reasonable practicability of making
improvements to those plants."

10 This implies that standards which are lower than the 'modern' standards
represented by the SAPs can be accepted for older plants. But there has to be a
limit, and HSE has also published a document entitled "The Tolerability of Risk from
Nuclear Power Stations" (Ref. 2), in which it is stated that, "We propose to maintain
our existing position that a risk [of death] of 1 in 10" per annum to any member of
the public is the maximum that should be tolerated from any large industrial plant in
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any industry with, of course, the ALARP principle applying to ensure that the risk
from most plant is in fact lower or much lower."
These documents, 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 tolerable, and have been reduced to as low as is reasonably practicable. A
more detailed discussion of the application of the SAPs to seismic design can be
found in Reference 3.

Seismicity of the UK

11 The UK is situated in the intra-plate tectonic region of north-western Europe.
The average seismicity is characterised as approximately 0.2g free-field horizontal
peak ground acceleration (pga) for an event with a probability of exceedance of 1 in
10,000 per year. The approach used to derive the seismic hazard has developed
significantly since the late 1970s, when the subject was in its infancy in the UK.
Initially, mainly historical data and seismographs from the west coast of the USA
were used to determine the hazard level and the frequency characteristics of the
earthquakes used for assessment purposes. The Cornell and Newmark-Hall
methodologies were later used to produce a site-specific piece-wise linear
spectrum. This spectrum is often designated the PML spectrum, after the initials of
the firm, Principia Mechanica Limited, which developed it. More recently, geological
and tectonic considerations have been incorporated with strong motion data from
intra-plate areas to produce uniform hazard spectra (UHS). The data which are
used in this latter approach are believed to be more relevant to the UK. There are
no strong motion UK records from which to produce a response spectrum.
Consequently, there is debate over whether the low frequency section of the
spectrum, in particular, is accurately modelled.

12 The lack of data directly relevant to the UK creates an area of uncertainty.
For example, the record of historical earthquakes is only essentially complete above
magnitude 4 for the last 200 years. Most seismic events in the UK occur at depths of
between 5 and 15 km and it is difficult to associate these occurrences with a
particular geological feature.

Range of Plant and Licensees

13 The Nil regulates a wide variety of plant types and licensees. These include
power reactors, chemical plants, storage facilities, research reactors, process plants
and dockyards where the refitting of nuclear submarines (which are themselves
exempt from licensing) is undertaken. The commercial nuclear power plants consist
of gas cooled reactors, either of the Magnox or AGR type, together with one PWR,
Sizewell B, which has achieved its first full-power operation in 1995. These power
reactors are currently owned and operated by British Nuclear Fuels pic (BNFL),
Nuclear Electric pic (NE) and Scottish Nuclear Limited (SNL). (The British
Government has recently announced, however, the restructuring of the UK nuclear
power industry, with the Magnox stations remaining in public ownership, while the
AGRs and the Sizewell B PWR will be privatised next year.)

98



14 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 last two
AGR stations, Torness and Heysham 2, were seismically designed (although not
necessarily to the same standards that would be applied if they were being
designed today). Sizewell B was also seismically designed and closely
approximates the modern standard. None of these stations has yet reached the
date for its first periodic safety review, so no seismic re-evaluation has yet taken
place. For the older plant, various techniques have been used to attempt to quantify
their seismic capability. Details of these assessments are given in the following
sections.

Seismic Re-Evaluation Of Existing Plant

Overview of the Programme of Reviews

15 BNFL , SNL and 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 operation. (They did not
have a 'design life' as such, but their designers are believed to have envisaged a
working life of 20 to 25 years.) 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 re-evaluation. NE 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. (SNL's Magnox station, Hunterston A, has been closed since its LTSR
was carried out.) NE and SNL have also begun Periodic Safety Reviews (PSRs) of
their AGR reactors. All these reviews include seismic re-evaluation.

NE and SNL's Maqnox Long Term Safety Reviews

16 When the LTSR programme began it was agreed between Nil and the
licensees that an assessment against a 0.1g earthquake should be performed. A
consideration in choosing this level was undoubtedly that the IAEA guidance for the
siting of new nuclear power plants (Ref. 4) recommends that, regardless of any
lower apparent exposure to seismic hazard, all plants should adopt a minimum
value of 0.1 g peak ground acceleration. Thus, although the LTSR programme was
for existing power plants, a certain consistency would be achieved.

17 The LTSR assessments therefore used a ground motion defined by a 0.1g
horizontal pga and the PML response spectrum. 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 identify any improvements which were reasonably
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practicable, which might include improvements giving a capability well beyond 0.1g.
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.

BNFL's Seismic Damage Assessment

18 BNFL has a wide variety of plants ranging from reactors to reprocessing
facilities, most of which did not cater specifically for resistance to earthquakes in
their design. A seismic damage assessment (SDA) was carried out 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
EPRI methodology for the conservative deterministic failure margin (CDFM) (Ref. 5)
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. For their reactors, BNFL adopted a two-stage methodology. 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.

AGR Periodic Safety Reviews

Safety strategy

19 NE and SNL have recently embarked on a periodic safety review (PSR)
programme for their AGRs. They have proposed the following policy for the integrity
of protection:-

(a) For any frequent 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.

Input motion specification

20 NE and SNL 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. 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'.

21 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
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motion specification for the frequent initiating event is 0.1g pga and the PML
response spectrum appropriate to the site conditions.

22 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.

23 For the first AGRs to be reviewed, Hinkley Point B and Hunterston B, the
'bottom line plant' assessment ground motion has been pragmatically agreed as the
PML hard ground spectrum anchored at 0.14g pga. Since this spectrum envelopes
completely the claimed expected 10"4 UHS for Hunterston, and matches that for
Hinkley Point closely at the frequencies of most practical importance (1 to 8 Hz), NE
and SNL consider this to be a surrogate for a level of ground motion with an
expected probability of exceedance of 10"4 per year. Nil will give consideration to
this claim when the relevant reports are received for assessment. In subsequent
reviews of AGRs, NE intends to provide a uniform hazard spectrum (UHS) for each
site at the expected confidence level, with a probability of exceedance of 1 in
10,000 per year. Discussions are ongoing between the Nil and NE as to whether
the UHS that they propose are an adequate representation of a 10"4 per year event.

Seismic re-evaluation methodology

24 Building response to the input ground motions will be determined using
established modelling techniques and soil structure interaction. This will enable

f~" secondary response spectra to be generated for use in plant analyses. Two
approaches will be used for plant assessment : analysis and 'walkdown1. The
'walkdown1 will make use of the SQUG Generic Implementation Procedure (Ref. 6)
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.

25 NE and SNL believe that the above process is robust. The system caters for
uncertainty by specifying an expected level of site specific input motion
(approximately 60% confidence level), a median or slightly conservative evaluation
of the structure's response and the determination of the plant's capacity using code
allowables where possible. The licensees have offered to carry out limited
sensitivity studies and to document margins above assessment levels in order to
provide Nil with confidence in the methodology.

Maqnox Periodic Safety Reviews

/-> 26 To establish that the Magnox plants can continue operating safely beyond 30
years (and beyond 40 years in the case of Calder Hall and Chapelcross), Magnox
PSRs are being carried out as a development of the LTSR programme. Although
two of NE's Magnox stations, Bradwell and Hinkley Point A, have already been
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cleared for operation beyond 30 years, the methodology continues to be developed.
Nil has requested that the licensees' PSRs should show that the 'bottom line plant1

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 0.1 g pga.

27 At the present time the method of achieving this requirement is still under
discussion with NE. However, NE 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. NE have suggested that
the ground motion input should be a UHS.

Regulatory View of PSR Approach Adopted by Licensees

28 The continuing development by the licensees of the methodology for the
evaluation of nuclear plant which originally had no designed seismic capability is
welcomed. The identification of the 'bottom line plant' and its assessment at the
seismic input levels proposed, backed up by the 'second line plant1 at a lower level,
should at least enable a judgement to be made that the risks from the plant in the
event of an earthquake are tolerable. Sensitivity analyses will 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. This may
entail actual plant improvements. 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.
Additional confidence could be obtained that the risk from the seismic hazard is at
an appropriate level if seismic probabilistic risk assessments are carried out. By
comparing the seismic risk to the risk from other classes of hazard more effective
strengthening of the safety case can be carried out as necessary. At present there is
limited expertise in this field within the UK, and this is an area for further
development.

Future Developments

29 BNFL, NE, SNL and the UK Atomic Energy Authority have established a
Nuclear Industry Group on Seismic Methodology, which is reviewing current issues
in seismic assessment. This group provides a useful focus for developing the
subject within the UK nuclear industry, and Nil is in regular contact with its
members. The group considers all hazard or design matters which are common
across the industry, and part c* its current programme involves the assessment of
existing plant. It has decided to consider the introduction of a generic methodology
document with respect to design and assessment criteria for both reactors and
chemical plants. It is also arranging for two pilot studies to be carried out on seismic
probabilistic safety assessment, one on a reactor plant and one on a nuclear
chemical plant. Nil looks forward to discussing the results with the group.
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30 The Nil will continue to maintain a 'watching brief on developments in
seismic assessment in other countries. As part of this, we recently invited two
American consultants to the UK to bring us up to date on progress in the USA. They
visited briefly a number of nuclear installations and provided information on
'walkdowns1, seismic re-evaluation approaches and simplified seismic PRA. This
knowledge was shared with the majority of the licensees in the UK, thus providing
them with the opportunity to follow up on some of the techniques for use in their
programmes of seismic assessment.

31 The UK has a fairly large nuclear safety research programme. Some of the
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 for research to be contracted out to consultants and research
establishments by the licensees. The TWG on external hazards currently manages
two research projects which have direct relevance to the seismic assessment of
existing structures. The first project deals with the seismic performance of masonry
panels, which often carry essential systems, or have the potential to damage
essential plant if they collapse. The second project is reviewing the work carried out
in the USA on seismic PRA and determining its applicability to UK plant. An
investigation is also being carried out by one of the licensees into the applicability of
American experience data for UK equipment, the results of which will be made
available through this programme.

32 Additionally, Nil has an extramural support budget, which is used mainly to
buy in specialist advice on a consultancy basis, but which can also provide the
means to take part in 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.

Conclusion

33 The non-prescriptive nature of the UK nuclear regulatory system has allowed
the licensees to adopt a variety of approaches to the seismic re-evaluation of their
plant, much of which was constructed before seismic inputs were specifically
considered at the design stage in this country. This flexibility has catered for the
wide range of types of nuclear installation and the variety of nuclear licensees.
Many of the techniques and methodologies used have been developed from, or
have some parallels with, approaches used in the USA. The evaluation processes
are still being developed for their application to British plant and there appears to be
a move towards consensus among the licensees on the approaches to be adopted.

34 The reviews carried out to date are judged to have allowed the licensees to
show that the risks from their plant in the event of an earthquake are tolerable, and
have gone some way to showing they are also as low as is reasonably practicable.
There is, however, room for further development particularly on the latter point as
the techniques become more sophisticated. The reviews currently in progress
should improve our understanding of seismic margins.
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