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CATEGORIES IN THE IAEA SAFETY SERIES

A new hierarchical categorization scheme has been introduced, according to
which the publications in the IAEA Safety Series are grouped as follows:

Safety Fundamentals (silver cover)

Basic objectives, concepts and principles to ensure safety.

Safety Standards (red cover)

Basic requirements which must be satisfied to ensure safety for particular
activities or application areas.

Safety Guides (green cover)

Recommendations, on the basis of international experience, relating to the ful-
filment of basic requirements.

Safety Practices (blue cover)

Practical examples and detailed methods which can be used for the application
of Safety Standards or Safety Guides.

Safety Fundamentals and Safety Standards are issued with the approval of the
IAEA Board of Governors; Safety Guides and Safety Practices are issued under the
authority of the Director General of the IAEA.

An additional category, Safety Reports (purple cover), comprises independent
reports of expert groups on safety matters, including the development of new princi-
ples, advanced concepts and major issues and events. These reports are issued under
the authority of the Director General of the IAEA.

There are other publications of the IAEA which also contain information
important to safety, in particular in the Proceedings Series (papers presented at
symposia and conferences), the Technical Reports Series (emphasis on technological
aspects) and the IAEA-TECDOC Series (information usually in a preliminary form).

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



TREATMENT OF
EXTERNAL HAZARDS IN
PROBABILISTIC SAFETY

ASSESSMENT FOR
NUCLEAR POWER PLANTS

A Safety Practice

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



The following

AFGHANISTAN

ALBANIA

ALGERIA

ARGENTINA

ARMENIA

AUSTRALIA

AUSTRIA

BANGLADESH

BELARUS

BELGIUM

BOLIVIA

BRAZIL

BULGARIA

CAMBODIA

CAMEROON

CANADA

CHILE

CHINA

COLOMBIA

COSTA RICA

COTE D'lVOIRE

CROATIA

CUBA

CYPRUS

CZECH REPUBLIC

DENMARK

DOMINICAN REPUBLIC

ECUADOR

EGYPT

EL SALVADOR

ESTONIA

ETHIOPIA

FINLAND

FRANCE

GABON

GERMANY

GHANA

GREECE

GUATEMALA

HAITI

HOLY SEE

HUNGARY

States are Members of the International

ICELAND

INDIA

INDONESIA

IRAN,

ISLAMIC REPUBLIC OF

IRAQ

IRELAND

ISRAEL

ITALY

JAMAICA

JAPAN

JORDAN

KAZAKHSTAN

KENYA

KOREA, REPUBLIC OF

KUWAIT

LEBANON

LIBERIA

LIBYAN ARAB JAMAHIRIYA

LIECHTENSTEIN

LITHUANIA

LUXEMBOURG

MADAGASCAR

MALAYSIA

MALI

MARSHALL ISLANDS

MAURITIUS

MEXICO

MONACO

MONGOLIA

MOROCCO

MYANMAR

NAMIBIA

NETHERLANDS

NEW ZEALAND

NICARAGUA

NIGER

NIGERIA

NORWAY

PAKISTAN

PANAMA

PARAGUAY

Atomic Energy Agency:

PERU

PHILIPPINES

POLAND

PORTUGAL

QATAR

ROMANIA

RUSSIAN FEDERATION

SAUDI ARABIA

SENEGAL

SIERRA LEONE

SINGAPORE

SLOVAKIA

SLOVENIA

SOUTH AFRICA

SPAIN

SRI LANKA

SUDAN

SWEDEN

SWITZERLAND

SYRIAN ARAB REPUBLIC

THAILAND

THE FORMER YUGOSLAV

REPUBLIC OF MACEDONIA

TUNISIA

TURKEY

UGANDA

UKRAINE

UNITED ARAB EMIRATES

UNITED KINGDOM OF

GREAT BRITAIN AND

NORTHERN IRELAND

UNITED REPUBLIC OF

TANZANIA

UNITED STATES OF AMERICA

URUGUAY

UZBEKISTAN

VENEZUELA

VIET NAM

YEMEN

YUGOSLAVIA

ZAIRE

ZAMBIA

ZIMBABWE

The Agency's Statute was approved on 23 October 1956 by the Conference on the Statute of the
IAEA held at United Nations Headquarters, New York; it entered into force on 29 July 1957. The Head-
quarters of the Agency are situated in Vienna. Its principal objective is "to accelerate and enlarge the con-
tribution of atomic energy to peace, health and prosperity throughout the world".

© IAEA, 1995

Permission to reproduce or translate the information contained in this publication may be
obtained by writing to the International Atomic Energy Agency, Wagramerstrasse 5, P.O. Box 100,
A-1400 Vienna, Austria.

Printed by the IAEA in Austria
January 1995

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



SAFETY SERIES No. 50-P-7

TREATMENT OF
EXTERNAL HAZARDS IN
PROBABILISTIC SAFETY

ASSESSMENT FOR
NUCLEAR POWER PLANTS

A Safety Practice

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 1995

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



VIC Library Cataloguing in Publication Data

Treatment of external hazards in probabilistic safety assessment for nuclear
power plants : a safety practice. — Vienna : International Atomic Energy
Agency, 1995.

p. ; 24 cm. — (Safety series, ISSN 0074-1892 ; 50-P-7)
STI/PUB/968
ISBN 92-0-104794-0
Includes bibliographical references.

1. Nuclear power plants—Safety measures. 2. Nuclear power plants-
Risk assessment. I. International Atomic Energy Agency. II. Series.

VICL 95-00116

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



FOREWORD

Probabilistic safety assessment (PSA) is increasingly important in the safe
design and operation of nuclear power plants. The activities of the International
Atomic Energy Agency in this area are focused on facilitating the use of PSA by
reviewing the techniques developed in Member States, assisting in the formulation of
procedures and helping Member States to apply such procedures to enhance the safety
of nuclear power plants.

In this context, a set of publications is being prepared to establish a consistent
framework for conducting a PSA and forms of documentation that would facilitate the
review and utilization of the results.

The lead publication for this set establishes the role of PSA and probabilistic
safety criteria in nuclear power plant safety. Other publications present procedures
for the conduct of PSA in nuclear power plants and recognized practices for specific
areas of PSA, such as the analysis of common cause failures, human errors, external
hazards and collection and analysis of reliability data.

The publications are intended to assist technical persons performing or manag-
ing PSAs. They often refer to the existing PSA literature, which should be consulted
for more specific information on the modelling details. Therefore, only those techni-
cal areas deemed to be less well documented in the literature have been elaborated.
The publications do not prescribe particular methods, but they describe the advan-
tages and limitations of various methods and indicate the ones most widely used to
date. However, they are not intended to discourage the use of new or alternative
methods; in fact, advancement of all methods that achieve the objectives of PSA is
encouraged.

External hazards, which are treated in this Safety Practice, have special impor-
tance in PSA studies. The Safety Practice presents the general treatment of external
hazards, with application to the four specific types of hazard that are encountered and
analysed most frequently: earthquakes, high winds, floods and man induced events.
The methodology itself is general and can be applied equally well to other types of
hazard.

The draft of the document was prepared by R.J. Budnitz and R.D. Campbell
(United States of America) and reviewed during the Technical Committee Meeting
(TCM) in October 1992, with the participation of 19 specialists from 11 Member
States. The report was finalized by A. Gurpinar of the IAEA Secretariat, with com-
ments from the original drafters as well as from the TCM members.
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1. INTRODUCTION

1.1. BACKGROUND

The International Atomic Energy Agency is currently preparing a set of publi-
cations to establish a consistent framework for performing Probabilistic Safety
Assessment (PSA). The first book in the series is a Safety Practice [1], providing
guidance on conducting PSA concerned with events leading to core damage.
However, no specific recommendations are given for the procedural steps to treat
external initiators.

International experience indicates that external hazards can make a significant
contribution to plant risk, and it is widely recognized that such hazards should be
included in plant PSA studies. The essential characteristics of external hazards are
that they arise from outside the plant itself and are accidental in nature, i.e. wilful
action by third parties is excluded. The principal difficulty with analysing their effect
on a nuclear power plant is that they have the potential for affecting many different
pieces of equipment in the plant simultaneously. This common cause feature, while
not unique to external hazards, is certainly a special feature of all of them.

PSA can contribute in many and diverse ways to decision making as part of
the development of a particular project. Increasing use is being made of external haz-
ards PSA in design evaluation, and it is recognized that if probabilistic guidelines
or regulatory milestones are to be met the study will only be satisfactory if all the
internal and external hazards are included. External hazards PSA is also being used
more widely for the evaluation of operating nuclear power plants in order to identify
the vulnerable features and to determine whether plant modifications are necessary.
It should be noted that for external hazards PSA, normally a Level 1 plus contain-
ment performance analysis is completed, irrespective of the specific objectives of the
study.

1.2. OBJECTIVE

This Safety Practice provides guidance on conducting a PSA for external haz-
ards in nuclear power plants. Emphasis is placed on the procedural steps of the PSA
rather than on the details of corresponding methods. The publication is intended to
assist technical persons managing or performing PSAs. A particular aim is to pro-
mote a standardized framework, terminology and form of documentation for external
hazards PSA so as to facilitate external review of the results of such studies. For
those specialists who are already involved in related studies, such as a Level 1 PSA
dealing only with internal events, this publication provides an indication of how addi-
tional external events could be integrated into an existing PSA.

1
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1.3. SCOPE

This Safety Practice provides information on the inclusion of external hazards
in a Level 1 or a Level 2 PSA. Comment is also made on the way in which external
hazards should be considered for a Level 3 PSA. The three levels of PSA used in
international practice are defined as follows:

Level 1: The assessment of plant failures leading to the determination of core damage
frequency.

Level 2: The assessment of containment response leading, together with the Level 1
results, to the determination of containment release frequencies.

Level 3: The assessment of off-site consequences leading, together with the results
of Level 2 analysis, to estimates of public risks.

The main emphasis of this publication is placed on four types of hazard: earth-
quakes; floods; high winds and man induced events. These have been chosen as
examples to illustrate the procedure that should be adopted for other hazards, s\ich
as extreme snow or ice storms, volcanoes, natural fires and severe heat, which may
also require consideration.

For the purpose of this Safety Practice, the term 'floods' is used to denote
external floods only.

No detailed comment is made on the management and organization of a PSA
study, since this has already been discussed in Ref. [1].

1.4. STRUCTURE

The standard PSA approach towards external hazards involves two steps,
usually known as the initiating events analysis, or hazard analysis, and the plant
response analysis. Sections 2 and 3 deal with each of these in turn.

The two steps involve several individual tasks, and in both sections the reader
is guided systematically through the tasks and provided with guidance on the
appropriate sequence.

Section 4 provides additional guidance on consideration of external hazards in
a Level 2 PSA. Comments are also made on the way in which external hazards could
influence a Level 3 PSA.

2. INITIATING EVENTS ANALYSIS

Initiating events analysis or, more generally, hazard analysis is concerned,
first, with identifying the possible types of hazard, in this case external hazards, to
which a plant is exposed, and, second, with determining the frequencies of those
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hazards that are considered important. This section provides guidance to the analyst
on how to approach each of these tasks. As emphasized in Section 1, this analysis
is to be seen as an integral part of a broader study that includes not only external
initiators but also various internal initiators treated elsewhere. No single class of
events in a PSA can be detached entirely from the other classes.

An initiating event is one that generates event sequences in the plant which
could have the potential for leading to core damage. Specifically, it is the first event
in time, although it might be preceded in time by plant faults or by out of service
equipment whose effect on plant safety is passive until the initiating event actually
occurs. In the course of performing PSA analysis, it is necessary to determine the
expected number of such events per unit time. (Usually, this is expressed as the
expected number of events per year, but for rare events might be expressed as per
thousand years or even per million years.) Determining this quantity, including the
screening out of those events that are unimportant, is what is meant by 'initiating
events analysis'.

The analysis proceeds through seven tasks (see Fig. 1), which are described
in the following sections.

Selection
of

initiating
events

Parameter
definition
for each
initiator

J\

Detailed
screening

by
frequency

Approximate
screening
by impact

Detailed
para-

metrization
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initiatorn

Sensitivity
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7
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Hazard
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(frequency
versus size) Plant
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DOCUMENTATION

FIG. 1. Initiating events analysis.
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TABLE I. EXTERNAL HAZARDS3

Origin Principal phenomena Associated topic

Natural events

From the earth:

From water:

From air:

Earthquakes

Volcanoes

Soil failures

River floods

Coastal floods

Extreme meteorological
conditions

High winds

Lightning

Meteorites

Capable faults, liquefaction,
vibratory ground motion

Ejected missiles, lava, la har (mud
flow), poisonous gas, volcanic ash

Slope instability, subsidence,
swelling clays, karst collapse

Dam failure, extreme rainfall,
snowmelt

Tsunami, seiche
wind generated high waves

Temperature, rain, snow

Hurricanes, tornadoes, cyclones,
sand storms, fire

Man induced events

Transportation
(airports, railways, highways,
river traffic)

Nearby hazardous facilities
(pipelines, petrochemical
facilities, factories, etc.)

Aircraft impact, explosion,
missiles, vibration

Drifting clouds, explosions,
missiles, vibration, toxic gases

It is important to note that there is considerable potential for interaction among the initiating
events. For example, an earthquake can cause a tsunami or a dam failure, and a volcanic
eruption can cause a flood or earthquake.
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2.1. TASK 1: SELECTION OF INITIATING EVENTS

The first task is to draw up a list of events that is relevant to the particular
study. These events are always site dependent, and are often design dependent, there-
fore specific guidance on developing such a list is difficult to provide. However,
reference to specific cases, and indeed to quite simple guidelines, helps to ensure that
full consideration is given by the analyst.

A full list of external hazards is provided in Safety Guide 50-SG-S9 [2]; the
Probabilistic Reliability Analysis Procedures Guide (NUREG/CR-2300) [3] also lists
two pages of different hazards, some of which may not be obvious sources of threat
to any particular nuclear installation. Various probabilistic hazard safety assessments
have concentrated most of the effort on relatively few of these hazards; generally,
the following hazards have emerged as being of risk or safety importance: earth-
quakes, floods and high winds/tornadoes, as well as man induced hazards for a few
sites. However, as the relative importance of external hazards tends to be highly
plant or site specific, any particular assessment may be seriously incomplete if only
these few typical hazards are considered. The preferred approach towards short list-
ing hazards for detailed attention is to start from a full list containing all the possible
initiating events, based on expert judgement, and then to narrow down the field of
concern with a set of screening criteria. Assurance that the initial list is complete can-
not be given formally and unequivocally, but past experience gained with hazards
and probabilistic hazard safety assessments is a valuable guide.

A list of external hazards to which a plant may be exposed is given in Table I;
it is meant to be illustrative only. In this task, common sense must be used to
eliminate those initiators that simply do not occur typically at the site, or whose level
of probability is so low that the event does not need to be taken into account.

The hazards that remain after initial screening may affect only parts of a plant
or system, or may affect the whole of the nuclear installation. In some cases, the
effort required to assess a localized hazard may be considerably less than that
required to assess a whole plant hazard.

In most cases, a comparable assessment may already have been undertaken for
some other site or plant, and this may provide general or detailed guidance.
However, attention should be paid to ensuring that possible previous misjudgements
are not repeated, or that no inappropriate use is made of previous assessments which
are not directly comparable.

This initial screening is very rough and not quantitative, and hence should
eliminate only those initiators that are obviously of no importance. Screening using
the assessed frequencies of the hazards is described in Task 4.
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2.2. TASK 2: PARAMETER DEFINITION FOR EACH INITIATOR

In this task, the analyst must define each specific initiating event. Since it is
often a complex task to determine how to parameterize an initiator, the analyst
should take care not to perform excessive work in this task for initiators that will
probably be screened out in Tasks 3 and 4. For those initiators that will be subjected
to full scope PSA analysis, more detailed parameterization is accomplished in
Task 6.

Usually, the most important characteristics of this analysis are those para-
meters that are related to size (meaning damage potential). For example, in consider-
ing the frequency of high winds per year, it is necessary to discriminate wind storms
by size, since presumably only the very largest wind storms are of concern. There-
fore, the analyst must begin by deciding on how to characterize the size of each
initiating event being studied.

Sometimes, parameterization of an initiator by size is relatively easy, for
example, for river floods in which the key issue is elevation of the river compared
with elevation of the plant structures, equipment, dykes and embankments. In such
a case, a single parameter can be used as an acceptable measure of size. In other
cases, no single parameter is adequate, for example, for earthquakes where the size
depends not only on the peak ground acceleration (pga), but also on the duration of
the motion, its frequency content, the displacement and velocity at the site, and the
horizontal and vertical components. In this case, it is necessary either to find a simple
descriptor that approximates the complex reality or to perform a complex multi-
parameter analysis.

The most common natural hazards, earthquakes, floods and high winds, as
well as some man induced events, are examined in greater detail for their specific
parameterization and sizing requirements.

2.2.1. Earthquakes

Earthquake size is difficult to define simply and use of a single parameter is
often inadequate. Usually, earthquakes are characterized by several parameters [4]:

(1) The intensity, which is a descriptive index to measure the effects and damage;
(2) The ground motion, e.g. acceleration, velocity and displacement;
(3) The frequency content, which is generally represented by a response spectrum;
(4) The duration and, in some cases, the time histories.

These different parameters may be correlated by means of empirical relation-
ships. The nature of local geology is an important factor to take into consideration,
especially in relation to secondary effects such as liquefaction, subsidence, slope
instability or collapse. In a probabilistic analysis of earthquakes it has become com-
mon practice to use pga to characterize the earthquake's size.
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2.2.2. Floods

2.2.2.1. Rivers

An extreme river flood may result from one or more of the following causes:
precipitation; snowmelt; failure of the water flow control structures, either from seis-
mic or hydrological causes or because of faulty operation of the structures; and chan-
nel obstruction as a result of landslides, ice effects, log or debris jams.

Rivers and river floods are usually subject to significant changes over time due
to natural or man made causes. Water level data at a specific site are, therefore,
usually inhomogeneous over time, i.e. what is recorded now cannot be compared
with what happened 100 years ago. High water levels in the past could have been
caused by ice jams, which can easily develop in a meandering river. If the river was
normalized later, these jams will be less likely to occur. On the other hand, peak
levels may have risen because of this normalization or from a change in land use,
e.g. the cutting down of a major forest. Most rivers are not in equilibrium, but the
time-scale of natural morphological change is normally much longer than the period
over which man made changes in the river and the river basin take place. Therefore,
to evaluate the potential of a threat for the river, the current hydrological regime has
to be known, along with a prediction of the expected morphological and hydrological
changes for the lifetime of the plant.

The size of a river flood can be measured in terms of discharge, velocity, water
level, duration and the contribution of wave action.

2.2.2.2. Coastal sites

Extreme floods from the sea can be of the following types, or a combination
thereof: storm surge, tide, tsunami, seiche and waves. An extreme drawdown condi-
tion resulting from a combination of wind, tsunami and an extremely low tide may
also affect the site.

Alongside the extreme water levels, wave action is also a major contributor to
hazard. Wind speed, direction and duration, which can occur simultaneously with
the flood, should be taken into account, along with a probabilistic assessment of
wave action at lower levels, which can be more serious, depending on the site
conditions.

2.2.3. High winds

Characterizing high winds by size is not as simple as it appears. There are
different types of wind to be considered. For example, tornadoes pose a quite differ-
ent problem than continuous translational winds, e.g. those from a hurricane. For
the latter, the direction of the wind is very important (e.g. the plant may be more

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



sensitive to winds from certain directions), or it may be that dynamic loading from
gusts is the crucial issue. For any site, a design basis must have been set for the capa-
bility of a plant to withstand a given loading level. This provides important basic
information to the analyst in sizing the hazard. Thus, if the design strength is so great
that the high wind is covered, then it can be screened out at this stage. In practice,
this is rather unlikely.

As with all external hazards, it is necessary to include the potential combined
effects, especially when a causal relationship exists. Thus, combining wind with
other hazards, such as extreme temperatures, rainfall or flooding, should be given
some consideration. Perhaps most important, however, is the necessity to include in
the analysis the possibility of objects picked up by the wind (mainly tornadoes) and
turned into missiles.

2.2.4. Man induced events

For each of the man induced events, size is defined differently. Some of the
considerations include [5, 6]:

(1) For many of the transportation related hazards, the actual danger is explosion
or release of a dangerous cargo. In such cases, the key parameter requiring
definition would be the amount of cargo being carried or, perhaps, the maxi-
mum amount that could be released in an accident. These parameters would
also be the appropriate measures for releases from nearby industrial facilities.

(2) Sometimes, a collision is the issue, such as a barge colliding with the water
intake, or an aircraft colliding with a structure. In such cases, the key para-
meter would be related to the impact, i.e. the mass and the velocity of the
impacting object.

(3) If the man made hazard is caused by explosions after direct impact (e.g. an air-
craft crash), the key parameters would involve some combination of the
amount of fuel aboard and the mass of heavy engines that could harm a
structure.

(4) For hazards such as pipeline accidents, the inventory of materials that could
be released and the nature and pressure of the materials would be appropriate
parameters.

2.3. TASK 3: APPROXIMATE SCREENING BY IMPACT

In this task, the objective is to perform an approximate screening in order to
eliminate those initiators on the initial list whose impact cannot initiate an event
sequence that could lead to core damage. The main screening rationale is to examine
the immediate consequences of the event. It is important to note that sometimes it

8
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is easier to perform Task 4 before Task 3. This is a fully acceptable approach, where
appropriate.

Since a more detailed analysis of plant impact is performed in Task 13, the
screening here is intended to be very approximate, i.e. an initiator should be elimi-
nated in this task only if it is easy to show without detailed analysis that it is very
unlikely to affect the plant in a major way. The design characteristics of the plant
should be taken into account, including both its design basis and its as-built response.

This task is perhaps more appropriate to man induced hazards than to natural
hazards, since it is more likely that the former can be shown to be insufficiently large
to have any significant impact on the plant. This task should always be included for
completeness and there are instances where a beneficial simplification can be
obtained in this way. These instances are detailed in the following sections for the
four major types of hazard.

2.3.1. Earthquakes

Vibratory ground motion caused by earthquakes should not be eliminated from
the list of initiating events, because seismic waves can reach any point on the earth's
surface. However, specification of the site should be studied to consider the possibil-
ities of the associated effects of an earthquake. For example, a plant built on hard
rock (granite or limestone) cannot be subject to soil liquefaction. This risk can easily
be eliminated.

2.3.2. Floods

Protection of a plant against flooding can be accomplished in different ways:

(1) By choosing a high location in a flood or coastal plain that will only be reached
by the flood when the design basis flood is exceeded;

(2) By building a platform for the plant that will only be reached by the flood when
the design basis flood is exceeded;

(3) By protecting the site with a dyke system that is designed to withstand the
design basis flood.

The impact of flooding on the system may differ in these cases. In case (3),
exceedance of the design basis flood could result in complete flooding of the whole
system, while in cases (1) and (2), parts of the system could be flooded, depending
on the level of exceedance.

For a screening process, the following points are important:

(a) The location: This includes distance to the river, sea or lake, and the possibility
of any flood reaching the site.
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(b) The available warning time: This can be sufficiently long to shut off the opera-
tion for river sites (e.g. more than 1 day in advance). For coastal sites, in
general the warning time is shorter, sometimes only a matter of hours. The
warning time is the period needed for a possible flood to travel from the main
source (river, basin upstream, dams, earthquake, etc.) to the site, and is there-
fore also directly related to the accuracy of prediction.

(c) The type of water retaining structure: In case (3), there is more urgency to shut
down the plant even when floods lower than the design basis occur, because
any dyke burst will cause severe flooding of the plant. For cases (1) and (2),
this is less urgent.

(d) The adjacent areas: It is possible that other areas will be flooded as the design
basis flood occurs, so that the level will be lower than expected. A plant at the
edge of a narrow flood plain is more likely to be flooded than one in a wide
delta area, where additional/adjacent flooding is possible.'

2.3.3. High winds

Because almost all sites have at least some potential for high winds, some
design basis wind is always considered in plant design. Therefore, it is unlikely that
this entire category of hazard can be screened out in this task on the basis of impact
considerations. However, for many sites it may be possible to eliminate hurricanes
caused by climatic conditions as well as tornado type winds if it can be shown that
the local conditions cannot support tornadoes large enough to harm the plant at
speeds or pressure differentials above the design basis.

2.3.4. Man induced events

For each man induced event identified as of likely importance at a given site,

it is possible to develop an approximate maximum impact that could occur, given

pessimistic assumptions about subsequent events after the initiating accident. With

1 In the Netherlands, where the flooding pattern is of particular importance, the
general policy for siting is to ensure that the platform or dyke system at the site can withstand
a flood with a frequency of exceedance of 10~6 per year, a level at which all safety functions
in the nuclear power plant must still be functioning. It is very important to know whether all
the other dykes and dams can only withstand floods with annual frequencies of 10"3 to 10"4

per year, so that the nuclear power plant site is heavily 'overdyked'. This means that in a
10"6 situation most of the other dykes will burst and huge tracts of land will be flooded; this
will greatly reduce the expected level of the 10"6 occurrence. In such a case, the nuclear
power plant site will still be more or less safe. Even when the other dykes do not burst, over-
flowing will take place on a large scale as many of the dykes do not have the additional height
for wave attack, since this was not considered necessary for dykes at the seaside.
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this information, it is feasible to eliminate (screen out) those events whose maximum
impact would still not be a problem. For example, if a nearby natural gas pipeline
were to burst, it could only release enough gas to produce a fireball 30 m in diameter.
If the closest important facility is 2 km away, it would be appropriate to screen out
the fire effects of the pipeline from further consideration. Further, if the largest
barge on the nearby river were to be involved in a collision, affecting only one of
the two water intake structures of the power plant, then damage to both of the intake
structures would be found to be impossible because of their separation. Again, it
would be appropriate to screen out the category of barge collisions on the basis of
this information.

2.4. TASK 4: DETAILED SCREENING BY FREQUENCY

In this task, the analyst should perform a careful and detailed analysis to screen
out those classes of initiators whose frequency is so low that elimination of the hazard
source will not modify the risk profile. If an initiator with very large potential conse-
quences is thought to have a very low frequency, its screening out in this task
requires more than mere subjective judgement.

Criteria are clearly required to give guidance to the analyst so that the screen-
ing in this task can be accomplished in a logical and scrutable way. If such guidance
is not available in the local regulatory system, it is important that the analyst care-
fully records the reasons for using a particular screening criterion. This will at least
provide the means for appropriate review at a later stage.

In some countries, the regulatory system does provide guidance. For example,
it may have been decided that large reactor accidents with frequencies below about
1/1 000 000 per year are considered beyond regulatory concern. Such a broad safety
criterion might lead to using as the screening level for this task a criterion that is
ten times lower (about 1/10 000 000 per year). In this example, natural hazard initia-
tors that can be shown by detailed analysis to be less frequent than about 10"7 per
year are screened out and eliminated. The frequencies thus selected for screening
are, in general, much lower than those corresponding to the design basis for external
events.

2.4.1. Earthquakes

Earthquake ground motion cannot generally be omitted by frequency, because
in almost all countries the probability of an earthquake (more or less strong) is higher
than the level used to eliminate an initiator event. However, careful consideration
should be given to the probability of secondary effects of earthquakes, e.g. lique-
faction, slope instability, subsidence, collapse, as well as surface faulting or
fracturing.
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By taking into account the magnitude and duration of the earthquake and the
parameters of the soil characteristics, it may be possible to determine the lower limit
of the liquefaction phenomenon. Cohesive soil formations, well consolidated and
cemented sands, or formations above the water table would generally be sufficient
to eliminate liquefaction from further consideration, especially when the probability
of a large magnitude event is very low. The capable fault issue is an analogous
problem. Surface displacement along a fault is linked to the magnitude of the earth-
quake. Thus, if the probability of a given magnitude creating surface displacement
is sufficiently low, this aspect of the hazard can also be eliminated.

2.4.2. Floods

If the site is in an area in which there is a danger of flooding, only those sources
relevant'to flooding need to be considered. Transition zones, however, have to be
observed carefully; usually, no initiating event can be omitted. In this case, combina-
tions of rare events are important. When there is no correlation between a coastal
flood and a river flood or flooding on different tributaries of a river, e.g. if they are
caused by different meteorological circumstances that are not likely to occur simul-
taneously, combinations of two events with a sufficiently low probability of coinci-
dence can be screened out. If there is some correlation between the events, then
combinations of more rare events must be considered. In both cases, a detailed
multidimensional statistical analysis may be needed.

2.4.3. High winds

As mentioned in Task 3, some design basis wind is always considered in plant
design, because almost all sites have at least some potential for high winds. There-
fore, it is unlikely that the entire category of high winds can be screened out in this
task on the basis of frequency considerations, except for unusual sites. However, for
a given site it may be possible to demonstrate that the frequency of the design basis
wind velocity is so low that the entire category of high winds can be eliminated from
further consideration. To demonstrate this fact, a wind hazard curve should be devel-
oped with sufficient accuracy to support the conclusion that winds above the design
basis are truly of very low frequency. This situation would be likely, for example,
when a standard design is used in an area where the wind hazard is known to be low.

For sites at which it is not possible to screen for tornadoes on the basis of cli-
matic conditions, it may be possible to screen by frequency. This normally involves
determining the frequency of tornadoes for the region of concern; this is then cor-
rected to account for the localized nature of the event.

12
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2.4.4. Man induced events

For those man induced events that have not been screened out in Tasks 2 and 3,
this task develops the frequency with which they may occur. Usually, the frequency
can be determined on the basis of the data that are available, or that can be used,
even if they must be extrapolated from other data. Since the purpose of this task is
screening, the data need not be highly precise.

For example, if river barges striking the water intake structure is of concern
the relevant data would be the number of barges per year travelling on the river, and
the rate at which they accidentally strike the shoreline. It would be best if data for
the specific river could be found; even if this is not possible, it would be useful to
develop data for similar rivers carrying similar barge traffic. Although the data may
not be directly applicable, it is likely that an approximate frequency of impact can
be calculated. Such an approximate frequency would be adequate to screen out the
hazard if the frequency were sufficiently low.

Further, if a nearby petroleum refinery is of concern because it could harm the
nuclear facility through a large explosion, it would be appropriate to use generic data
on refinery explosions, perhaps even world wide data, for a screening calculation.
If the hazard could not be screened out, it would be necessary to refine the generic
data to examine the specific situation being studied.

In considering man induced events, there is little in the way of generic
guidance to provide for Task 4, because each situation will differ from any general
case.

2.5. TASK 5: DETAILED PARAMETERIZATION OF EACH INITIATOR

In this task, the parameters defined in Task 2 for each initiator must be refined.
Specifically, it is necessary to select the parameter(s) to be used to characterize size.
The word size is intended to describe the initiator's damage potential.

Of course, the damage potential may depend on the location in the plant. For
example, an earthquake of given ground motion will cause different motions at
different elevations in the containment structure, because of amplification, damping,
frequency shifts, etc. The damage potential may also depend on the co-location of
equipment and structures in close proximity, but this factor will be taken into account
in the response or fragility analysis to be accomplished later in this methodology (see
Section 3).

Selection of the parameters to characterize size cannot be accomplished
without careful interaction with the plant response aspect of the analysis, because the
parameters selected must be those that the response analyst can use.

As mentioned in Task 2, considerable guidance on how to parameterize size
is available for many of the important external initiators. For earthquakes, the pga
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is typically used; for tornadoes and hurricanes, wind speed is usually the selected
parameter, sometimes coupled with duration; for river flooding, the level (height)
of the water is usually chosen as the parameter of interest.

More detailed consideration of the refined sizing requirements for these four
hazards is given in the following sections.

2.5.1. Earthquakes

2.5.1.1. Seismotectonic modelling

Seismotectonic modelling of a region that may generate earthquakes and affect
the nuclear facility has evolved over the past few decades and takes into account the
increasing amount of seismological data accumulated and the advances made in the
understanding of tectonics; guidance is given in Ref. [4].

It is important to model a sufficiently large region surrounding the facility so
that all the possible sources of seismic ground motion relevant to the site can be taken
into consideration. The modelling process attempts to forecast future seismicity. The
seismotectonic model divides the region of concern into seismogenic structures and
areas of diffuse seismicity that are assumed to possess a uniform potential for gener-
ating earthquakes. Each of these seismotectonic subregions may be characterized by
a frequency-magnitude relationship, focal depth distribution, attenuation relation-
ships and a maximum potential magnitude. The latter is a limiting value based on
historical data, statistical evaluation and/or physical characteristics such as fault
dimensions. Typically, the analysis is based on historical earthquake data, including
any available instrumental records and the geology of the region.

2.5.1.2. Vibratory ground motion parameters

Current PSA practice is to characterize the severity of ground motion by a sin-
gle parameter, e.g. the intensity, acceleration, velocity or spectral acceleration. This
parameter is used as the independent variable of the hazard curve relationship. The
choice of parameter depends mainly on the type and reliability of the available data.
For example, in areas where historical seismicity records have been well kept, but
where instrumental seismicity is scarce, intensity might be a suitable parameter for
the analysis. If, on the other hand, the available history of the area is comparatively
short, but instrumental coverage is very good, and there are sufficient strong motion
records, spectral acceleration could be used.

Careful attention should be given to the frequency of the earthquake's response
spectrum. Generally, earthquakes of high magnitude are rich in low frequency (seis-
mologically speaking, 0.5-5 Hz); this has a strong effect on the building structures.
However, local earthquakes with a low to moderate magnitude have strong high fre-
quency components of ground motion (greater than 10 Hz). In this case, the strongest

14

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



effect of seismic waves is not on the building structures but on the systems and equip-
ment inside the structure. These high frequency components have limited energy,
and the high frequency motion is substantially filtered out by the lower frequency
soil structure system before reaching the equipment in the structure.

The chosen parameter may differ from those outlined in Section 2.2.1 as a
screening parameter. In these cases, more complex considerations may have to be
taken into account.

2.5.2. Floods

For floods, the following parameters are commonly in use:

Rivers: The water level, water discharge/velocity and duration;
Sea/lake: The water level, duration and velocity;
Waves: The height, length, period, wind speed and direction;
Wave run up: The height, overtopping and quantity per second;
Seiche: The wind oscillation and height;
Ice: The thickness and stream velocity.

Basic guidance on the evaluation of flood hazards in relation to nuclear power
plant siting is given in Safety Guides 50-SG-10A [7] and 50-SG-10B [8].

2.5.3. High winds

Generally, the parameter used to characterize high winds is wind velocity.
However, for tornado type winds it is also necessary to take into account the pressure
drop phenomena; thus, the pressure differential within the tornado may be used as
a second parameter to characterize the wind. Given these parameters, the analyst
should consider issues such as the building wake effects (covered in Section 3.2.3).
The impact potential (i.e. the size and velocity) for tornado borne missiles is also
a relevant parameter to be considered. Basic guidance on the evaluation of extreme
wind in relation to nuclear power plant siting is given in Safety Guides 50-SG-11A
[9] and50-SG-llB [10].

2.5.4. Man induced events

Although selection of the important parameters used for screening was dis-
cussed in Task 2, it is necessary to inspect this aspect further.

Each man induced event may result in a combination of various parameters that
have to be considered. For example, an aircraft crash may cause impact, explosion,
fire and vibration. Similarly, a pipeline accident may result in a blast (impulsive load
because of deflagration or detonation), fire and vibration; it may also produce mis-
siles that can affect different parts of the plant. In detailed parameterization of the
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event, all the primary and secondary effects should be taken into account. It should
be borne in mind that the number of missiles which may be generated is as important
as their size and velocity. If many missiles can be generated, then physical separation
alone may not provide adequate protection.

Regardless of the origin of the initiator, the effect can be expressed in terms
of the following parameters: impact loads, impulsive loads, thermal loads, vibratory
loads and toxic gases. For transporting explosive and toxic clouds, it may be neces-
sary to consider the atmospheric conditions. Basic guidance on the siting and design
aspects of man induced events in relation to nuclear power plants is given in Safety
Guides 50-SG-S5 [5] and 50-SG-D5 [6].

2.6. TASK 6: HAZARD ANALYSIS

This task is the full hazard analysis that should be performed for each initiator
which has not been screened out or bounded in earlier tasks. The objective is to
generate a curve that relates the frequency (or the frequency of exceedance, or the
probability) to the size of the parameter selected for that particular initiator. This
basic information, when combined with plant response analysis, provides the analyst
with the information needed to determine the probability of an accident with signifi-
cant consequences.

In general, the full hazard analysis is a specialist's task. It is usual that the PSA
analyst co-operates with an external hazards specialist, particularly for seismic
hazards.

Several points apply when a full hazard analysis for external events is
considered.

(1) Warning time: Many naturally occurring hazards can be either predicted or
observed to be developing in such a way as to give a period of warning to plant oper-
ators. Examples include:

(a) Flooding: The rise of rivers and the approach of tsunamis are relatively
straightforward when properly monitored;

(b) Hurricanes: The meteorological modelling and measurement are well devel-
oped and can give the necessary early warning.

Clearly, if the reactor can be shut down and secured before the occurrence of
the hazard, the risk will be greatly reduced. Such operational procedures should be
taken into account by the analyst. Another, although different, aspect of warning
time concerns the provision of reactor trips operating on specific signals. Of the
natural events, the earthquake is the most obvious and, while currently a long warn-
ing time cannot be given, it is important to recognize that if a plant is equipped with
a seismic specific trip system it must be included in the analysis. For earthquakes,
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there is generally no warning time. In some cases, there may be preceding ground
motion in cases of foreshock or of a cluster. It is very difficult to evaluate the impact
of this foresignal on the plant, especially on the psychology of the operating team.
In the same way, it is sometimes necessary to take into account aftershocks, espe-
cially if the plant is not in a completely safe configuration after shutdown.

(2) Location dependence: Some initiators affect only one, or a few, location(s) at
the plant site at a time. This is a very important feature for man induced and internal
hazards, but less so for natural events. Consideration should be given to the issue,
however, because localization can be beneficial in reducing the size of the analysts'
task and in bounding the remaining work.

(3) Recognition of the special issues concerning rare events: In the case of frequent
events (e.g. a 10"2 per year frequency level), the size of external hazards can often
be readily quantified, with little uncertainty on the basis of historical observations.
In contrast, quantification of rare events (e.g. a 10~6 per year frequency level) must
make use of phenomenological modelling of the hazard process and may make
recourse to general arguments on the physical limits to hazard size. Modelling is also
required for rare man induced events. This modelling, and the associated limited
data, can introduce an uncertainty that is relatively small (e.g. for an aircraft crash)
or large (e.g. for an earthquake). It is imperative that the PSA analyst understands
from the specialist the nature of the data presented to him, and that he in turn makes
clear the context in which the hazard data will be used.

2.6.1. Earthquakes

Of the three natural hazards discussed, the PSA analyst has the greatest need
for specialist knowledge on earthquakes. It is also the hazard that has received the
greatest attention in recent years. A technical document on seismic PSA for
specialists is available [11]. This section does not repeat the material in this publica-
tion, but rather provides the PSA analyst with an indication of the content and
problems of seismic hazard analysis.

The aim of the seismic hazard study is to construct a seismic hazard model for
the primary effects at the site, which include the vibratory ground motion for the free
field or rock outcrop. The hazard curve is derived from both stochastic and deter-
ministic considerations, i.e. a seismotectonic model. The methodology of seismic
hazard analysis is shown schematically in Fig. 2 [12], and the analytical task flow
is illustrated in Fig. 3. The example shows the hazard curve for pga. The process
is the same for other ground motion parameters such as velocity or intensity and is
repeated several times if uniform risk spectra (URS) are to be generated.
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FIG. 2. Schematic representation of the seismic hazard analysis methodology [12].

2.6.1.1. Contributors to the probabilistic assessment of vibratory ground motion

(1) Seismotectonic modelling: Seismotectonic modelling of a region that may
generate earthquakes affecting the nuclear facility has evolved over the past few
decades and takes into account the increasing amount of seismological data accumu-
lated and the advances made in the understanding of tectonics. The reader is referred
to Safety Guide 50-SG-S1 [4] for basic information on earthquakes in relation to
nuclear power plant siting.

(2) Modelling of earthquake occurrence: Earthquake occurrence is represented by
a stochastic process. The types of mathematical expression that may be used include
the Poisson process, Markov chains, renewal processes and cluster processes.
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However, the most widely used expression is the stationary Poisson process, which
assumes time independence of earthquake recurrence. This simplifies the non-
stationary earthquake occurrence problem into analysing a stationary stochastic point
process to facilitate computation. The arguments against this approach relate to the
independent arrival assumption, which is known to be contrary to the physical nature
of the seismogenic sources. However, use of non-Poissonian processes is novel and
not yet well proven, although some applications have been published within the last
decade. The adequacy of the earthquake catalogue (i.e. the length, completeness and
reliability) has an important bearing on the accuracy of the parameters used in the
stochastic model. This in turn contributes to the uncertainty inherent in the hazard
curve.

(3) Attenuation model: An essential step in deriving the hazard curve is the model
giving the vibratory ground motion parameter as a function of the focal event. Part
of this is the phenomenon of attenuation; an example of attenuation curves is shown
schematically in Fig. 3.

(4) Effects of local geology: In the design approach, uncertainty about the effects
of local geology may be accounted for by incorporating large safety factors.
However, in PSA it is important to use best estimate methods and to examine the
sensitivity separately. Local effects may be caused by strata at or near the site, or
other anisotropic features particular to the site. They can be incorporated into the
seismic hazard curve by adjusting the regional attenuation relationships. This is also
the case for regional effects, because the energy contribution of different types of
seismic wave depends largely on the general travel path characteristics.

2.6.1.2. Overall uncertainty in the seismic hazard curve

Several sources contribute to the overall uncertainty of the seismic hazard
curve, the most important of which are:

(1) Specification of the boundaries of the seismotectonic subregions;
(2) The frequency-magnitude relationships;
(3) The maximum magnitude truncation, which may have a statistical basis but

nevertheless involves deterministic judgement;
(4) The attenuation model;
(5) The choice of stochastic model of recurrence, e.g. the Poisson process;
(6) The uncertainty resulting from the transformation of intensity (or magnitude)

into acceleration (or other vibratory ground motion parameters).

Parameter sensitivity studies have been carried out to demonstrate the relative
effects of simplifications on the final hazard curve, but no comprehensive study is
available which includes all the possible uncertainties systematically. Even so, the
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final hazard curve generally has an appreciable uncertainty and it is important to
incorporate this into the PSA and to avoid as much as practicable use of only the
point estimates of the hazard curve.

2.6.2. Floods

Basic information on flood analysis is given in Safety Guides 50-SG-S10A [7]
and 50-SG-S10B [8] for river and coastal sites, respectively. Both the deterministic
and stochastic methods are described; preferably, a combination of the two methods
should be used. These guides deal in detail with all the phenomena that can cause
floods, e.g. wind, tsunami, precipitation, ice jam and dam failure; the different areas
considered, e.g. rivers, sea, lakes and the transition zone; wave action; sea level
abnormalities; and the methods used to arrive at design basis flood levels with a
10"6 probability of exceedance.

In the analysis, special attention should be given to uncertainties that may be
expressed in terms of confidence limits. Furthermore, a probabilistic approach could
be applied when considering combinations of events such as the water level, wave
action, storm surges and seiches, especially if much is known about the separate
phenomena and to what extent they interact with each other. In this case, all the loads
can be evaluated in terms of frequencies. When few data are available, conservative
superposition of the separate effects is appropriate on the basis of a careful modelling
of the region involved.

2.6.3. High winds

In characterizing the wind hazard, hurricane type and tornado type winds must
be treated differently, because of differences in their parameters. Hurricanes tend to
produce mainly translational winds whose duration in a given direction can last for
many minutes or even for hours. However, the velocity of hurricanes is limited to
about 70 m/s for most practical purposes; winds exceeding 50 m/s are rare. Torna-
does, on the other hand, can produce winds much higher than 100 m/s, characterized
by the more familiar twister wind forms; typically, these last for only a few minutes
to a fraction of 1 hour at any location. Also, the lateral extent of a tornado is small,
with widths ranging from about 100 m to about 1000 m for its destructive path on
the surface, whereas hurricanes can have destructive widths of many kilometres,
sometimes even tens of kilometres.

Several methods [9, 10] are available for determining the probability of a tor-
nado or hurricane exceeding a particular wind speed at a given site. The methods
usually start by studying the historical records. Often, the problem with historical
records is that they exist only for a site that is a considerable distance from the actual
reactor site; thus, analysis requires use of some technique that employs similitude
arguments. Also, the historical record may not extend to the very highest wind
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speeds, because these have been observed only rarely, even in the world wide data-
base; therefore, an extrapolation method must be used. Several possible methods
exist, but care should be taken to ensure that the method applied is suitable for the
particular geographical region of concern.

2.6.4. Man induced events

In general, a detailed hazard analysis involves development of some functional
relationship between the frequency of events versus some measure of their size.
Since man made hazards and local situations are so varied, it is not possible to pro-
vide guidance, except by discussing examples. One example is aircraft crashes. The
analysis could separate the different types of aircraft into a few discrete groups (large
commercial jetliners, small but fast military aircraft, small general aviation aircraft,
helicopters, etc.). Then a separate analysis could be performed for each class to
develop the frequency of impacts above a specified size. For example, for a small
general aviation plane perhaps only a direct hit could be damaging enough, while for
a large commercial jetliner indirect damage effects (explosions, etc.) could be impor-
tant. If this were found to be true, then the analysis would have to consider this aspect
in developing the frequency-size relationships. Further, perhaps small explosions
from a nearby natural gas pipeline could harm only structure A, while very large
explosions could harm structures A, B and C. The detailed analysis here would have
to take this into account in developing the frequency-size relationships.

2.7. TASK 7: SENSITIVITY ANALYSIS

Sensitivity analysis is required whenever an issue or a parameter affecting the
outcome of an analysis cannot be treated in a fully satisfactory way in the main analy-
sis itself. The principal task for the analyst is to select those parameters or aspects
of the analysis which require study.

Such an analysis is useful for interpreting the results of a hazard analysis. It
should be regarded as complementary to an uncertainty analysis rather than as a
replacement for it.

Sensitivity analysis can explore those issues that concern the model used in the
analysis, the data on which the quantification is based, or the approximations
introduced. Sometimes, all three issues can be explored in the same sensitivity analy-
sis, but it is usually preferable to explore each issue separately.

The exact character of the sensitivity studies will depend on the details of the
base case analysis, and cannot be specified here. It should be emphasized that it is
not necessary to employ complex or mathematically rigorous methods, which may
obscure the real issues or cloak them in false precision. What should be stressed is
that properly constructed sensitivity analyses can be a very good way of illuminating
which poorly understood issues are important, which are unimportant, and why.
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3. PLANT RESPONSE ANALYSIS

The plant response analysis covers analysis of the full spectrum of possible
undesirable plant responses, including analysis of the probability of a core degrada-
tion or core melt accident, and analysis of containment integrity. Phrase plant
response is a very broad term, encompassing not only how the physical equipment
behaves after an external initiator has occurred, but also how the operating staff and
other utility personnel respond, and indeed how the preplanned off-site emergency
plans may be influenced by the occurrence of the hazard.

The analysis can take several different forms, depending on the end use of the
study. For example, an analysis for an existing operating power plant would differ
from that for a new plant whose design is not yet complete and whose site has not
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FIG. 4. Plant response analysis.
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yet been selected. This is partly because the amount of specific and detailed informa-
tion available would be much less for the new plant, and partly because many deci-
sions that could affect the plant still have to be taken and could, therefore, be
influenced by the PSA analysis.

The information required for the plant response analysis includes information
on the plant site, the plant design, the as-built condition of the plant and the opera-
tional aspects.

This section describes the tasks of a plant response analysis, as shown in
Fig. 4. The usual sequence of handling these tasks is indicated by the task numbers.
For external events affecting the whole plant, e.g. earthquakes, it may be favourable
to start the plant response analysis with Task 12 and to continue with Task 9. The
interactions between the tasks (e.g. between Tasks 11 and 12) have to be taken into
consideration. This is done by applying an iterative procedure.

Of course, for some initiators it is either unnecessary or impossible to perform
all these tasks, in which case the analyst will truncate his work and document the
rationale for this truncation.

3.1. TASK 8: IDENTIFICATION OF VULNERABLE FEATURES

This first task in the analysis of plant response requires identification of the
key vulnerabilities; these are analysed in detail in Tasks 10 and 11. For example,
for a hurricane it is necessary to identify the wind vulnerable items on the site, e.g.
the metal sided buildings, exposed electrical switchyard equipment and exposed fuel
lines. For a flood, it is necessary to identify the low lying areas of the plant, and
the equipment located there. For a river barge collision, nearby vulnerable equip-
ment such as the water intake structure must be identified.

To accomplish this analysis, some approximate knowledge is needed on the
types of damage that can be caused by the initiator being studied. For the hurricane
example mentioned above, it is useful for the analyst to know that reinforced con-
crete buildings are usually sufficiently well designed to be considered resistant to
wind loading, so that, typically, it is unnecessary to include them in the list of poten-
tial vulnerabilities.

However, this task consists only of an identification process, so the analyst
should be liberal in including potentially vulnerable items which may, upon later
analysis, prove not to be vulnerable after all.

Table II provides a list of the vulnerable features that required investigation
in an earthquake PSA study of a nuclear power plant in the United States of America.
This list was developed from the considerable experience gained by analysts who had
performed several seismic PSA studies; it is site specific in detail rather than all
inclusive. It does, however, provide an indication of the type of information that
should be developed in this first task. This example also illustrates that external

24

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/ 



TABLE II. IMPORTANT VULNERABILITIES TO EARTHQUAKES
(List taken from the Oconee PRA study) [13]

Off-site power insulators
100 kV feeder
Condenser
600/208 V transformer
Auxiliary building: masonry walls
Station and auxiliary transformers
High pressure service water: elevated storage tank
4160/600 V transformers
Feedwater heaters
Jocassee Dam
High voltage bus ducting
Keowee Dam (east intake structure)
Upper surge tank
Pressurizer supports
Letdown coolers
Reactor coolant pump supports
Main feeder buses
Standby buses
Standby shutdown facility: 600/120 V transformer
Standby shutdown facility: 600/208/120 V transformer
Standby shutdown facility: 600/208 V transformer
Auxiliary building: shear walls
Letdown line piping
Reactor vessel internals
Standby shutdown facility: diesel oil storage tank
Reactor vessel skirt
Large reactor coolant pipe
Standby shutdown facility: diesel generator
Standby shutdown facility: DC batteries and racks
Standby shutdown facility: diesel day tank

structures such as upstream dams can be important vulnerable features for plant

response.

Sometimes, the list of vulnerabilities comprises mainly vulnerable areas, e.g.

those that are susceptible to flooding such as a building basement. At other times,

this list concentrates on co-located equipment, e.g. electrical equipment in a common

cabinet or a motor control centre. In all these cases, it is important for the analyst

to document the basis for the list, because if an item of equipment is on the list simply

because of its location, this is a basis that is quite different from the case where the

item possesses an intrinsic vulnerability.
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3.2. TASK 9: GENERALIZED LOAD ANALYSIS

The objective of this task is to determine the load on each affected component
or structure as a result of the initiating event. The term load is a generalized term
and includes conditions such as acceleration, impulse, impact, temperature, steam
environment, flooding or other adverse conditions that the component or structure
experiences because of the effect of the initiating event.

This task is one of the more time consuming parts of the whole analysis. For
an existing plant, it involves a detailed walkdown of the plant, extensive study of the
plant configuration, various calculations and a study of the operating procedures.
When conducting a PSA for a future plant, information on plant configuration and
operating procedures has to be weighed against the state of the design of the plant
at that moment, with continuous feedback. (Some of this information may have to
be accumulated in Task 8.) Because the characteristics of the different external initia-
tors are so varied, it is necessary to delineate this task in detail for each initiator.
Also, sometimes this part of the analysis cannot be highly detailed because the
specific plant design is not yet known. Several general aspects of the load analysis
have to be discussed to provide broad guidance:

(1) The duration of the effects of the external initiator should be considered.
(2) The consequent failure issue should be taken into account. This term means

that not all failures resulting from a given external initiator are caused by the
direct effect of the initiator itself; some are caused by the failure of another
item. Thus, an earthquake can cause item A to fail; then (or later), item A's
failure can cause item B to fail; this subsequent failure of item B may not be
directly related to the earthquake.

(3) Dependent failures should be analysed. This term refers to failures of similar
or related components through the same mechanism. These are sometimes
called common cause failures, but this term does not adequately describe all
dependent failures. For example, if six motor control centres are located adja-
cent to each other and an earthquake causes one cabinet support to buckle,
probably all the cabinet supports will buckle. In the absence of contrary infor-
mation, the assumption of partial or complete dependence should be included
in the analysis to account for this effect.

(4) The physical environment in which components and structures are placed
should be given careful consideration, e.g. in extremely high or low tempera-
tures; in the presence of steam, fire or flames; under submersion flooding;
under spray flooding; and in an explosion environment, with shock waves or
pressure pulses. Analysing the special environmental conditions under which
components and structures experience unusual loads is one of the main aspects
of Task 9.
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(5) Load combinations should be included, where appropriate. The analysis should
strive for realistic descriptions of load combinations rather than the highly con-
servative descriptions sometimes used for design purposes or for regulatory
requirements.

(6) It is important that the combined effects of failures from the specific external
initiator, together with failures from other causes, are taken into account.
Task 12 also considers this issue.

The results of the load analysis in this task and of the failure mode analysis
of Task 10 are the inputs to Task 11, in which the probability of failure is
determined.

Special considerations on the load analysis for each of the main external
hazards are covered in the following sections.

3.2.1. Earthquakes

An earthquake may be characterized by a relatively small number of
parameters. Its impact on the plant is much more difficult to characterize, because
the structure itself influences the transmission of loads from the ground motion to
the components located at different elevations in the plant. The simplest example
might be the amplification factor experienced by the cantilever action of tall struc-
tures. Both acceleration and displacement can be enhanced. An example of the oppo-
site extreme would be the damping effect of, for example, aseismic snubbers.

General guidance on load analysis is difficult to provide, since it is very plant
specific. The following points have to be borne in mind by the analyst:

(1) In identifying the localized areas for load analysis, it is not necessary to calcu-
late the loads imparted at every point in the building. However, the key compo-
nents or locations where analysis is necessary must be determined, e.g. the
electrical relay and junction boxes; mechanical linkages such as control rod
drive mechanisms; locations where shear forces may be disruptive; places
where falling objects may damage other equipment; and damage to non-safety
grade equipment that may harm co-located safety equipment.

(2) It is not possible to generate a list of locations that the analyst can confidently
use as a template for a specific plant study. Even for two plants designed in
a similar manner, surprisingly large differences can occur in areas of highest
sensitivity and in the capability of plant equipment to transmit earthquake
motions.

3.2.2. Floods

Loads caused by floods can be of either a static or a dynamic nature. Static
loads are caused by a high water level and the flooding of certain areas of the site.
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Also, high hydrostatic pressure can occur on both water retaining structures and
buildings. Dynamic loads can exist in addition to static loads, and may be caused by
wave action, high water velocities, drifting ice or seiche action. The two loads should
be considered together. The response of the entire plant must be calculated as a
whole, and the water retaining structures such as dykes or platforms should be exam-
ined carefully.

3.2.3. High winds

Loading from high translational winds (e.g. hurricanes) is quite different to
that from rotational (i.e. tornado type) winds. Each must be treated separately in the
analysis.

For translational winds, the most important consideration in the load analysis
is the direct forces on structures or other vulnerable features such as electrical
switchyards. Generally, the loading is determined by the wind speed and the
aerodynamic considerations. The principal complication in translational wind load
analysis is determining the effect of building wakes. The presence of very large
buildings can make a major difference to the forces acting on a specific structure,
because of the significant distortion in wind pathways and the resulting turbulence.
Therefore, the analysis should include a detailed study of the configuration of the
site, so that the wind speeds and directions can be determined properly for each key
structure.

For tornado type winds, the loading analysis is quite different. First, the winds
have a rotating character, which includes significant variability over short distances;
second, tornadoes are accompanied by pressure drop effects that can produce very
large loads on structures; these can be highly localized.

The load of missiles generated by high winds and man induced events can be
combined after a comparison of their size and frequency.

3.2.4. Man induced events

Even though the type and source of a man induced event could vary, the even-
tual loads resulting from such events can be grouped as impact loads, impulsive loads
and thermal loads. A detailed description of the treatment of these loads is given in
Safety Guide 50-SG-D5 [6].

It is important to recall that the sphere of influence of man induced events is
generally more limited than that of natural events. In many cases, physical separation
of the redundant systems serves as a satisfactory design provision against man
induced events.
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3.3. TASK 10: FAILURE MODE ANALYSIS

The objective of this task is to determine the specific failure mode(s) that will
cause each vulnerable component or structure to fail. A crucial aspect of this deter-
mination is to decide on the definition of failure. For the purpose of PSA analysis,
failure is always understood in the context of function: each component or structure
has a safety function that it must perform, and failure means failure to perform or
support the relevant safety function, or the production of a spurious response.

Some functions are active, e.g. closure of a valve when a closure signal
reaches it, while other functions are passive, e.g. the requirement that during a high
wind a wall supports the equipment hanging on it, or the need for supports for tanks
during and after an earthquake.

This task is a difficult part of the analysis. For many components or structures,
there are numerous possible failure modes and little information on which one is
most likely or most troublesome. In these situations, analysis can only be approxi-
mate. Nevertheless, the central role of failure mode analysis cannot be under-
estimated, because different failure modes may lead to different subsequent effects.
For example, the earthquake induced failure of battery racks could mean only that
there is no DC power available from them when it is needed after an accident, but
it could also mean that other components could be activated by electrical short
circuits.

It is important to recognize that much of the failure mode analysis in this task
is not probabilistic in character, but involves engineering methods to assess how and
why functional failures occur.

Special considerations concerning the failure mode analysis for each of the
main external hazards are covered in the following sections.

3.3.1. Failure related to dynamic loads (vibration, overpressure, impulse and
impact)

For evaluation of fragility, consideration has to be given to the fact that there
may be more than one way in which a component can fail. For a pump, the possibil-
ities include failure of the electrical supply (for electrically operated pumps); failure
of the control mechanisms (inadvertent stop signal); mechanical failure (shaft distor-
tion), pump bowl failure; and support failure.

The list is not exhaustive, but it illustrates the scale of the analysts' problem.
The list has to be repeated for each component or plant item.

When making this evaluation, and particularly when reviewing the data, it may
be possible to remove one or more of the possible failure modes — an analogous
screening to that developed in Section 2. If this is not the case, then fragility curves
have to be developed for all possible failure modes. It is only after the analysis that
the dominant mode is revealed.
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For structural systems, e.g. walls and foundations, it is also necessary to define
the meaning of failure. The vibratory motion may weaken a structure to the extent
that it fails when called upon, but this may only occur later in the accident sequence.
This type of failure requires special care, since the transfer of plant analysis from
the internal initiator analysis would not include such effects.

Structural failure should also include consideration of all those pieces of equip-
ment that are fastened to or close to the structure. Total structural collapse would
mean that all these items would be rendered unavailable.

3.3.2. Failure related to floods

When a nuclear power plant is exposed to floods, various parts of the plant can
be affected. This may be caused by failure of the water retaining structures that pro-
tect the plant from flooding.

The various modes of failure of the water retaining structures include overtop-
ping, wave run up overtopping, slope instability, piping, sliding or tilting, and short
term erosion.

Once the flood reaches the plant structures, failure of safety related equipment
is generally postulated, if it is in direct contact with water. For structures and founda-
tions, the deteriorated state should be estimated on the basis of local soil and struc-
tural conditions.

3.4. TASK 11: FRAGILITY ANALYSIS

The objective of this task is to determine the probability of failure of specific
components or structures, given the loads experienced because of the external haz-
ard.

The term fragility is taken from seismic analysis, but it applies equally well
to any external initiator. Fragility is defined as the probability of failure as a function
of the size of the input load. Usually, the input load is parameterized in terms of a
single variable (e.g. the pga for earthquakes). If more than one variable is needed
to characterize the load (e.g. the acceleration and frequency ranges for a URS), then
a multivariate fragility analysis must be performed. However, this additional step is
usually not performed in PSA analyses.

An example of a set of fragility curves is shown in Fig. 5 [13]. The figure
shows the probability of failure as a function of pga, and demonstrates a typical
approach towards displaying and documenting the fragility.

The most obvious basis for a fragility analysis, and the one with the greatest
validity, would be to proceed from an applicable database of real world experience,
which means that the analysis is most firmly based when one can utilize real world
earthquake experience data, or real data on river floods, or real tornado damage data.
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FIG. 5. Typical set of fragility curves (taken from a seismic PSA study of a nuclear power
plant in the USA) [13].

Unfortunately, very few analyses of external accident initiators can depend on such
data, since the databases in existence are almost never sufficiently complete (or
applicable) to be able to rely on them alone.

Another basis for fragility analysis is to use test data, which are numerous for
some initiators; for example, the test data for simulating earthquakes and aircraft
impacts are very extensive (although not always applicable).

Experience data or test data are preferable to relying on analysis, which is the
third approach towards determining the fragility of components and structures.
Particularly for structural systems, analysis is a fully acceptable method; examples
include analysis of the block wall behaviour under earthquake motions, and analysis
of the pressure caused failure of walls from tornadoes. The validity of an analysis
can only be determined on a case by case basis, with special care required by the
analyst to ensure that both the failure mode and the response can be represented
adequately by the analysis.

A key part of the fragility analysis is to determine the extent to which the fragil-
ity is uncertain (or erroneous) because of approximations in the parameterization of
the size of the load. For example, although pga is widely used to parameterize earth-
quake size, it is an incomplete attribute. At a given site, different types of earthquake
can produce the same pga value. Therefore, the fragility values determined in any
analysis will have some uncertainty or error as a result of this effect alone.
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Another key part of the fragility analysis is to determine how uncertainties in
the underlying database (either experience data or test data) propagate into uncertain-
ties in the fragilities. Because fragility calculations make assumptions and approxi-
mations and take information from many sources, it is often not easy to identify the
sources of uncertainty or to quantify them. Nevertheless, this is a key task for the
analyst. If a good database is not available, it is common practice to make assump-
tions in this task in order to proceed with the analysis.

Although the results of an uncertainty analysis are usually presented in func-
tional form (as in the example given in Fig. 5, where probability of failure as a func-
tion of pga is shown), sometimes the results are best developed and shown in
parametric form, e.g. the effects of an earthquake that has high frequency compo-
nents. If the analyst is uncertain as to the effect of the high frequency motion, two
different analyses can be performed, with and without its inclusion, to determine
whether the high frequency motion is important.

In summary, it is important that the analyst understands that the objective is
to determine the probability of failure, which requires a specific failure mode for
each component or structure.

Special considerations concerning the fragility analysis for each of the main
types of parameter are covered in the following sections.

3.4.1. Fragility related to dynamic loads (vibration, overpressure, impulse
and impact)

As indicated in Section 3.4, the term fragility originated from seismic studies,
hence much of the background and terminology of the analysis derive from this
source. However, the concept is equally applicable to other dynamic loads. Fragility
is usually defined in the following way:

Fragility: Conditional probability that a component will fail for a specified ground
motion or response parameter value as a function of that value (NUREG/CR-4334
[14] and, similarly, in NUREG/CR-2300 [3]).

An illustrative set of fragility curves is shown in Fig. 5, which shows how the
results of a fragility analysis are presented.

3.4.1.1. Methods for calculating component fragilities

To determine the fragility of components, it is usual to use the complementary
quantity capacity as the working variable. Capacity, or specifically seismic capacity,
is calculated by considering both the strength of and the capacity for energy absorp-
tion. The connection with the extreme event is clear; the ability of the component
to absorb the energy of the dynamic load is vital to its ability to survive. It is not
simply a question of determining the ultimate strength of the material. Since the
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event can only transmit a finite amount of energy to any particular component, it may
be able to preserve its functional capability by inelastic deformations.

There are two ways of obtaining component fragilities: first, by calculation,
from component capability data and local load (or stress) calculations, a combination
of which yields a calculated fragility; and, second, where fragilities can be obtained
directly, either by field measurements or from simulation experiments.

An explanation of the calculational method is given in the PRA Procedures
Guide, NUREG/CR-2300 [3]. This explanation is not repeated here, but it should
be noted that in order to develop the fragility description, the analyst will have:

(1) To calculate the appropriate strength of the component failure mode;
(2) To know the calculated stress or load to be applied at the component position

resulting from the specific external initiator being considered;
(3) To provide a factor to account for the inelastic absorption of energy;
(4) To be aware of any additional loads that may be applied to the component (in

addition to the direct load from its operating environment, and the external
event) resulting from secondary failures, e.g. safety valve operation, LOCA
and turbine trip.

Uncertainties in the strength, inelastic absorption capability, applied load and
combined loads should all be taken into account; methods have been developed for
each of these [3].

The alternative approach, based on judgement and experimental data, provides
a more direct, although empirical, estimation of seismic fragilities. An extensive
review of the available fragility information is given in Ref. [14]. This contains
direct reference to a mass of data on containments; nuclear steam supply system sup-
ports; reactor pressure vessel internals; control rod drive mechanisms; structures,
shear walls, diaphragms and footings; special non-ductile materials; the impact
between buildings, block walls, piping, valves, heat exchangers, tanks, batteries and
racks; active electrical equipment; diesel generators; pumps; heating, ventilating and
air conditioning equipment; cable trays; and control room ceilings. Additional con-
cerns include seismically induced dam, levee or dyke failures, where there may be
combined or synergistic effects. Finally, the impact of a severe external event such
as an earthquake on the human operators of the plant must be given consideration,
although no fragility curves are available for such effects.

In summary, calculation of component fragilities and treatment of uncertainties
is central to the analysis. A great deal of data are available for a wide range of com-
ponents, much of which is useful, but the analyst must satisfy himself of the
relevance of any particular data to the specific components of interest. It may be
necessary to consider specific tests on such equipment to confirm the applicability
of the available data.

A final aspect when considering fragilities is that of interdependence. If the
plant contains a number of similar components, the question arises as to whether the
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analyst should assume that they all fail at the same point, or that they fail indepen-
dently. This may be seen as another manifestation of common cause failure. If all
components of a given type are located in similar places, and have been mounted in
the same way, then common failure should be assumed. While some attempts have
been made to formalize the treatment of such common mode failures, the situation
is not as well developed as that for internal initiators and the analyst must use judge-
ment as to the best approach.

3.4.2. Fragility related to floods

Regarding floods, the following mechanisms should be considered as a mini-
mum for the fragility analysis: loss of structural integrity through collapse, sliding,
overturning, ponding, excessive impact and hydrostatic loads; flooding of equipment
from seepage through walls and roofs; flow through openings; spray and thermal
shocks; missile impact; blockage of cooling water intakes: this can occur in floods
less severe than the design basis flood.

The failure criteria should be based on realistic assumptions and should not be
considered synonymous with design limits.

For fragility analysis of the other structures or systems of a nuclear power
plant, an approach similar to that used for the fragility to earthquakes could be
applied. In applying this to floods, calculation of the structural loads and integrity
must account for failure mechanisms unique to floods, including wave ramp and
impact forces; erosion; liquefaction and sliding; ponding; hydrostatic loading and
overturning; leakage; and blockage of cooling water intakes.

In addition to fragility analyses of the structures, flooding of the room without
failure of the structure has to be considered. A conservative first order approach can
be to assume that the components inside any room will fail if flooding occurs,
independent of the level of flooding. A less conservative approach can be to assume
that the components only fail when submerged.

To evaluate the probability of flooding, the probabilities of failure of all the
mechanisms should be known. In principle, every possible limit state may contribute
to the total probability of a consequence.

3.5. TASK 12: SEQUENCE AND SYSTEMS ANALYSIS

The objective of this task is to identify and analyse the combinations of failures
leading to an undesired end point for the ensemble of postulated accidents. A variety
of end points can be studied, e.g. the end point of core melting or the significant ex-
plant radiological releases.

This part of the analysis is similar in its approach to the normal PSA systems
analysis methodology, which involves the development of event trees to characterize
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accident sequences and fault trees to characterize the probabilities of various failures
within the event trees. Because the event tree/fault tree methodology is so well
known, it is not discussed in detail here. (The reader is referred to the PRA Proce-
dures Guide (NUREG/CR-2300 [3]) for details.) However, a few key issues relevant
to analysis of external hazards are covered.

Normally, assessment of external hazards is either an integral part of a PSA
that considers a complete set of internal and external initiators, or it is done as an
extension of a PSA that has only considered internal initiating events. In the latter
case, the effort required for the analysis of external initiators may be reduced con-
siderably by making maximum use of sequence analysis for the internal initiating
events.

In this task, the analyst identifies those accident sequences that have an identi-
cal or similar time sequence of development to those sequences that have already
been included in the analysis of internal initiators. Whenever this kind of similarity
is discovered, the analyst's task is reduced to adapting existing analysis and to repeat-
ing quantification for the external initiator.

Because external events are commonly of a scale and type where more
widespread failures are to be expected than for internal initiating events, the useful-
ness of this technique depends on the specific type of external initiating event
considered.

To avoid double counting, the historical data used to determine the frequency
of the external initiating events should be evaluated with care. The data used to deter-
mine the frequency of loss of the external electrical grid may, for example, contain
data originating from lightning strikes in the vicinity of the plant.

The most important issue in sequence and systems analysis is that of dependent
failures. Specifically, what has historically set apart external hazards from internal
plant fault initiators has been the generalization that these initiators are common
cause accident initiators. What is usually meant by a common cause initiator is that
it can initiate a sequence of events and, simultaneously, disable the components,
structures and systems available to halt or mitigate the consequences of the initiating
event. This attribute, while clearly an important concern, is not exclusively an attrib-
ute of external initiators — many internal plant fault initiators have this character,
but not all external initiators possess it. However, the dependent failure aspect has
been one key focus of attention.

In systems analysis, the approach taken towards analysing dependent failures
is a vital issue (already discussed in Task 9). The aspect that requires additional dis-
cussion is the combining of quite different types of failure. The discussion in Task 9
described briefly how to treat identical components (e.g. six identical and co-located
motor control centres subjected to the same earthquake motion). In a broader systems
analysis, it is necessary to combine failures of quite different components or struc-
tures, e.g. earthquake caused failures of a motor control centre low in the auxiliary
building and a block wall located high in the containment. Although there are stan-
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dard methods for treating the dependencies in such cases (see Ref. [3]), it is impor-
tant that the analyst be made aware that this issue can present methodological
difficulties if the failure correlation is not understood. Nevertheless, sensitivity anal-
ysis can be performed in these cases to provide insight into the extent to which the
result depends on lack of knowledge of the correlation. If the result is found to be
sensitive, this lack of knowledge would contribute to the overall uncertainty of the
result.

Another key issue in systems analysis is combining failures caused by an exter-
nal initiator with unrelated failures caused by internal plant faults or human errors;
for example, a hypothetical accident sequence in which a tornado causes loss of off-
site power but in which the on-site emergency diesel generators fail to start because
of a maintenance error, followed by an operator error that causes other safety equip-
ment to fail. In this case, the initiator is an external initiator, but the accident analysis
involves combining external and internal failures, some of which may have con-
tingent (dependent) probabilities. It is important that the analyst be aware of the
necessity of constructing full event trees and full fault trees in order to consider all
such combinations of failure. (In the earliest PSA treatments of earthquakes, this was
not done; only earthquake induced faults were considered.)

Another important analytical issue is the problem of treating human actions
after an external initiator. This includes consideration of the success or failure of
operators to follow related emergency procedures, of inadvertent and erroneous
actions with a potential for aggravating the situation, and of the success of impro-
vised recovery actions and repairs. Compared with accident scenarios caused by
internal initiating events, for operators the stress levels and conditions in the plant
may differ considerably after an external initiating event. The current methodologies
for analysing human actions in PSAs are outlined in Ref. [1].

The final issue requiring discussion in this task is the development of event
trees and fault trees. Often, the trees developed for the internal initiator part of the
analysis can also be used for the external initiators, but this is not always the case.
The analyst should be aware that in some instances it is necessary to develop special
event trees or special fault trees for the specific initiator under study.

Because systems analysis is similar in execution for each of the external hazard
initiators, no separate discussion is provided here.

3.6. TASK 13: PLANT DAMAGE STATE EVALUATION

The objective of this task is to develop the plant damage states and to quantify
their frequencies on the basis of the accident sequence analysis and system reliability
analysis performed in Task 12. Examination of the dominant contributors to the total
core melt frequencies is also carried out in this task. A plant damage state (PDS) is
a particular configuration of plant system and component failures that is the outcome
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of an accident sequence through the undesired end point of core damage or core melt.
In principle, each of the large number of accident sequences is characterized by its
own PDS but, in practice, PSA analysts usually develop only a few plant damage
states (five to twenty) and group several accident sequences into each PDS. This
approximation is used for analytical convenience, because it is necessary to study
each PDS further in the next tasks of the PSA analysis, which places a premium on
reducing their number to a manageable one.

The methodology for this task is similar to that used widely for PSA analysis
of internal initiators. Therefore, the analyst is referred to standard PSA methodology
documents, and there is little to add here of a general nature (see Refs [3, 15]).

The only special comment is that it is vital for the analyst to develop different
and specialized plant damage states whenever an external hazard initiator produces
conditions (combinations of failures) that differ from those produced by internally
initiated accident sequences. Taking the short cut of fitting all accident sequences
from, say, earthquakes or floods into the PDS grouping developed for internal initia-
tors may be a serious error.

Because the plant damage state analysis is similar in execution for each of the
external hazard initiators, no separate discussion is provided here.

3.7. TASK 14: PRESENTATION AND INTERPRETATION OF RESULTS

In this task, the results of the initiating events and plant response analyses are
examined, summarized and presented, together with the analyst's interpretation of
them.

The details needed for the presentation depend on the purpose of the PSA as
well as the risk significance of the hazard indicated by the PSA, and may include
the following: comparison of the results with those of the internal event and other
external events; the important hazard (and important range of intensity); important
facilities or equipment and their failure modes; accident sequences and their fre-
quency; dominant sequences leading to core melt (and containment failure); estima-
tion of the level of uncertainty by sensitivity analysis and/or uncertainty analysis; the
important issues of uncertainty; and the possibility of the defence in depth concept
being jeopardized by external event initiators.

In comparing the results with those of other sources of hazard, use of point
estimate values may sometimes be misleading and adequate indication of uncertainty
is necessary.

When the results of a PSA are applied for decision making on the possible
improvement of a plant, they should be used as input for identifying candidates for
detailed engineering examination. The information on dominant sequences and
important facilities or equipment, as well as the analyst's interpretation of the way
in which they make a significant contribution to the risk, would be the most impor-
tant output of the PSA for such an examination.
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4. ANALYSIS OF IN-PLANT ACCIDENT PHENOMENA
AND EX-PLANT CONSEQUENCES

The guidance given for Tasks 1 to 14 is sufficient to allow completion of a
Level 1 plus containment performance analysis, which is the normal scope of an
external hazards PSA. This section provides additional guidance on consideration of
external hazards in a Level 2 PSA. Comments are also made on the way in which
external hazards may influence a Level 3 PSA.

For some external initiators, there may be crucial differences between plant
configuration and what would be expected for internal initiators. For example, if an
earthquake is sufficiently damaging to cause containment failure, any core melt acci-
dent that follows would begin with a breached containment and the susceptibility for
a large, uncontained release. Also, various engineered systems could be damaged
and unavailable, and the open containment could help to mitigate the accident's con-
sequences in certain circumstances. Furthermore, an earthquake could compromise
containment systems, accident mitigation systems, instrumentation and control capa-
bilities in such a way that special analysis would be required.

For a Level 2 analysis, special consideration is also required for evaluating
those items that are used only in the mitigation of the consequences of design basis
accidents. Although response and fragility analyses of these items may be identical
to those that are within the scope of Level 1 PSA, in some countries the actual design
of these items may have been made for a lower level earthquake ground motion. In
other words, it is possible that at least some of the items used in accident consequence
mitigation are seismic category 2, as opposed to those items that are included under
Level 1 PSA, which are all under seismic category 1. The containment system,
however, would always be expected to be in seismic category 1 (Safety Guide
50-SG-D15) [16].

The implication of this is that those items which were used to mitigate the acci-
dent consequences may already have failed when the accident occurs, if the accident
is caused by an external event such as an earthquake. Furthermore, the interaction
of these items with others in seismic category 2 would further contribute to an
increase in their vulnerability.

Consequently, it is likely that the impact of external events on the results of
a Level 2 PSA may be more significant than those of a Level 1 PSA.

For a Level 3 PSA, there may also be differences in the off-site situation that
could affect the evacuation and sheltering analysis. A large river flood could damage
bridges normally used for evacuation; this would require modification of the model
of how populations are evacuated. An earthquake, tornado or hurricane could
damage homes and commercial buildings in the vicinity, which might make evacua-
tion quite different from other cases. This type of external hazard could also damage
the communications capability, inhibiting notification of the authorities and the
population.
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Another possibility is that a natural hazard (massive earthquake, tornado or
tsunami) could cause significantly more damage off-site than the harm caused by any
resulting reactor accident. In this case, it may be difficult to rely on the attention of
the key emergency response personnel.

Another difference could be the meteorological conditions. Specifically, a hur-
ricane could produce very different wind conditions and torrential rainfall, requiring
quite different analytical approaches.

The overall comment would be that it is important for the analyst to be aware
of the potential differences in modelling needs whenever a natural hazard initiator
alters the expected group of conditions.
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