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TAEA SAFETY RELATED PUBLICATIONS

IAEA SAFETY STANDARDS

Under the terms of Article III of its Statute, the IAEA is authorized to establish
or adopt standards of safety for protection of health and minimization of danger to life
and property, and to provide for the application of these standards.

The publications by means of which the IAEA establishes standards are issued in
the IJAEA Safety Standards Series. This series covers nuclear safety, radiation safety,
transport safety and waste safety. The publication categories in the series are Safety
Fundamentals, Safety Requirements and Safety Guides.

Information on the IAEA’s safety standards programme is available at the IAEA
Internet site

http://www-ns.iaea.org/standards/

The site provides the texts in English of published and draft safety standards. The
texts of safety standards issued in Arabic, Chinese, French, Russian and Spanish, the
TAEA Safety Glossary and a status report for safety standards under development are
also available. For further information, please contact the IAEA at PO Box 100,
1400 Vienna, Austria.

All users of IAEA safety standards are invited to inform the IAEA of experience
in their use (e.g. as a basis for national regulations, for safety reviews and for training
courses) for the purpose of ensuring that they continue to meet users’ needs.
Information may be provided via the IAEA Internet site or by post, as above, or by
email to Official. Mail@iaea.org.

OTHER SAFETY RELATED PUBLICATIONS

The IAEA provides for the application of the standards and, under the terms of
Articles III and VIIL.C of its Statute, makes available and fosters the exchange of
information relating to peaceful nuclear activities and serves as an intermediary among
its Member States for this purpose.

Reports on safety and protection in nuclear activities are issued as Safety
Reports, which provide practical examples and detailed methods that can be used in
support of the safety standards.

Other safety related IAEA publications are issued as Radiological Assessment
Reports, the International Nuclear Safety Group’s INSAG Reports, Technical Reports
and TECDOCs. The IAEA also issues reports on radiological accidents, training
manuals and practical manuals, and other special safety related publications. Security
related publications are issued in the IAEA Nuclear Security Series.
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FOREWORD

The TAEA’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 all Member States are urged 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 TAEA 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.
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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
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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 measures' 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 TAEA 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.
Requirements, including numbered ‘overarching’ requirements, are expressed

! See also publications issued in the IAEA Nuclear Security Series.
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Safety Fundamentals

Fundamental Safety Principles
[

General Safety Requirements

Specific Safety Requirements

Part 1. Governmental, Legal and
Regulatory Framework for Safety

1. Site Evaluation for
Nuclear Installations

Part 2. Leadership and Management
for Safety

Part 3. Radiation Protection and the
Safety of Radiation Sources

2. Safety of Nuclear Power Plants

2.1. Design and Construction
2.2. Commissioning and Operation

Part 4. Safety Assessment for
Facilities and Activities

3. Safety of Research Reactors

Part 5. Predisposal Management
of Radioactive Waste

4. Safety of Nuclear Fuel
Cycle Facilities

Part 6. Decommissioning and
Termination of Activities

5. Safety of Radioactive Waste
Disposal Facilities

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.

as ‘shall’ statements. 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 TAEA safety
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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 TAEA 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 TAEA’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 TAEA 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
ITAEA 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 TAEA 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 TAEA 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
Safety Standards (CSS) which oversees the IAEA safety standards programme
(see Fig. 2).
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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
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Review by Draft
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safety standards Member States
committee(s) <

Comments
Final draft ‘ f

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

All TAEA 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
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expert bodies, notably the International Commission on Radiological
Protection (ICRP), are taken into account in developing the TAEA 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.iaca.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 TAEA 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 programme for safety
standards for nuclear installations. It supplements the Safety Requirements
publication on Site Evaluation for Nuclear Installations [1]. The present
publication provides guidance and recommends procedures for the evaluation of
seismic hazards for nuclear power plants and other nuclear installations. It
supersedes Evaluation of Seismic Hazards for Nuclear Power Plants, IAEA
Safety Standards Series No. NS-G-3.3 (2002).

1.2. In this publication, the following was taken into account: the need for
seismic hazard curves and ground motion spectra for the probabilistic safety
assessment of external events for new and existing nuclear installations; feedback
of information from IAEA reviews of seismic safety studies for nuclear
installations performed over the previous decade; collective knowledge gained
from recent significant earthquakes; and new approaches in methods of analysis,
particularly in the areas of probabilistic seismic hazard analysis and strong
motion simulation.

1.3. In the evaluation of a site for a nuclear installation, engineering solutions
will generally be available to mitigate, by means of certain design features, the
potential vibratory effects of earthquakes. However, such solutions cannot always
be demonstrated to be adequate for mitigating the effects of phenomena of
significant permanent ground displacement such as surface faulting, subsidence,
ground collapse or fault creep.

OBJECTIVE

1.4. The objective of this Safety Guide is to provide recommendations and
guidance on evaluating seismic hazards at a nuclear installation site and, in
particular, on how to determine: (a) the vibratory ground motion hazards, in order
to establish the design basis ground motions and other relevant parameters for
both new and existing nuclear installations; and (b) the potential for fault
displacement and the rate of fault displacement that could affect the feasibility of
the site or the safe operation of the installation at that site.
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1.5. This Safety Guide is intended for use by regulatory bodies responsible for
establishing regulatory requirements, and for operating organizations directly
responsible for the assessment of seismic hazards at a nuclear installation site.

SCOPE

1.6. The guidance and procedures recommended in this Safety Guide can
appropriately be used in site evaluations and in evaluations of seismic hazards for
nuclear installations in any seismotectonic environment.

1.7. Other seismic hazard phenomena involving permanent ground
displacement (e.g. liquefaction, slope instability, subsidence, ground collapse,
seismically induced soil settlements) as well as seismically induced floods are
treated in detail in the Safety Guides relating to geotechnical aspects of site
evaluation and foundations and to external floods (see Refs [2, 3], respectively).

1.8. This Safety Guide addresses an extended range of nuclear installations as
defined in Ref. [4]: land based stationary nuclear power plants, research reactors,
nuclear fuel fabrication facilities, enrichment facilities, reprocessing facilities and
independent spent fuel storage facilities. The methodologies recommended for
nuclear power plants are applicable to other nuclear installations by means of a
graded approach, whereby these recommendations can be customized to suit the
needs of nuclear installations of different types in accordance with the potential
radiological consequences of their failure when subjected to seismic loads. The
recommended direction of grading is to start with attributes relating to nuclear
power plants and eventually to grade down to installations with which lesser
radiological consequences are associated'. If no grading is performed, the
recommendations relating to nuclear power plants are applicable to other types of
nuclear installations.

1.9. This Safety Guide addresses issues relating to site evaluation for nuclear
installations. Design related seismic safety aspects of nuclear power plants are
covered in Ref. [5].

1.10. For the purpose of this Safety Guide, existing nuclear installations are those

installations that are: (a) at the operational stage (including long term operation

! For sites at which nuclear installations of different types are collocated, particular
consideration should be given to using a graded approach.
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and extended temporary shutdown periods); (b) at a pre-operational stage for
which the construction of structures, the manufacturing, installation and/or
assembly of components and systems, and commissioning activities are
significantly advanced or fully completed; or (c) at temporary or permanent
shutdown stage while nuclear fuel is still within the facility (in the core or the
pool). In existing nuclear installations that are at the operational and pre-
operational stages, a change of the original design bases may lead to a significant
impact on the design and, consequently, to important hardware modifications [6].
Such a change in the original design bases may be made for a new seismic hazard
at the site or a change in the regulatory requirements regarding the consideration
of seismic hazards and/or seismic design of the installation.

1.11. The probabilistic seismic hazard analysis recommended in this Safety Guide
also addresses what is needed for probabilistic safety assessments (PSAs)
conducted for nuclear installations. In accordance with Ref. [7], seismic PSAs are
required for seismic evaluation of nuclear power plants.

STRUCTURE

1.12. Recommendations of a general nature are provided in Section 2. The
acquisition of a database containing the information needed to evaluate and
address all hazards associated with earthquakes is discussed in Section 3. Section
4 covers the use of this database for the construction of a seismotectonic model.
Section 5 reviews vibratory ground motion hazards using the databases
developed (Section 3) and the seismotectonic model (Section 4). Sections 6 and 7
discuss probabilistic and deterministic methods of evaluating vibratory ground
motion hazards. Section 8 reviews methods for evaluation of the potential for
fault displacement. Section 9 discusses the development of design basis ground
motion and fault displacement. Sections 3 to 9 provide detailed guidance for
nuclear power plants. Section 10 discusses the evaluation of seismic hazards for
nuclear installations other than nuclear power plants using a graded approach.
Section 11 addresses project management, including quality assurance and peer
review requirements. The annex provides an example of typical output deriving
from probabilistic seismic hazard analyses.
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2. GENERAL RECOMMENDATIONS

2.1. As established in the Safety Requirements publication, Site Evaluation for
Nuclear Installations [1]:

“The seismological and geological conditions in the region and the
engineering geological aspects and geotechnical aspects of the proposed
site area shall be evaluated.” (Ref. [1], para. 3.1.)

“The hazards associated with earthquakes shall be determined by means of
seismotectonic evaluation of the region with the use to the greatest possible
extent of the information collected.” (Ref. [1], para. 3.3.)

“Hazards due to earthquake induced ground motion shall be assessed for
the site with account taken of the seismotectonic characteristics of the
region and specific site conditions. A thorough uncertainty analysis shall be
performed as part of the evaluation of seismic hazards.” (Ref. [1],
para. 3.4.)

“The potential for surface faulting (i.e. the fault capability) shall be
assessed for the site. . . .” (Ref. [1], para. 3.5.)

Detailed requirements are also included in Ref. [1], paras 3.2, 3.6 and 3.7.

2.2. In accordance with these requirements and in line with international
practice, the geological, geophysical and seismological characteristics of the
region around the site and the geotechnical characteristics of the site area should
be investigated as recommended in this Safety Guide for the purpose of
evaluating the seismic hazards at the nuclear installation site.

2.3. Where necessary, the site region should include areas extending beyond
national borders and the relevant offshore area for sites located near a coastline.
The database acquired should be homogeneous for the entire region to the extent
possible or, at a minimum, should be sufficiently complete for characterizing,
from a seismotectonic point of view, features relevant to the site that are located
in other States or in offshore areas.

2.4. The size of the region to be investigated, the type of information to be
collected and the scope and detail of the investigations should be determined in
accordance with the nature and complexity of the seismotectonic environment. In
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all cases, the scope and detail of the information to be collected and the
investigations to be undertaken should be sufficient for determining the vibratory
ground motion and fault displacement hazards. If the site is close to major
tectonic structures such as plate boundaries, thrust zones and subduction zones,
including those in offshore areas, these structures should be considered in the
investigations not only as seismogenic but also as features that may strongly
affect the travel path and the site response.

2.5. The seismic hazard evaluation should be done through implementation of a
specific project for which clear and detailed objectives are defined, and in
accordance with a work plan, as recommended in Section 11 of this Safety Guide.
This seismic hazard evaluation project should be carried out by a
multidisciplinary team of experts, including geologists, seismologists,
geophysicists, engineers and possibly other experts (e.g. historians). The
members of the team for the seismic hazard evaluation project should
demonstrate the expertise and experience commensurate with their role in the
project.

2.6. The general approach to seismic hazard evaluation should be directed
towards reducing the uncertainties at various stages of the evaluation process in
order to obtain reliable results driven by data. Experience shows that the most
effective way of achieving this is to collect a sufficient amount of reliable and
relevant data. There is generally a trade-off between the time and effort necessary
to compile a detailed, reliable and relevant database and the degree of uncertainty
that the analyst should take into consideration at each step of the process.

2.7. The collection of site specific data tends to reduce uncertainties. However,
part of the data used indirectly in seismic hazard evaluation may not be site
specific; for example, in many cases the strong motion data used to develop the
attenuation relationships. There may be, therefore, a part of the uncertainty which
is irreducible with respect to site specific investigations. This should be
recognized and taken into consideration by including aleatory uncertainty (i.e.
uncertainty that is intrinsic or random in nature) and epistemic uncertainty (i.e.
uncertainty that is extrinsic in nature or is associated with modelling) within the
framework of seismic hazard evaluation.

2.8. The overall uncertainty will involve both aleatory uncertainties, and
epistemic uncertainties that arise owing to differences in interpretation on the part
of informed experts participating in the seismic hazard evaluation. Every aspect
of the identification, analysis and characterization of seismic sources and
estimation of ground motion hazards may involve subjective interpretation by
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experts. By taking due consideration of this, such interpretations should be
treated in the seismic hazard analysis in a consistent manner, providing for a
suitable representation of current thinking in seismic source and ground motion
modelling. Particular care should be taken to avoid bias in these interpretations.
Expert opinion should not be used as a substitute for acquiring new data. The
project team for the seismic hazard evaluation should not promote any one expert
hypothesis or model. It should, however, evaluate all viable hypotheses and
models using the data compiled, and then develop an integrated evaluation that
incorporates both knowledge and uncertainties.

2.9. To cover the diversity of scientific interpretations, one approach is to
involve a team of experts qualified in each of the relevant disciplines. When such
an approach is not feasible, an alternative approach to hazard analysis can be
taken. In such a case, it should be demonstrated that a similar level of uncertainty
in the input can still be represented. This may be possible by developing a
detailed analysis of relevant data and scientific research and by incorporating into
the analysis all scientifically valid alternative hypotheses, associated
uncertainties and sensitivity analyses. A systematically conducted sensitivity
analysis should be used to support the evaluation of the significance of the
contributions of the various input data in the model.

2.10. Uncertainties that cannot be reduced by means of site investigations (e.g.
uncertainties arising from the use of ground motion attenuation relationships
derived for other parts of the world) do not permit hazard values to decrease
below certain threshold values. For this reason, and regardless of any lower
apparent exposure to seismic hazard, a minimum level should be recognized as
the lower limit to any seismic hazard study performed for a nuclear power plant
using this Safety Guide.

2.11. In that regard, generically, this level should be represented by a horizontal
free field standardized response spectrum anchored to a peak ground acceleration
value of 0.1g (where ‘g’ is the acceleration due to gravity). It should also be
recognized that when geological and seismological data have deficiencies in
comparison with what is recommended in Section 3, the value of 0.1g will not
represent a sufficiently conservative estimate of the hazard. This fact should be
properly represented in defining the design basis and re-evaluation parameters
discussed in Refs [5, 6], respectively.
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3. NECESSARY INFORMATION AND INVESTIGATIONS
(DATABASE)

OVERVIEW

3.1. A comprehensive and integrated database of geological, geophysical,
geotechnical and seismological information should be acquired and incorporated
in a coherent form for evaluating and resolving issues relating to all hazards
associated with earthquakes.

3.2. It should be ensured that each element of every database has been
investigated as fully as possible before an integration of the various elements is
attempted. The integrated database should include all relevant information; that
is, not only geological, geophysical, geotechnical and seismological data, but also
any other information that is relevant to evaluating the ground motion, faulting
and geological hazards at the site.

3.3. Investigations should be conducted on four spatial scales — regional, near
regional, site vicinity and site area — leading to progressively more detailed
investigations, data and information. The detail of these data is determined by the
different spatial scales. The first three scales of investigation lead primarily to
progressively more detailed geological and geophysical data and information.
The site area investigations are aimed at developing the geotechnical database. To
achieve consistency in the presentation of information, whenever possible the
data should be compiled in a geographical information system with adequate
metadata information. All data should be stored in a uniform reference frame to
facilitate comparison and integration.

3.4. The compilation of the seismological database will normally be less
dependent on the regional, near regional and site vicinity scales than that of other
databases. However, seismogenic structures in the near region and in the site
vicinity will usually be more important for seismic hazard evaluation, depending
on the rates of activity, the expected maximum potential magnitudes and the
regional attenuation of ground motion. Particularly for some intraplate tectonic
settings, attention should be paid to compiling seismological data for more distant
seismic sources that may be beyond the typical boundaries of the region. In
offshore regions, adequate investigations should be conducted in order to fully
analyse the tectonic characteristics of the region and to compensate for any lack
of or deficiency in the seismological data.
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3.5. When a seismic hazard analysis is performed for any reason during the
operating lifetime of the nuclear power plant (e.g. for a periodic safety review or
a probabilistic seismic hazard analysis for a seismic probabilistic safety
assessment), the integrated database should be updated to cover the time elapsed
from the most recent compilation of data until the present, and recent scientific
findings should be incorporated.

GEOLOGICAL, GEOPHYSICAL AND GEOTECHNICAL DATABASE

3.6. As established in Ref. [1], para. 2.19: “The size of the region to which a
method for establishing the hazards associated with major external phenomena is
to be applied shall be large enough to include all the features and areas that could
be of significance in the determination of the natural and human induced
phenomena under consideration and for the characteristics of the event.”

Regional investigations

3.7. The size of the relevant region may vary, depending on the geological and
tectonic setting, and its shape may be asymmetric in order to include distant
significant seismic sources of earthquakes. Its radial extent is typically 300 km. In
intraplate regions, and in the particular case of investigations into the potential
for tsunamis (Ref. [3]), the investigations may need to consider seismic sources
at very great distances from the site. If it can be demonstrated easily that there
are major tectonic structures closer to the site than the radius indicated, then
studies should concentrate on this part of the region.

3.8. The purpose of obtaining data on a regional scale is to provide knowledge
of the general geodynamic setting of the region and the current tectonic regime,
as well as to identify and characterize those geological features that may
influence or relate to the seismic hazard at the site. The most relevant among
these geological features are structures that show potential for displacement
and/or deformation at or near the ground surface; that is, capable faults. The data
obtained from any type of published and unpublished geological and geophysical
source (e.g. data derived from existing galleries, road cuts, geophysical surveys
or boreholes) should be presented on maps with appropriate cross-sections.

3.9. Where existing data are inadequate for the purpose of delineating
seismogenic structures, in terms of location, extent and rate of ongoing
deformation, it may be necessary to verify and complete the database by
acquiring new geological and geophysical data. This may involve investigations
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at the scale (detail) of the near region and site vicinity to assess the potential
seismogenic features located outside the near region. Identification of the
ground effects of prehistoric and historical earthquakes on the geological and
geomorphological environment (i.e. palacoseismology, see para. 4.13) is also
useful for this purpose.

3.10. The data are typically presented on maps at a scale of 1:500 000 or larger,
and with appropriate cross-sections.

Near regional investigations

3.11. Near regional studies should include a geographical area typically not less
than 25 km in radius, although this dimension should be adjusted to reflect local
conditions. The objectives of these studies are to:

(1) Define the seismotectonic characteristics of the near region on the basis of a
more detailed database than that obtained from the regional study;

(2) Determine the latest movements of faults;

(3) Determine the amount and nature of displacements, rates of activity and
evidence related to the segmentation of faults.

3.12. To supplement the published and unpublished information for the near
regional area, specific investigations typically should include a definition of the
stratigraphy, structural geology and tectonic history of the near region. The
tectonic history should be thoroughly defined for the present tectonic regime,
the length of which will depend on the rate of tectonic activity. For example, for
studies to assess fault capability, the tectonic information through the Upper
Pleistocene—Holocene (i.e. the present) may be adequate for interplate regions
and that through the Pliocene—Quaternary (i.e. the present) for intraplate
regions. Age dating, by any reliable and applicable method, should be
performed. In addition to field mapping, other sources of data should be used if
necessary, for example:

(a) Subsurface data derived from geophysical investigations (such as seismic
reflection, refraction, gravimetric, electric and magnetic techniques), to
characterize spatially the identified structures considered to be relevant in
terms of their geometry, extent and rate of deformation. Use of heat flow
data may also be necessary. These data are of primary importance in dealing
with offshore areas (for sites located on or near a coastline).
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(b) Surface data derived from studies of Quaternary formations or land forms,
such as terrace analysis and pedological and sedimentological studies. Use
should be made of aerial and satellite photographs and/or images for this task.

(¢) For understanding the ongoing rate and type of deformation, use should
also be made of data derived by recently developed technological means
such as global positioning system data and interferometry data, and of data
derived from strain rate measurements.

3.13. For some relevant structures identified in the near regional investigations, it
may be necessary to conduct additional geological and geophysical studies at the
site vicinity scale in order to obtain the desired detail of characterization (see
para. 4.13).

3.14. Investigations should be made in sufficient detail so that the causes of each
recent (in terms of the pertinent time window for the specific local tectonic
environment) geological and geomorphological feature that is relevant (e.g.
linear topographic or structural features as found in photographs, remote sensing
imagery or geophysical data) can be properly included in a reasonable model of
the recent geological evolution of the area.

3.15. The data are typically presented on maps at a scale of 1:50 000 and with
appropriate cross-sections.

Site vicinity investigations

3.16. Site vicinity studies should cover a geographical area typically not less than
5 km in radius. In addition to providing a yet more detailed database for this
smaller area, the objective of these investigations is to define in greater detail the
neotectonic history of the faults, especially for determining the potential for and
rate of fault displacement at the site (fault capability), and to identify conditions
of potential geological instability of the site area.

3.17. Investigations of the site vicinity typically should include
geomorphological and geological mapping, geophysical investigations and
profiling, boreholes and trenching (see Section 8), and the data to be provided
should be consistent with the tectonic environment and the geological features
observed. As a minimum, the following data sets should be provided:

(a) A geological map with cross-sections;
(b) Age, type, amount and rate of displacement of all the faults in the area;

10
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(c) Identification and characterization of locations potentially exhibiting
hazards induced by natural phenomena (e.g. landslide, subsidence,
subsurface cavities or karstic processes) and by human activities.

3.18. Typically, the data are presented on maps at a scale of 1:5000 and with
appropriate cross-sections.

Site area investigations

3.19. Site area studies should include the entire area covered by the nuclear
power plant, which is typically one square kilometre. The primary objective of
these investigations is to obtain detailed knowledge of the potential for permanent
ground displacement phenomena associated with earthquakes (e.g. fault
capability, liquefaction, subsidence or collapse due to subsurface cavities) and to
provide information on the static and dynamic properties of foundation materials
(such as P-wave and S-wave velocities), to be used in site response analysis as
defined in detail in Ref. [6].

3.20. The database should be developed from detailed geological, geophysical
and geotechnical studies, including in situ and laboratory testing.

3.21. The following investigations of the site area should be performed, by using
field and laboratory techniques:

(a) Geological and geotechnical investigations to define the stratigraphy and
the structure of the area: Investigations using boreholes or test excavations
(including in situ testing), geophysical techniques and laboratory tests
should be conducted to define the stratigraphy and structure of the site area
and to determine the thickness, depth, dip, and static and dynamic
properties of the different subsurface layers as may be required by
engineering models (e.g. Poisson’s ratio, Young’s modulus, shear modulus,
density, relative density, shear strength and consolidation characteristics,
grain size distribution).

(b) Hydrogeological investigations: Investigations using boreholes and other
techniques should be conducted to define the geometry, physical and
chemical properties, and steady state behaviour (e.g. water table depth,
recharge rate, transmissivity) of all aquifers in the site area, with the
specific purpose of determining the stability of soils and how they interact
with the foundation.

11
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(¢) Supplemental investigations of site effects: The dynamic behaviour of the
site should be assessed, using available macroseismic and instrumental
information as guidance.

3.22. All the data required for assessing the dynamic soil-structure interaction
should be acquired in the course of these investigations. For completeness and
efficiency, the investigations described in paras 3.19 and 3.20 should be
integrated with the investigations required for the dynamic soil-structure
interaction as described in Ref. [2].

3.23. The data are typically presented on maps at a scale of 1:500 and with
appropriate cross-sections.

SEISMOLOGICAL DATABASE

3.24. As established in Ref. [1], para. 3.2: “Information on prehistorical,
historical and instrumentally recorded earthquakes in the region shall be collected
and documented.” A catalogue — the site earthquake catalogue — should be
compiled that includes all earthquake related information developed for the
project covering all those temporal scales.

Prehistoric and historical earthquake data (pre-instrumental data)

3.25. All pre-instrumental data on historical earthquakes (that is, events for which
no instrumental recording was possible) should be collected, extending as far
back in time as possible. Palaecoseismic and archaeological information on
historical and prehistoric earthquakes should also be taken into account.

3.26. To the extent possible, the information on each earthquake should include:

(a) Date, time and duration of the event;

(b) Location of the macroseismic epicentre;

(c) Estimated focal depth;

(d) Estimated magnitude, the type of magnitude (e.g. moment magnitude,
surface wave magnitude, body wave magnitude, local magnitude or
duration magnitude; see Definitions) and documentation of the methods
used to estimate magnitude from the macroseismic intensity;

(¢) Maximum intensity and, if different, intensity at the macroseismic
epicentre, with a description of local conditions and observed damage;

(f) Isoseismal contours;

12
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(g) Intensity of the earthquake at the site, together with any available details of
effects on the soil and the landscape;

(h) Estimates of uncertainty for all of the parameters mentioned;

(1)  Anassessment of the quality and quantity of data on the basis of which such
parameters have been estimated;

(j) Information on felt foreshocks and aftershocks;

(k) Information on the causative fault.

The intensity scale used in the catalogue should be specified, since intensity
levels can vary, depending on the scale used. The magnitude and depth estimates
for each earthquake should be based on relevant empirical relationships between
instrumental data and macroseismic information, which may be developed from
the database directly from intensity data or by using isoseismals.

Instrumental earthquake data

3.27. All available instrumental earthquake data should be collected. Existing
information on crustal models should be obtained in order to locate earthquakes.
The information to be obtained for each earthquake should include:

(a) Date, duration and time of origin;

(b) Coordinates of the epicentre;

(¢) Focal depth;

(d) All magnitude determinations, including those on different scales, and any
information on seismic moment;

(e) Information on observed foreshocks and aftershocks, with their dimensions
and geometry where possible;

(f)  Other information that may be helpful in understanding the seismotectonic
regime, such as focal mechanism, seismic moment, stress drop and other
seismic source parameters;

(g) Macroseismic details as discussed in para. 3.26;

(h)  Asperity location and size;

(i) Estimates of uncertainty for each of the parameters mentioned;

(j) Information on the causative fault, directivity and duration of rupture;

(k) Records from both broadband seismometers and strong motion
accelerographs.

3.28. When the catalogue of prehistoric, historical and instrumental earthquake
data has been compiled, an assessment of the completeness and reliability of the
information it contains, particularly in terms of macroseismic intensity,
magnitude, date, location and focal depth, should be conducted. In general, the

13
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catalogues are incomplete for small magnitude events owing to the threshold of
recording sensitivity, and they are incomplete for large magnitude events owing
to their long recurrence intervals (and the comparatively short period of coverage
of the catalogues). Appropriate methods should be used to take account of this
incompleteness.

3.29. Wherever possible, available recordings of regional and local strong ground
motion should be collected and used for deriving or selecting appropriate ground
motion attenuation relationships and in developing response spectra as discussed
in Section 9.

Project specific instrumental data

3.30. To acquire more detailed information on potential seismic sources, it is
recommended that a network of sensitive seismographs having a recording
capability for micro-earthquakes be installed and operated. The minimum
monitoring period necessary to obtain meaningful data for seismotectonic
interpretation is at least several years for regions of high seismicity, and is much
longer for regions of low seismicity. It is advisable to link the operation and data
processing, data interpretation, and reporting of the local micro-earthquake
network to the regional and/or national seismic networks. If the selected
instrumentation for this purpose cannot adequately record strong motion
earthquakes, consideration should be given to collocating several strong motion
accelerographs with the sensitive seismographs.

3.31. Earthquakes recorded within and near such a network should be carefully
analysed in connection with seismotectonic studies of the near region.

3.32. Strong motion accelerographs should be installed permanently within the
site area in order to record small and large earthquakes (Ref. [5]). Weak and
strong motion instrumentation using vertical and horizontal arrays should be used
for a better understanding of buried structures and site response. A stratigraphic
profile with dynamic soil properties below the network stations should be
obtained.

3.33. This instrumentation should be appropriately and periodically upgraded and
calibrated to provide adequate information in line with updated international
operational practice. A maintenance programme, including data communication
aspects, should be in place to ensure that no significant lapses occur.

14
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4. CONSTRUCTION OF A REGIONAL
SEISMOTECTONIC MODEL

GENERAL

4.1. The link between the geological, geophysical, geotechnical and
seismological databases (Section 3) and the calculation of the seismic hazard
(Sections 5-8) is a regional seismotectonic model, which should be based on a
coherent merging of the databases. In the construction of such a model, all
relevant interpretations of the seismotectonics of the region that may be found in
the available literature should be taken into account. Above all, a sound database
is essential in the construction of a reliable seismotectonic model. It should be
noted that the most sophisticated methods will not yield good models if the
database is poor or insufficient.

4.2. The standard procedure is to integrate the elements of the seismological,
geophysical and geological databases (see Section 3) in order to construct a
coherent seismotectonic model (and alternative models) consisting of a discrete
set of seismogenic structures.

4.3. The seismogenic structures identified may not explain all the observed
earthquake activity. This is because seismogenic structures may exist without
recognized surface or subsurface manifestations, and because of the timescales
involved; for example, fault displacements may have long recurrence intervals
with respect to seismological observation periods.

4.4. Consequently, any seismotectonic model should consist, to a greater or
lesser extent, of two types of seismic source:

(1) Those seismogenic structures that can be identified by using the available
database;

(2) Diffuse seismicity (consisting usually, but not always, of small to moderate
earthquakes) that is not attributable to specific structures identified by using
the available database.

4.5. The evaluation and characterization of seismic sources of both types
involve assessments of uncertainty. However, seismic sources of the second type,
those of diffuse seismicity, pose a particularly complex problem in seismic hazard
evaluation and will generally involve greater uncertainty because the causative
faults of earthquakes are not well understood.
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4.6. An attempt should be made to define all the parameters of each element in a
seismotectonic model. The construction of the model should be primarily data
driven, and the data should not be interpreted in a manner that supports an
individual’s preconception.

4.7. When it is possible to construct alternative models that can explain the
observed geological, geophysical and seismological data, and the differences in
these models cannot be resolved by means of additional investigations within a
reasonable time frame, all such models should be taken into consideration in the
final hazard evaluation, with due weight given to each model. The epistemic
uncertainty (i.e. the uncertainty associated with the modelling process) should be
adequately assessed, to capture the full range of hypotheses regarding the
characterization of the seismic sources and the frequencies of the earthquakes.

4.8. Prior to the use of the earthquake catalogue (see para. 3.24) to estimate the
magnitude—frequency relationship for a seismic source, considerable evaluation
and processing of the catalogue is required. This should include:

(a) Selection of a consistent magnitude scale for use in the seismic hazard
analysis;

(b) Determination of the uniform magnitude of each event in the catalogue on
the selected magnitude scale;

(c) Identification of main shocks (i.e. declustering of aftershocks);

(d) Estimation of completeness of the catalogue as a function of magnitude,
regional location and time period;

(e) Quality assessment of the derived data, with uncertainty estimates of all
parameters.

4.9. The magnitude scale selected should be consistent with the magnitude scale
used in the ground motion attenuation relationships that are used in the hazard
calculations and in any relationships used to derive the earthquake magnitude
from intensity data. In deriving magnitude—frequency relationships, the selected
magnitude scale should vary close to linearly with the moment magnitude (M)
scale across the magnitude range of interest, in order to avoid magnitude
saturation effects. This is in line with the recognition that the use of M, is
becoming a worldwide standard, owing to its increased use in seismology and the
development of attenuation relationships.

4.10. A magnitude—frequency relationship should be developed for each seismic

source. Each magnitude—frequency relationship should include the maximum
potential magnitude up to which the magnitude—frequency relationship applies.
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4.11. Uncertainty in the parameters of the magnitude—frequency relationship
should be defined by probability distributions that account for any correlation
between the parameters.

4.12. The maximum potential magnitude m,, associated with each seismic
source should be specified, and the uncertainty in m,,,, should be described by a
discrete or continuous probability distribution. For each seismic source, the value
of m,,. is used as the upper limit of integration in a probabilistic seismic hazard
calculation and in the derivation of the magnitude—frequency relationship, and as
the scenario magnitude in a deterministic seismic hazard evaluation. For sites in
intraplate settings, the largest observed earthquake may not be a good estimate of
m,... The use of global analogues is important, and care should be taken to
determine the appropriate seismotectonic analogue. The sensitivity of the

resulting hazard to the selection of the m,, distributions should be tested.

4.13. Earthquakes produce effects on the environment that are also described in
the macroseismic intensity scales. Some of these effects (e.g. faulting,
liquefaction, coastline uplift) can be observed to recognize past earthquakes. The
study of the geological record of prehistoric and historical earthquakes is referred
to as palaeoseismology. Palacoseismic studies may be particularly useful in areas
for which historical earthquake records are lacking. When appropriate,
palacoseismic studies should be performed by using the database described in
Section 3 for the following purposes:

(a) Identification of seismogenic structures on the basis of the recognition of
effects of past earthquakes in the region.

(b) Improvement of the completeness of earthquake catalogues for large
events, using identification and age dating of fossil earthquakes. For
example, observations of trenching across the identified capable faults may
be useful in estimating the amount of displacement (e.g. from the thickness
of colluvial wedges) and its rate of occurrence (e.g. by using age dating of
the sediments). Regional studies of palaco-liquefaction can provide
evidence of the recurrence and intensity of earthquakes.

(¢) Estimation of the maximum potential magnitude of a given seismogenic
structure, typically on the basis of the maximal length of the structure and
displacement per event (trenching) as well as of the cumulative effect
(seismic landscape).

(d) Calibration of probabilistic seismic hazard analyses, using the recurrence
intervals of large earthquakes.
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SEISMOGENIC STRUCTURES
Identification

4.14. All seismogenic structures that may have significance for contributing to
the ground motion and fault displacement hazard at the site should be included in
the seismotectonic model.

4.15. With regard to the ground motion hazard, the concern lies with those
seismogenic structures whose combination of location and earthquake potential
could contribute to the seismic hazard at the site over the range of ground motion
frequencies of interest.

4.16. With regard to the fault displacement hazard, the concern lies with those
seismogenic structures close to the site that have a potential for displacement at or
near the ground surface (i.e. capable faults, see Section 8).

4.17. The identification of seismogenic structures should be made from the
geological, geophysical, geotechnical and seismological databases (see
Section 3) on the basis of those geological features for which there is direct or
indirect evidence of their having been a seismic source within the current tectonic
regime. The correlation of historical and instrumental recordings of earthquakes
with geological and geophysical features is particularly important in identifying
seismogenic structures, although a lack of correlation does not necessarily
indicate that a structure is not seismogenic.

4.18. Whenever the investigations described in Section 3 show that an earthquake
hypocentre or a group of earthquake hypocentres can potentially be associated
with a geological feature, the rationale for this association should be developed
by considering the characteristics of the feature, its geometry and geographical
extent, and its structural relationship to the regional tectonic framework.

4.19. Other available seismological information (such as information on
uncertainties in hypocentral parameters and the earthquakes’ focal mechanisms,
stress environments and foreshock and aftershock distributions) should also be
used in considering any association of earthquake hypocentres with geological
features.

4.20. When specific data on a particular geological feature are lacking or sparse,

a detailed comparison of this feature with other analogous geological features in
the region should be made in terms of their age of origin, sense of movement and
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history of movement, to help determine whether the feature can be considered
seismogenic.

4.21. The incorporation of seismogenic structures into a seismotectonic model
should be done firmly on the basis of the available data and should incorporate
uncertainties in the identification of these structures. Unsupported assumptions or
opinions with regard to the association between earthquakes and geological
features should not be considered an appropriate assessment of uncertainty.
However, the lack of data on a geological feature should not by itself be
considered a sufficient reason to treat the feature as not seismogenic.

Characterization

4.22. For seismogenic structures that have been identified as being pertinent to
determining the exposure of the site to earthquake hazards, their associated
characteristics should be determined. The dimensions of the structure (length,
down-dip, width), orientation (strike, dip), amount and direction of displacement,
rate of deformation, maximum historical intensity and magnitude, palaeoseismic
data, geological complexity (segmentation, branching, structural relationships),
earthquake data and comparisons with similar structures for which historical data
are available should be used in this determination.

4.23. When sufficient information about the seismological and geological history
of the movement of a fault or structure (such as segmentation, average stress drop
and fault width) is available to allow estimates to be made of the maximum
rupture dimensions and/or displacements of future earthquakes, this information
together with empirical relationships may be used to evaluate the maximum
potential magnitude. A number of other data that may be used to construct a
rheological profile are also important in this estimation, such as data on heat flow,
crustal thickness and strain rate.

4.24. In the absence of suitably detailed data, the maximum potential magnitude
of a seismogenic structure can be estimated from its total dimensions. For a fault
source, the maximum magnitude can be estimated using the fault’s length and
depth as well as the stress regime impinging on it. In locations where a fault zone
comprises multiple fault segments, each fault should be taken into account
independently. The possibility of the multiple fault segments rupturing
simultaneously during a single earthquake should also be analysed. In order to
deal with m,, uncertainties, a suite of possible fault rupture length scenarios
should be developed and used to determine the best estimate for m,, values on
that fault.
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4.25. Other approaches are available for estimating maximum potential
magnitudes on the basis of statistical analysis of the magnitude—frequency
relationships for earthquakes associated with a particular structure. These
approaches assume an association between the structure and all the earthquake
data used. In all cases, the results of these methods should be confirmed to be
consistent with the data.

4.26. Regardless of the approach or combination of approaches used, the
determination of the maximum potential magnitude may have significant
uncertainty, which should be incorporated to the extent that it is consistent with
geological and geomorphological data.

4.27. In addition to the maximum potential magnitude, a magnitude—frequency
relationship should be derived for each seismogenic structure included in the
seismotectonic model, to determine: (a) the rate of earthquake activity; (b) an
appropriate type of magnitude—frequency relationship (e.g. characteristic or
exponential); and (c) the uncertainty in this relationship and its parameters.

ZONES OF DIFFUSE SEISMICITY
Identification

4.28. Seismotectonic provinces should be used to represent zones of diffuse
seismicity in which each seismotectonic province is assumed to encompass an
area having equal seismic potential (i.e. a geographically uniform rate of
seismicity). A geographically non-uniform distribution of seismicity can also be
used provided that the available data support this assumption.

4.29. In the performance of a seismic hazard evaluation, knowledge about the
depth distribution of the diffuse seismicity (e.g. derived from the seismological
database) should be incorporated. Estimates of the maximum depth of
earthquakes can be made on the basis of the recognized fact that earthquakes
originate within or above the brittle to ductile transition zone of the Earth’s crust.

4.30. Significant differences in rates of earthquake occurrence may suggest
different tectonic conditions and may be used in defining the boundaries of the
seismotectonic provinces. Significant differences in focal depths (e.g. crustal
versus subcrustal), focal mechanisms, states of stress, tectonic characteristics and
Gutenberg—Richter b values may all be used to differentiate between provinces or
zones.
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Characterization

4.31. The maximum potential magnitude not associated with identified
seismogenic structures should be evaluated on the basis of historical data and the
seismotectonic characteristics of the zone. Comparison with similar regions for
which extensive historical data are available may be useful, but considerable
judgement may be used in such an evaluation. Often the value of maximum
potential magnitude obtained will have significant uncertainty owing to the
relatively short time period covered by the historical data with respect to the
processes of ongoing deformation. This uncertainty should be appropriately
represented in the seismotectonic model.

4.32. For seismic sources that have few earthquakes, determination of the
Gutenberg—Richter b value may involve a different approach, which may include
adopting a value that represents the regional tectonic setting of the seismic
source; for example, a stable continental tectonic setting. This approach is viable
because many studies have shown that the b value varies over a relatively narrow
range within a given tectonic setting. Regardless of the approach used to
determine the b value of the magnitude—frequency relationship, uncertainty in the
parameter should be appropriately assessed and incorporated into the seismic
hazard analysis.

5. EVALUATION OF THE GROUND MOTION HAZARD

GENERAL

5.1. The ground motion hazard should preferably be evaluated by using both
probabilistic and deterministic methods of seismic hazard analysis. When both
deterministic and probabilistic results are obtained, deterministic assessments can
be used as a check against probabilistic assessments in terms of the
reasonableness of the results, particularly when small annual frequencies of
exceedance are considered. The probabilistic results allow deterministic values to
be evaluated within a probabilistic framework so that the annual frequency of
exceedance of each spectral ordinate of the deterministic response spectrum is
known.
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5.2. In the seismic hazard evaluation, all uncertainties — both aleatory and
epistemic — should be taken into account. In a deterministic seismic hazard
analysis as recommended in this Safety Guide, uncertainties are incorporated by
using a conservative process at each step of the evaluation. These steps are
described in para. 7.1. The probabilistic seismic hazard analysis should provide a
realistic assessment and should incorporate uncertainties explicitly in the
analysis.

5.3. When conducting studies for seismic probabilistic safety assessment as
required in Safety of Nuclear Power Plants: Design [7], the performance of a
probabilistic seismic hazard analysis is a requirement. The same requirement
applies when a seismic probabilistic safety assessment is to be performed as part
of an evaluation of the seismic safety of an existing nuclear power plant. A
probabilistic seismic hazard analysis may also be used to support seismic margin
assessments for nuclear power plants; for example, in the derivation of the review
level earthquake (see Ref. [6]).

5.4. When computer codes are used in the evaluation of the ground motion
hazard, they should be able to accommodate the variety of alternative attenuation
and seismic source models defined by the project team for the seismic hazard
evaluation, for use in the calculations. It should also be demonstrated that these
codes account appropriately for the treatment of uncertainties.

CHARACTERIZATION OF GROUND MOTION

5.5. One or more ground motion parameters and, if appropriate, ground motion
components should be selected that best meet the objectives of the seismic hazard
analysis. The parameters most commonly used to characterize ground motion are
response spectral acceleration, velocity or displacement at specified damping
levels, ground motion duration and oscillator frequencies. Other parameters
include peak ground acceleration, peak ground velocity, peak ground
displacement, the average value of response spectral values over a specified
range of oscillator frequencies, Fourier amplitude spectrum and power spectral
density. The ground motion components that are commonly used are the largest
horizontal component, the geometric mean of the two horizontal components, the
random horizontal component, the vector sum of the two horizontal components,
and the vertical component. The selection of the ground motion parameters and
components should be consistent with the requirements of the users of the seismic
hazard analysis (see Section 11).
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Ground motion prediction models: Attenuation relationships
5.6. The attenuation relationship(s) should express the ground motion as a

function of all relevant parameters, using an empirically or theoretically
constrained relationship of the form:

GM =g(m,r,c;)+€,, +&, (1)
where
GM s the median estimate of the ground motion parameter and ground

motion component of interest (usually expressed as a logarithm);
g(...) is a mathematical function;

m is the earthquake magnitude;
r is the seismic source to site distance;
C; are other relevant parameters (e.g. style of faulting, hanging wall

effects and local site conditions);

is the aleatory uncertainty;

& is the component to component variability (i.e. the variability
between the two horizontal components should the random
horizontal component of ground motion be used in the seismic
hazard analysis).

5.7. The calculated ground motion may express the maximum ground motion or
a random component, depending on the project needs (see Section 11). The
parameter ¢, is used when the component to component variability needs to be
represented.

5.8. [Itis useful in some situations to divide the aleatory uncertainty into its inter-
event or between-earthquake component (&) and its intra-event or within-
earthquake component (g,). If, for a given attenuation relationship, such a
partitioning of the uncertainty is not available, it can be estimated from those
attenuation relationships that provide a partitioning of the uncertainty. It should
be noted that attenuation relationships are also referred to as ground motion
prediction equations because the process that they represent covers more than just
attenuation. The term ‘attenuation relationship’, while not fully descriptive, is
used in this Safety Guide for historical reasons and for consistency with common
usage. A separate relationship may be used for the vertical ground motion.

5.9. Magnitude, distance and the other relevant parameters should be selected to
be consistent with those used in the characterization of the seismic sources. If
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there is a discrepancy between the parameters used in the selected attenuation
relationships and those used in other parts of the seismic hazard analysis, this
discrepancy should be mitigated by converting from one parameter to the other
by using well established empirical relationships and their corresponding
uncertainties. The range of magnitudes for which the attenuation relationship is
valid should be checked.

5.10. The attenuation relationships should be compatible with the reference site
condition. If these conditions are not the same, an adjustment should be made
using empirical or theoretical site response factors and their corresponding
uncertainty.

5.11. Attenuation relationships should be selected to meet the following general
criteria: they should be current and well established at the time of the study; they
should be consistent with the types of earthquake and the attenuation
characteristics of the region of interest; they should match as closely as possible
the tectonic environment of the region of interest; and they should make use of
local ground motion data where available. Caution should be exercised in
comparing selected attenuation relationships with recorded ground motions from
small, locally recorded earthquakes. The use of such recordings (e.g. in scaling
the selected attenuation relationships) should be justified by showing that their
inferred magnitudes and distance scaling properties are appropriate for
earthquakes within the ranges of magnitude and distance that are of greatest
concern with regard to the seismic safety of the nuclear power plant.

5.12. Epistemic uncertainty should be included by using multiple attenuation
relationships suitable for each tectonic environment represented in the analysis.
These attenuation relationships should be chosen to capture adequately the range
of credible interpretations in relevant model characteristics.

5.13. Seismic intensity data may also be used to estimate attenuation
relationships in those regions of the world where instruments for recording strong
motion have not been in operation for a long enough period of time to provide
suitable amounts of instrumental data. These data should be used at least in a
qualitative manner to verify that the attenuation relationships used to calculate the
seismic hazard are representative of the regional attenuation characteristics.

Ground motion prediction models: Seismic source simulation
5.14. In seismically active regions for which data from ground motion caused by

identifiable faults are available in sufficient quantity and detail, simulation of the

24



This publication has been superseded by SSG-9 (Rev. 1).

fault rupture as well as of the wave propagation path is another procedure that
should be followed. In cases where nearby faults contribute significantly to the
hazard, this procedure may be especially effective. The parameters needed
include:

(a) Fault geometry parameters (location, length, width, depth, dip, strike);

(b) Macroparameters (seismic moment, average dislocation, rupture velocity,
average stress drop);

(c) Microparameters (rise time, dislocation, stress parameters for finite fault
elements);

(d) Crustal structure parameters, such as shear wave velocity, density and
damping of wave propagation (i.e. the wave attenuation Q value).

For complex seismotectonic environments such as plate boundaries, thrust zones
and subduction zones, and in particular for offshore areas, the specific
seismotectonic setting of the earthquake that affects those seismic source
parameters mentioned in (a)—(d) should be considered in the characterization of
the ground motion.

5.15. To stay within the range of magnitudes that is represented by the database
used in the derivation of the attenuation relationships, it is necessary to use a
corresponding lower magnitude limit. The practice has been to combine this
lower limit consideration with an engineering concept that is linked to a ground
motion level from a magnitude below which no damage would be incurred by the
safety related structures, systems and components of the nuclear power plant. It is
clear that a magnitude value alone is not the best way of representing damage
potential. An alternative to the use of a magnitude measure, the lower bound
motion filter, may be specified, therefore, in terms of an established damage
parameter, such as the cumulative absolute velocity, in conjunction with a
specific value of that parameter for which it can be clearly demonstrated that no
significant contribution to damage or risk will occur. The lower bound motion
filter should be selected in consultation with the seismic designer and/or the
fragility analyst.
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6. PROBABILISTIC SEISMIC HAZARD ANALYSIS

GENERAL

6.1. The probabilistic seismic hazard analysis should make use of all the
elements and parameters of the seismotectonic model (see Section 4), including
the quantified uncertainties. When alternative models have been proposed by the
team performing the probabilistic seismic hazard analysis, they should be
formally included in the probabilistic hazard computation.

6.2. The smallest annual frequency of exceedance of interest will depend on the
eventual use of the probabilistic seismic hazard analysis (i.e. whether for design
purposes or for input to a seismic probabilistic safety assessment) and should be
indicated in the project plan (see Section 11). This value can be extremely low
(e.g. 107®) when it is associated with seismic probabilistic safety assessment
studies in which the nuclear power plant has a very low core damage frequency in
relation to non-seismic initiators (e.g. for innovative reactors). In such cases, care
should be taken to assess the suitability and validity of the database, the
seismotectonic model and the basis for the expert opinion, since uncertainties
associated with these can significantly bias the hazard results.

6.3. The conduct of a probabilistic seismic hazard analysis should include the
following steps:

(1) Evaluation of the seismotectonic model for the site region in terms of the
defined seismic sources, including uncertainty in their boundaries and
dimensions.

(2) For each seismic source, evaluation of the maximum potential magnitude,
the rate of earthquake occurrence and the type of magnitude—frequency
relationship, together with the uncertainty associated with each evaluation.

(3) Selection of the attenuation relationships for the site region, and
assessment of the uncertainty in both the mean and the variability of the
ground motion as a function of earthquake magnitude and seismic source to
site distance.

(4) Performance of the hazard calculation (see para. 6.6).

(5) Taking account of the site response (see para. 9.3).

6.4. The results of the probabilistic seismic hazard analysis are typically

displayed as the mean or median annual frequency of exceedance of measures of
horizontal and vertical ground motion that represent the range of periods of
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importance with regard to structures, systems and components. An acceptable
method for propagating the epistemic uncertainties through the probabilistic
seismic hazard analysis is the development of a logic tree, which can be evaluated
by one of the following methods: (1) complete enumeration of the logic tree
branches; or (2) Monte Carlo simulation. The mean, 16th, 50th (median) and 84th
fractile hazard curves are typically used to display the epistemic uncertainty for
each measure of ground motion. These hazard curves can be used to develop
uniform hazard spectra (i.e. spectral amplitudes that have the same annual
frequency of exceedance for the range of periods of interest with regard to
structures, systems and components) for any selected target hazard level (annual
frequency of exceedance) and confidence level (fractile). Where a probabilistic
seismic hazard analysis is used in determining a design basis level, an appropriate
annual frequency of exceedance should be considered together with the
corresponding measure of central tendency (mean or median).

6.5. To assist in determining the ground motion characteristics at a site, it is
often useful to evaluate the fractional contribution from each seismic source to
the total seismic hazard by means of a deaggregation process. Such a
deaggregation may be carried out for a target annual frequency of exceedance,
typically the value selected for determining the design basis ground motion.
The deaggregation may be performed for at least two ground motion
frequencies, generally at the low and high ends of the spectrum, which can be
used to identify the magnitude—distance pairs that have the largest contribution
to the frequency of exceedance of the selected ground motion frequencies.

HAZARD INTEGRAL

6.6. The annual frequency of exceedance of a specified level of ground motion
at a site due to one or more seismic sources should be evaluated by integrating
over all relevant contributions. The parameters needed for this evaluation are as
follows:

S is the number of seismic sources;
My Mg are the minimum and maximum potential magnitudes of the
seismic source i (see para. 11.17 for a discussion of m,; );

d»d.., are the minimum and maximum earthquake rupture
dimensions of the seismic source i;
7o F are the minimum and maximum distances from the seismic

min®> " max

source i to the site;
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Vv, is the expected frequency, per unit time period per seismic area,
of earthquakes of a magnitude equal to or greater than m,_; of
the seismic source 7; this may be represented by a Poisson
process or a renewal process.

7. DETERMINISTIC SEISMIC HAZARD ANALYSIS

7.1. The assessment of seismic hazard by deterministic methods should include:

(1) Evaluation of the seismotectonic model for the site region in terms of the
defined seismic sources identified on the basis of tectonic characteristics,
the rate of earthquake occurrence and the type of magnitude—frequency
relationship;

(2) For each seismic source, evaluation of the maximum potential magnitude;

(3) Selection of the attenuation relationships for the site region and
assessment of the mean and variability of the ground motion as a function
of earthquake magnitude and seismic source to site distance;

(4) Performing the hazard calculation as follows:

(1) For each seismogenic structure, the maximum potential magnitude
should be assumed to occur at the point of the structure closest to the
site area of the nuclear power plant, with account taken of the physical
dimensions of the seismic source. When the site is within the boundaries
of a seismogenic structure, the maximum potential magnitude should be
assumed to occur beneath the site. In this case, special care should be
taken to demonstrate that the seismogenic structure is not capable (see
Section 8).

(i1) The maximum potential magnitude in a zone of diffuse seismicity that
includes the site of the nuclear power plant should be assumed to occur
at some identified specific horizontal distance from the site. This
distance should be determined on the basis of detailed seismological,
geological and geophysical investigations (both onshore and offshore)
with the goal of showing the absence of faulting at or near the site, or,
if faults are present, of describing the direction, extent, history and rate
of movements on these faults as well as the age of the most recent
movement. If the absence of faulting in the area is confirmed, it can be
assumed that the probability of earthquake occurrence in this area is
negligibly low. This investigation is typically for the range of a few
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kilometres to a maximum of about ten kilometres. The actual distance
used in the attenuation relationships will depend on the best estimate of
the focal depths and on the physical dimensions of the potential
earthquake ruptures for earthquakes expected to occur in the
seismotectonic province.

(i11) The maximum potential magnitude associated with zones of diffuse
seismicity in each adjoining seismotectonic province should be assumed
to occur at the point of the province boundary closest to the site.

(iv) Several appropriate ground motion prediction equations (attenuation
relationships or, in some cases, seismic source simulations) should be
used to determine the ground motion that each of these earthquakes
would cause at the site, with account taken of the variability of the
relationship, the source model simulation and the local conditions at the
site.

(v) Ground motion characteristics should be obtained by using the
recommendations given in the relevant paragraphs of Section 5.

(5) Taking account appropriately of both aleatory and epistemic uncertainties at
each step of the evaluation, with the consideration that the conservative
procedure described in (4) has already been introduced to cover
uncertainties, and double counting should be avoided.

(6) Incorporation of the site response (see para. 9.3).

8. POTENTIAL FOR FAULT DISPLACEMENT
AT THE SITE

GENERAL

8.1. This section provides guidelines and procedures for assessing the potential
for fault displacement (capability) at or near the site for both new and existing
nuclear power plants. It also provides recommendations regarding the scope of
the investigations that are necessary to permit such an assessment to be made.

8.2. Fault displacement can occur as a result of an earthquake (either directly or
indirectly). In other words, displacements could be associated with the causative
fault or could occur co-seismically on secondary faults. It should be noted that
tectonic displacements associated with folds (synclines and anticlines) are also
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included in the term ‘fault displacement’. However, fault creep, when
demonstrated as such, is outside the scope of this Safety Guide.

CAPABLE FAULTS
Definition

8.3. The main question with regard to fault displacement is whether a fault
(buried or outcropping) at or near the site is capable. The basis for answering such
a question should be the database (see Section 3) as incorporated in the
seismotectonic model (see Section 4), together with such additional specific data
as may be needed.

8.4. On the basis of geological, geophysical, geodetic or seismological data, a
fault should be considered capable if the following conditions apply:

(a) If it shows evidence of past movement or movements (such as significant
deformations and/or dislocations) of a recurring nature within such a period
that it is reasonable to conclude that further movements at or near the
surface may occur. In highly active areas, where both earthquake data and
geological data consistently reveal short earthquake recurrence intervals,
periods of the order of tens of thousands of years (e.g. Upper
Pleistocene—Holocene, i.e. the present) may be appropriate for the
assessment of capable faults. In less active areas, it is likely that much
longer periods (e.g. Pliocene—Quaternary, i.e. the present) are appropriate.

(b) If a structural relationship with a known capable fault has been
demonstrated such that movement of the one fault may cause movement of
the other at or near the surface.

(¢) If the maximum potential magnitude associated with a seismogenic
structure, as determined in Section 4, is sufficiently large and at such a
depth that it is reasonable to conclude that, in the current tectonic setting of
the plant, movement at or near the surface may occur.

Investigations necessary to determine capability

8.5. Sufficient surface and subsurface related data should be obtained from the
investigations in the region, near region, site vicinity and site area (see Section 3)
to show the absence of faulting at or near the site, or, if faults are present, to
describe the direction, extent, history and rate of movements on these faults as
well as the age of the most recent movement.
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8.6. When faulting is known or suspected to be present, site vicinity scale
investigations should be made that include very detailed geological and
geomorphological mapping, topographical analyses, geophysical surveys
(including geodesy, if necessary), trenching, boreholes, age dating of sediments
or faulted rock, local seismological investigations and any other appropriate
techniques to ascertain the amount and age of previous displacements.

8.7. Consideration should be given to the possibility that faults that have not
demonstrated recent near surface movement may be reactivated by reservoir
loading, fluid injection, fluid withdrawal or other such phenomena.

CAPABLE FAULT ISSUES FOR NEW SITES

8.8. Where reliable evidence shows that there may be a capable fault with the
potential to affect the safety of a plant at a site, the feasibility of design,
construction and safe operation of a plant at this site should be re-evaluated and,
if necessary, an alternative site should be considered.

CAPABLE FAULT ISSUES FOR SITES WITH EXISTING NUCLEAR
POWER PLANTS

8.9. In view of the extensive site investigation required for a nuclear power plant
before construction, in general, the situation should not arise in which further
consideration has to be given to the potential for fault displacement at the site of an
existing nuclear power plant. However, it may be the case that information comes
to light that requires a new assessment of fault displacement potential to be made.

8.10. In such circumstances, efforts should first be made to acquire further data
relating to the fault of concern. It may be that, by using the definition and the
deterministic methodology described in paras 8.3-8.7, no sufficient basis is
provided to decide conclusively that the fault is not capable. In this case, with the
totality of the available data, probabilistic methods analogous to and consistent
with those used for the ground motion hazard assessment should be used to obtain
an estimate of the annual frequency of exceedance of various amounts of
displacement at or near the surface.

8.11. In the probabilistic fault displacement hazard analysis, the following two

types of possible displacements should be considered: (a) primary displacement,
typically in the form of direct seismogenic fault rupture; and (b) secondary
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displacement (also called indirect or subsidiary displacement), typically associated
with induced movement along pre-existing seismogenic slip planes (e.g. a triggered
slip on an existing fault or a bedding plane from an earthquake on another fault) and
non-seismogenic slip planes (e.g. localized fractures and weak clay seams). In
addition, the displacement should generally be characterized as a three dimensional
displacement vector, and should be resolved into components of slip along the fault
trace and along the fault dip, with the resulting amplitude equal to the total
evaluated slip (for a given annual frequency of exceedance and given fractile of
hazard). The evaluation should address epistemic uncertainties adequately.

8.12. The probabilistic fault displacement hazard analysis should be performed
by using the same procedures as are used to perform a probabilistic seismic
hazard analysis (see Section 6), and replacing the dependent variable with D, i.e.
the near surface fault displacement, where

A(D>dlt) isthe derived rate at which the surface or near surface fault
displacement D exceeds the value d in time 7 at the site;

P (D >dlm,r) is the probability that the surface or near surface fault
displacement D exceeds the value d given an earthquake of
magnitude m on seismic source 7 located at a distance  from
the site.

8.13. The primary fault displacement can be estimated from the magnitude by
using a relationship between D and m. The secondary displacement can be
estimated from magnitude and distance by using a relationship between D, m and
r. These relationships should be selected and applied by using the same
guidelines as are presented for ground motion attenuation relationships. In
regions where a source model is available, they should be applied by using
guidelines presented for a source simulation frequency of 0 Hz.

9. DESIGN BASIS GROUND MOTION,
FAULT DISPLACEMENT AND OTHER HAZARDS

LEVELS OF GROUND MOTION HAZARD
9.1. Typically, two levels of ground motion hazard, named SL-1 and SL-2, are

defined as the earthquake design basis for each plant. The definition and
application of these levels in plant design are explained in Ref. [5].> In design, the
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SL-2 level is associated with the most stringent safety requirements, while SL-1
corresponds to a less severe, more probable earthquake level that normally has
different implications for safety. When probabilistic seismic hazard analysis is
used, either a reference annual frequency of exceedance is needed, derived on the
basis of data from experience, for example, or a performance based approach may
be taken.

9.2. Regardless of the method used to evaluate the ground motion hazard, both
SL-1 and SL-2 levels should be defined by means of appropriate spectral
representations and time histories. The ground motion should be defined for free
field conditions, at the level of ground surface or key embedment depths and in
line with user requirements (see Section 11). The ground motion for reference
bedrock conditions should be given, provided that a good geotechnical database
is available. Ground motions at the foundation level and at the surface can then be
computed, with account taken of the transfer functions of the overlying soil
layers. Consideration should be given to the appropriate interfacing of the defined
reference ground motion and the site response analysis [2].

DESIGN BASIS RESPONSE SPECTRA
Site response analysis

9.3. A number of approaches can be taken, in order to take into account the
geological and geotechnical conditions at a site as part of the estimation of
ground motion. The first approach is to utilize ground motion attenuation
relationships appropriate for the site conditions (i.e. attenuation relationships that
have been developed for subsurface conditions of the type that prevails at the
site). The second approach is to conduct a site response analysis compatible with
the geotechnical and dynamic characteristics of the soil and rock layers beneath
the site [2]. This also includes incorporating site response into the calculations for
seismic hazard analysis (in the case of a probabilistic analysis). In both of these
approaches, uncertainties should be taken into account. However, site profile
related uncertainty contributions that are already inherent in the ground motion
attenuation relationships used in the seismic hazard analysis should be identified
and disregarded so as not to be included more than once.

2 In some States, regulatory bodies require only an evaluation of SL-2 level earthquakes.
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Uniform hazard response spectra

9.4. The uniform hazard approach makes use of the results of the probabilistic
seismic hazard analysis. A uniform hazard response spectrum is developed by
selecting the values of the response spectral ordinates that correspond to the
annual frequencies of exceedance of interest from the seismic hazard curves. One
or more uniform hazard response spectra may be developed from the results of
the probabilistic seismic hazard analysis and any subsequent site response
analyses that have been performed (if needed).

Standardized response spectra

9.5. A standardized response spectrum having a smooth shape is used for
engineering design purposes and to account for the contribution of multiple
seismic sources represented by an envelope incorporating adequate low
frequency and high frequency ground motion input. The prescribed shape of the
standardized response spectrum is obtained from various response spectra
derived on the basis of earthquake records and engineering considerations. This
standardized response spectrum is scaled to envelop the mean ground motion
levels at low and high frequencies.

9.6. Itis possible to have low to moderate magnitude near field earthquakes that
have a relatively rich high frequency content and short duration with a high peak
acceleration. The use of the peak acceleration from this type of earthquake to
scale a broadbanded standardized response spectrum could lead to an unrealistic
shape for the standardized response spectra. In such a case, it is preferable to use
multiple response spectra for design purposes to reflect properly the different
types of seismic sources.

TIME HISTORIES

9.7. Time histories should satisfactorily reflect all the prescribed ground motion
parameters as embodied in the response spectra or other spectral representation
with the addition of other parameters such as duration, phase and coherence. The
number of time histories to be used in the detailed analyses and the procedure
used in generating these time histories will depend on the type of analysis to be
performed. Good coordination with the designer of the plant should be
established in order to understand and respond to the needs of the particular type
of engineering analysis. Time histories should be adequate for performing
particular types of engineering analyses required for safe design of the plant.
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Ground motion duration

9.8. The duration of ground motion is determined by many factors, including the
length and width of fault rupture (generally characterized by magnitude), crustal
parameters along the propagation path (generally characterized by distance),
conditions beneath the site and the presence of a sedimentary basin. A consistent
definition of duration should be used throughout the evaluation. Common
definitions of duration include:

(a) The time interval between the onset of ground motion and the time at which
the acceleration has declined to 5% of its peak value;

(b) The time interval between the 95th and 5th percentiles of the integral of the
mean square value of the acceleration;

(c) The time interval for which the acceleration exceeds 5% of g.

9.9. In determining an appropriate duration for the time histories, due weighting
should be given to any empirical evidence provided by the regional database. For
some sites, relatively low amplitude motions from distant, large earthquakes may
pose a liquefaction hazard. When this condition applies, time histories used for
liquefaction should include such low amplitude time histories over an appropriate
duration.

Methods of developing design time histories

9.10. There are various methods that can be used to develop design time histories,
depending on the available data. In all cases, these time histories should be
compatible with the characteristics of the design earthquakes, the amplitude and
spectral shape of the response spectra and the duration of the design ground
motions.

Common methods for developing design time histories are as follows:

(a) Appropriately selected and scaled recorded time histories, for which the
scaling factor is within the range 0.5-2.0;

(b) Appropriately selected recorded time histories modified using spectral
matching techniques in which the phase characteristics of the ground
motion are taken into account;

(c) Artificial time histories, usually having random phase;

(d) Simulated time histories based on numerical modelling methods.
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9.11. Significant progress has been made in the numerical evaluation of ground
motion, including fault rupture simulation, wave propagation paths and site
effects (e.g. by use of empirical Green’s function methods). Ground motions thus
obtained for regions for which pertinent parameters are available can be
employed to complement the more traditional methods. These new approaches
should be applied carefully, especially when developed for soils that are expected
to respond non-linearly.

9.12. In using response spectra to develop design time histories, it should be
ensured that the time histories include the appropriate energy content represented
by the design ground motions. This could be done by -calculating the
corresponding power spectral density functions.

Vertical ground motion

9.13. Vertical design ground motions (response spectra and time histories) should
be developed by using the same methods as are used for developing horizontal
ground motions. However, if vertical attenuation relationships are not available, it
may be reasonable to assume a prescribed ratio between vertical and horizontal
ground motion. Empirical evidence has shown that the vertical to horizontal ratio
varies typically from half to over one, and is largest for large magnitudes, close
distances and high frequencies.

Ground motion for base isolated and buried structures

9.14. The methodology for deriving the design ground motions for the SL-I and
SL-2 levels has been developed for plant structures having conventional
foundations. For structures that utilize base isolation systems for seismic
protection, additional considerations may be necessary. Of most concern are long
period effects which may cause excessive residual displacements in the elements
of the base isolation system. For plant structures for which a base isolation system
is envisaged, time histories should be examined and, if necessary, modified to
take these long period effects into account (see also Ref. [5]).

9.15. For buried structures such as ducts and piping, appropriate response spectra
and time histories should be developed in cooperation with the structural
designer. Similarly, when the project plan calls for the consideration of sloshing
effects in pools or ponds, appropriate ground motion representation should be
developed.
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FAULT DISPLACEMENT

9.16. For existing nuclear power plants for which a fault displacement analysis
was performed in accordance with paras 8.9-8.13, the fault displacement
associated with each feature under investigation should be determined from the
fault displacement hazard curves by using an annual frequency of exceedance
commensurate with the safety requirements specified in the project plan.

EVALUATION OF OTHER HAZARDS ASSOCIATED WITH
EARTHQUAKES

9.17. Aside from the evaluation of the ground motion and surface faulting
hazards, the results of a seismic hazard analysis should be used in the assessment
and mitigation of other hazards associated with earthquakes that may be
significant for the safety of nuclear power plants. These hazards include
tsunamis, liquefaction, slope instability, subsidence, subsurface cavities, karstic
processes and the failure of water retaining structures, which may be initiated
either by ground motion or by surface faulting. A thorough assessment should be
carried out to determine the effects of these secondary hazards on the overall
seismic hazard (see Refs [2, 3]), in particular when a seismic probabilistic safety
assessment is conducted for a nuclear power plant.

10. EVALUATION OF SEISMIC HAZARDS
FOR NUCLEAR INSTALLATIONS OTHER THAN
NUCLEAR POWER PLANTS

10.1. In consideration of the use of a graded approach, as mentioned in para. 1.8,
this Section provides guidance for the seismic hazard evaluation for a broad range
of nuclear installations other than nuclear power plants. These installations
include [4]:

(a) Research reactors and laboratories in which nuclear material is handled;
(b) Installations for storage of spent nuclear fuel (collocated with either nuclear
power plants or independent installations), including:
(1) Installations for spent fuel storage for which active cooling is required;
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(i1) Installations for spent fuel storage that require only passive or natural
convection cooling.
(c) Processing facilities for nuclear material in the nuclear fuel cycle, for
example, conversion facilities, uranium enrichment facilities, fuel
fabrication facilities and reprocessing plants.

10.2. For the purpose of seismic hazard evaluation, these installations should be
graded on the basis of their complexity, potential radiological hazards, and
hazards due to other materials present. Seismic hazard evaluation should be
performed in accordance with this grading.

10.3. Prior to categorizing an installation for the purpose of adopting a graded
approach, a conservative screening process should be applied in which it is
assumed that the entire radioactive inventory of the installation is released by the
potential seismically initiated accident. Provided that the potential result of such
a radioactive release were that no unacceptable consequences would be likely for
workers or for the public (i.e. provided that doses to workers or to the public due
to the release of that radioactive inventory would be below the authorized dose
limits established by the regulatory body), or for the environment, and provided
that 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 hazardous and/or industrial facilities should
be used.

10.4. If the results of the conservative screening process show that the potential
consequences of such releases would be ‘significant’, a seismic hazard evaluation
of the installation should be carried out.

10.5. The likelihood that a seismic event will give rise to radiological
consequences will depend on the characteristics of the nuclear installation (e.g. its
purpose, layout, design, construction and operation) and on the event itself. Such
characteristics should include the following factors:

(a) The amount, type and status of the radioactive inventory at the site (e.g.
whether solid or fluid, processed or only stored);

(b) The intrinsic hazard associated with the physical processes (e.g. nuclear
chain reactions) and chemical processes (e.g. for fuel processing purposes)
that take place at the installation;

(¢) The thermal power of the nuclear installation, if applicable;

(d) The configuration of the installation for activities of different kinds;
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(e) The concentration of radioactive sources in the installation (e.g. for
research reactors, most of the radioactive inventory will be in the reactor
core and the fuel storage pool, whereas for fuel processing and storage
facilities it may be distributed throughout the installation);

(f) The changing nature of the configuration and layout for installations
designed for experiments (such activities have an associated intrinsic
unpredictability);

(g) The need for active safety systems and/or operator actions for the
prevention of accidents and for mitigation of the consequences of accidents;
characteristics of engineered safety features for the prevention of accidents
and for mitigation of the consequences of accidents (e.g. the containment
and containment systems);

(h) The characteristics of the processes or of the engineering features that
might show a cliff edge effect® in the event of an accident;

(i)  These characteristics of the site that are relevant to the consequences of the
dispersion of radioactive material to the atmosphere and the hydrosphere
(e.g. size, demographics of the region);

(j)  The potential for on-site and off-site contamination.

10.6. Depending on the criteria of the regulatory body, some or all of the factors
mentioned should be considered. For example, fuel damage, radioactive releases
or doses may be the conditions or metrics of interest.

10.7. The grading process should be based on the following information:

(a) The existing safety analysis report for the installation, which should be the
primary source of information;

(b) The results of a probabilistic safety assessment, if one has been performed;

(¢) The characteristics specified in para. 10.5.

10.8. The grading of the installation leads to its categorization. This grading may
have been performed at the design stage or later. If the 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 releases of

* A “cliff edge effect’ in a nuclear installation is an instance of severely abnormal system
behaviour caused by an abrupt transition from one system status to another following a small
deviation in a system parameter; and thus a sudden large variation in system conditions in
response to a small variation in an input.
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the radioactive material contained in the installation, ranging from very low to
potentially severe radiological consequences. As an alternative, the
categorization may range from radiological consequences within the limits of the
installation itself, to radiological consequences within the site boundary of the
installation, to radiological consequences for the public and the environment
outside the site.

10.9. As a result of this process of grading of the installation, three or more
categories of installation may be defined on the basis of national practice and
criteria, as indicated in para. 10.8. As an example, the following categories may
be defined:

(a) 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) The highest hazard category includes installations for which standards and
codes for nuclear power plants should be applied.

(c) There is often at least one intermediate category of hazardous installation,
for which, as a minimum, codes dedicated to hazardous facilities should be
applied.

10.10. The seismic hazard assessment should be performed by using the
following guidance:

(a) For the least hazardous installations, the seismic hazard input for the design
may be taken from national building codes and maps.

(b) For installations in the highest hazard category, methodologies for seismic
hazard assessment as described in the earlier sections of this Safety Guide
should be used (i.e. recommendations applicable to nuclear power plants).

(c) For installations categorized in the intermediate hazard category, the
following cases may be applicable:

(d) If the seismic hazard assessment is typically performed using methods
similar to those described in this Safety Guide, a lower seismic input for
designing these installations may be adopted at the design stage, in
accordance with the safety requirements for the installation;

(e) If the database and the methods recommended in this Safety Guide are
found to be excessively complex, time consuming and demanding in terms
of effort for the nuclear installation in question, simplified methods for
seismic hazard assessment (that are based on a more restricted data set) may
be used. In such cases, the seismic input finally adopted for designing these
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installations should be commensurate with the reduced database and the
simplification of the methods, account being taken of the fact that both of
these factors may tend to increase uncertainties.

The number of design basis ground motion levels for nuclear installations (e.g.
SL-2 and SL-1 for nuclear power plants) should be decided in this context.

10.11. The recommendations relating to seismic instrumentation at the
installation and the site area (see paras 3.29 and 3.31) should be graded in
accordance with the category of the installation as defined in para. 10.9.

11. PROJECT MANAGEMENT SYSTEM

SPECIFIC ASPECTS OF PROJECT ORGANIZATION

11.1. This section provides recommendations and guidance on preparing and
conducting a seismic hazard analysis and reporting its results.

11.2. A project work plan should be prepared prior to, and as a basis for, the
execution of the seismic hazard analysis project. The work plan should convey
the complete set of general requirements for the project, including applicable
regulatory requirements. It is advisable that this set of requirements be reviewed
by the regulatory body prior to conducting the seismic hazard analysis. In
addition to general requirements, the work plan should delineate the following
specific elements: personnel and their responsibilities; work breakdown and
project tasks; schedule and milestones; and deliverables and reports.

11.3. A programme should be established and implemented under the
management system to cover all activities for data collection and data processing,
field and laboratory investigations, analyses and evaluations that are within the
scope of this Safety Guide (see Refs [8, 9] for requirements, recommendations
and guidance on management systems).

11.4. The results of the seismic hazard analysis should include all outputs

indicated in the work plan. The annex identifies typical results to be reported in
all applications as well as others that may be required by the study sponsor. The

41



This publication has been superseded by SSG-9 (Rev. 1).

reporting of the seismic hazard analysis should be specified in sufficient detail in
the work plan.

11.5. To make the evaluation traceable and transparent to users, peer reviewers,
the licensee and the regulatory body, the documentation for the seismic hazard
analysis should provide the following: description of all elements of the seismic
hazard analysis process; identification of the study participants and their roles;
and background material that comprises the analysis documentation, including
raw and processed data, computer software and input and output files, reference
documents, results of intermediate calculations and sensitivity studies.

11.6. This material should be maintained in an accessible, usable and auditable
form by the study sponsor. Documentation or references that are readily available
elsewhere should be cited where appropriate. All elements of the seismic hazard
analysis should be addressed in the documentation.

11.7. The documentation should identify all sources of information used in the
seismic hazard analysis, including information on where to find important
citations that may be difficult to obtain. Unpublished data that are used in the
analysis should be included in the documentation in an appropriately accessible
and usable form.

11.8. The documentation for the seismic hazard analysis should identify the
computer software that was used. This should include programs used in the
processing of data (e.g. the earthquake catalogue) and the programs used to
perform calculations for the seismic hazard analysis.

11.9. If earlier studies for seismic hazard analysis for the same area are
available, comparisons should be made to demonstrate how different approaches
or different data affect the conclusions. The comparisons should be documented
in a way that allows review.

11.10. The validity of the proposed seismic source model should be tested a
posteriori against existing knowledge; for example, by comparing long term
strain rates predicted by the model against geodetic and geological observations.

11.11. Owing to the variety of investigations carried out (in field, laboratory and
office) and the need for expert judgement in the decision making process,
technical procedures that are specific to the project should be developed to
facilitate the execution and verification of these tasks, and a peer review of the
process should be conducted.
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11.12. Requirements for implementing a formal management system programme
should be established by the study sponsor. The sponsor should identify the
quality assurance standards to be met. Applicable requirements,
recommendations and guidance on the management system are provided in
Refs [8, 9]. Special provisions should be specified to address document control,
analysis control, software, validation and verification, procurement and audits,
and non-conformance and corrective actions. Work related documents should be
prepared to cover all the activities for data collection and data processing, field
and laboratory investigations, analyses and evaluations that are within the scope
of this Safety Guide.

11.13. A key interface issue is the implementation of the seismic source, ground
motion and site response models by the hazard analyst. These models should be
documented and reviewed in a formal way.

11.14. Specifically, the project plan should describe provisions for collecting new
data that may be important for the conduct of the seismic hazard analysis and/or
for responding to requests by experts, including the bases for balancing
potentially conflicting project needs.

ENGINEERING USES AND OUTPUT SPECIFICATION

11.15. A seismic hazard analysis is usually conducted for purposes of seismic
design and/or seismic probabilistic safety assessment. The work plan for the
seismic hazard analysis should identify the intended engineering uses and
objectives of the study, and should incorporate an output specification for the
seismic hazard analysis that describes all specific results necessary to fulfil the
intended engineering uses and objectives of the study, in addition to the general
requirements identified.

11.16. To the extent possible, the output specification for the seismic hazard
analysis should be comprehensive. The output specification may be updated, as
necessary, to accommodate additional results, to alter the prescription of the
results, and/or to reduce the scope of the results. Elements that should be
considered in the output specification include (but are not limited to):

— Ground motion parameters. Specified ground motion parameters should be
sufficient to develop the recommended results and any additional outputs
required for engineering use (see the annex for typical outputs of a
probabilistic seismic hazard analysis).
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— Vibration frequencies. In addition to specific client requirements, the range
and density of specified vibration frequencies for the uniform hazard
spectra should be sufficient to adequately represent the input for all safety
relevant structures, systems and components.

— Damping. Specified damping values should be sufficient to adequately
represent input for, and effects on, responses of all safety relevant
structures, systems and components.

— Ground motion components. Provision for the output of both vertical and
horizontal motions should be specified.

— The reference subsurface rock site condition. For studies where site
response analysis is performed, the output specification should include
definition of the rock site condition (usually for a depth significantly greater
than 30 m, corresponding to a specified value of the shear wave velocity,
Vg, consistent with firm rock). Rock hazard results to be developed should
correspond to this reference rock site condition.

— Control point(s). The output specification should specify the control points
(e.g. depths at the site) for which near surface hazard results are obtained.
Usually, the control points include the ground surface and key embedment
depths (e.g. foundation levels) for structures and components. The specified
control points should be sufficient to develop adequate input(s) for
soil—structure interaction analyses.

11.17. In any seismic hazard analysis, there is a need to consider a lower bound
magnitude owing to constraints in the seismological database. Therefore, in
addition to the specification of outputs for anticipated engineering uses, the
project plan should specify the following additional parameters relating to
engineering validity and/or the utility of the seismic hazard analysis:

— Lower bound motion filter. Although use of a lower bound motion is needed
to develop a practical computation for seismic hazard analysis, foremost,
the lower bound motion should be selected to include all potentially
damaging and risk significant events. The lower bound motion filter should
be selected in consultation with the seismic designer and/or the fragility
analyst for the seismic probabilistic safety assessment, who should agree
both that the filter is set so as to capture all potentially damaging or risk
significant events.

— Lower bound magnitude. In addition to previous recommendations, a
selected lower bound magnitude should not exceed M, = 5.0.

— Alternatively to the use of a magnitude measure such as M,, the lower
bound motion filter may be specified in terms of an established damage
parameter, such as cumulative absolute velocity, in conjunction with a
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specific value of that parameter for which it can be clearly demonstrated
that no contribution to damage or risk will occur.

INDEPENDENT PEER REVIEW

11.18. In view of the complexity of seismic hazard analysis, an independent peer
review should be conducted. The peer reviewer(s) should not have been involved
in other aspects of the probabilistic seismic hazard analysis and should not have a
vested interest in the outcome. The level and type of peer review can vary,
depending on the application of the seismic hazard analysis. The peer review
should address all parts of the seismic hazard analysis, including the process for
the seismic hazard analysis, all technical elements (e.g. seismic source
characterization, ground motion estimation), the method of seismic hazard
analysis, and quantification and documentation. The peer review panel should
include the multidisciplinary expertise to address all technical and process related
aspects of the analysis.

11.19. The purpose of the peer review is to provide assurance that a proper
process has been duly followed in conducting the seismic hazard analysis, that
the analysis has addressed and evaluated epistemic uncertainties, and that the
documentation is complete and traceable.

11.20. Two methods of peer review can be used: (1) participatory peer review;
and (2) late stage peer review. A participatory peer review is carried out during
the course of the study, allowing the reviewer(s) to resolve comments as the
seismic hazard analysis proceeds and as technical issues arise. A late stage and
follow-up peer review is carried out towards the end of the study. Participatory
peer review will decrease the likelihood of the study being rejected at a late stage.
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Annex

TYPICAL OUTPUT OF

PROBABILISTIC SEISMIC HAZARD ANALYSES

TABLE A-1. TYPICAL OUTPUT OF PROBABILISTIC SEISMIC HAZARD

ANALYSES

Output Description Format

Mean hazard  Mean annual frequency of exceedance ~ Mean hazard curves should be reported

curves for each ground motion level of interest  for each ground motion parameter of
associated with the suite of epistemic  interest in tabular as well as graphic
hazard curves generated in the format.
probabilistic seismic hazard analysis.

Fractile Fractile annual frequency of Fractile hazard curves should be reported

hazard curves

Uniform
hazard
response
spectra

Magnitude—
distance
deaggregation

exceedance for each ground motion
level of interest associated with the suite
of epistemic hazard curves generated in
the probabilistic seismic hazard
analysis.

Response spectra whose ordinates have
an equal probability of being exceeded,
as derived from seismic hazard curves.

A magnitude—distance (M-D)
deaggregation quantifies the relative
contribution to the total mean hazard
of earthquakes that occur in specified
magnitude—distance ranges (i.e. bins).

for each ground motion parameter of
interest in tabular as well as graphic
format. Unless otherwise specified in the
work plan, fractile levels of 0.05, 0.16,
0.50, 0.84 and 0.95 should be reported.

Mean and fractile uniform hazard
response spectra should be reported in
tabular as well as graphic format. Unless
otherwise specified in the work plan, the
uniform hazard response spectra should
be reported for annual frequencies of
exceedance of 1072, 1073, 107, 107 and
1076 and for fractile levels of 0.05, 0.16,
0.50, 0.84 and 0.95.

The M-D deaggregation should be
presented for ground motion levels
corresponding to selected annual
frequencies of exceedance for each
ground motion parameter considered
in the probabilistic seismic hazard
analysis. The deaggregation should be
performed for the mean hazard and for
the annual frequencies of exceedance
to be used in the evaluation or design.
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TABLE A-1. TYPICAL OUTPUT OF PROBABILISTIC SEISMIC HAZARD
ANALYSES (cont.)

Output Description Format

Mean and The M-D deaggregation results The mean and modal magnitudes and
modal provide the relative contribution to the distances should be reported for each
magnitude site hazard of earthquakes of different ground motion parameter and level for

and distance

Seismic
source
deaggregation

Aggregated
hazard curves

Earthquake
time histories

sizes and at different distances. From
these distributions, the mean and/or
modal magnitudes and the mean and/or
modal distances of earthquakes that
contribute to the hazard can be
determined.

The seismic hazard at a site is a
combination of the hazard from
individual seismic sources modelled in
the probabilistic seismic hazard
analysis. A deaggregation on the basis
of seismic sources provides an insight
into the possible location and type of
future earthquake occurrences.

In a probabilistic seismic hazard
analysis, often thousands to millions of
hazard curves are generated to account
for epistemic uncertainty. For use in
certain applications (e.g. a seismic
probabilistic safety assessment), a
smaller, more manageable set of curves
is required. Aggregation methods are
used to combine like curves that
preserve the diversity in shape of the
original curves as well as the essential
properties of the original set (e.g. the
mean hazard).

For the purposes of engineering
analysis, time histories may be
required that are consistent with the
results of the probabilistic seismic
hazard analysis. The criteria for
selecting and/or generating a time
history may be specified in the work
plan. Example criteria include the
selection of time histories that are
consistent with the mean and modal
magnitudes and distances for a
specified ground motion or annual
frequency of exceedance.

which the M-D deaggregated hazard
results are given. Unless otherwise
specified in the work plan, these results
should be reported for response spectral
frequencies of 1, 2.5, 5 and 10 Hz.

The seismic source deaggregation
should be reported for ground motion
levels corresponding to each ground
motion parameter considered in the
probabilistic seismic hazard analysis.
The deaggregation should be performed
for the mean hazard and presented as a
series of seismic hazard curves.

A group of aggregated discrete hazard
curves, each with an assigned
probability weight, should be reported in
tabular as well as graphic format.

The format for presenting earthquake
time histories will generally be defined
in the work plan.
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DEFINITIONS

accelerogram. A recording of ground acceleration, usually in three orthogonal
directions (i.e. components), two in the horizontal plane and one in the
vertical plane.

aleatory uncertainty. Uncertainty inherent in a phenomenon. Aleatory
uncertainty is taken into account by representing the phenomenon in terms
of a probability distribution model.

capable fault. A fault that has a significant potential for displacement at or near
the ground surface.

epicentre. The point on the Earth’s surface directly above the focus (i.e.
hypocentre) of an earthquake.

epistemic uncertainty. Uncertainty attributable to incomplete knowledge about a
phenomenon, which affects the ability to model it. Epistemic uncertainty is
reflected in a range of viable models, multiple expert interpretations and
statistical confidence.

fault (geological). A planar or gently curved fracture surface or zone of the Earth
across which there has been relative displacement.

free field ground motion. Motion that would occur at a given point on the
ground owing to an earthquake if vibratory characteristics were not affected
by structures and facilities.

frequency of exceedance. The frequency at which a specified level of seismic
hazard will be exceeded at a site or in a region within a specified time
interval. In probabilistic seismic hazard analysis (PSHA), generally a one
year time interval (i.e. annual frequency) is assumed. When the frequency is
very small and it cannot exceed unity (in the prescribed interval), this
number approaches the probability of the same event when the random
process is assumed to be Poissonian.

hypocentre. The point (focus) within the Earth at which an earthquake is
initiated.

interplate. Of tectonic processes, at the interfaces between the Earth’s tectonic
plates.
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intraplate. Of tectonic processes, within the Earth’s tectonic plates.

magnitude (of an earthquake). Measure of the size of an earthquake relating to
the energy released in the form of seismic waves. Seismic magnitude means
the numerical value on a standardized scale such as, but not limited to,
moment magnitude, surface wave magnitude, body wave magnitude, local
magnitude or duration magnitude.

maximum potential magnitude. Reference value used in seismic hazard
analysis characterizing the potential of a seismic source to generate
earthquakes. The way in which it is calculated depends on the type of
seismic source considered and the approach to be used in the seismic hazard
analysis.

palaeoseismicity. The evidence of a prehistoric or historical earthquake
manifested as displacement on a fault or secondary effects such as ground
deformation (i.e. liquefaction, tsunami, landslides).

peak ground acceleration. The maximum absolute value of ground acceleration
displayed on an accelerogram; the greatest ground acceleration produced by
an earthquake at a site.

response spectrum. A curve calculated from an accelerogram that gives the
value of peak response in terms of the acceleration, velocity or
displacement of a damped single-degree-of-freedom linear oscillator (with
a given damping ratio) as a function of its natural frequency or period of
vibration.

seismogenic structure. A structure that displays earthquake activity or that
manifests historical surface rupture or the effects of palaecoseismicity, and
that is considered likely to generate macro-earthquakes within a time period
of concern.

seismotectonic model. The model that defines the characterization of seismic
sources in the region around a site of interest, including the aleatory and

epistemic uncertainties in the seismic source characteristics.

site response. The behaviour of a rock or soil column at a site under a prescribed
ground motion load.
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surface faulting. Permanent offsetting or tearing of the ground surface by
differential movement across a fault in an earthquake.

uniform hazard response spectrum. Response spectrum with an equal
probability of exceedance for each of its spectral ordinates.
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environment from harmful effects of ionizing radiation.

This fundamental safety objective of protecting people — individually
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give rise to radiation risks.
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