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FOREWORD
by Mohamed ElBaradei
Director General
The IAEA’s Statute authorizes the Agency to establish safety standards
to protect health and minimize danger to life and property — standards which
the IAEA must use in its own operations, and which a State can apply by means
of its regulatory provisions for nuclear and radiation safety. A comprehensive
body of safety standards under regular review, together with the IAEA’s
assistance in their application, has become a key element in a global safety
regime.
In the mid-1990s, a major overhaul of the IAEA’s safety standards
programme was initiated, with a revised oversight committee structure and a
systematic approach to updating the entire corpus of standards. The new
standards that have resulted are of a high calibre and reflect best practices in
Member States. With the assistance of the Commission on Safety Standards,
the IAEA is working to promote the global acceptance and use of its safety
standards.
Safety standards are only effective, however, if they are properly applied
in practice. The IAEA’s safety services — which range in scope from
engineering safety, operational safety, and radiation, transport and waste safety
to regulatory matters and safety culture in organizations — assist Member
States in applying the standards and appraise their effectiveness. These safety
services enable valuable insights to be shared and I continue to urge all
Member States to make use of them.
Regulating nuclear and radiation safety is a national responsibility, and
many Member States have decided to adopt the IAEA’s safety standards for
use in their national regulations. For the contracting parties to the various
international safety conventions, IAEA standards provide a consistent, reliable
means of ensuring the effective fulfilment of obligations under the conventions.
The standards are also applied by designers, manufacturers and operators
around the world to enhance nuclear and radiation safety in power generation,
medicine, industry, agriculture, research and education.
The IAEA takes seriously the enduring challenge for users and regulators
everywhere: that of ensuring a high level of safety in the use of nuclear
materials and radiation sources around the world. Their continuing utilization
for the benefit of humankind must be managed in a safe manner, and the
IAEA safety standards are designed to facilitate the achievement of that goal.

.

THE IAEA SAFETY STANDARDS
BACKGROUND
Radioactivity is a natural phenomenon and natural sources of radiation
are features of the environment. Radiation and radioactive substances have
many beneficial applications, ranging from power generation to uses in
medicine, industry and agriculture. The radiation risks to workers and the
public and to the environment that may arise from these applications have to
be assessed and, if necessary, controlled.
Activities such as the medical uses of radiation, the operation of nuclear
installations, the production, transport and use of radioactive material, and the
management of radioactive waste must therefore be subject to standards of
safety.
Regulating safety is a national responsibility. However, radiation risks
may transcend national borders, and international cooperation serves to
promote and enhance safety globally by exchanging experience and by
improving capabilities to control hazards, to prevent accidents, to respond to
emergencies and to mitigate any harmful consequences.
States have an obligation of diligence and duty of care, and are expected
to fulfil their national and international undertakings and obligations.
International safety standards provide support for States in meeting their
obligations under general principles of international law, such as those relating
to environmental protection. International safety standards also promote and
assure confidence in safety and facilitate international commerce and trade.
A global nuclear safety regime is in place and is being continuously
improved. IAEA safety standards, which support the implementation of
binding international instruments and national safety infrastructures, are a
cornerstone of this global regime. The IAEA safety standards constitute
a useful tool for contracting parties to assess their performance under these
international conventions.

THE IAEA SAFETY STANDARDS
The status of the IAEA safety standards derives from the IAEA’s Statute,
which authorizes the IAEA to establish or adopt, in consultation and, where
appropriate, in collaboration with the competent organs of the United Nations
and with the specialized agencies concerned, standards of safety for protection

of health and minimization of danger to life and property, and to provide for
their application.
With a view to ensuring the protection of people and the environment
from harmful effects of ionizing radiation, the IAEA safety standards establish
fundamental safety principles, requirements and measures to control the
radiation exposure of people and the release of radioactive material to the
environment, to restrict the likelihood of events that might lead to a loss of
control over a nuclear reactor core, nuclear chain reaction, radioactive source
or any other source of radiation, and to mitigate the consequences of such
events if they were to occur. The standards apply to facilities and activities that
give rise to radiation risks, including nuclear installations, the use of radiation
and radioactive sources, the transport of radioactive material and the
management of radioactive waste.
Safety measures and security measures1 have in common the aim of
protecting human life and health and the environment. Safety measures and
security measures must be designed and implemented in an integrated manner
so that security measures do not compromise safety and safety measures do not
compromise security.
The IAEA safety standards reflect an international consensus on what
constitutes a high level of safety for protecting people and the environment
from harmful effects of ionizing radiation. They are issued in the IAEA Safety
Standards Series, which has three categories (see Fig. 1).
Safety Fundamentals
Safety Fundamentals present the fundamental safety objective and
principles of protection and safety, and provide the basis for the safety
requirements.
Safety Requirements
An integrated and consistent set of Safety Requirements establishes the
requirements that must be met to ensure the protection of people and the
environment, both now and in the future. The requirements are governed by
the objective and principles of the Safety Fundamentals. If the requirements
are not met, measures must be taken to reach or restore the required level of
safety. The format and style of the requirements facilitate their use for the
establishment, in a harmonized manner, of a national regulatory framework.
The safety requirements use ‘shall’ statements together with statements of

1

See also publications issued in the IAEA Nuclear Security Series.

Safety Fundamentals
Fundamental Safety Principles

General Safety Requirements
Part 1. Governmental, Legal and
Regulatory Framework for Safety
Part 2. Leadership and Management
for Safety
Part 3. Radiation Protection and the
Safety of Radiation Sources

Specific Safety Requirements
1. Site Evaluation for
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2. Safety of Nuclear Power Plants
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2.2. Commissioning and Operation

Part 4. Safety Assessment for
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3. Safety of Research Reactors

Part 5. Predisposal Management
of Radioactive Waste
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Cycle Facilities
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5. Safety of Radioactive Waste
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Part 7. Emergency Preparedness
and Response

6. Safe Transport of
Radioactive Material

Collection of Safety Guides
FIG. 1. The long term structure of the IAEA Safety Standards Series.

associated conditions to be met. Many requirements are not addressed to a
specific party, the implication being that the appropriate parties are responsible
for fulfilling them.
Safety Guides
Safety Guides provide recommendations and guidance on how to comply
with the safety requirements, indicating an international consensus that it is
necessary to take the measures recommended (or equivalent alternative
measures). The Safety Guides present international good practices, and
increasingly they reflect best practices, to help users striving to achieve high
levels of safety. The recommendations provided in Safety Guides are expressed
as ‘should’ statements.

APPLICATION OF THE IAEA SAFETY STANDARDS
The principal users of safety standards in IAEA Member States are
regulatory bodies and other relevant national authorities. The IAEA safety

standards are also used by co-sponsoring organizations and by many
organizations that design, construct and operate nuclear facilities, as well as
organizations involved in the use of radiation and radioactive sources.
The IAEA safety standards are applicable, as relevant, throughout the
entire lifetime of all facilities and activities — existing and new — utilized for
peaceful purposes and to protective actions to reduce existing radiation risks.
They can be used by States as a reference for their national regulations in
respect of facilities and activities.
The IAEA’s Statute makes the safety standards binding on the IAEA in
relation to its own operations and also on States in relation to IAEA assisted
operations.
The IAEA safety standards also form the basis for the IAEA’s safety
review services, and they are used by the IAEA in support of competence
building, including the development of educational curricula and training
courses.
International conventions contain requirements similar to those in the
IAEA safety standards and make them binding on contracting parties.
The IAEA safety standards, supplemented by international conventions,
industry standards and detailed national requirements, establish a consistent
basis for protecting people and the environment. There will also be some
special aspects of safety that need to be assessed at the national level. For
example, many of the IAEA safety standards, in particular those addressing
aspects of safety in planning or design, are intended to apply primarily to new
facilities and activities. The requirements established in the IAEA safety
standards might not be fully met at some existing facilities that were built to
earlier standards. The way in which IAEA safety standards are to be applied
to such facilities is a decision for individual States.
The scientific considerations underlying the IAEA safety standards
provide an objective basis for decisions concerning safety; however, decision
makers must also make informed judgements and must determine how best to
balance the benefits of an action or an activity against the associated radiation
risks and any other detrimental impacts to which it gives rise.

DEVELOPMENT PROCESS FOR THE IAEA SAFETY STANDARDS
The preparation and review of the safety standards involves the IAEA
Secretariat and four safety standards committees, for nuclear safety (NUSSC),
radiation safety (RASSC), the safety of radioactive waste (WASSC) and the
safe transport of radioactive material (TRANSSC), and a Commission on

Outline and work plan
prepared by the Secretariat;
review by the safety standards
committees and the CSS

Secretariat and
consultants:
drafting of new or revision
of existing safety standard
Draft

Review by
safety standards
committee(s)

Draft
Member States
Comments

Final draft

Endorsement
by the CSS

FIG. 2. The process for developing a new safety standard or revising an existing standard.

Safety Standards (CSS) which oversees the IAEA safety standards programme
(see Fig. 2).
All IAEA Member States may nominate experts for the safety standards
committees and may provide comments on draft standards. The membership of
the Commission on Safety Standards is appointed by the Director General and
includes senior governmental officials having responsibility for establishing
national standards.
A management system has been established for the processes of planning,
developing, reviewing, revising and establishing the IAEA safety standards.
It articulates the mandate of the IAEA, the vision for the future application of
the safety standards, policies and strategies, and corresponding functions and
responsibilities.

INTERACTION WITH OTHER INTERNATIONAL ORGANIZATIONS
The findings of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and the recommendations of international
expert bodies, notably the International Commission on Radiological
Protection (ICRP), are taken into account in developing the IAEA safety
standards. Some safety standards are developed in cooperation with other
bodies in the United Nations system or other specialized agencies, including
the Food and Agriculture Organization of the United Nations, the United
Nations Environment Programme, the International Labour Organization, the
OECD Nuclear Energy Agency, the Pan American Health Organization and
the World Health Organization.

INTERPRETATION OF THE TEXT
Safety related terms are to be understood as defined in the IAEA Safety
Glossary (see http://www-ns.iaea.org/standards/safety-glossary.htm). Otherwise,
words are used with the spellings and meanings assigned to them in the latest
edition of The Concise Oxford Dictionary. For Safety Guides, the English
version of the text is the authoritative version.
The background and context of each standard in the IAEA Safety
Standards Series and its objective, scope and structure are explained in
Section 1, Introduction, of each publication.
Material for which there is no appropriate place in the body text
(e.g. material that is subsidiary to or separate from the body text, is included in
support of statements in the body text, or describes methods of calculation,
procedures or limits and conditions) may be presented in appendices or
annexes.
An appendix, if included, is considered to form an integral part of the
safety standard. Material in an appendix has the same status as the body text,
and the IAEA assumes authorship of it. Annexes and footnotes to the main
text, if included, are used to provide practical examples or additional
information or explanation. Annexes and footnotes are not integral parts of the
main text. Annex material published by the IAEA is not necessarily issued
under its authorship; material under other authorship may be presented in
annexes to the safety standards. Extraneous material presented in annexes is
excerpted and adapted as necessary to be generally useful.
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1. INTRODUCTION
BACKGROUND
1.1. This Safety Guide was prepared under the IAEA’s programme for safety
standards. It supplements and provides recommendations on meeting the
requirements for nuclear installations established in the Safety Requirements
publication on Safety of Nuclear Power Plants: Operation [1]; it also relates to
a number of other IAEA safety standards, including Refs [2–4].1
1.2. This Safety Guide on Evaluation of Seismic Safety for Existing Nuclear
Installations complements the IAEA Safety Guide on Seismic Design and
Qualification for Nuclear Power Plants [5] for the design and construction of
new nuclear power plants. It provides recommendations on meeting the
requirements in Ref. [1] and expands the scope to existing nuclear installations
such as research reactors, nuclear fuel cycle and reprocessing facilities, and
independent fuel storage facilities. Safety Reports Series No. 28 on Seismic
Evaluation of Existing Nuclear Power Plants [6] provides detailed information
relevant to this Safety Guide (a revision of Ref. [6] is planned).
1.3. The Safety Requirements publication on the Safety of Nuclear Power
Plants: Operation [1] states that systematic safety reassessments of the plant are
required to be performed by the operating organization throughout its
operational lifetime. In the light of this and other requirements, as well as of the
recommendations on external hazard analysis in periodic safety reviews [7], this
Safety Guide addresses the seismic safety evaluation of existing installations.
1.4. Guidelines for the seismic safety evaluation of existing nuclear
installations — mainly nuclear power plants — have been developed and used
in many Member States.2 Since the beginning of the 1990s, these methods have
been adapted to specific situations and have been applied in the seismic safety
evaluation of many nuclear installations. The IAEA has assisted a number of
Member States in adapting and applying these methods for installations in

1

A draft Safety Guide on seismic hazards in site evaluation for nuclear
installations is in preparation, to supersede Ref. [4].
2
The development and use of guidelines on the seismic safety evaluation of existing
nuclear installations started in the United States of America, where such guidelines were
developed and their application to all existing nuclear power plants was required.
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operation for which seismic safety evaluation and upgrading programmes were
required and were implemented.
1.5. Seismic design and qualification is distinct from seismic safety evaluation
in that seismic design and qualification of structures, systems and components
(SSCs) is most often performed at the design stage of the installation, prior to
its construction. Seismic safety evaluation is applied only after the installation
has been constructed. Of course, exceptions exist, such as the seismic design
and qualification of new or replacement components after construction of the
installation. Conversely, the seismic safety evaluation for assessing beyond
design basis earthquake conditions for new designs prior to construction may
make use of the criteria applied for seismic safety evaluation.
1.6. Consequently, the seismic safety evaluation of existing installations
strongly depends on the actual condition of the installation at the time the
assessment is performed. This key condition is denoted the ‘as-is’ condition,
indicating that an earthquake, when it occurs, affects the installation in its
actual condition, and the response and capacity of the installation will depend
on its actual physical and operating configuration. The as-is condition of the
installation is the baseline for any seismic safety evaluation programme. The asis condition includes the ‘as-built’, ‘as-operated’ and ‘as-maintained’ conditions
of the installation, and its condition of ageing at the time of the assessment.

OBJECTIVE
1.7. This Safety Guide provides recommendations in relation to the seismic
safety evaluation of existing nuclear installations. Such an evaluation may be
prompted by a seismic hazard perceived to be greater than that originally
established in the design basis, by new regulatory requirements, by new
findings on the seismic vulnerability of SSCs, or by the need to demonstrate
performance for beyond design basis earthquake conditions, in line and
consistent with internationally recognized good practices. This Safety Guide
may also be used for nuclear installations whose purpose and associated
radiological risks have changed, or are proposed to be changed, and in cases
where the long term operation of the installation is under consideration.
1.8. This Safety Guide is intended for use by regulatory bodies responsible for
establishing regulatory requirements and by operating organizations directly
responsible for the execution of the seismic safety evaluation and upgrading
programmes.

2

SCOPE
1.9. This Safety Guide addresses an extended range of existing nuclear
installations, as defined in Ref. [8]: land based stationary nuclear power plants,
research reactors, nuclear fuel fabrication plants, enrichment plants,
reprocessing facilities and independent spent fuel storage facilities. Much of the
methodology is independent of the type of nuclear installation or the reactor
type, but aspects such as plant performance criteria, systems modelling, etc., are
specific to each installation type. The methodologies developed for nuclear
power plants are also applicable to other nuclear installations through a graded
approach.
1.10. For the purpose of this Safety Guide, existing nuclear installations are
those installations that are either (a) at the operational stage (including long
term operation and extended temporary shutdown periods) or (b) at a preoperational stage for which the construction of structures, manufacturing,
installation and/or assembly of components and systems, and commissioning
activities are significantly advanced or fully completed. In existing nuclear
installations that are at the operational and pre-operational stages, a change of
the original design bases, such as for a new seismic hazard at the site, or a
change in the regulatory requirements regarding the consideration of seismic
hazard and/or seismic design of the installation, may lead to a significant impact
on the design and, consequently, to important hardware modifications.
1.11. Two methodologies are discussed in detail in this Safety Guide: the
deterministic approach generally represented by seismic margin assessment
(SMA) and the seismic probabilistic safety assessment (SPSA). Variations of
these approaches or alternative approaches may be demonstrated to be
acceptable also, as discussed in Section 2.

STRUCTURE
1.12. Section 2 provides general considerations and general recommendations
on the seismic safety evaluation of nuclear installations. Section 3 describes
data requirements (collection and investigations). Section 4 provides
recommendations on the seismic hazard assessment of the site. Section 5 details
the implementation of the deterministic SMA and SPSA methodologies for the
seismic safety evaluation of existing nuclear power plants. Section 6 provides
recommendations on applying a graded approach to the evaluation of nuclear
installations other than nuclear power plants (with reference to Section 5

3

where appropriate). Section 7 presents considerations for upgrading. Section 8
provides information on management systems to be put in place for the
performance of all activities, and identifies the need for configuration
management in future activities to maintain the seismic capacity as evaluated.
Sections 1–4, 7 and 8, in total or in part, apply to all nuclear installations.
Section 5 is specific to nuclear power plants. The Annex presents a summary of
the extensive background material on methodology development and
applications to date, including related references. For definitions and
explanations of technical terms, see the IAEA Safety Glossary [8].
Explanations of terms specific to this Safety Guide are provided in footnotes.

2. FORMULATION OF THE PROGRAMME FOR
SEISMIC SAFETY EVALUATION
GENERAL CONSIDERATIONS
2.1. It is usually recognized that well designed industrial facilities, especially
nuclear power plants, have an inherent capability to resist earthquakes larger
than the earthquake considered in their original design. Conservatisms are
compounded through the seismic analysis and the design chain. This inherent
capability or robustness — usually described in terms of the ‘seismic design
margin’ — is a direct consequence of (a) the conservatism that is present in the
seismic design and qualification procedures used according to previous or
current practices in earthquake engineering and (b) the fact that in the design
of nuclear plants the seismic loads may not be the governing loads for some
SSCs.
2.2. Typically, current criteria for seismic design and qualification applicable
to nuclear power plants introduce large seismic design margins; the measure of
margin is frequently not specified and the amount is seldom quantified. It is
known that a significant and adequate seismic design margin to failure exists
and is ensured through the use of design criteria in industry standards and
guidelines — particularly those applicable to nuclear installations. This has
been demonstrated through the implementation of SMA or SPSA
methodologies for existing nuclear power plants in several States. The
introduction of the seismic design margins through the various stages of the
original analysis and design leads to large expected variations throughout the

4

nuclear installation. The seismic design margin typically varies greatly from one
location in the plant to another, from one structure, system or component to
another, and from one location to another in the same structure. One of the
main reasons for this variation, as mentioned in para. 2.1, is the fact that
nuclear installations are designed for a wide range of internal and external
extreme loads, for example, pressure and other environmental loads due to
accident conditions, aircraft crash, tornado or pipe break, and seismic loads
may not be the governing loads for some SSCs. Another reason is the method
of equipment qualification in which envelope type response spectra are
generally used. There should be a detailed examination of the actual design
practice to understand the sources of conservatism. It should not be
automatically assumed that there is excessive conservatism in the process, since
this may lead to complacency in the seismic safety evaluation.
2.3. The methodologies presented in this Safety Guide are intended for
evaluating and quantifying the seismic capacity of an existing installation
according to the current as-is conditions.
2.4. In the seismic safety evaluation of a nuclear installation, the objective is
to understand the true state of the SSCs in terms of their required safety
function and their seismic capacity, and, as a result, to assess the seismic safety
margin of the installation. It is therefore important to use realistic and best
estimate values for the as-is condition of the SSCs and not to introduce safety
factors that may unnecessarily bias the results. The approach used by the SMA
methodology, for example, is to consider a higher level of seismic hazard
(greater than the design ground motion) and to associate this with the realistic
seismic capacity of the installation. In so doing, the inherent excess capacity of
the SSCs may be taken into account.
2.5. Following the regulatory practice of the State, in either the SMA or the
SPSA methodology, items other than those classified as Seismic Category I [5]
that are used to prevent accidents or to mitigate accident conditions, and that
were not seismically qualified in their original design basis, may be included in
the programme for seismic safety evaluation; for example, existing systems that
may be used in severe accident management.
2.6. The programmes for seismic safety evaluation performed for existing
nuclear power plants, on the basis of the as-is condition of the installations,
emphasized pragmatic evaluations rather than using extensive complex
analyses. Limited non-linear analyses of relatively simple structural models or
the use of higher damping values and ductility factors — provided that they are
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used with care and are consistent with allowable deformations — may be
particularly helpful in understanding post-elastic behaviour. However,
detailed, sophisticated non-linear analyses are generally not undertaken in the
usual practice.
2.7. Although peak ground acceleration is a parameter that is widely used to
scale the seismic input, it is a known technical finding that the ability of seismic
ground motions to cause damage to SSCs that behave in a ductile manner is not
well correlated with the level of peak ground acceleration. It is recognized that
other parameters such as velocity, displacement, duration of strong motion,
spectral acceleration, power spectral density and cumulative absolute velocity
should play a significant role in a judicious evaluation of the effects of seismic
ground motions on SSCs. Another example is the effects caused by near field
earthquakes of small magnitude (i.e. M  5.5). Most such events have high
frequency content and produce high peak ground acceleration levels, but they
do not generate significant damage to structures and mechanical equipment.
However, if the high frequency content produced by such near field
earthquakes is transmitted to the structures, it may cause operability problems
with certain types of equipment. It may also affect brittle materials such as
glass. Related safety concerns include spurious behaviour of electrical
equipment or devices and/or of instrumentation and control systems.
2.8. With regard to the behaviour of structures, mechanical components and
distribution systems, numerous field observations and research and
development programmes have demonstrated that a high capacity seismic
design results when the ductile behaviour of SSCs accommodates large strains,
rather than when only large calculated forces are balanced, such as the forces
that are usually estimated on the basis of elastic behaviour and a static
equivalent approach.

EVALUATION OF SEISMIC SAFETY
Reasons for and objectives of the seismic safety evaluation
2.9. As established in the Safety Requirements publication on Safety of
Nuclear Power Plants: Operation, “Systematic safety reassessments of the
plant in accordance with the regulatory requirements shall be performed by the
operating organization throughout its operational lifetime, with account taken
of operating experience and significant new safety information from all
relevant sources” (Ref. [1], para. 10.1).
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2.10. In accordance with this requirement and in line with international
practice, an evaluation of the seismic safety of an existing nuclear installation
should be performed in the event of any one of the following:
(a)

(b)

(c)
(d)

(e)
(f)

(g)

Evidence of a seismic hazard at the site that is greater than the design
basis earthquake, arising from new or additional data (e.g. newly
discovered seismogenic structures, newly installed seismological
networks or new palaeoseismological evidence), new methods of seismic
hazard assessment, and/or the occurrence of actual earthquakes that
affect the installation;
Regulatory requirements, such as the requirement for periodic safety
reviews, that take into account the ‘state of knowledge’ and the actual
condition of the installation;
Inadequate seismic design, generally due to the vintage of the facility;
New technical findings, such as vulnerability of selected structures and/or
non-structural elements (e.g. masonry walls), and/or of systems or
components (e.g. relays);
New experience from the occurrence of actual earthquakes (e.g. better
recorded ground motion data and the observed performance of SSCs);
The need to address the performance of the installation for beyond
design basis earthquake ground motions in order to provide confidence
that there is no ‘cliff edge effect’, that is, to demonstrate that no
significant failures would occur in the installation if an earthquake were
to occur that was slightly greater than the design basis earthquake
(Ref. [2], paras 4.6 and 5.73);
A programme of long term operation of which such an evaluation is a
part.

2.11. If, for the reasons above or for other reasons, a seismic safety evaluation
of an existing nuclear installation is required, the purposes of the evaluation
should be clearly established before the evaluation process is initiated. This is
because there are significant differences among the available evaluation
procedures and acceptance criteria, depending on the purpose of the
evaluation. In this regard, the objectives of the seismic safety evaluation may
include one or more of the following:
(a)
(b)

To demonstrate the seismic safety margin beyond the original design
basis earthquake and to confirm that there are no cliff edge effects.
To identify weak links in the installation and its operations with respect to
seismic events.
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(c)

(d)
(e)
(f)
(g)

To evaluate a group of installations (e.g. all the installations in a region or
a State), to determine their relative seismic capacity and/or their risk
ranking. For this purpose, similar and comparable methodologies should
be adopted.
To provide input for risk informed decision making.
To identify and prioritize possible upgrades.
To assess risk metrics (e.g. core damage frequency and large early release
frequency) against regulatory requirements, if any.
To assess plant capacity metrics (e.g. systems level and plant level
fragilities or high confidence of low probability of failure (HCLPF)
values) against regulatory expectations.

2.12. The objectives of the seismic safety evaluation of an existing installation
should be established in line with the regulatory requirements, and in
consultation and agreement with the regulatory body. Consequently, and in
accordance with such objectives, the level of seismic input motion, the
methodology for capacity assessment and the acceptance criteria to be applied,
including the required end products, should be defined. In particular, for
evaluating seismic safety for seismic events more severe than the event
specified in the original design basis, the safety objectives should include the
functions required to be ensured and the failure modes to be prevented during
or after the earthquake’s occurrence.
2.13. The final documentation to be produced at the end of the evaluation
should be identified from the beginning in agreement with the regulatory body
and should be consistent with the established purpose of the programme. The
end products of these evaluations may be one or more of the following:
(a)
(b)

(c)
(d)
(e)
(f)

8

Measures of the seismic capacity of the nuclear installation in
deterministic or probabilistic terms;
Identification of SSCs with low seismic capacity, and the associated
consequences for plant safety, for decision making on upgrading
programmes;
Identification of operational modifications to improve seismic capacity;
Identification of improvements to housekeeping practices (e.g. storage of
maintenance equipment);
Identification of interactions with fire prevention and protection systems,
etc.;
Identification of actions to be taken before, during and after the
occurrence of an earthquake that affects the installation, including
arrangements for and actions in operational and management response,

(g)

analysis of the obtained instrumental seismic records and performed
inspections, and the integrity evaluations to be performed as a
consequence;
A framework to provide input to risk informed decision making.

Selection of the methodology for seismic safety evaluation
2.14. One of the first steps of the programme for seismic safety evaluation
should be the selection of the methodology to be used. The objectives of the
evaluation may determine the methodology to be used, the parameter values
for the methodology, the use of generic data versus site specific and plant
specific data, and other key elements. As indicated in the scope of this Safety
Guide, two methodologies are recommended and discussed in detail: the
deterministic SMA and the probabilistic SPSA. It is not intended that both
methodologies be implemented, since either the SMA or the SPSA approach
may satisfy the objectives of the programme. Variations of these methodologies
or alternative approaches may also be demonstrated to be acceptable.
2.15. A clear distinction should be made between a seismic safety evaluation
that does not entail a change in the design basis earthquake (i.e. SL-2, see
Ref. [4]) and a seismic safety evaluation where a change in the design basis
earthquake is required by the regulatory body. This Safety Guide focuses
mainly on the methodologies for seismic safety evaluation that do not involve a
change in the design basis earthquake, but that involve evaluation of the
seismic safety of existing installations for seismic hazards more severe than
those originally established for the design basis and a realistic determination of
the available safety margin. It is clear that the agreement of the regulatory
body should be obtained to define the seismic input and the acceptance criteria
for this process. If current earthquake engineering methods and acceptance
criteria applicable to the seismic design and qualification of new installations
were used for these purposes, they would be likely to lead to significant, if not
infeasible, upgrading requirements.
2.16. After selection of the evaluation methodology, the programme for
seismic safety evaluation should cover the following aspects:
(a)
(b)

Definition of the seismic input, that is, the earthquake ground motion
parameters (see Section 4).
Verification of the geological stability of the site with respect to the
potential for surface faulting and use of the newly defined seismic hazard
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(c)

(d)

(see Section 4) for the reassessment of other geological hazards
(e.g. liquefaction).
Seismic behaviour of the installation when subjected to the earthquake
hazard, that is, the seismic demand on SSCs and their seismic capacity or
fragility, systems performance, etc. Section 5 discusses these aspects.
Acceptance criteria and the need for upgrading of the facility (both the
installation and operations). Section 7 discusses these topics.

2.17. This Safety Guide deals with realistic failure modes of SSCs, that is, the
inability of the SSCs to perform their required functions, either because of
inadequate seismic capacity or due to seismic interaction. For structures, this
function may be confinement, support and/or protection of other SSCs. For
distribution systems and components, this function may be operability and/or
fluid retention. For example, for piping systems, failure is the loss of ability to
retain their flow capacity. For systems, failure is loss of acceptable performance.
For structures and mechanical components, the seismic safety evaluation may
permit some non-linear behaviour, but at levels lower than those allowed for
conventional industrial facilities. The functions required from SSCs and the
failure modes of these SSCs should be identified.
2.18. Evaluation of the seismic capacity or fragility of systems and components
should rely to a significant extent on earthquake experience data and test data.
There is already a significant amount of data that have been obtained, evaluated,
reviewed and incorporated into procedures. These data consist of earthquake
experience data and test data as follows:
(a)

(b)

Earthquake experience data have been obtained from a broad range of
international sources and, generally, reflect the performance of
mechanical and electrical equipment and distribution systems in
industrial facilities subjected to strong earthquakes.
Test data are based on qualification tests or fragility tests of components.
In some cases, the database of test data is dependent on component
specific information, such as manufacturer, size, function and anchorage.

In all cases, the applicability of these earthquake experience data and test data
should be verified with regard to the specific nuclear installation being evaluated.
2.19. The SMA methodology is based on defining a set of SSCs that, when
shown to have acceptable seismic capacity, provide high confidence that the
installation will successfully reach a safe state after an earthquake occurs. The
identified SSCs constitute the ‘success path’. The success path for a nuclear
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power plant, as applied in Section 5, is termed the ‘safe shutdown path’. For
nuclear installations other than nuclear power plants (Section 6), success
should be defined as a function of the end state to be achieved for the nuclear
installation being evaluated — for example, successful confinement of nuclear
material during and after the earthquake. The requirements of the success path
may include considerations of defence in depth, redundancy of systems, etc., as
established in agreement with the regulatory body. See also para. 5.2 and the
associated footnote 3.
2.20. Plant walkdowns are an integral part of the SMA and SPSA
methodologies. For all methodologies, plant walkdowns should be a key
element of the programme of seismic safety evaluation. Plant walkdowns are
discussed in detail in paras 5.32–5.40.
Ageing considerations
2.21. In seismic safety evaluations of nuclear installations of all types, ageing
degradation should be considered. Ageing degradation includes those ageing
effects that reduce the seismic capacity of SSCs. Typical ageing degradation
effects include: corrosion and erosion of piping, tanks and metallic
components; thermal and neutron irradiation effects (e.g. embrittlement of the
reactor pressure vessel, deterioration of concrete structures, components and
anchors, deterioration of electrical systems); stress corrosion cracking (for the
core shroud of a boiling water reactor, primary piping, etc.); environmentally
induced corrosion due to exposure to brackish water and excessive chloride
concentration in the groundwater; and ageing of electrical systems and devices.
Seismic instrumentation
2.22. The seismic instrumentation installed at the site (in the free field on the
surface of soil or rock, and in boreholes) and within the installation (on the
foundations and at locations in the structures) should be evaluated to ensure
that, if an earthquake occurs near the site, actual and reliable records will be
obtained. If necessary, the seismic instrumentation should be appropriately
updated or upgraded for obtaining adequate information on ground motion
during and after the occurrence of an earthquake, and for determining
consequent response actions for the plant, in line with current international
good practices. It should also be ensured that a maintenance programme and a
data communication programme for the seismic instrumentation are in place.
Seismic instrumentation should be adequate to produce records for large and
small earthquakes of interest.
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ORGANIZATION OF THE PROGRAMME
2.23. A complete and detailed work plan should be prepared for the
implementation of the programme for seismic safety evaluation of the
installation. The operation of the installation should be taken into account in
the work plan. It may not be possible to perform some of the tasks while the
installation is in operation, such as collection of as-is data, performing plant
walkdowns and execution of physical upgrades. The work plan should consider
pending physical or operational changes so that they can be taken into account
in the evaluation. A phased approach, which is a typical characteristic of
seismic safety evaluation programmes, may meet these objectives.
2.24. No specific recommendations on the time schedule required for the
execution of the seismic safety evaluation programme are provided in this
Safety Guide. This important aspect should be defined by the operating
organization with the agreement of the regulatory body, in accordance with the
general ‘milestone’ schedule established for performing safety upgrades and
with the available resources. If additional non-seismic upgrades are to be
performed, the verification of compatibility between seismic and non-seismic
upgrades should be included in the programme. The time schedule is strongly
influenced by the availability of access to buildings, areas and/or equipment
during both the evaluation phase (mainly in relation to the collection of data)
and the upgrading phase (mainly in relation to implementation of upgrades), in
consideration of the operational needs of the installation as well as the
principle of optimization of radiological protection.
2.25. The successful development and completion of the programme for
seismic safety evaluation require the establishment of a dedicated organization
with clear responsibilities and with the necessary technical capabilities for
undertaking this project. In this regard, the operating organization should
establish a dedicated group (without normal operational duties) to perform the
evaluation, supervised by a project manager who reports directly to the senior
management of the installation.
2.26. A prioritization scheme, based on an optimal risk reduction principle,
may be used to address circumstances resulting from limited resources. The
programme may be divided into smaller basic tasks, while maintaining the
logical technical sequence. For convenience, the evaluation process can be
divided into major tasks, each of which covers several actions; for example, the
following tasks may be identified:
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(a)
(b)
(c)
(d)

(e)

(f)

(g)
(h)
(i)
(j)
(k)

Compilation of the available original seismic design related information;
Identification and acquisition of missing as-is information;
Determination of the seismic hazard to be used for the evaluation;
For an SMA, definition of the safe shutdown procedure in the event of an
earthquake, definition of safety objectives and safety functions to be
ensured, and identification of the corresponding selected set of SSCs to
be evaluated;
Execution of plant walkdowns for collecting as-is data, identifying weak
links and problems of seismic interaction between systems and
components, and screening out of SSCs from the evaluation because of
their inherent and demonstrable seismic capacity;
Generation of appropriate mathematical models and calculation of the
seismic response of buildings and structures, including calculations for
soil–structure interactions and for in-structure response spectra (floor
response spectra);
Evaluation of the seismic capacity of buildings and structures;
Evaluation of the seismic response and capacity of systems and
equipment;
Identification of those SSCs with inadequate seismic capacity that should
be upgraded;
Upgrading of those SSCs that have inadequate seismic capacity;
Updating, if necessary, of mathematical models, calculation of the seismic
response and verification of the seismic capacity of SSCs for the upgraded
condition.

3. DATA COLLECTION AND INVESTIGATIONS
COLLECTION OF DATA ON EXISTING INSTALLATIONS
3.1. As a general feature of any seismic safety evaluation to be performed for
an existing nuclear installation, the evaluation should be made by considering
the state of the installation at the time the assessment is performed. This key
condition of the installation is denoted the ‘as-is’ condition, indicating that an
earthquake, if it occurs, affects the installation in its actual condition, and the
response and capacity of the installation will depend on its actual physical and
operating configuration. Consequently, one of the first and more important
steps of the programme for seismic safety evaluation is to collect all the
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necessary data and information to provide a complete representation of the
actual situation of the installation. The collection of as-is data should cover
those selected SSCs that will be considered within the scope of the programme
for seismic safety evaluation and that have either a direct effect on system
performance or an indirect effect such as by transmitting earthquake motion
from one location to another. It should be also emphasized that the as-is
condition should properly reflect and include the effects of ageing degradation
of the installation throughout its operational lifetime. Pending physical or
operational changes should also be recognized so that they can be taken into
account in the evaluation.

DATA AND DOCUMENTATION ON THE ORIGINAL DESIGN BASIS
3.2. The original design basis data and documentation should be collected
from all available sources. Emphasis should be put on the collection and
compilation, as far as possible, of the specific data and information on the
nuclear installation that were used at the design stage. Less effort and fewer
resources are required for the programme for seismic safety evaluation if more
complete information is collected from the design stage.
General documentation of the installation
3.3. All available general and specific documentation used at the design stage
of the installation for design and licensing purposes should be compiled,
including the following:
(a)
(b)
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The safety analysis report, preferably the final safety analysis report.
Codes and standards used at the time of the original design of the
installation:
(i) Standards adopted and procedures originally applied to specify the
nominal properties of the materials used and their mechanical
characteristics.
(ii) Standards adopted and procedures applied to define the original
load combinations and to calculate the seismic design parameters.
(iii) National industry standards used for the design of structures,
components, piping systems and other items, as appropriate.
(iv) National standards and procedures used for the design of
conventional buildings at the time of the design of the installation,
which ought to have been considered minimum requirements.

(c)
(d)
(e)

(f)

General arrangement and layout drawings for structures, equipment and
distribution systems (e.g. piping, cable trays, ventilation ducts).
Results of the probabilistic safety assessment (PSA) of internal (and
external) events, if performed.
Data and information on results and reports of seismic qualification tests
for SSCs performed during the pre-operational period, including any
information available on inspection, maintenance, and non-conformance
reports and corrective action reports.
Quality assurance and quality control documentation with particular
emphasis on the as-built conditions for materials, geometry and
configuration, for assessing the modifications during construction,
fabrication, assembly and commissioning, including non-conformance
reports and corrective action reports. The accuracy of the data should be
assessed.

Specific documentation of the SSCs included in the programme
for seismic safety evaluation
3.4. Specific information on the original design of the installation, in
particular of those SSCs included in the programme for seismic safety
evaluation, should be collected, as follows:
(a)

(b)

(c)

System design:
(i) System description documents;
(ii) Safety, quality and seismic classification;
(iii) Design reports;
(iv) Report on confirmation of the functionality of systems;
(v) Instrumentation and control, including details;
Geotechnical design:
(i) Excavation, structural backfill and foundation control (e.g.
settlement, heaving, dewatering);
(ii) Construction of retaining walls, berms, etc.;
(iii) Soil–foundation–structure failure modes and capacities (e.g.
estimated settlements, sliding, overturning, uplifting, liquefaction);
Structural design:
(i) Stress analysis reports for all structures of interest;
(ii) Structural drawings (e.g. structural steel, reinforced and/or
prestressed concrete), preferably as-built documentation;
(iii) Material properties (specified and test data);
(iv) Typical details (e.g. connections);
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(d)

(e)

(f)

Component design:
(i) Seismic analysis and design procedures;
(ii) Seismic qualification procedures, including test specifications, test
reports, etc.;
(iii) Typical anchorage requirements and types used;
(iv) Stress analysis reports;
(v) Pre-operational test reports, if any;
Distribution system design (piping, cable trays, cable conduits, ventilation
ducts):
(i) Systems description documents;
(ii) Piping and instrumentation diagrams;
(iii) Layout and design drawings of piping and its supports;
(iv) Diagrams of cable trays and cable conduits and their supports;
(v) Diagrams of ventilation ducts and their supports;
Service and handling equipment (although some of this is non-safetyrelated equipment, its evaluation may be needed for analysis and study of
interaction effects in operational and storage configurations):
(i) Main and secondary cranes;
(ii) Refuelling machines.

Seismic design basis
3.5. The characterization of the seismic input used at the original design stage
should be well understood for conducting the programme for seismic safety
evaluation. Any discrepancy between the documentation of the seismic hazard
assessment performed at the time of the site evaluation studies and the original
design basis values finally adopted should be identified. This information is
essential for determining the reference level, which will be used to assess the
seismic safety margin of the installation for the new seismic input to be defined
for the evaluation programme. In this regard, the following aspects should be
covered:
(a)
(b)
(c)
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Specification of the original design earthquake level(s) as used for the
design and qualification of SSCs [4].
Free field ground motion parameters in terms of elastic ground response
spectra, acceleration time histories or other descriptors.
Dominant earthquake source parameters used to define the original
seismic input motions such as magnitude (M) or intensity (I), epicentral
distance (), definition and duration of strong motion, or other
earthquake parameters.

(d)

If some structures were designed in accordance with design codes whose
design spectra have implicit reductions for inelastic behaviour, the
corresponding elastic ground response spectra should be derived to
provide a basis of comparison with the requirements of the programme
for seismic safety evaluation for the newly defined seismic input.

Soil–structure interaction, structural modelling and
in-structure response details
3.6. Information on soil–structure interaction analysis, modelling techniques
and techniques of structural response analysis used at the time of the original
design should be collected as follows:
(a)

(b)

(c)

Soil–structure interaction parameters:
(i) Control point location, that is, the location selected for applying the
seismic input ground motion — for example, free field surface on
top of finished grade, foundation mat level or base rock level;
(ii) Soil profile properties, including soil stiffness and damping
properties used in the site specific response analysis, information on
the water table variation and consideration of strain dependent
properties (see paras 3.14–3.17);
(iii) Method to account for uncertainties in soil properties and
techniques of soil–structure interaction analysis, for example,
envelope of three analyses for best estimate, lower bound and upper
bound soil profiles, if used at the time of the original design;
Modelling techniques:
(i) Modelling techniques and analytical methods used to calculate the
seismic response of structures and the in-structure response spectra
(floor response spectra);
(ii) Material and system damping, cut-off of modal damping;
(iii) Allowance for inelastic behaviour, as assumed in the design phase
and as implemented during construction;
Structural analysis and response parameters:
(i) One or two stage analysis, using coupled or substructure models of
soil and structures;
(ii) Dynamic analysis of components and structures;
(iii) Eigenfrequencies and mode shapes, if available;
(iv) Output of structural response (e.g. structure internal loads (forces
and moments); in-structure accelerations; deformations or
displacements);
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(v) Foundation response, including overall behaviour such as sliding or
uplift;
(vi) Calculations of in-structure response spectra (floor response
spectra), including:
— Damping of equipment;
— Enveloping and broadening criteria, if used.

CURRENT (AS-IS) DATA AND INFORMATION
3.7. After collecting as many data as is feasible in relation to the original
design basis, as recommended in previous paragraphs, the present state and
actual conditions of the installation (i.e. the as-is condition) should be assessed.
In this regard, those persons making the assessment should proceed in a
consistent and comprehensive way, properly documenting all performed steps.
3.8. If the installation has been subjected to periodic safety reviews, as
recommended in Ref. [7], the reports of these reviews should be made available
for the purposes of the programme for seismic safety evaluation.
3.9. A critical review of all available as-built and pre-operational
documentation (reports, drawings, photographs, film records, reports of nondestructive examinations, etc.) should be performed. For this purpose, a
preliminary screening walkdown should be performed to confirm the
documented data and to acquire new, updated information. During this
walkdown, data about any significant modifications and/or upgrading and/or
repair measures that were performed over the lifetime of the installation
should be collected and documented, including any reports on ageing effects.
The judgement about how significant a modification would need to be in order
to have an impact on the seismic response and capacity of the installation
should be made by experts on the evaluation of seismic capacity.
3.10. Special attention should be paid to requirements, procedures and nonconformance reports for construction and/or assembly relating to:
(a)
(b)
(c)

(d)
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Excavation and backfill;
Field routed items (e.g. piping, cable trays, conduits, tubing);
Installation of non-safety-related items (e.g. masonry walls, shielding
blocks, room heaters, potable water lines and fire extinguishing lines, false
ceilings);
Separation distances or clearances between components;

(e)
(f)

Field tested items;
Anchorages.

3.11. All records and documentation available during the operational period of
the installation should be reviewed in relation to the reliability of SSCs with
regard to random failures and ageing effects, as identified by in-plant
inspections and operating history, including repair records and any assessment
performed of the remaining lifetime. Special attention should be paid to the
existence of reports on tests (if any) performed for the dynamic
characterization of SSCs, as well as to inspection, maintenance and/or
monitoring records.
3.12. Available information from the periodic geotechnical monitoring and
geodetic survey of the site and the installation’s structures should be used for
the assessment of deformations and settlements, foundation behaviour, relative
displacements of structures, etc.
3.13. The seismic instrumentation installed at the site in all time periods,
encompassing site selection, site evaluation, pre-operational activities and
operation, may provide data to better understand and assess the specific
behaviour of the soil, structures and components when subjected to real
earthquakes. In this regard, all available records should be compiled and
analysed. A review of the current state of seismic instrumentation and scram
systems at the nuclear installation, including their operability and functionality,
should be performed (see para. 2.22). The review of the existing seismic
instrumentation should consider:
(a)
(b)
(c)

The local seismological network at the near region around the site;
The seismic instrumentation at the installation itself;
The operating procedures established for actions required for the period
during and after the occurrence of an earthquake.

INVESTIGATIONS RECOMMENDED
Soil data
3.14. To perform reliable and realistic site specific seismic response analysis,
static and dynamic material properties of soil and rock profiles should be
obtained. If these data were obtained at an earlier stage (e.g. during the design
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phase), they should be reviewed for adequacy with regard to current
methodologies. In this regard:
(a)
(b)

For rock layers, documentation of the rock properties for each layer is
adequate.
For layered soil, the strain compatible shear modulus values and damping
values for each layer are the bases for the derivation of the mathematical
model of the layered soil. The density and low strain properties (normally
in situ measurements of P and S wave velocities, and laboratory
measurements of three-axis static properties and, if possible, dynamic
properties and material damping ratio) should be provided.
As a function of depth, the variation of dynamic shear modulus values
and damping values with increasing strain levels is needed. Strain
dependent variations in soil material properties may be based on generic
data if soil types are properly correlated with the generic classifications.
Appropriate ranges of static and dynamic values, which account for site
specific geotechnical characteristics, should be investigated and
documented for use in the programme for seismic safety evaluation.

3.15. Information on the location of the local water table and its variation over
a typical year should be obtained.
3.16. For the various stages of site investigation, design and construction, other
data may be available from non-typical sources, such as photographs, notes and
observations recorded by operations staff or others. These data should be
evaluated in the light of their source and method of documentation. To the
extent possible, the collection of such data should be carried out in compliance
with Ref. [9].
3.17. All available information relating to actual earthquake experience at the
site or at other industrial installations in the region should be obtained. Special
attention should be paid to earthquake induced phenomena such as river
flooding due to dam failure, coastal flooding due to tsunami, landslides and
liquefaction.
Data on building structures
3.18. The as-is concrete classes used for the construction of the safety related
structures should be verified on the basis of existing plant specific tests and
industry standards for concrete. Either destructive or non-destructive methods
may be used. The data collected, instead of the original design data, should be
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used for further analyses and capacity evaluations. If there is significant
deviation from the design values, the cause of this deviation and its
consequences should be investigated.
3.19. The actual material properties of the reinforcement steel should be used
in the evaluation. Material properties should be available from existing test
data. If not, reliable methods of destructive and non-destructive testing should
be used. The analyses of the reinforcement steel should include both
mechanical properties and detailing (e.g. size of reinforcement bars, placement,
geometric characteristics, concrete cover, distances between reinforcement
bars). For the evaluation of the capacity of the overall structure, the properties
of all significant load bearing members should be evaluated. Other cases where
detailing of the reinforcement may be important include, for example,
penetrations and anchorage of large components.
3.20. Although ageing effects are usually estimated in a separate project, in the
seismic safety evaluation, as a minimum, the survey of a concrete building
should include visual examination for cracks, effects of erosion/corrosion and
surface damage, degree of carbonization, thickness of concrete cover and
degree of degradation of foundation below grade due to, for example, chlorides
or other corrosive contaminants present in groundwater.
3.21. A sample survey should be made to verify the geometrical characteristics
of selected structure members.
3.22. An important element of the evaluation is the verification and possibly
the new assessment of loads, other than seismic loads, that will be used in the
seismic safety evaluation. Usually, both the dead and the live loads in the as-is
condition differ from those used in the original design. The deviations should
be carefully examined and documented.
Data on piping and equipment
3.23. If design information is inadequate for piping, equipment and their
supporting structural systems, analysis and/or testing should be performed to
establish their dynamic characteristics and behaviour. A representative sample
may be sufficient.
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4. ASSESSMENT OF SEISMIC HAZARDS
4.1. An initial step of any programme for seismic safety evaluation — in
parallel with the collection of related data as indicated in Section 3 — should be
to establish the seismic hazard with regard to which the seismic safety of the
existing installation will be evaluated. In this regard, the seismic hazard specific
to the site should be assessed in relation to three main elements:
(a)

(b)

(c)

Evaluation of the geological stability of the site [4, 9], with two main
objectives:
(i) To verify the absence of any capable fault that could produce
differential ground displacement phenomena underneath or in the
close vicinity of buildings and structures important to safety. If new
evidence indicates the possibility of a capable fault in the site area
or site vicinity, the fault displacement hazard should first be
assessed in accordance with the guidance provided in Ref. [4]. If a
clear resolution of the matter is still not possible, the fault
displacement hazard should be evaluated using probabilistic
methods.
(ii) To verify the absence of permanent ground displacement
phenomena (i.e. liquefaction, slope instability, subsidence or
collapse, etc.).
Determination of the severity of the seismic ground motion at the site,
that is, assessment of the vibratory ground motion parameters, taking into
consideration the full scope of the seismotectonic effects at the four scales
of investigation and as recommended in Ref. [4].
Evaluation of other concomitant phenomena such as earthquake induced
river flooding due to dam failure, coastal flooding due to tsunami, and
landslides.

4.2. In general, the seismic hazard assessment may be performed using a
deterministic or a probabilistic approach, depending on the objectives and
requirements of the programme. In either case, both the aleatory and the
epistemic uncertainties should be taken into consideration.
4.3. The evaluations recommended in paras 4.1(a) and 4.1(c) should be
performed in all cases for a programme for seismic safety evaluation,
regardless of the methodology used and in accordance with Refs [4, 9, 10]. For
evaluating the geotechnical hazards (e.g. liquefaction, slope instability,
subsidence, collapse), the new seismic hazard parameters should be used.
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4.4. With respect to para. 4.1(b), the recommendations on assessing the
seismic hazard at the site are dependent on the objectives of the evaluation. A
seismic hazard assessment should be carried out as recommended in Ref. [4]
when:
(a)

(b)
(c)

(d)

Performing a revision of the original design basis earthquake, which may
be contemplated owing to conditions such as new information about the
seismic hazard at the site (e.g. a newly identified fault), the original design
basis being found to be inadequate or less than the recommended
minimum (e.g. as given in Refs [4–6]), or design basis ground motion
characteristics differing from those originally used (e.g. a greater high
frequency content for near field earthquakes);
Establishing a seismic safety margin beyond the original design basis
earthquake and demonstrating that there is no cliff edge effect;
Performing a seismic safety evaluation in accordance with the regulatory
requirements because of changes in standards or in support of long term
operation (i.e. plant life extension);
Performing an evaluation to verify that the newly observed performance
of SSCs when subjected to a certain level of earthquake motions does not
compromise the seismic capacity of the installation.

As a result of the seismic hazard assessment, a new site specific seismic hazard
is defined and designated as the review level earthquake to be used for
evaluation of the seismic safety of the installation.
4.5. In some cases, the regulatory body may directly specify the ground
motion for which the seismic safety evaluation should be performed without an
explicit seismic hazard assessment. In any case, it is recommended that a
seismic hazard assessment (either deterministic or probabilistic) is performed,
following the recommendations of Ref. [4], to provide valuable information for
decision making in determining the review level earthquake and in interpreting
the results of the evaluation.
4.6. To satisfy objectives other than those of para. 4.4, a site specific
probabilistic seismic hazard assessment [4] should be performed. Typically,
these objectives entail:
(a)
(b)

Calculation of risk metrics (e.g. core damage frequency and large early
release frequency);
Establishment of a risk management tool for risk informed decision
making;
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(c)
(d)

Determination of the relative risk between seismic and other internal and
external hazards;
Provision of a tool for cost–benefit analysis for decision making in
relation to plant upgrades.

4.7. For the SMA methodology, the review level earthquake (para. 4.5)
defines the seismic input that should be used in the programme of seismic
safety evaluation. In this case, the review level earthquake should be defined
with a sufficient margin over the original design basis earthquake to ensure
plant safety and to find any ‘weak links’ that may limit the installation’s
capability to safely withstand a seismic event greater than the original design
basis earthquake.
4.8. For the SPSA methodology, the review level earthquake (para. 4.5)
denotes the site specific probabilistic seismic hazard. Generally the results of
the site specific probabilistic seismic hazard assessment include seismic hazard
curves defining the annual frequency of exceedance (often referred to as the
annual probability) of a ground motion parameter (e.g. peak ground
acceleration), associated response spectra (e.g. uniform hazard spectra) and
characteristics of the dominant source parameters (e.g. magnitude and distance
from the site).

5. METHODOLOGIES FOR THE EVALUATION
OF SEISMIC SAFETY
5.1. Together with the seismic hazard assessment, as recommended in
Section 4, another important initial step of any programme of seismic safety
evaluation is the selection of the methodology to be used in line with the
purpose of the programme, as discussed in para. 2.14. Two methodologies for
performing an evaluation of the seismic capacity of a nuclear power plant are
presented in this Safety Guide: (a) the deterministic SMA and (b) the
probabilistic SPSA. There are many elements common to both methodologies.
These common elements are discussed here, following a discussion of the
unique aspects of the SMA and the SPSA methodologies.
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SEISMIC MARGIN ASSESSMENT
5.2. The SMA methodology comprises a number of steps. One description of
these steps is as follows:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

Selection of the assessment team;
Selection of the review level earthquake (see Section 4);
Plant familiarization and data collection (see Section 3);
Selection of success path(s) and of selected SSCs3;
Determination of the seismic response of selected SSCs for input to
capacity calculations;
Systems walkdown and seismic capability walkdown;
HCLPF determination for selected SSCs;
HCLPF calculations for the installation;
Enhancements to the programme (e.g. seismic induced fire and flood
evaluations, detailed relay reviews);
Peer review (see Section 8);
Documentation (see Section 8).

5.3. Before starting the SMA, the following aspects should be defined as part
of the requirements for seismic safety evaluation as established in agreement
with the regulatory body in order to define the scope of the programme:
(a)

Definition of the safety functions whose fulfilment should be ensured
when the installation is postulated to experience an earthquake as
defined by the review level earthquake. These plant safety functions to be
ensured, including the corresponding set of selected SSCs to be
evaluated, are defined as the success path. One definition of the success
path is safe shutdown of the plant (hot or cold shutdown) and maintaining
the plant in this condition after the earthquake occurs. Safe shutdown

3

The term ‘selected SSCs’ is used in this Safety Guide to mean those SSCs that
have been selected for evaluation of their seismic capacity using criteria consistent with
the regulatory requirements and ultimate objectives of the seismic safety evaluation
programme. This is consistent with the terminology used in Ref. [6]. In IAEA technical
guidance developed in the 1990s for the seismic safety evaluation of specific nuclear
power plants, the term ‘safe shutdown equipment list (SSEL)’ was also used, as
borrowed from earlier usage in the United States of America. However, as the SSCs
cover more than ‘equipment’ and the goals of the programme may exceed ‘safe
shutdown’, the term ‘selected SSCs’ is preferred.
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(b)

(c)

(d)
(e)

may be defined as in the original licensed design or as agreed with the
regulatory body as part of the programme for seismic safety evaluation.
Plant initiating conditions at the time of the earthquake. One example of
initiating conditions is loss of off-site power and the unavailability of
normal on-site power, such as from another nuclear power unit or a
conventional power generation plant on the site, given that these would
be subject to the common cause nature of the earthquake. Even though
conventional power generation plants may be operational and
transmission lines may be intact, the transformer substations are
vulnerable to failure during earthquakes, making power unavailable to
the nuclear power unit being evaluated. If power generation plants,
transmission lines and substation functions are demonstrated to have
HCLPF capacities (see para. 5.11) equal to or greater than those of the
nuclear power unit being evaluated, availability of normal power may be
taken into account.
Requirements of systems to mitigate earthquake induced plant events
such as loss of off-site power and small loss of coolant accidents inside the
containment. As an alternative to evaluating all small lines within the
containment, a practical approach is to verify that one of the success
paths mitigates a small loss of coolant accident.4
Redundant success paths to be considered, including assumptions
concerning the availability of systems and components.
Availability of outside assistance. What kind of outside assistance would
be needed, and when would it be available? The type of outside assistance
and the conditions for availing of outside assistance should be established
and agreed with the regulatory body. For example, outside assistance may
be made available either (i) immediately after earthquake induced
shaking has stopped, or (ii) after a certain period of time (e.g. 24, 48 or
72 h).

5.4. The SMA assessment team should be a multidisciplinary team made up of
systems engineers, operations personnel and seismic engineers with recognized
expertise in the subject area. The systems engineers focus on defining front-line
and support systems necessary to achieve the desired plant end state on the
basis of the assumptions listed in para. 5.3. Systems and operations personnel
formulate the candidate alternatives for safe shutdown and select the final
preferred safe shutdown path (and an alternative path, if required) with the

4

In some Member States, a small loss of coolant accident is defined as the
cumulative equivalent break size of a 25 mm diameter pipe.
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assistance of the seismic engineers. Seismic engineers screen the selected SSCs
for ruggedness and in-plant vulnerabilities, and calculate HCLPF values (see
para. 5.11) for those SSCs that are included in the safe shutdown path(s). A
typical assessment team has 3–5 members.
5.5. Candidate success path(s) should be selected by the systems engineers
with input from operations personnel. The fundamental safety functions to be
ensured when subjected to the review level earthquake should be defined as an
initial step in the programme. The fundamental safety functions specified in
Ref. [2], para. 4.6, are:
“(1) control of reactivity;
(2) removal of heat from the core; and
(3) confinement of radioactive materials and control of operational
discharges, as well as limitation of accidental releases.”
The function “removal of heat from the core” is further itemized in the SMA
methodology as: control of the reactor coolant pressure, control of the reactor
coolant inventory, and decay heat removal. In part, the third safety function
refers to the containment and containment systems. The required monitoring
and control systems should be evaluated and their acceptable performance
verified.
5.6. In the SMA methodology, the objective of determining the seismic
response of the selected SSCs should be to generate seismic responses by using
median centred procedures and parameter values, with the end result being
deterministic median centred seismic responses to the review level earthquake
(see Ref. [6] for details). Median centred response values are appropriate in the
evaluation of margins.
5.7. The seismic response of those buildings and structures selected as part of
the safe shutdown path should be determined for use in:
(a)
(b)

Evaluation of the structural capacity on the basis of the function to be
maintained and the damage mode;
Generation of the seismic input motions for systems and components
(typically, in-structure response spectra or floor response spectra).

Similarly, determination of the seismic response of systems and components is
important for calculating the HCLPF capacity of these items.
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5.8. Scaling, analysis (deterministic or probabilistic) or testing should be used
for determining the seismic response. Scaling of the calculated responses for
the seismic design is most appropriate for rock sites and is applicable when the
seismic design models are judged to be approximately median centred (i.e.
without bias). Deterministic analyses, including provisions to account for
uncertainties in analytical procedures and parameter values, are also
acceptable. Probabilistic methods of analysis are the most realistic because of
the explicit treatment of uncertainties in the process.
5.9. The systems walkdown is aimed at reviewing preliminary success path(s),
and it should be performed by an assessment team that, as indicated in
para. 5.4, includes systems engineers, operations personnel and seismic
engineers. Operations personnel should ensure that the selected paths are
compatible with plant operating procedures. Seismic engineers should review
the candidate SSCs for robustness and for ease of demonstrating high
capacities. This latter review includes the SSCs and the immediate surrounding
areas for the purpose of considering potential sources of failure of SSCs due to
the effects of seismic induced system interactions. The end result of the systems
walkdown is the selection of the final success path(s) and the set of selected
SSCs to be evaluated.
5.10. A seismic capability walkdown, or plant walkdown, should be performed
as the next step. The plant walkdown is discussed in detail in paras 5.32–5.40.
5.11. For the SMA methodology, the seismic capacities of the selected SSCs
may be defined as HCLPF capacities5. The HCLPF capacity of an SSC is the
earthquake motion level at which there is a high confidence (about 95%) of a
low (5%) probability of failure. Frequency characteristics of this earthquake
motion are described by the frequency characteristics of the review level
earthquake. Although defined conceptually in a probabilistic sense, HCLPF
5

HCLPF capacity is the earthquake motion level at which there is a high
confidence of a low probability of failure. HCLPF capacity is a measure of seismic
margin. In seismic PSA, this is defined as the level of earthquake ground motion at
which there is a high (95%) confidence of a low (at most 5%) probability of failure.
Using the log-normal fragility model, the HCLPF capacity is expressed as
Am e[–1.65(r+u)]. When the logarithmic standard deviation of composite variability c is
used, the HCLPF capacity can be approximated by the ground motion level at which the
composite probability of failure is at most 1%. In this case, the HCLPF capacity is
expressed as Am e[-2.33c]. In deterministic SMAs, the HCLPF is calculated using the
conservative deterministic failure margin method.
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values may be calculated by deterministic methods. See the Annex for a more
detailed explanation of methodologies for seismic safety evaluation, including
HCLPF.
5.12. The calculations of the HCLPF (for the selected SSCs and for the plant)
should be performed by the seismic engineers and should be properly
documented. As a result of these calculations, the selected SSCs should be
classified as follows:
(a)

(b)

(c)

Selected SSCs evaluated to be ‘seismically robust’, with HCLPF
capacities above the review level earthquake. This evaluation is carried
out using: (i) screening tables, such as those developed on the basis of
earthquake experience data and numerous calculations of the failure of
SSCs; (ii) in-office verification that the conditions of the screening (also
referred to as caveats) are met; and (iii) in-plant verification of as-built
conditions and the absence of any local hazards such as sources of system
interactions.
Selected SSC items grouped by similar type or characteristics, and
HCLPF calculations performed to envelop the conditions of the items of
the group.
Selected SSCs for which specific HCLPF calculations are performed and
which do not fit in either of the two categories above.

5.13. The HCLPF capacity of a success path should be assumed to be equal to
the HCLPF for the item with the lowest HCLPF capacity in the path. For
seismic safety evaluations with requirements for a single success path, this will
be the plant HCLPF capacity; for seismic safety evaluations with requirements
for multiple success paths to be evaluated, the plant HCLPF capacity may be
defined as the success path with the highest HCLPF value.
5.14. Depending on the final objectives of the evaluation, the regulatory body
and the operating organization should consider aspects such as: (a) alternative
or multiple success paths; (b) analysis of non-seismic failures and human
actions; (c) evaluation of the containment and containment systems; and
(d) relay chatter evaluation, within the SMA.
5.15. The underlying concept of alternative redundant success paths is that
multiple success paths, including front-line and support systems, should be
selected to include diversity in the systems, piping runs and components to the
extent possible. If two success paths are selected, one is denoted primary and
the other is denoted alternative. The primary success path should be the path
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for which it is judged to be the easiest to demonstrate a high seismic safety
margin, and one that the operators would employ after a large earthquake (i.e.
consistent with plant operational procedures) and for which training has been
performed. The alternative path should comprise differing operational
sequences, systems and components to the extent possible.
5.16. A detailed walkdown inside the containment to verify that all small lines
can withstand the review level earthquake, including the assessment of seismic
spatial interactions resulting in the failure of small lines, is resource intensive
and may lead to excessive radiation exposure of the walkdown team. An
alternative to a detailed walkdown inside the containment is to require that one
of the two success paths be capable of sustaining concurrently the loss of offsite power and small loss of coolant accidents inside the containment.
5.17. The consideration of non-seismic failures, that is, random failures and
system outages for other reasons such as maintenance as well as human errors,
should be taken into account. In selecting the success paths, random failures, as
they pertain to the functions to be performed by the systems, should be
evaluated. The use of success paths that rely on SSCs with high random failure
rates when called upon to perform the function necessary to the success path
should be avoided to the extent possible.
5.18. The actions required of the staff should be evaluated in the light of the
common cause nature of the earthquake event in order to ensure that the
functions of the success paths are performed. Operations staff should be aware
of the required timing of actions, their duration, potential interference with
other responsibilities, etc. If the operations staff are required to move to
different locations in the plant after the occurrence of an earthquake, the paths
to these locations should be evaluated with respect to the consequences of the
earthquake, such as damage to structures that are not seismically qualified, to
avoid any impediments to physical access that might affect human
performance.
5.19. Typically, a review of the confinement function may be required by the
regulatory body and/or desired by the operating organization. If required,
vulnerabilities leading to early failure of the containment and containment
systems should be reviewed and evaluated in the same manner as the success
paths and HCLPFs were developed for the plant safe shutdown state.
Walkdowns of the containment systems may take place concurrently with the
walkdowns of other systems or may be scheduled separately, depending on
accessibility. Items such as penetrations, equipment hatches and personnel
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hatches, impacts between buildings, and containment systems should be
reviewed. HCLPFs should be developed and the capacity of the containment
should be documented.

SEISMIC PROBABILISTIC SAFETY ASSESSMENT
5.20. The SPSA methodology has evolved over the past three decades
following the development of PSA methodologies for internal events. The
SPSA methodology comprises a number of steps. In general, an SPSA should
include:
(1)
(2)
(3)
(4)

Selection of the assessment team;
Seismic hazard assessment (see Section 4);
Plant familiarization and data collection (see Section 3);
Systems analysis and accident sequence analysis leading to event tree and
fault tree modelling and identification of the selected SSCs;
(5) Determination of the seismic response of structures for input to fragility
calculations;
(6) Human reliability analysis for seismic events;
(7) Walkdowns for seismic capability;
(8) Fragility calculations for the selected SSCs;
(9) Risk quantification for the installation;
(10) Enhancements to the programme (e.g. seismic induced fire and flood
evaluations, detailed relay reviews);
(11) Peer review (see Section 8);
(12) Documentation (see Section 8).
5.21. The event trees and fault trees for the SPSA should be based on these
internal event system models, with modifications and additions for treating
seismically induced failures that are not considered in the internal event case.
The SPSA differs from an internal event PSA in several important ways that
should be taken into consideration:
(a)
(b)
(c)

Earthquakes are common cause events that simultaneously affect all
elements of the plant and the surrounding area.
For a site with multiple installations (nuclear and non-nuclear), the
combined consequences for all installations are important.
Earthquakes may cause initiating events different from those considered
in an internal event PSA.
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(d)

(e)

(f)

The range of earthquakes, from small to very large, causes a wide
spectrum of demands on SSCs (e.g. earthquakes in the near field and
distant earthquakes, earthquakes of varying magnitudes and of different
types of seismogenic source, and earthquakes in different regions) [4].
The risk is quantified, that is, integration of risks over the seismic hazard
is performed. The lower limit of the integration is defined at slightly
below the level used for the design of the installation, unless it can be
demonstrated by means of the fragilities of selected SSCs that
contributions to plant risk are likely from lower level earthquakes.
Failure modes of passive SSCs, that is, items such as structures, structural
components, piping and other items that would probably not be included
in an internal event PSA, are included.

5.22. The SPSA end products should be derived from the model and the
modelling process, and should include quantitative end metrics such as the core
damage frequency and, if required, the large early release frequency.
Frequently, failure of containment or containment bypass may serve as a
surrogate for the large early release frequency. These end products should
include:
(a)
(b)
(c)
(d)
(e)
(f)

(g)
(h)
(i)
(j)
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Understanding of accident behaviour;
Understanding of the most likely accident scenarios induced by
earthquakes;
Identification of dominant seismic risk contributors: components,
systems, sequences and procedures;
A list of seismic fragilities of selected SSCs and seismic margins as
defined by HCLPF values;
Identification of the range of earthquakes that contribute most
significantly to the seismic risk;
Calculation of seismic risk defined by core damage frequency or large
early release frequency as point estimates and as probability distributions
represented by confidence intervals;
Comparison of seismic risk with risks arising from other events
(e.g. internal events, fires);
Identification of the importance of non-seismic failures (e.g. failure of
diesel generators to start on demand);
Identification of operator actions required to achieve success;
Identification of potential modifications to the installation (physical and
operational) and of the surrounding area (physical and administrative),
and quantification of related risk reductions.

5.23. The SPSA assessment team should comprise: staff with expertise in
seismic hazard analysis; staff familiar with the internal event PSA (systems
engineers, operations engineers, and others involved in the development and
use of the internal event PSA model); experts in the area of fragility function
development; and the engineering staff of the operating organization.
5.24. The system models of the internal event PSA should be modified for
initiating events and for the responding system behaviour, that is, the front-line
and support systems that are called into action to prevent the progression of
the initiating event to core damage or to other undesirable end states. If new
initiating events due to earthquakes are identified (i.e. if they were not included
in the internal event PSA), new event trees and, possibly, new fault trees should
be developed. In all cases, event trees and fault trees should be modified to
account for seismic induced failures, that is, by adding basic events that
represent the failure of SSCs due to seismic loading conditions. On the basis of
a combination of engineering assessments and judgement, the experts of the
assessment team should act to limit the number of initiating events to those
that are credible. Fragility functions, as discussed in the following paragraphs,
should be derived for the SSC failure modes identified by fragility analysts.
System models representing the containment systems should be appended to
the sequences leading to core damage, where required.
5.25. In the SPSA methodology, the objective of determining the seismic
response of SSCs should be to generate the seismic response by using median
centred procedures and parameter values. Median centred values of seismic
response should be calculated as a function of the earthquake excitation level.
The end result is the seismic response represented by a probability distribution,
usually assumed to be log-normal.
5.26. Seismic responses may be determined by scaling the design seismic
response values to account for conservatisms in the design calculations, or by
reanalysis of the structures of interest or reanalysis of a representative subset.
5.27. The plant walkdown is an essential part of the SPSA methodology and
should be performed in accordance with the guidance provided in
paras 5.32–5.40.
5.28. The fragility assessment parallels the approach of the HCLPF calculation
described in para. 5.11 for the SMA methodology. An important distinction is
that the starting point for the SPSA is a set of SSCs that is significantly larger
than that of the success path(s) of the SMA. This set should be appropriately
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reduced by screening the components on the basis of their high seismic
capacity, the lack of seismically induced failures due to system interactions
(verified in the plant walkdown), and the level of seismic demand to which they
are subjected at high levels of earthquake ground motion. The SSCs screened
out using this approach should be replaced in the system models by a surrogate
element of high capacity (or low fragility). The screening level and associated
value of the fragility surrogate element should be established such that the
surrogate element is not a dominant contributor to the end metrics. The end
result is a list of selected SSCs for which further evaluation should be
performed.
5.29. Fragility functions should be developed for items in the list of selected
SSCs for which further evaluation should be performed, resulting from the
screening process described in para. 5.28 above. The fragility function should
relate the probability of failure of SSCs to a measure of the seismic loading.
Fragility functions should be developed for the controlling failure mode or for
multiple failure modes. Fragility functions should be directly related to the
functional requirements of the selected SSCs. The measure of loading may be a
ground motion parameter (most often peak ground acceleration or average
spectral acceleration over a range of frequencies) or a local response parameter
(in-structure response spectra, force quantity, etc). The fragility function
should represent the median value as well as the associated uncertainties due to
inherent randomness — that is, aleatory uncertainties — and due to the state of
knowledge (or modelling) — that is, epistemic uncertainties.
5.30. Risk quantification should result from combining the system models with
the fragility functions and integrating over the seismic hazard. Alternatively,
the risk quantification can be associated with each group of seismic initiating
events or with a particular ground motion level. The end metrics of core
damage frequency and large early release frequency (or confinement
functional failure) should be calculated as point estimates or as distributions,
depending on the needs of the project and the level of detail of the data
elements.
5.31. Depending on the final objective of the evaluation, the regulatory body
and the operating organization should consider aspects such as:
(a)
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Analysis of non-seismic failures. The analysis of non-seismic failures is
treated easily in the SPSA, since the system models are derived from the
internal event models, which were developed to represent non-seismic
failures. Those SSCs having low non-seismic reliability should be included

(b)
(c)
(d)
(e)
(f)

in the quantification of risk, and their effects on the end metrics may be
quantified with sensitivity studies.
Global behaviour of structures such as uplift, drift, overturning and
settlement, and the modelling of these in the PSA (e.g. singletons).
Human actions (see para. 5.18).
Evaluation of the containment and containment systems (see para. 5.19),
including fragility functions developed (HCLPF values).
Evaluation of electrical devices (see para. 5.48).
Evaluation of interactions due to seismically induced fire and seismically
induced flooding.

COMMON ELEMENTS OF THE SMA AND SPSA METHODOLOGIES
Plant walkdown
5.32. The term ‘selected SSCs’ denotes those SSCs that are of interest for the
purposes of the SMA or SPSA; the equipment of the selected SSCs is typically
documented on the list of safe shutdown equipment for the SMA or the list of
seismic equipment for the SPSA.6
5.33. Plant walkdowns are one of the most significant components of the
seismic safety evaluation of existing installations, for both the SMA and the
SPSA methodologies. Plant walkdowns should be performed within the scope
of the seismic safety evaluation programme. The term ‘plant walkdown’ is used
here to denote the ‘seismic capability walkdown’ for the SMA approach and
the ‘fragility walkdown’ for the SPSA approach. These walkdowns may serve
many purposes, such as: gathering and verifying as-is data; verifying the
screening-out of SSCs due to high capacities on the basis of engineering
judgement; verifying the selection of safe shutdown paths for the SMA;
evaluating in-plant vulnerabilities of SSCs, specifically issues of seismic system
interaction (impact, falling, spray, flooding); identifying other in-plant hazards,
such as those related to temporary equipment (scaffolding, ladders, equipment
carts, etc.); and identifying the ‘easy fixes’ that are necessary to reduce some
obvious vulnerabilities, including interaction effects. Walkdowns should also be
used to consider outage configurations that are associated with shutdown
modes. Detailed guidance on how to organize, conduct and document

6

See footnote 3 on p. 25.
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walkdowns should be developed or adapted from existing walkdown
procedures.
5.34. The plant walkdown should include the following:
(a)
(b)
(c)
(d)
(e)

Preparatory activities for the walkdown (in the office);
Preliminary walkdown of the selected SSCs;
Walkdown plan;
Detailed walkdown;
Documentation.

5.35. Preparation for the walkdown is an office activity. It should include:
(a)
(b)

(c)
(d)

(e)
(f)

Plant familiarization (Section 3).
Review of the selected SSCs identified by systems analysts; making a
preliminary grouping of items and specifying the appropriate level of
detail for capacity evaluation; confirming with systems analysts the
completeness of the list.
Performing a first screening of items on the basis of their robust seismic
capacity, for example, using screening rules for the seismic capacity.
Assembling a database of selected SSCs that includes the name,
component type, manufacturer, size, anchorage, design conditions,
function, physical location and any other appropriate information on the
SSCs, and that is available in the office. Typically, these data include a
summary listing (of selected SSCs) and individual packages of
information called ‘seismic safety evaluation worksheets’. This
incomplete listing of data will be supplemented in the field in the in-plant
evaluation and by means of calculations of HCLPF values or fragility
functions upon completion of the project.
Determining requirements for access, such as access for training, for
escorting, for maintenance of equipment, etc.
Preparing a preliminary walkdown plan for selected SSCs.

5.36. For the preliminary walkdown of selected SSCs, the selected SSCs that
are accessible should be visually examined. The walkdown should include:
(a)
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Determining the location and accessibility of each item of the selected
SSCs; identifying the need for operations or maintenance support to
access particular components (e.g. to open electrical equipment to verify
the device support and the overall anchorage); completing seismic safety
evaluation worksheets and data sheets to the extent possible;

(b)
(c)

(d)
(e)

Identifying groups of components for which a bounding sample may be
evaluated to represent the group (e.g. motor controlled valves);
Verifying the in-office screening for robustness, including any caveats;
verifying that seismic system interactions will not impair the component’s
ability to perform its designated function;
Verifying the feasibility of proposed easy fixes and identifying other
candidate easy fixes;
Confirming the walkdown plan for the detailed walkdown.

5.37. Detailed walkdowns should entail an in-plant evaluation of selected SSCs
for which robustness screening was not applicable or for which robustness was
not verified during the previous preliminary walkdown, and for items requiring
an HCLPF or a calculation of fragility function. All field information required
as input to the calculation of HCLPF values or fragility functions will be
gathered. The data documentation initiated in the pre-walkdown phase (see
para. 5.35) should be completed. Documentation of this task should be in the
form of drawings, field notes, photographs, videos, etc.
5.38. Each walkdown team should include qualified seismic engineers, with
plant support as required (maintenance, operations, systems and engineering).
The seismic engineers should have sufficient experience in the seismic analysis,
design and qualification of SSCs for resisting earthquakes and other loads
arising from normal operations, accidents and external events. At least one
team member should be familiar with the design and operation of the SSC
being walked down. Support in several technical disciplines such as from the
mechanical, electrical and instrumentation and control departments may be
required.
5.39. The walkdown should also be aimed at identifying spatial interactions,
which have the potential to adversely affect the performance of the selected
SSCs. The following are major issues of seismic system interactions that should
be addressed:
(a)

Falling interaction is a failure of the structural integrity of a non-safetyrelated item or a safety related item that can impact on and damage one
or more selected SSCs. For the interaction to be a threat to selected SSCs,
the impacts would have to transfer considerable energy, and the target
would have to be vulnerable. A light fixture falling on a 10 cm diameter
pipe may not be a credible damaging interaction with the pipe. However,
such a light fixture falling on an open relay panel is an interaction that
should be addressed. Unreinforced masonry walls are among the most
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(b)

(c)

common causes of falling interactions. Masonry walls may be in close
enough proximity that their failure could damage safety related
equipment within the enclosure bounded by them.
Proximity interactions are defined as conditions in which two or more
items are in close enough proximity that any unsafe behaviour of one of
them may have consequences for the other. The most common example
of a proximity interaction is the impact of an electrical cabinet containing
sensitive relays with adjacent items.
Spray and flooding can result from the failure of piping systems or vessels
that are not properly supported or anchored. Inadvertent spray hazards
to selected SSCs arise most often from wet piping systems for fire
protection. Impact and fracture or leakage of sprinkler heads is the most
common source of spray. If spray sources can spray equipment sensitive
to water spray, then the source should be backfitted, usually by adding
support to reduce deflections and impacts or stresses. Large tanks may be
potential flood sources. If a flood source can fail, the walkdown team,
with the assistance of plant personnel, should assess the potential
consequences, taking into account the flow paths and dispersion of liquid
through penetrations, drains, etc.

5.40. As a key activity of the programme for seismic safety evaluation, the
walkdown should be properly documented as follows:
(a)
(b)
(c)

A summary walkdown report may be written to summarize system wide
issues, if any, and to provide a high level summary.
A summary listing of the selected SSCs with relevant data should be
produced.
At the most detailed level, walkdown packages for each item in the listing
of selected SSCs should be produced. These walkdown packages include
a summary sheet and backup information (e.g. walkdown notes,
photographs, drawings, calculations). These packages should be made
available to the peer review team. The packages may also include HCLPF
or fragility function calculations. However, calculation packages for the
HCLPF or fragility function may be filed separately, with crossreferencing of the walkdown package.

Buildings and structures
5.41. For each building and structure defined as part of the selected SSCs, the
function to be maintained, the damage mode for the function and the indicator
for the damage mode should be defined. For the shear wall structures generally
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used in nuclear power plants, the shear strain of each level (inter-storey drift) of
the shear wall corresponds to this indicator.
5.42. The evaluation procedure for the best estimate of seismic response
should be defined, in accordance with the function and damage mode of the
building and structure. Procedures for response calculation, such as scaling or
analysis, should be selected (linear, equivalent linear or non-linear, etc.; see
Ref. [6] for details). Dynamic testing of existing buildings and structures (using
environmental vibrations, impact and/or impulsive loads, dynamic mechanical
actuators, etc.) may also provide useful as-is data for characterizing their
dynamic properties and estimating realistic seismic responses.
Equipment–building interface
5.43. Equipment–building interfaces consist of anchorages, for example, welds
to embedded plates and substructures, and anchor bolts, which attach
equipment to the substructures of the structure itself. Evaluation of
equipment–building interfaces should be included in the evaluation of
equipment and piping in SMAs and SPSAs. All dominant failure modes of
these interfaces, such as failure of the anchorage or failure of the substructure
(concrete, steel, etc.), should be identified and evaluated on the basis of the asis conditions. The expected behaviour of the supporting substructure during the
earthquake should also be taken into account, for example, concrete cracking,
which may also result in a capacity reduction of the expansion anchor bolts.
Distribution systems
5.44. Evaluation of distribution systems (such as piping, cable trays, conduits,
heating, ventilation and air conditioning) should be included in the SMA and
SPSA methodologies on the basis of the design information, plant walkdowns,
sample calculations and testing, if available. Failure modes should be related to
functional failure. For distribution systems, plant walkdowns should be
performed on an area by area basis and not by individual line. The seismic
capability engineers should look for situations such as overloaded cable trays
and for system interaction hazards.
Primary reactor system
5.45. A realistic evaluation of the seismic capacity and seismic safety margin of
the primary reactor system should be performed. A global model including soil,
supporting structure and primary system may be used to account for dynamic
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coupling and to generate input motions at the support points of the primary
system for its detailed evaluation.
Equipment
5.46. The HCLPF value or the fragility function for an item of equipment
should relate failure of the equipment to perform its required function to the
seismic input to the equipment item. It should be recognized that some damage
to the equipment may be tolerated as long as the equipment item can perform
its function. The required function includes the time period for which the
function is required, for example, the time period for which the item is required
to operate during and/or after the earthquake induced shaking, and the
required duration of operation without outside support.
5.47. All installation specific information on seismic design and qualification
should be used in the determination of the HCLPF value or fragility function.
Installation specific data should be supplemented by earthquake experience
data and generic evaluation results (from analyses or tests) when these are
demonstrated to be applicable. Data from shake table tests are generally
required to demonstrate active equipment operability during the earthquake
induced shaking. Data from seismic qualification tests may be extrapolated for
the development of the HCLPF value or fragility function. Recovery actions
may be considered if required to demonstrate higher HCLPF values or lower
fragility functions. It should be verified that recovery actions are achievable in
the event of an earthquake.
Review of electrical devices
5.48. Malfunctioning of electrical devices, such as relay or contact chatter, is a
phenomenon associated with vibrations whereby a device may change position
or state, or may send spurious signals. Relay chatter is often observed in
functional tests. A systematic review of electrical devices should be performed,
and the results should be taken into account in the SMA or SPSA
methodologies. The review should include the following steps:
(a)
(b)
(c)
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Identification of the devices associated with the success paths for the
SMA or important systems for the SPSA;
Assessment of the consequences of the malfunctioning of devices for the
system involved;
Capacity or fragility evaluation.

Seismic induced fire and flood
5.49. Seismic safety reviews should include seismic induced events such as fire
and flood. Such reviews should be performed by a team that comprises seismic
engineers and fire engineers, in particular those who have been involved in the
evaluation of the installation’s fire risk analysis. These reviews should be
performed principally by means of plant walkdowns focused on area reviews,
that is, the review for ignition sources and combustibles in areas or
compartments containing components important to the success path or the
SPSA. Ignition sources are those potentially initiated by the earthquake
induced shaking. Combustibles in the area where ignition occurs and in
adjoining areas should be reviewed with respect to fire protection and possible
fire spread due to the failure of boundaries. Potential impacts on the success
paths chosen (for SMA) and on the risk quantification (for SPSA) should be
incorporated into the evaluations and should be adequately documented.
5.50. Experience from past earthquakes has demonstrated that numerous
configurations of fluid retaining components are susceptible to damage from
earthquake induced shaking. Examples include unanchored tanks, non-ductile
piping, mechanical couplings for piping systems (fire protection systems) and
sprinkler heads for wet systems. The need to review local sources of spray and
flooding when evaluating items on the list of selected SSCs is discussed in
paras 5.32–5.40 on plant walkdown. Overall area walkdowns covering buildings
and yards should be performed to evaluate other sources of flooding, for
example, sloshing of water in spent fuel pools, failure of tanks at higher
elevations in a building with flow paths available through penetrations in the
floor and failure of yard tanks with flow paths available to building levels below
ground level. A further specific evaluation should cover inadvertent actuation
of the fire protection system. Potential impacts on the success paths chosen (for
SMA) and on the risk quantification (for SPSA) should be incorporated into
the evaluations.
5.51. Influences of tsunami hazards on the safety functions of nuclear
installations located near coastlines, for example, the malfunctioning of
equipment located at a low level, such as seawater pumps, should be evaluated
according to Refs [10, 11].
Evaluation of soil capacity
5.52. Soil failure modes may be important and should be considered. These
modes should include soil failure itself (e.g. slope instability, settlement, loss of
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bearing capacity, liquefaction) and failure modes including structures
(i.e. structure sliding, uplift and overturning); see Ref. [9]. The essential aspect
that should be considered for potential soil failures is their impact, direct or
indirect, on selected SSCs. For example, large relative displacements of
structures induced by excessive deformations of the foundation soil may have
significant adverse effects on interconnecting distribution systems, such as
piping and conduits. Soil failure modes encompass the effect of potential fault
displacements on the site and structures (para. 4.1(a)(i)). The fault
displacement hazard and its consequences should be treated using probabilistic
approaches for evaluating the seismic safety of existing installations.

6. NUCLEAR INSTALLATIONS
OTHER THAN POWER PLANTS
6.1. This section provides guidance on the seismic safety evaluation of a broad
range of nuclear installations other than nuclear power plants. These
installations include [8]:
(a)
(b)

(c)

Research reactors and laboratories handling nuclear material;
Installations for storage of spent nuclear fuel (collocated with either
nuclear power plants or independent installations), including:
— Installations for spent fuel storage for which active cooling is required;
— Installations for spent fuel storage that require only passive or natural
convection cooling;
Processing facilities for nuclear material in the nuclear fuel cycle (e.g.
conversion facilities, uranium enrichment facilities, fuel fabrication
facilities, reprocessing plants).

6.2. For the purpose of seismic safety evaluation, these installations should be
graded on the basis of their complexity, potential radiological hazards and
hazards due to other materials present. Seismic safety evaluation should be
performed in accordance with this grading. SSCs in these installations should
be evaluated in accordance with their importance to achieving safe shutdown
or other defined successful end states.
6.3. Prior to categorizing an installation, a conservative screening process
should be applied in which it is assumed that the complete radioactive
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inventory of the installation is released by the seismically initiated accident. If
the result of this release is that no unacceptable consequences would be likely
for workers or for the public (i.e. doses to workers or to the public due to the
release of that inventory would be below the limits established by the
regulatory body), or for the environment, and no other specific requirements
are imposed by the regulatory body for such an installation, the installation
may be screened out from the seismic safety evaluation. If, even after such
screening, some level of seismic safety evaluation is desired, national seismic
codes for commercial/industrial facilities may be used.
6.4. If the results of the conservative screening process show that the
consequences of the releases are ‘significant’, a seismic safety evaluation of the
installation should be carried out.
6.5. The seismic hazard at the site should be evaluated in accordance with the
methodology presented in Section 4, or on the basis of national seismic hazard
maps, as applicable.
6.6. The likelihood that a seismic event will give rise to radiological
consequences depends on the characteristics of the nuclear installation (e.g. its
use, design, construction, operation and layout) and on the event itself. Such
characteristics should include the following factors:
(a)
(b)
(c)
(d)
(e)

(f)

(g)

The amount, type and status of radioactive inventory at the site (e.g. solid,
fluid, processed or only stored);
The intrinsic hazard associated with the physical processes (e.g.
criticality) and chemical processes that take place at the installation;
The thermal power of the nuclear installation, if applicable;
The configuration of the installation for activities of different kinds;
The concentration of radioactive sources within the installation (e.g. in
research reactors, most of the radioactive inventory will be in the reactor
core and fuel storage pool, while in processing and storage plants it may
be distributed throughout the plant);
The changing nature of the configuration and layout of installations
designed for experiments (such activities have an associated intrinsic
unpredictability);
The need for active safety systems and/or operator actions to cope with
mitigation of postulated accidents; characteristics of engineered safety
features for preventing accidents and for mitigating the consequences of
accidents (e.g. the containment and containment systems);
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(h)
(i)

(j)

The characteristics of the process or of the engineering features that
might show a cliff edge effect in the event of an accident;
The characteristics of the site relevant to the consequences of the
dispersion of radioactive material to the atmosphere and the hydrosphere
(e.g. size, demographics of the region);
The potential for on-site and off-site radiological contamination.

6.7. Depending on the criteria of the regulatory body, some or all of the above
factors should be considered. For example, fuel damage, radioactive releases or
doses may be the conditions or metrics of interest.
6.8. The grading process for the installation should be based on the following
information:
(a)
(b)
(c)

The existing safety analysis report of the installation should be the
primary source of information.
If a PSA has been performed, the results of this study should also be used
in the grading process.
The characteristics specified in para. 6.6 should be used.

6.9. The grading of the installation leads to its categorization. This grading
may have been performed at the design stage or later. If this grading has been
performed, the assumptions on which it was based and the resulting
categorization should be reviewed and verified. In general, the criteria for
categorization should be based on the radiological consequences of a release of
radioactive material contained in the installation, ranging from very low
radiological consequences to potentially severe radiological consequences. As
an alternative, the categorization may range from radiological consequences
limited within the installation itself, to radiological consequences limited within
the site boundary of the installation, to radiological consequences for the
public and the environment outside the site.
6.10. As a result of this process for grading the installation, three or more
categories of installations may be defined on the basis of national practice and
criteria as indicated in para. 6.9. As an example, the following categories may
be defined:
(a)
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The lowest hazard category includes those nuclear installations for which
national building codes for conventional facilities (e.g. essential facilities,
such as hospitals) or for hazardous facilities (e.g. petrochemical or
chemical plants), as a minimum, should be applied.

(b)
(c)

The highest hazard category contains nuclear installations for which
nuclear power plant standards and codes should be applied.
There are often intermediate categories (one or more) of nuclear
installations, for which, as a minimum, codes dedicated to hazardous
facilities should be applied.

6.11. For nuclear installations of any of the defined categories, SSCs important
to safety, that is, those SSCs that comprise the success path (see para. 2.19),
should be identified. These are called the selected SSCs.
6.12. The seismic safety evaluation of the selected SSCs should be performed
by using the following guidance (see also Sections 4 and 5):
(a)

(b)

(c)

For installations in the lowest hazard category, the evaluation methods for
the selected SSCs may be based on simplified but conservative static or
equivalent static evaluation procedures as applied to conventional
essential or hazardous facilities, in accordance with national practice and
standards. Similarly, the seismic hazard relating to these installations may
be taken from national building codes and maps.
For selected SSCs of installations in the highest hazard category,
methodologies for seismic safety evaluation as described in Section 5
should be used.
For selected SSCs of installations in the intermediate hazard category, the
seismic safety evaluation is typically performed using the methodologies
in Section 5, but for reduced seismic input. For the SMA methodology, an
appropriately reduced review level earthquake may be used. For the
SPSA methodology, a lower percentile hazard curve (compared with that
used in the evaluation of a nuclear power plant) may be used, consistent
with the criteria that were used in the original design or the current design
of equivalently categorized installations. Alternatively, if available,
evaluation methodologies for hazardous facilities may be used.

6.13. Unless national regulations require otherwise, the seismic safety
evaluation for nuclear installations in the lowest hazard category should be
based on the national seismic hazard maps applied to the site, including
appropriate factors for site soil conditions and an increase in seismic input
equivalent to 1.5 on the seismic loads. In general, the seismic input for the
evaluation should not be less than a peak ground acceleration of 0.1g at the
foundation level.
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6.14. Walkdowns should also be considered an integral part of the programme
of seismic safety evaluation for installations other than nuclear power plants.
There is no need for grading of the walkdown procedures that constitute a part
of the methodology for seismic safety evaluation. The plant walkdown
procedures of Section 5 should be applied. Walkdowns may play an additional
role in the documentation for installations where no seismic design has been
performed or for which modifications have been implemented without
adequate documentation.
6.15. The recommendations relating to seismic instrumentation at the
installation and at the site (see para. 2.22) should be adjusted in accordance
with the category of the installation defined in para. 6.10.

7. CONSIDERATIONS FOR UPGRADING
ITEMS TO BE UPGRADED
7.1. The programme for seismic safety evaluation may result in a subset of the
selected SSCs that do not meet the acceptance criteria for the newly defined
seismic input. This information, together with other safety considerations,
should provide the basis for decision making on the necessity of performing
physical upgrades to the installation and updating its documentation. These
upgrades should be prioritized for implementation purposes.
7.2. An important consideration for implementing upgrades is that the items
to be upgraded with the higher priority ranking should be those that contribute
most to the enhancement of the seismic reliability of the safe shutdown path
based on a cost–benefit evaluation.
7.3. For installations that were not originally seismically designed or for which
seismic design considerations played a relatively unimportant part, or for any of
the reasons indicated in para. 2.10, an easy fix programme may be
recommended by the regulatory body to address easily identified vulnerabilities
within a short time. In such an easy fix programme, plant wide upgrades are
instituted, such as simple positive anchorage of all safety related equipment or
minimum lateral bracing for safety related distribution systems, prior to
performing a formal SMA or SPSA programme and as an urgent first step.
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DESIGN OF MODIFICATIONS
7.4. Modifications should be designed in accordance with recognized codes
and standards for nuclear installations and, as a minimum, to the original
design standards. For the design of modifications, the seismic input, the
determination of the seismic demand and the acceptance criteria should be
established in compliance with the requirements of the regulatory body. The
design for seismic upgrades should consider the available space and the
working environment (radiation exposure). Upgrade concepts should
accommodate: (a) the existing configuration, to the extent possible, and (b) the
inspection of upgrades.
Structures and substructures
7.5. The project for upgrading, repair or strengthening of the selected
structures and substructures should include the following major parts:
(a)
(b)
(c)
(d)

Preliminary design of the upgrades, including comparison of different
alternatives;
Static and/or dynamic analysis of the upgraded structure;
Verification of the acceptance criteria;
Detailed design of the upgrades.

7.6. Upgrading options are defined on the basis of a walkdown inspection and
an evaluation of the seismic capacity of the as-is structures. Preliminary
concepts should be developed for the upgrading of different parts of the
structure or substructure. The final upgrading concept is determined by
evaluating alternative feasible upgrading measures (or options).
7.7. The type of upgrading of existing structures or substructures depends on
the required additional seismic capacity. Local upgrades may be needed in the
case of small deficiencies in seismic capacity. However, a global strengthening
may be required in the case of low seismic capacity of a complete structure or
substructure. In the case of global upgrades, the dynamic behaviour of the
whole structure may be modified. As a consequence of these considerations,
the effects of the upgrades on the interconnected systems and components (e.g.
distribution systems) should be evaluated. Once the design of the final upgrade
is completed, the need for a dynamic analysis to generate new in-structure
response spectra and displacements should be evaluated. If this is necessary
because of the proposed upgrades, the foundation and soil capacity should be
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checked (para. 5.52). For local upgrades, the strain values of the new material
should be compatible with those of the existing material.
Piping and large components
7.8. Systems of piping and large components should be analysed to evaluate
their seismic capacity. For the upgrading of piping for fluids at elevated
temperatures and large components, consideration should be given to dynamic
restraints (dampers, etc.).
Distribution systems
7.9. For upgrades of distribution systems, the provision of additional lateral
restraint should be considered.
Equipment
7.10. Equipment (selected SSCs and items that pose a hazard of system
interaction) requiring anchorage upgrades should be attached to existing
structures. Upgrade anchoring may be standardized for ease of
implementation.
Instrumentation and control components
7.11. For instrumentation and control components, the upgrading of essential
relays for the preferred safe shutdown path and for the alternative safe
shutdown paths should be considered, as necessary.

8. MANAGEMENT SYSTEM
FOR SEISMIC SAFETY EVALUATION
APPLICATION OF THE MANAGEMENT SYSTEM
8.1. The management system applicable to all organizations involved in
seismic safety evaluation should be established and implemented before the
start of the seismic safety evaluation programme [12, 13]. The management
system should cover all processes and activities of the programme for seismic
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safety evaluation, in particular, those relating to data collection and data
processing, field and laboratory investigations, and analyses and evaluations
that are within the scope of this Safety Guide. It should also cover those
processes and activities corresponding to the upgrading phase of the
programme.
8.2. Owing to the variety of investigations and analyses to be carried out and
the need to use the engineering judgement of the team implementing the
programme for seismic safety evaluation, technical procedures that are specific
to the project should be developed to facilitate the execution and verification
of these tasks.
8.3. A peer review of the implementation of the evaluation methodology
should be performed. In particular, the peer review should assess the elements
of the implementation of the SMA or SPSA methodologies against the
recommendations of this Safety Guide and current international good practices
used for these evaluations.
8.4. The peer review should be conducted by experts in the areas of systems
engineering, operations (including fire prevention and protection specialists),
earthquake engineering and relay circuits (if a relay review is performed). Peer
review should be performed at different stages in the evaluation process, as
follows:
(1)

(2)

The systems and operations review should be performed first, coinciding
with the selection of the success paths for SMA or the tailoring of the
internal event system models for the SPSA.
Seismic capability peer reviews should be performed (a) during and after
the walkdown and (b) after a majority of the HCLPF values (for SMA) or
fragility functions (for SPSA) for the SSCs have been calculated. The
seismic capability peer review should include a limited plant walkdown,
which may coincide with a part of the plant walkdown or may be
performed separately.

The findings of the performed peer reviews should be documented in specific
reports.
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DOCUMENTATION AND RECORDS
8.5. An important component of the management system is the definition of
the documentation and records to be developed during the execution of the
programme of seismic safety evaluation, and of the final report to be produced
as a result of it. Detailed documentation should be retained for review and
future application.
8.6. Typical documentation of the results of the seismic safety evaluation
should be a report documenting the following:
(a)
(b)

Methodology and assumptions of the assessment;
Selection of the review level earthquake (for the SMA), or of seismic
hazard curves and uniform hazard spectra (for the SPSA);
(c) Composition and credentials of the team;
(d) Verification of the geological stability at the site (see para. 4.1(a));
(e) Success path(s) selected, justification or reasoning for the selection,
HCLPF of path and controlling components (for the SMA);
(f) Summary of system models and the modifications introduced to the
internal event models for the SPSA;
(g) Table of selected SSC items with screening (if any), failure modes, seismic
demand, HCLPF values (for the SMA) and fragility functions (for the
SPSA) tabulated;
(h) For the SPSA, results of quantification of the sequence analysis, including
core damage frequency, dominant core damage sequences, large early
release frequency or containment failure frequency, and dominant
sequences for failures of the confinement function;
(i) Summary of seismic failure functions for front-line and support systems
modelled, including identification of critical components, if any, for the
SPSA;
(j) Walkdown report summarizing findings and system wide observations, if
any;
(k) Operator actions required and the evaluation of their likely success;
(l) Containment and containment system HCLPFs or fragility functions (if
required);
(m) Treatment of non-seismic failures, relay chatter, dependences and seismic
induced fire and flood;
(n) Peer review reports.
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Specific plant procedures should be prepared for dealing with response actions
required before, during and after an earthquake, covering those aspects
indicated in para. 2.13.
8.7. In addition to the above information, the following detailed information
should be retained:
(a)
(b)

(c)

(d)
(e)
(f)

Detailed system descriptions used in developing the success path(s),
system notebooks and other data (for SMA);
Detailed documentation of the development of the SPSA models, in
particular, those aspects pertaining to the modifications of the internal
event PSA models to account for seismic events;
Detailed documentation of all walkdowns performed, including SSC
identification and characteristics, screening (if appropriate), spatial
interaction observations for the seismic system, and area walkdowns
usually performed for systems such as cable trays and small bore piping,
and to evaluate seismic induced fire or flood issues;
HCLPF (for SMA) or fragility function (for SPSA) calculation packages
for all selected SSC items;
New or modified plant operating procedures for the achievement of
success paths;
List of records and their retention times.

CONFIGURATION MANAGEMENT
8.8. The operator should implement a configuration management programme
to ensure that, in the future, the design and construction of modifications to
SSCs, the replacement of SSCs, maintenance programmes and procedures, and
operating procedures do not invalidate the results of the implemented
programme of seismic safety evaluation.
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Annex
METHODOLOGIES FOR SEISMIC SAFETY EVALUATION

A–1. The selection of the methodology to be used for seismic safety
evaluation has to be made very early in the process. Section 2 of this Safety
Guide emphasizes the importance of establishing the purposes of the
evaluation, to aid in the decision making process. In addition, the future role of
the evaluation and its results are important considerations. Thus, for example, it
needs to be decided whether the evaluation is a ‘snapshot in time’ or is to be
part of an ongoing management tool for decision making.
A–2. Two approaches have been specifically developed for evaluating the
seismic safety of existing installations: the seismic margin assessment (SMA)
(success path methodology) [A–1] and the seismic PSA (SPSA) methodology
(event tree or fault tree methodology – called seismic probabilistic risk
assessment in some publications) [A–2]. The differences lie in the systems
modelling approach and in the capacity evaluation. Systems modelling in the
former method is done by success paths, and in the latter, by event trees or fault
trees. Capacity evaluations of SSCs are made in terms of HCLPF values in the
former; in the latter, capacity evaluations are made by probabilistically defined
fragility functions. The seismic safety evaluation procedures described in this
Safety Guide are: (i) the deterministic seismic margin assessment (SMA)
procedure, and (ii) the seismic probabilistic safety assessment (SPSA)
procedure.
A–3. Table A–1 summarizes the differences between the SMA approach and
the SPSA approach with reference to subsequent paragraphs for further
discussion.
A–4. A key element of performing an SPSA is to have available a
probabilistic seismic hazard analysis. It is helpful to have the results of the
probabilistic seismic hazard analysis at the initial stage to guide the evaluation.
If these results are not available at the start, they need to be available shortly
thereafter in order to carry out the tasks of determining the seismic response,
which are required for the following steps of the programme. The definition of
the review level earthquake for the SMA is required at initiation of the
evaluation, but it is not dependent on the results of a probabilistic seismic
hazard analysis. The review level earthquake defines a screening level in the
evaluation process. Most of the procedures developed and implemented to
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TABLE A–1. SUMMARY OF THE DIFFERENCES BETWEEN THE
SMA APPROACH AND THE SPSA APPROACH
Steps in SMA and
SPSA implementation

SMA

SPSA

Paragraph

Seismic input review
earthquake

Review level
Probabilistic seismic hazard
earthquake (ground
assessment
response spectra
anchored to specified
peak ground
acceleration value)
evaluated from a
deterministic or a
probabilistic approach

A–4

Plant models or
system models

Success path(s)

Event trees or fault trees

A–5

Seismic response
analysis

Deterministic or
probabilistic best
estimate — for review
level earthquake

Deterministic or probabilistic
best estimate – for range of
earthquake ground motion or
at SL-2 as a benchmark for
extrapolation

A–6

Capacity or fragility
assessment

HCLPF

Fragility functions —
probability of failure as a
function of earthquake level

A–7

Quantification or
end metrics

Deterministic
Probabilistic calculation of
calculation of SSC and core damage frequency and
plant HCLPF
large early release frequency
— point estimates and
confidence intervals; risk
ranking of SSCs

A–8

date have defined two screening levels: peak ground accelerations of 0.3g,
which corresponds to 0.8g spectral acceleration for 5% damping, and of 0.5g,
which corresponds to 1.2g spectral acceleration for 5% damping. These
screening levels were based on original seismic hazard values, earthquake
experience data, generic test data, and the results of seismic design analyses
and fragility analyses. National regulations and practices may require other
levels. The documented behaviour of SSCs when subjected to earthquake
ground motion at these levels led to their establishment. At the 0.3g screening
level, many SSCs are screened out of the process on the basis of their
demonstrated robustness to seismic loading conditions. Of course, conditions
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or caveats are imposed to allow the screening. For the 0.5g screening level,
there is a significant increase in the scope of the SSCs to be individually
evaluated.
A–5. The plant models or system models for the SMA and SPSA
methodologies differ as follows:
(a)

(b)

The SMA uses a success path approach. That is, given the end state to be
achieved for the plant (e.g. safe shutdown), one or more paths of SSCs
(called the selected SSCs) that can successfully bring the plant to this
condition are defined. Items of the selected SSCs are evaluated by means
of capacity screening, plant walkdown and HCLPF calculations.
The SPSA system models are generally of the form of event trees and
fault trees. Experience has demonstrated that cost effective SPSAs for
complex facilities are based on available internal event PSAs. If new
models are developed, there will be duplicated efforts and care has to be
exercised to ensure that the models are consistent. The event trees and
fault trees for the SPSA are based on these internal event system models,
with modifications and additions to treat seismically induced failures that
are not considered in the internal event case. Examples are passive
failures and common cause effects.

A–6. The SMA and SPSA methodologies require seismic responses of (or
seismic demands on) the selected SSCs:
(a)
(b)

In the SMA, the best estimate (or median centred) seismic responses
conditional on the review level earthquake are required.
For the SPSA, probability distributions of seismic response (or seismic
demand) conditional on the occurrence of an earthquake of significant
size are required. The conditional seismic responses are usually anchored
to the SL-2 earthquake level and extrapolated to the median fragility
level, or they are directly calculated for the median fragility level.

A–7. For the SMA, capacities of selected SSCs are defined as HCLPF
capacities. In probabilistic terms, the HCLPF capacity of an SSC is the
earthquake motion level at which there is a high confidence (about 95%) of a
low (5%) probability of failure. Frequency characteristics of this earthquake
motion are described by the frequency characteristics of the review level
earthquake. Although defined conceptually in a probabilistic sense, HCLPF
values are almost always calculated by deterministic methods. Deterministic
guidelines have been developed and demonstrated to yield the approximate
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probabilistic definition. Examples are presented in Refs [A–1, A–2]. For the
SMA, the procedures are such that seismic engineers without training in
probabilistic methods can routinely calculate the HCLPFs. For the SPSA,
fragility functions of the selected SSCs in the event trees (i.e. initiating event
frequencies if at the level of a plant function) and in the fault trees are needed.
Usually, these probabilistic estimates of fragility are made with significant
contributions from experts in the field.
A–8. The philosophy of the development or calculation of the HCLPF by the
conservative deterministic failure margin (CDFM) method1 is as follows:
(a)

(b)

The loading function should be at a probability of non-exceedance of
about 84%. This may be achieved in a number of ways. Most often this is
defined in the ground motion definition step, that is, the review level
earthquake is set at an 84% probability of non-exceedance or is
interpreted as such. The review level earthquake may be specified as site
independent, such as with median rock or soil response spectra, which
may be interpreted to be equivalent to an 84% probability of nonexceedance of site specific ground motion. An alternative is to define the
site specific ground motion, including its variability, and explicitly to
analyse the structures of interest, calculating 84% probability of nonexceedance for responses of the structure (forces or moments in
structural elements, in-structure response spectra and other response
quantities of interest) for input to the evaluation of selected SSCs.
The strength or capacity of ductile items should be targeted at a 98%
probability of non-exceedance. The strength or capacity of brittle items
should be targeted at a 99% probability of non-exceedance.

A–9. Quantification of the plant HCLPF for the SMA is achieved relatively
simply by evaluating the success paths given the HCLPF values of selected
SSCs. The end result of the SMA is a plant HCLPF value, that is, the ground
motion descriptor at which one can state that there is high confidence that the
plant can be safely shut down given the conditions specified initially. Weak
links are identified, that is, selected SSCs with low HCLPF values or operations
that lead to low plant HCLPF values. Decisions about upgrading can be made
on the basis of these HCLPF values. For risk informed decision making or
other risk based applications, seismic hazard information needs to be related to
the plant HCLPF values. This is done by relating the plant HCLPF values to a
1

In the CDPM method, the seismic margin of an SSC is calculated by using a set
of deterministic rules that are more realistic than design procedures.
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generic curve for the plant fragility function. The calculation of the probability
of plant failure is a result of the convolution of the probabilistic seismic hazard
with the plant fragility curve.
A–10. For the SPSA, the calculation of core damage frequency and large early
release frequency is a result of the convolution of the seismic hazard with the
fragility functions over the event trees and fault trees. Alternatively, the same
quantities can be calculated for each ground motion interval. The end results
are point estimates or confidence intervals of the end metrics of interest.
A–11. Many common elements exist for the SMA and SPSA approaches:
(a)

(b)

(c)
(d)

(e)

An assessment of the seismic hazard at the specific site of interest. For the
SMA, a review level earthquake is defined as a deterministic definition of
the seismic input against which the capacity of the facility is assessed. For
the SPSA, a probabilistic seismic hazard is defined, most often from a
probabilistic seismic hazard assessment [A–2].
Identification of the SSCs for which a capacity evaluation is performed.
For the SMA, these components are defined from the safe shutdown
path(s) and are called the safe shutdown equipment list or selected SSCs.
For the SPSA, an initial list of SSCs greater in number than those in the
SMA safe shutdown equipment list is identified. Through screening and
other techniques, the final list of SSCs for detailed capacity evaluation is
significantly reduced.
In-plant evaluations or walkdowns are essential elements of the SMA and
the SPSA.
Quantification of the installation capacity is made in terms of an HCLPF
value for the plant when an SMA is performed. For the SPSA, typical
outputs of the assessment are core damage frequency and large early
release frequency, or surrogates of these. The installation HCLPF is a
by-product of the SPSA. In both cases, an importance ranking of SSCs is
obtained.
Sensitivity studies are performed to assess the impact of plant
modifications (physical and operational) on the end results.

A–12. Earthquake experience data and compilations of dynamic test results of
component qualification and, if available, component fragility data are very
useful in the execution of the SMA or SPSA. The estimate of the seismic
capacity of systems and components is often accomplished by the use of
experience gained from seismic events generating very strong motion. Data
from strong motion earthquakes have generally been collected to provide the
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information required for directly verifying the seismic adequacy of individual
items in existing plants. Such verification requires:
(a)

(b)

Demonstration that the seismic input to the database facility (i.e. the
facility with the documented SSC performance in the database)
appropriately exceeds the seismic input of the facility being seismically
evaluated;
Demonstration that the SSC being evaluated and the database item are
similar in physical characteristics, including supports and/or anchorages.

Alternatively, the support or anchorage capacities can be evaluated by means
of additional analysis. In the case of active items, it is necessary to show that the
item that was subjected to the strong motion earthquake performed similar
functions during or following that earthquake, including possible aftershock
effects, as would be required for the safety related item being evaluated.
A–13. Some SSCs are specialized and cannot be treated using earthquake
experience data and generic test data. An example of such SSCs is the nuclear
steam supply system and supporting structure. For these SSCs, when they are
designated selected SSCs, seismic safety evaluation for the SMA or SPSA is
based on seismic analysis to determine stress and strain levels, which may then
be converted to deterministic HCLPF values or fragility functions. Seismic
responses are calculated as median centred, as discussed in para. A–6. The
results of system and component specific qualification or fragility tests, if
available, are valuable in determining HCLPF values or fragility functions. An
example of selected SSC test results valuable to the assessment is the testing of
control rod drive insertion and the control rod drive system. Often, seismic
analysis is the basis for evaluation of structures, parts of systems and
mechanical components where the failure mode is stress or strain related. For
electrical or instrumentation and control equipment, qualification or fragility
tests are the basis for their evaluation.
A–14. The evolution of procedures especially related to earthquake
experience data was initiated in response to a request by the United States
Nuclear Regulatory Commission. This led to a judgemental procedure based
on earthquake experience and tests (i.e. the generic implementation procedure
described in Ref. [A–3]) that uses seismic empirical methods to verify the
seismic adequacy of the specified safety related equipment in operating nuclear
power plants. This procedure is based primarily on the performance of installed
mechanical and electrical equipment that has been subjected to actual strong
motion earthquakes, as well as on the behaviour of equipment components
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during simulated seismic tests. It is pointed out, however, that unspecified
uncertainties exist in some of these qualification data. Caution should be
exercised, especially in using data originating from older nuclear (and nonnuclear) plants.
A–15. Before the data are used for a specific evaluation, their suitability for
application should be verified. The procedure was adapted for application to
other types of nuclear power plant outside the United States of America,
particularly to water cooled, water moderated (WWER) plants in eastern
Europe. This type of adaptation requires that the adequacy of the available
database be carefully assessed and, possibly, that a new database be set up,
because components used in one State may be of a design significantly different
from those used in another, and therefore may not be represented in the
available database.
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