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FOREWORD

Since the tsunami that was caused by the 2011 Great East Japan Earthquake,
the importance of protecting nuclear installations against coastal flooding
has received renewed attention. That event highlighted the need for deeper
consideration of the design against tsunamis and the safety assessment of nuclear
installations in relation to such hazards, including the potential benefits of a risk
informed decision making framework. As a result, the engineering community
has proposed a combined approach to the design of nuclear installations against
tsunami scenarios that is based on both deterministic and probabilistic methods.
IAEA guidance on such an approach could enhance current practice and the
safety of nuclear sites that may be affected by a tsunami.

IAEA Safety Standards Series Nos SSG-18, Meteorological and
Hydrological Hazards in Site Evaluation for Nuclear Installations, and
SSG-68, Design of Nuclear Installations Against External Events Excluding
Earthquakes, provide high level guidance on the development of hydrological
and meteorological hazards, as well as recommendations for the design and
safety assessment of nuclear installations. This publication complements those
Specific Safety Guides and provides important insights into the various impacts
of tsunamis regarding up to date and well validated engineering approaches to
the safety of coastal nuclear installations. This publication is expected to be of
value to designers and regulatory bodies.

The TAEA is grateful to all those who contributed to the drafting and
review of this publication. The IAEA officer responsible for this publication was
K. Nagasawa of the Division of Nuclear Installation Safety.
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Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

This publication does not address questions of responsibility, legal or otherwise, for acts
or omissions on the part of any person.

Guidance and recommendations provided here in relation to identified good practices
represent expert opinion but are not made on the basis of a consensus of all Member States.
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1. INTRODUCTION

1.I. BACKGROUND

In the aftermath of the accident at the Fukushima Daiichi nuclear power
plant (NPP) in 2011, significant attention was directed towards re-evaluating
and enhancing tsunami design protocols for nuclear installations. The accident
underscored the critical importance of anticipating and mitigating the impact of
tsunamis on nuclear installations.

The events at the Fukushima Daiichi plant prompted a global reassessment
of nuclear safety standards and the need for proactive measures to address
potential vulnerabilities. The existing tsunami design, predicated on a design
basis tsunami, came under scrutiny, as it was deemed insufficient to withstand
the unprecedented scale of the 2011 tsunami. This involved considering scenarios
beyond the previously defined design basis tsunami and incorporating lessons
learned from the Fukushima Daiichi accident into related guidelines.

Furthermore, various types of impact and damage were observed not
only at NPPs, but also extensively across the Pacific coast of Japan, during
the tsunami. When assessing tsunami impacts, it is crucial to consider the
maximum water level, as well as factors such as the hydrodynamic effects and
impacts from waterborne missiles. Additionally, attention needs to be paid to the
tsunami induced fires observed in Kesennuma, Japan. Depending on the layout of
nuclear sites, it is necessary to install countermeasures and to take these impacts
into account when designing nuclear installations, which was not a common
practice before the Fukushima Daiichi accident.

Within this context, IAEA Safety Standards Series No. SSR-2/1 (Rev. 1),
Safety of Nuclear Power Plants: Design [1], which includes a requirement on
design extension conditions (DECs), was published in 2016. IAEA Safety
Standards Series No. SSG-18, Meteorological and Hydrological Hazards in Site
Evaluation for Nuclear Installations [2], which was published in 2011, is currently
in the process of revision to integrate the most recent concepts, incorporating
insights gained from the Fukushima Daiichi accident. Additionally, IAEA Safety
Standards Series No. SSG-68, Design of Nuclear Installations Against External
Events Excluding Earthquakes [3], released in 2021, provides comprehensive
recommendations on tsunami design and evaluation for design basis tsunamis
and beyond design basis tsunamis, encompassing diverse impacts of tsunamis.



1.2. OBJECTIVE

The main objective of this publication is to illustrate the diversity of impacts
caused by tsunamis and to provide an overview of the design considerations for
tsunami specific elements concerning design basis tsunamis and the evaluation
of tsunami design to include beyond design basis tsunamis. The ultimate goal is
to contribute to the enhancement of safety measures for nuclear installations in
accordance with SSG-68 [3]. Guidance and recommendations provided here in
relation to identified good practices represent expert opinion but are not made on
the basis of a consensus of all Member States.

1.3. SCOPE

This publication addresses the elements of the design basis tsunami —
including the design concept, the preliminary design and the final design — and
their verification against the beyond design basis tsunami for nuclear installations.

Design activities need to be closely coordinated with the beyond design basis
tsunami evaluations, incorporating methods such as tsunami margin assessments
and tsunami probabilistic safety assessment activities. Furthermore, the process
of designing nuclear installations to withstand tsunami effects necessitates a
multidisciplinary approach involving expertise in the following areas:

— Nuclear safety;

— Seismic  hazard (seismology, geology, geophysics, geotechnical
engineering);

— Tsunami generation and propagation (oceanography, hydrology);

— Engineering  disciplines  (civil, structural, flooding, geotechnical,
mechanical, electrical systems);

— Power plant operation.

1.4. STRUCTURE

This publication comprises the following sections. Section 2 provides an
overview and introduction of the tsunami design process: the overall purpose of
the tsunami design; potential effects of a tsunami on a nuclear installation; the
overall approach; tsunami phenomena and loading conditions; and categorization
of tsunami protection system elements. Section 3 defines the design basis tsunami
and the beyond design basis tsunami loading conditions. Section 4 provides an
overview of the design process for the tsunami protection system. Sections 5



and 6 discuss the design processes for a tsunami protection system comprising
external and incorporated barriers, and mechanical and electrical equipment
and distribution systems, respectively. Section 7 discusses design that addresses
special issues of tsunamis. Section 8 discusses tsunami detection and warning
systems. Section 9 presents the management system. Annexes [ and II describe
the practices followed in the United States of America and Japan, respectively, in
relation to design against tsunami scenarios. These two countries are highlighted
herein, as they have extensive standards and codes covering earthquakes and
associated (concomitant) events, such as flooding associated with a tsunami.

2. MAIN APPROACH TO DESIGN
AGAINST TSUNAMI EFFECTS

2.1. GENERAL CONSIDERATIONS IN TSUNAMI DESIGN

The objectives of tsunami design, as set out in IAEA Safety Standards
and other Member State regulatory and guidance publications, are as
follows. At the highest level, the objective is to ensure that NPPs are
designed and operated safely, minimizing the radiation exposure to on-site
and off-site personnel and the environment (see SSR-2/1 (Rev. 1) [1]).
Some Member States quantify guidance on core damage frequencies and release
frequencies. Examples include the following:

— United States of America: The goals of the United States Nuclear
Regulatory Commission (NRC) are less than 10~* per reactor-year for mean
core damage frequency and less than 107 per reactor-year for mean large
release frequency [4, 5].

— Canada: The Canadian Nuclear Safety Commission specifies three
probabilistic performance goals: (a) small release frequencies of less
than 10° per annum; (b) large release frequencies of less than 107° per
annum; and (c) core damage frequencies of less than 10~ per annum [6].

— Japan: The safety goals of the Nuclear Regulation Authority (NRA) of
Japan are less than 10~ for the mean core damage annual frequency and
less than 10 for the containment failure annual frequency [7].



To achieve these objectives, the following considerations need to be taken
into account in tsunami design:

— The five levels of defence in depth described in SSR-2/1 (Rev. 1) [1] apply
to the tsunami protection systems.

— Design basis tsunamis and beyond design basis tsunamis need to be
considered.

— Cliff edge effects' need to be assessed and prevented at the design basis
tsunami and beyond design basis tsunami levels.

— All plant states need to be considered.

— For multiunit sites, each unit needs its own safety systems to address
design basis tsunamis and beyond design basis tsunamis.

— A management system and a quality assurance programme of the tsunami
design of tsunami protection systems have to be in place.

— Operational effectiveness of non-permanent equipment has to be ensured in
challenging circumstances in severe accident conditions.

— Configuration control has to be implemented to support safe operation of
the NPP.

2.2. POTENTIAL EFFECTS OF A TSUNAMI ON COASTAL
NUCLEAR INSTALLATION SITES

2.2.1. Tsunami hazard phenomena of interest to nuclear power plant sites

According to the literature that was reviewed to atrive at a consensus on
the potential effects to be considered, there are several different approaches to
categorize and define the effects of a tsunami on a specific nuclear site, depending
on the principal effects of interest.

Several different tsunami hazard phenomena are recognized to be
significant contributors to the loading conditions to be considered in the design
and evaluation of structures, systems and components (SSCs) of NPPs. These

' SSR-2/1 (Rev. 1) [1] states:

“A “cliff edge effect’, in a nuclear power plant, is an instance of severely abnormal plant
behaviour caused by an abrupt transition from one plant status to another following a
small deviation in a plant parameter, and thus a sudden large variation in plant conditions
in response to a small variation in an input.”



phenomena, and the parameters that express the intensities of these phenomena,
are listed below and discussed in more detail in Section 3 (see also Fig. 1):

— Inundation (at the specific location):
e Tsunami height;
¢ Flow depth (inundation depth);
e Water velocity.
— Runup (at the inundation edge):
e Runup height;
e Inundation distance.
— Water level drawdown:
e Low water level.
— Sediment transport:
e Bathymetry change;
¢ Suspended sediment concentration.

Inundation (Fig. 1(a)) refers to onshore flooding caused by tsunami waves.
Key parameters related to inundation are the tsunami height, inundation depth
and water velocity, which are defined at specific locations within inundated areas.
The tsunami height is the maximum vertical distance from the still water level at
tsunami arrival to the elevation of the water surface at the location. Flow depth
or inundation depth is the maximum vertical distance upwards from the ground
surface or seabed to the elevation of the water surface at the location. Water
velocity is the speed of water particles at the location and is typically expressed
as a depth averaged value.

Runup (Fig. 1(a)) is the maximum vertical height onshore, above sea level,
reached by a tsunami. Its related parameters are the runup height and inundation
distance. Runup height is the vertical distance from the still water level at tsunami
arrival to the elevation of the edge of the inundation, or the boundary between
inundated and non-inundated areas. Inundation distance is the horizontal distance
from the shoreline at tsunami arrival to the edge of the inundation.

Water level drawdown (Fig. 1(b)) refers to the lowering of the water surface
due to receding of tsunami waves. The related parameter is low water level,
which is the maximum vertical distance downwards from the still water level at
tsunami arrival to the water surface at the specific location.

Sediment transport (Fig. 1(c)) is the movement of bed material caused by
bed friction and turbulence generated by the strong shear of tsunami induced
currents. The process of sediment transport is divided into bedload and suspended
load. Suspended load is caused by the transport of suspended sediment that is
discharged from the seabed to the seawater. Bathymetry change is the elevation
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FIG. 1. Tsunami hazard phenomena and related parameters. (a) Inundation and runup;
(b) water level drawdown; (c) sediment transport. Figure reproduced from SSG-18 [2].



change of the seabed and a result of sediment transport. Deposition and scouring
are the increase and decrease of the elevation of the seabed, respectively.

2.2.2. Summary of loading conditions for nuclear power plant sites

The tsunami hazard phenomena discussed in Section 2.2.1 are recognized

to be significant contributors to the loading conditions to be considered in the
design and evaluation of SSCs. The important loading conditions include the

following:

(a) Hydrostatic loads;

(b) Buoyancy;

(c) Hydrodynamic loads;
(d) Impulsive loads;

(e) Debris impact loads;

(f)  Scouring;

(g) Deposition (sediments);
(h) Deposition (debris, other);
(i) Tidal bore;

(G) Drawdown.

In summary, the effects of the tsunami (schematically illustrated in Fig. 2)

and its impacts on nuclear installations are as follows:

— Flooding due to tsunami runup and inundation (A), which can have the

following impacts on nuclear installations:
e [ oads from wave forces and inundation loads (hydrostatic force,
hydrodynamic force, buoyant force) on SSCs (A-1);
e Immersion of electrical and instrumentation equipment by flooding,
leading to loss of function (A-2).

— Dry intakes during drawdown (B), which can lead to:

¢ [ oss of cooling water.

— Waterborne debris collision (C), which can create:

e Damage to structures.

— Deposition due to sediment transport and waterborne debris (D), causing:

e Operating problems to marine utilities;

e Partial or complete obstruction of intake;

e Restriction or blocking of flow to the cooling systems, damage to system
equipment.

— Scouring due to sediment transport, damage of structure foundations (E).
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FIG. 2. Effects of tsunamis on nuclear installations (image courtesy of the Nuclear Regulation
Authority of Japan, partially revised). The flow directions of the tsunami wave during flooding
are indicated by red arrows.

2.3. BASIC APPROACH TO TSUNAMI DESIGN

The focus of this publication is the basic approach to tsunami design for
NPPs, but many of the concepts presented here are applicable to other nuclear
installations. The elements that have to be considered are as follows:

(a) Hierarchal hazard assessment: Screening of tsunami effects at the site.
(b) Site specific and design specific tsunami assessments:
— Design basis tsunami;
— Protection concept;
— Design principles;
— Performance criteria.
(¢) Tsunami phenomena and tsunami loading conditions:
— Design basis tsunami;
— Beyond design basis tsunami.
(d) Tsunami categorization of SSCs.



2.3.1. Hierarchal hazard assessment

The tsunami hazard assessment at an NPP site comprises three stages:
(1) screening of tsunami effects; (2) refined assessment of tsunami related
phenomena; and (3) implementation of design principles as appropriate. In
general, these stages involve modelling of the earthquake sources of concern,
initiation and propagation of the wave field from the source to the neighbourhood
of the site, and analyses of the various effects of the tsunami phenomena on the
site itself.

2.3.1.1. Regional screening

An evaluation needs to be conducted to determine whether the site region
is susceptible to tsunamis. For a new site, this evaluation is performed at the
site evaluation phase. For existing sites, a re-evaluation of external events will
be necessary as part of a periodic safety review or as a result of the occurrence
of events, such as the tsunami following the Great East Japan Earthquake. If no
tsunami hazard is identified, no further analysis is needed. The finding of no
credible tsunami hazard in a given region needs to be supported by extensive
region specific evidence, including historical data of all types, evaluations of
credible sources of tsunamis worldwide and their lack of consequences to the
region, and numerical simulations of worldwide sources verifying no tsunami
hazard to the region.

2.3.1.2. Site screening

An evaluation needs to be made to determine whether the NPP is sited and
designed in such a way that even if the region is susceptible to tsunamis, the
particular site is not adversely affected. Typically, this involves verification of
the capacity of the NPP to resist the effects of the tsunami. For example, SSCs
located at an elevation above a conservatively established maximum runup
elevation for the design basis tsunami are expected to be unaffected. Appropriate
margins to the runup levels need to be considered with reference to the beyond
design basis tsunami.

2.3.1.3. Site specific assessment and design

Site specific assessment and design are only necessary if the regional and
the site screening stages do not screen out the site for further consideration.



2.3.2. Site specific tsunami assessment and nuclear power plant design

The approach to site specific tsunami assessment and design of nuclear
installations comprises the following elements and decisions.

2.3.2.1. Definition of the design basis tsunami

The design basis tsunami may be defined deterministically or
probabilistically, as a tsunami scenario or using conservative values of the design
parameters of interest.

2.3.2.2. Definition of protection concepts

The approach to maintaining the functions of SSCs important to safety is
established under the impact of the design basis tsunami. To avoid the impact of
the design basis tsunami, the following concepts can be considered.

(a) Dry site concept

SSCs important to safety are constructed above the level of the design basis
tsunami loading conditions, with appropriate consideration of the beyond design
basis tsunami and possible cliff edge effects. The dry site concept can be applied
to the complete installation (i.e. the complete plant site is categorized as being
a dry site) or to a portion of the installation (i.e. a subset of all important SSCs,
such as the emergency power system) that is located at a high elevation on the
site.

For new plants, this can be accomplished, if necessary, by locating the plant
at a sufficiently high elevation or by means of construction arrangements that
raise the average grade level above the design basis tsunami loading conditions
— for example, by constructing an engineered berm on which the NPP SSCs are
installed. Such design items are classified as being important to safety and the
resulting procedures for design and maintainability over the life of the plant need
to be ensured.

For existing plants, any necessary upgrades or retrofits could be placed at
elevations satisfying the dry site concept.

(b) Permanent barriers
Levees, sea walls, breakwaters and bulkheads could be constructed external

to the plant site or boundary. Systems important to safety, and any components
or systems, could be contained in a watertight building or room using watertight

10



doors or other such means. In either case (external barriers or watertight
structure), care needs to be taken to implement appropriate design bases for the
barriers. In addition to the obvious tsunami loading conditions, seismic design
needs to be taken into account, especially for sites susceptible to tsunamis during
and after earthquakes, but also, in general, to ensure that the barriers’ capability is
not degraded by other external events. These barriers are classified appropriately,
designed for appropriate load combinations and maintained over the plant
life. Maintenance requirements include periodic inspections, monitoring and
maintenance of the external barriers — that is, both the barriers that are under
the responsibility of the plant operating organization and those that are not. The
permanent external barriers that are under the responsibility of the plant operating
organization are considered items important to safety.

In the same manner as in the dry site concept, permanent barriers can be
implemented either for the entire site (e.g. a sea wall blocking all paths of water
intrusion) or for a portion of the installation (e.g. a subset of all important SSCs).

(¢) Design of SSCs

It is also possible to install SSCs important to safety that can maintain
functionality even when subjected to the impact of the tsunami, such as watertight
motors and pumps.

(d) Combinations of protection concepts

Combinations of the above three protection concepts are acceptable,
especially for existing plants, where it may not be feasible to develop a totally dry
site concept, but upgrades or retrofits may address a combination of the protection
concepts. For example, if watertight doors for a building are not adequate to
resist the hydrodynamic loads associated with the tsunami, a sea wall may be
constructed specifically to reduce — but not eliminate — the hydrodynamic
loads on the watertight doors. Thereby, the combination of two concepts protects
the items inside the building from tsunami induced damage.

(e) Defence in depth

Defence in depth could be addressed by implementing a multiple protection
concept. For example, one level of defence is a permanent barrier, such as a sea
wall. Another level of defence is watertight doors to the diesel generator building;
such doors are another permanent embedded barrier, but it is necessary to ensure
that they will remain closed during a tsunami. An additional level of defence is a

11



new redundant emergency power train constructed at a high elevation, either on a
natural hill or a constructed engineered berm.

(f) Standard design basis tsunami and beyond design basis tsunami

For a standard NPP design to be placed in areas and on sites that are
susceptible to tsunami hazards, a standard design basis tsunami and beyond
design basis tsunami could be defined for design considerations. The standard
design could adopt a hierarchy of protection measures to be applied in the design
process or offer optional features to protect the plant against the design basis
tsunami and the beyond design basis tsunami. The licensee defines the standard
design basis tsunami and the beyond design basis tsunami, which are treated as
design conditions and beyond design conditions. With reference to both design
bases, the approach to design could be as follows:

— The complete plant is located at a dry site (i.e. at an elevation above the
design basis tsunami loading conditions), with adequate margin to meet
beyond design basis tsunami conditions with confidence.

— A combination of dry site concepts with permanent barriers is developed.

— A combination of dry site, permanent barriers and functional assurance of
equipment in a wet environment is developed as the standard design.

In all options, design robustness against tsunamis needs to be ensured.
2.3.2.3. Tsunami design principles and defence in depth principles

Assuming that tsunami modelling of the site has been performed and the
design basis tsunami and the beyond design basis tsunami have been established,
the following processes are carried out:

(a) Dry site concept for the design basis tsunami and the beyond design basis
tsunami. The complete nuclear installation is evaluated to check whether
a significant safety margin exists. Considerations include the layout of
the plant and safety related SSCs. If a significant margin exists to the
beyond design basis tsunami, no additional measures may be necessary.

(b) Permanent barriers. The following considerations apply:

(i) Permanent barriers are designed for all the effects of the phenomena
of the design basis tsunami — inundation (tsunami wave height, flow
depth and water velocity), runup, low water level drawdown and
sediment transport (see loading conditions in (ii1)).
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(i1)
(iii)

(iv)

™)

(vi)
(vii)

Permanent barriers protecting SSCs important to safety are evaluated
against the beyond design basis tsunami conditions.

Loading conditions to be considered in the design of permanent
barriers are categorized according to the potential failure modes
leading to cliff edge effects. For example, a sea wall for hydrostatic
loads, buoyancy, hydrodynamic loads, impulsive loads, debris impact
loads and drawdown is designed. Current design codes for these
loading conditions require the sea wall to be designed so as to behave
in a ductile manner, which in turn provides assurance that there will
be significant capacity to resist beyond design basis tsunami loads
without failure. Other loading conditions imposed on the sea wall, such
as over-topping, scouring or other sources of soil failure (e.g. leading
to liquefaction), may lead to cliff edge effects. In such cases, loading
conditions are identified for the evaluations described in (v).

Defence in depth may be needed for permanent barriers. A prudent
design concept is to have a minimum of two independent redundant
permanent barriers (e.g. sea wall and watertight buildings and
enclosures for systems, components, equipment and distribution
systems important to safety).

Progressive system collapse evaluations are performed. Sequential
loss of permanent barriers is assumed, and the consequences are
assessed from the standpoint of overall NPP safety. The tsunami
protection measures are considered as a system.

The permanent external barriers are considered as items important to
safety.

SSCs important to safety and designed to operate under tsunami
loading conditions are labelled as functional barriers. For example,
passive mechanical components designed to maintain structural
integrity when subjected to tsunami loading conditions (e.g. piping,
tanks); active components designed to operate under tsunami
loading conditions (e.g. submergible pumps); electrical equipment
with water resistant capability to permit functionality; infrastructure
(e.g. cables, connections) qualified to operate when submerged or
subjected to a water environment; intake facilities, including seawater
pumps designed to maintain structural integrity and operability when
subjected to tsunami loading conditions, in particular drawdown that
will cause inlets to be dry for a period of time.
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2.3.2.4. Establishment of design and performance criteria for nuclear
installations

The sole purpose of the tsunami specific designed elements is to protect
the SSCs important to safety of the nuclear installation from damage or loss of
function due to the tsunami loading conditions. A tsunami sea wall is an example.
These elements are typically categorized as permanent barriers.

The tsunami design is applicable to the following SSCs of the nuclear
installation: (a) SSCs classified as important to safety and necessary to ensure
and maintain the safety of the nuclear installation; and (b) SSCs that provide
tsunami protection for the SSCs in (a). Examples are permanent barriers, such
as watertight penetrations or doors in walls of structures housing systems and
components important to safety; and systems and components qualified to operate
in the environment created by tsunami loading conditions, such as submersible
pumps operating when inundated by water.

Categorization of the items important to safety for tsunamis and the
tsunami protection system are discussed in Section 2.3.4. Briefly, elements of
the tsunami protection system and a subset of SSCs important to the safety of
nuclear installations are categorized as Tsunami Category 1 (TC-1). These items
are designed and/or evaluated specifically for the design basis tsunami and the
beyond design basis tsunami. The definition of TC-1 SSCs starts with all SSCs of
the nuclear installation categorized as seismic category 1, which then are reduced
to a subset supplemented by permanent barriers and functional barriers that are
specific to the tsunami design.

Tsunami Category 2 (TC-2) items are those that are not part of the tsunami
protection system but may have an effect on the safety of the nuclear installation
or on the tsunami protection system.

2.3.2.5. Other design considerations

Local and distant sources of tsunamis impose different initial conditions on
NPPs, which should be taken into account.

Local tsunamis are produced by earthquakes occurring close to the site
in many cases. Consequently, it is expected that earthquake ground motion
will be experienced at the site. Depending on the earthquake source parameters
that are likely to produce the tsunami (e.g. magnitude, distance, fault rupture
characteristics), the effects of shaking on the NPP site may be: (a) ground motion
exceeding the design basis earthquake (DBE) ground motion, causing no damage,
minimal damage or significant damage to SSCs; (b) ground motion of amplitude
lower than the DBE and greater than the operating basis earthquake, causing no
or minimal damage to SSCs important to safety, but leading to automatic scram
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or manual shutdown of the operating NPP; (c) ground motion of amplitude lower
than the operating basis earthquake, but significant enough to cause automatic
scram or leading to manual shutdown.

In all these cases, a pre-existing condition exists, which is taken into
account in the design and evaluation phase. This affects assumptions associated
with the operational states of NPP load combinations.

Distant tsunamis differ from local tsunamis in that earthquake vibrations
are not experienced at the site. In the case of a distant tsunami, if combination
with a local tsunami is considered, the NPP may be in a state of hot or cold
shutdown due to automatic or manual shutdown resulting from vibratory ground
motion experienced at the site or from advance tsunami warning.

2.3.3. Tsunami loading conditions
2.3.3.1. Design basis tsunami

A design basis tsunami can be defined by a set of tsunami phenomena,
described in Section 2.2.1, or by a set of tsunami loading conditions, described in
Section 2.2.2.

References [2, 3, 8] provide background, methodologies and approaches
for defining the tsunami hazard at an NPP site. The following are basic concepts
to be considered:

(a) Definition of control point(s). The control point may be one location or
a series of locations offshore and represents the transition point between
modelling the propagation of the tsunami from the source to a location
where non-linear onshore modelling is initiated. The control point is
located where: (a) the linear long wave theory applies; and (b) reflected
waves from the coast are not significant.

(b) Probabilistic definition of the tsunami hazard [2]. Important aspects of the
overall process include the following:

(i) Simulations of individual scenario tsunamis are performed in the
probabilistic analyses. Each scenario is associated with a source
region and with a frequency of occurrence for a probabilistic tsunami
hazard assessment.

(i) At a specified control point, analysis of the scenario tsunami
is transferred from the overall propagation analysis to the
local site specific analysis, taking into account the site specific
characteristics.

(i) For a full probabilistic analysis, variability (aleatory and epistemic
uncertainty) in all the models, as well as in the parameters associated
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(d)
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(iv)

with both linear and non-linear analyses, is explicitly considered. The
end results are the probability distributions of the tsunami phenomena
described in section 2.2.1 and the tsunami loading conditions described
in Section 2.2.2. A probability distribution could be conditional on
a tsunami occurring or unconditional due to convolving over the
frequency of occurrence of all tsunamis that produce the tsunami
phenomenon, the tsunami loading condition or both.

An important consideration of these results is that individual tsunami
phenomena may be correlated and individual tsunami loading
conditions may be correlated. For example, a large tsunami height
may or may not be correlated with a large wave velocity. Similarly,
a large hydrodynamic load may or may not be correlated with a large
hydrostatic load. Each scenario may have unique correlative properties
amongst the resulting parameters. For hydrodynamic loads, wave
height and flow velocity are correlated, and the parameter of interest is
their combination (i.e. momentum flux; see Section 5).

Performance of a series of simulations of individual tsunami scenarios.
These scenarios are selected probabilistically or deterministically, as
follows:

(1)

(i)

Probabilistically defined scenarios that are not conditioned by their
frequencies of exceedance result in unconditional distributions of
the tsunami phenomena and tsunami loading conditions. From these
probability distributions, values of the tsunami phenomena and
tsunami loading conditions can be associated with a frequency of
exceedance (e.g. 10, 107 and 10 per annum).

Deterministically selected scenarios may be based on limited historical
data, sensitivity studies, numerical simulations, expert opinion and
other considerations. The end product of the simulations is a tabulation
of individual tsunami loading conditions ranked from high to low, but
without regard for correlation between scenarios. A set of loading
conditions are produced that are eventually associated with each of the
TC-1 SSCs.

For the design basis tsunami, selection of loading condition values for the
design of TC-1 SSCs and the evaluation of TC-2 SSCs, according to the
following criteria:

(1)

If the number of tsunami simulations is large enough, each of the
tabulations mentioned in (c)(ii) could be interpreted probabilistically
and the designer could select a probability of exceedance value to
define the design basis tsunami quantities. For example, a value of
the median plus one standard deviation could be selected for each of
the tsunami loading conditions, conditional on a tsunami occurrence.



Alternatively, the designer could target a probability of exceedance
value such as 10™* or 107 per annum.

(i1) Regardless of the number of simulations, the designer may decide
to select the maximum value of the tabulation for the design basis
tsunami quantities.

(iii) A safety factor may be added to some or all the tsunami loading
conditions, depending on the loading condition, the SSC to which it
applies, the nature of the consequences of exceeding the design basis
(e.g. a cliff edge effect) and other considerations.

The design basis tsunami loading conditions are specified for all TC-1
SSCs by taking into account the location and topography of the NPP site.

2.3.3.2. Beyond design basis tsunami
Paragraph 5.21A of SSR-2/1 (Rev. 1) [1] states:

“The design of the plant shall also provide for an adequate margin to protect
items ultimately necessary to prevent an early radioactive release or a large
radioactive release in the event of levels of natural hazards exceeding those
considered for design, derived from the hazard evaluation for the site.”

A beyond design basis tsunami is defined as a set of tsunami phenomena or
tsunami loading conditions that are greater than those of the design basis tsunami
and that are suitable for assessing the safety margin beyond the design basis
tsunami conditions.

Paragraph 3.24 of SSG-68 [3] states that: “The definition of the beyond
design basis external event loading conditions is inherently connected with the
performance and acceptance criteria for SSCs and the nuclear installation.”

In principle, the beyond design basis tsunami should challenge the NPP,
especially tsunami phenomena and tsunami loading conditions that could lead
to cliff edge effects. Logically, the criteria for defining the beyond design basis
tsunami could be based on the tsunami probabilistic risk assessment plant metrics
and possibly include other measures, such as a safety margin.

Paragraph 3.24 of SSG-68 [3] further states that: “methodologies to
evaluate beyond design basis external events may be performed by means of a
best estimate approach (which is relaxed compared with design methods and
acceptance criteria relating to material properties).”
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To assess the margins and evaluate cliff edge effects, one of the following
methods for defining the beyond design basis external event (BDBEE) loading
conditions is used:

(a) Defining the BDBEE loading conditions by applying a factor to its loading
conditions [3];

(b) Defining the BDBEE loading conditions on the basis of the probabilistic
hazard evaluation;

(¢) Defining the BDBEE loading conditions as the maximum credible hazard
severity.

2.3.3.3. Design extension conditions
SSR-2/1 (Rev. 1) [1] defines DECs as:

“Postulated accident conditions that are not considered for design basis
accidents, but that are considered in the design process of the facility in
accordance with best estimate methodology, and for which releases of
radioactive material are kept within acceptable limits.”

DECs encompass scenarios where significant fuel degradation does not
occur and scenarios involving core melting. The principal technical concept in
considering DECs is to ensure that the design of the NPP either prevents accident
conditions not classified as design basis accident conditions or mitigates their
consequences to an extent that is reasonably practicable. SSR-2/1 (Rev. 1) [1]
states:

“The design of the plant shall also provide for an adequate margin to protect
items ultimately necessary to prevent an early radioactive release or a large
radioactive release in the event of levels of natural hazards exceeding those
considered for design, derived from the hazard evaluation for the site.”

Reference [8] discusses DECs and BDBEEs and explains the usefulness of
familiarization with the concepts of BDBEE (specifically, beyond design basis
tsunami) and DECs as part of the design and assessment of an NPP (or other
nuclear installations).
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2.3.3.4. Severe accident prevention and management

Measures to prevent and mitigate severe accidents have been implemented
at NPPs in many Member States following the March 2011 accident at the
Fukushima Daiichi NPP. Requirements 58, 68 and 80 and the associated
paragraphs in SSR-2/1 (Rev. 1) [1] acknowledge the usefulness of non-permanent
equipment being added as complementary to the fourth level of defence in depth.

IAEA Safety Standards Series No. SSG-67, Seismic Design for Nuclear
Installations [9], and Ref. [10] detail an approach used broadly to supplement
existing safety systems in NPPs.

SSR-2/1 (Rev. 1) [1] specifies non-permanent equipment, including
equipment for restoring the capability to remove heat from containment, restoring
the necessary electrical power supply and ensuring sufficient water inventory
for the long term cooling and shielding of spent fuel. However, the scope of
non-permanent equipment is not limited to these examples. In addition, SSR-2/1
(Rev. 1) [1] describes non-permanent equipment as follows:

(a) “The design shall also include features to enable the safe use of
non-permanent equipment for restoring the capability to remove heat from
the containment” (para. 6.28B).

(b) “The design shall also include features to enable the safe use of
non-permanent equipment to restore the necessary electrical power supply”
(para. 6.45A).

(c) “The design shall also include features to enable the safe use of
non-permanent equipment to ensure sufficient water inventory for the long
term cooling of spent fuel and for providing shielding against radiation”
(para. 6.68).

Non-permanent equipment, with its flexibility to respond to various DEC
scenarios, can be an effective measure in accident management to control the
release of radioactive material to the environment. References [8, 11] give detailed
examples of non-permanent equipment and its use for accident management.

2.3.4. Tsunami categorization for structures, systems and components
Categorization of SSCs for tsunami design, tsunami protection and tsunami

evaluation is an essential part of the tsunami design process. One approach is to
identify TC-1 and TC-2 SSCs.
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2.3.4.1. Tsunami Category 1 structures, systems and components

(@)

Theoretically, all SSCs important to safety” in a nuclear installation are
categorized as TC-1. This is very similar to the treatment of seismic events.
Although there is a parallel in the tsunami categorization of SSCs with their
seismic categorization, the former differs significantly in that a tsunami event
as a common cause external event does not directly or indirectly affect all SSCs
important to safety simultaneously, as seismic events do. The categorization
procedure is as follows:

The first step in the categorization process is to identify buildings and
structures that will serve as tsunami protection for SSCs important to
safety located within. The protection concept is to apply the dry site, the
permanent barrier and/or the functional barrier concepts to prevent failure
of the building or a portion thereof, such that there is no water intrusion
into the building envelope. The building is categorized as TC-1. In general,
the SSCs important to safety located within the building are assumed to be
protected and are not identified as TC-1. The following examples apply:

(1)

(i)

An example of tsunami protection is the typical containment building
or reactor building. If the principle of defence in depth is applied,
a sea wall protecting the site can be envisioned as the first level of
protection, with watertight doors, penetrations and hatches installed in
the building as the second level of protection. Then, all SSCs important
to safety located in the building are not TC-1. This step eliminates
hundreds or even thousands of SSCs from further evaluation.

A second example is a turbine building where SSCs important to safety
are not normally installed, but that may nevertheless house them.
In such a case, the first level of protection is the sea wall as before.
However, the second level of protection may not serve as protection
of the complete turbine building envelope, which may be too difficult
to ensure owing to all the accesses and penetrations. In this case, the
second level of protection may be internal to the turbine building, such
as ensuring that rooms or compartments housing SSCs important to
safety are isolatable and watertight (permanent barrier), or ensuring
that the SSCs can perform their functions in an inundated condition.
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Step 1 is the first level screen (screen out) of SSCs important to safety. The
end product of Step 1 is a list of buildings and structures that are categorized
as TC-1 and need to be designed for the design basis tsunami and evaluated
for the beyond design basis tsunami.

(b) The second step is to identify SSCs important to safety located outside of
the buildings; that is, in the yard of the site. These SSCs need to be protected
by implementing one or more protection concepts. In this case, the barriers
and/or the SSCs important to safety are identified as TC-1. Step 2 is the
second level screen (screen in) of SSCs important to safety located outside
of buildings. The end product of Step 2 is a list of SSCs important to safety
located outside of buildings that are TC-1. These SSCs need to be designed
for the design basis tsunami and evaluated for the beyond design basis
tsunami, or protected by the tsunami protection system.

2.3.4.2. Tsunami Category 2 structures, systems and components

TC-2 items are those items that are not part of the tsunami protection system
but may have an effect on the nuclear installation or on the tsunami protection
system. Examples include items that could become flotsam and consequently
become waterborne missiles impacting SSCs important to safety, and sources of
fire, such as flammable fluid contained in tanks that could fail and subsequently
ignite, causing fire or explosive damage.

2.3.4.3. Subcategorization of Tsunami Category 1 and 2 items

TC-1 items that are part of the tsunami protection system can be
subcategorized on the basis of their purpose and function. One such designation
is the following:

(a) External permanent barriers, whose sole purpose is as elements of the
tsunami protection system (e.g. a tsunami sea wall). These items could be
designated TC-1(e).

(b) Incorporated permanent barriers, whose purpose may be a combination
of operational requirements and a part of the tsunami protection system
(e.g. a watertight door on a TC-1 building). These items could be
designated TC-1(1).

(c) Items designed or qualified to operate in wet conditions (e.g. submergible
pump). These items could be designated TC-1(t).

Similar subcategorizations could be implemented for TC-2 items, if
appropriate.
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3. TSUNAMI PHENOMENA AND
LOADING CONDITIONS

3.1. TSUNAMI PHENOMENA

Section 2.2.1 introduced the tsunami phenomena of interest to the definition
of a design basis tsunami and beyond design basis tsunami. These phenomena are
discussed in more detail in this section.

The following tsunami hazard phenomena are recognized to be significant
contributors to defining the loading conditions to be considered in the design and
evaluation of NPP SSCs:

(a) Tsunami height. The height of water is defined at the locations of interest
relative to the elevation of water or the ground elevation at this location.
For example, it can be defined at the following locations:

(1) At the control point (Section 2.3) offshore. The tsunami height at the
control point is one of the tsunami parameters at the hand-off between
modelling the propagation of the tsunami from the seismic source to a
location where non-linear onshore modelling is initiated.

(i) At the location where a permanent barrier is to be constructed or
installed, such as a sea wall or a watertight door in a building. The
tsunami height at such a location is a design parameter for a design
basis tsunami and an evaluation parameter for a beyond design basis
tsunami.

(b) Flow (or inundation) depth. Flow depth is the water depth at the location
of interest. As well as the tsunami height, it can be used to determine the
inundation and intrusion of SSCs installed at the location.

(c) Water velocity. Water (or flow) velocity is defined at locations of interest.
Water velocity parallels the definition of tsunami height; it comprises
a correlated pair of tsunami parameters used in site specific tsunami
assessments and in the definition of tsunami loading conditions. Momentum
flux (see Section 5) defines the hydrodynamic force applied to SSCs.

(d) Runup height. Runup height is the height above the shoreline at the runup
location (runup elevation minus still water level at tsunami arrival). This
serves as a criterion for achieving the dry site concept, in conjunction with
considerations for conservatism.

(e) Inundation distance. Inundation distance is the horizontal distance from
the shoreline corresponding to the still water level at tsunami arrival to the
location of interest.
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() Low water level. Low water level due to receding tsunami waves (or
drawdown) causes additional hydrodynamic loads on SSCs, loss of cooling
water and dry intake causing failure of pumps, such as seawater pumps.

(g) Sediment transport. Deposition caused by sediment transport may obstruct
the water intake, and scouring due to sediment transport may impact
offshore breakwaters.

3.2. DIRECT AND INDIRECT EFFECTS OF TSUNAMIS ON
THE SITE

Phenomena of importance to the tsunami design of the NPP can have direct
effects and indirect effects.

(a) Direct effects include inundation (flooding due to tsunami runup),
hydrostatic forces, wave force (hydrodynamic direct impact and suction
forces) and buoyancy; these are sometimes referred to as ‘tsunami impacts’.

(b) Indirect effects include flotsam collisions, sand deposition, scouring,
morphology, fires and other events that may be triggered by a tsunami;
these are sometimes referred to as ‘tsunami associated events’.

3.3. TSUNAMI LOADING CONDITIONS FOR THE NUCLEAR
POWER PLANT SITE

3.3.1. Hydrostatic loads

Hydrostatic forces occur when standing water or slowly moving water
exerts pressure on a structure (e.g. building), a structural element (e.g. building
wall or roof, sea wall, penetration), a geotechnical structure or element (e.g. berm,
channel), and mechanical and electrical components (e.g. tanks). Hydrostatic
forces act perpendicularly to the surface of the item. Net hydrostatic forces result
from an imbalance of pressure due to different water levels on opposite sides of
the item of interest. Vertical hydrostatic forces contribute to offsetting buoyancy
forces.

Hydrostatic forces are calculated by various formulas, taking into account
the density of the water, including sediments.
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3.3.2. Buoyancy

Buoyancy forces are vertical, upward acting hydrostatic forces. The total
buoyancy force acts at the centroid of the volume displaced by a structure,
structure element, geotechnical element, mechanical component, etc. The total
buoyancy force equals the weight of the displaced water.

Buoyancy forces are a concern for structures that are part of the tsunami
protection system and items that could become missiles carried by tsunami waves
and impacting tsunami protection system components and NPP SSCs.

3.3.3. Hydrodynamic loads

Hydrodynamic forces are caused by the water flow impacting directly the
structure, structural element, geotechnical structure or element, and mechanical/
electrical components. They are a function of fluid density (including suspended
particles), flow velocity and impacted item geometry. They are caused by
steady state and impulsive type loading conditions, and include suction forces
generated during receding of the water.

3.3.4. Impulsive loads

Impulsive forces are caused by the initial impact of the tsunami waves.
They are rapidly applied forces and need to be treated as such in the design and
evaluation phases; that is, by applying appropriate dynamic amplification factors
and acceptance criteria.

3.3.4.1. Debris impact loads

Waterborne debris that is transported to the NPP site imposes dynamic
loading conditions on structures, structural elements, geotechnical structures
or elements, and mechanical and/or electrical components. Examples of
waterborne debris include boats, shipping containers, buildings, land vehicles
(e.g. automobiles, trucks, trailers), lumber and trees. Assumptions are needed
to define the impact loading conditions of debris. For design and evaluation
purposes, waterborne debris can be addressed using an approach similar to
that used for tornado or hurricane borne missiles. Waterborne debris may be
transported from outside the plant boundary to the NPP site or may be generated
within the site.
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3.3.4.2. Scouring

Scouring is a localized loss of soil in the neighbourhood of a foundation
supporting a structure (e.g. building), structural element (e.g. sea wall),
geotechnical structure or element (e.g. berm, channel, breakwater) and mechanical
and/or electrical components (e.g. tanks). Two primary scouring mechanisms
occur during a tsunami event: (a) shear induced scouring, which consists of soil
transport due to the flow velocity and is similar to scouring caused by a storm
surge or other flooding phenomena; and (b) liquefaction induced scouring, which
results from rapid drawdown as water recedes. Scouring can lead to significant
soil failure modes and needs to be evaluated by senior, experienced geotechnical
engineers.

3.3.4.3. Deposition (sediments)

Suspended particles in the water may be deposited on structures, structural
elements, geotechnical structures or elements, and mechanical and/or electrical
components, creating added loading conditions and operability issues, such as
blocking of intakes, screens, fouling of active mechanical components and
malfunction of electrical equipment, including cables and/or cable connections.

3.3.4.4. Deposition (debris, other)

Waterborne debris may be deposited on, in front of, and behind structures,
structural elements, geotechnical structures or elements, and mechanical and/or
electrical components, limiting their ability to perform their required functions.
On-site or off-site items may be the source of such debris.
3.3.4.5. Tidal bore

See Sections 3.3.3 and 3.3.4.
3.3.4.6. Drawdown

Receding water leads to added direct loading conditions due to

hydrodynamic effects, scouring, soil failures (e.g. liquefaction) and functional
failure of mechanical components (e.g. pumps running dry).
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3.3.4.7. Inundation

Inundation is a tsunami phenomenon that has additional special significance.
It is the source of many tsunami loading conditions. It is also the potential source
of water ingress into TC-1 building housing systems, components, equipment
and distribution systems important to safety. A part of the design process of the
tsunami protection system is to perform an assessment of the inundation effects,
as follows:

(a) Evaluate inundation depths on the basis of the tsunami inundation
distribution.

(b) Assess all sources of potential water penetration into buildings; for
example, through doors, penetrations and vents.

Five different tsunami hazard phenomena (see Section 2.2.1) are recognized
to be significant contributors to defining the loading conditions to be considered
in the design and evaluation of SSCs. Table 1 provides a correlation of these
phenomena with loading conditions. Table 2 lists the potential effects of tsunami
phenomena on SSCs.
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TABLE 1. IMPORTANT TSUNAMI HAZARD PHENOMENA IN

VARIOUS LOADING CONDITIONS
(adapted from Ref. [12])

Important tsunami hazard phenomena

Water
Inundation Runup level
Loading conditions drawdown .
Sediment
L transport
Tsunami Flow Runup we(l)t‘:r
height depth height level
Hydrostatic loads X X X
Buoyancy X X
Hydrodynamic X
loads
Impulsive loads
Debris impact
loads
Scouring X
Deposition X
(sediments)
Deposition X
(debris, other)
Tidal bore X X X
Drawdown X
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4. TSUNAMI DESIGN PROCESS

The tsunami design process is applicable to new NPPs and to upgrades or
retrofits for existing plants, with some adjustments.

Section 2.3.2 presents the overall approach to defining the design basis
tsunami. As stated, the design basis tsunami may be defined in terms of tsunami
phenomena or tsunami loading conditions or a combination of both.

41. PHASE 1

In phase 1, the design basis tsunami loading conditions for TC-1 and TC-2
SSCs are determined using site specific analyses. The starting point for the
tsunami simulations is at the control point, as described in Section 3.3. A series
of simulations are performed. Each simulation is initiated at the control point; the
site topography (natural and human made elements) is modelled; and the tsunami
wave is propagated onto the site, generating values of the tsunami phenomena
and/or tsunami loading conditions. As stated in Section 3.3, the design values for
tsunami phenomena and/or tsunami loading conditions are selected on the basis
of the values derived from the simulations.

The end product of the phase 1 tsunami analyses is tsunami phenomena
design parameters, such as runup, extent and height of inundation, and low water
level. These values lead to preliminary design concepts for the tsunami protection
system. Simplified assumptions may be used in lieu of performing simulations.

4.2. PHASE 2

In phase 2, the preliminary design of the tsunami protection system is
prepared, adhering to the design philosophies of dry site, permanent barriers,
functional barriers and a combination of these three. The preliminary design is
focused on the site and layout of the NPP and the tsunami protection system.
In generating the preliminary design, relevant specific tsunami design principles
for SSCs important to safety as specified in Section 2.3.2 (e.g. defence in depth
principles for tsunami protection systems) are adhered to.

The end product of the preliminary design comprises the layout and
implementation of the concepts of dry site, permanent barriers, functional
barriers and combinations thereof to address tsunami phenomena, including
defence in depth principles.
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43. PHASE3

In phase 3, the tsunami analyses of phase 1 are repeated to determine
whether the conceptual design incorporating dry site, permanent barriers,
functional barriers and combinations thereof satisfies the design performance
criteria. If it does, the next phase can begin. If not, the preliminary design is
adjusted, and phases 1 and 2 are repeated until the results using the preliminary
design concepts satisfy the design performance criteria. This iteration is necessary
only if permanent barriers are introduced that significantly change the onshore
flow characteristics of the tsunami. The optimization of different concepts is
encouraged.

The end products of phase 3 are: the final preliminary design of the tsunami
protection system, comprising the layout and implementation of the concepts
of dry site, permanent barriers and functional barriers to address tsunami
phenomena; a tsunami protection system that adheres to the defence in depth
principle; and elements of the tsunami protection system that are identified.

44. PHASE4

In phase 4, the final design of the tsunami protection system is initiated,
taking into account the TC-1 and TC-2 SSCs.

The dry site concept is taken into consideration. For new plants and for
upgrades or retrofitting of existing plants, the finished grade level of the plant, or
a portion thereof, may be placed at a level conservatively above the design basis
tsunami runup level, as determined in phases 1-3. In this case, the remaining
design and evaluation tasks are: to assess whether there is any conservatism
in the dry site configuration; to assess the defence in depth if the design basis
tsunami phenomena are exceeded; and to evaluate the beyond design basis
tsunami loading conditions.

The defence in depth approach to determining the design loading conditions
for all TC-1 SSCs is implemented. This approach entails progressive tsunami
protection system collapse evaluations. The sequential loss of permanent barriers
is assumed and the consequences are assessed from the standpoint of SSCs
important to safety and of overall NPP safety.

For SSCs important to safety, the proposed tsunami defence in depth
approach to protection is defined. A tabulation of tsunami protection system
elements for SSCs important to safety by individual SSC, groups of SSCs (such
as all SSCs important to safety in the reactor building) or other grouping is
helpful.
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For the first line of defence, the tsunami loading conditions for the
geotechnical, structural, mechanical and electrical design are defined. For
illustration purposes, the first line of defence is assumed to be a civil structure,
such as a sea wall, that is subjected to the direct impact of the tsunami waves,
which produce direct impacts such as hydrostatic loads, buoyancy, hydrodynamic
loads, impulsive loads, debris impact loads and drawdown loads. Indirect impact
due to other loading conditions, such as scouring, is also considered.

Given these loading conditions, a preliminary design is prepared, taking
into account all tsunami loading conditions (see Sections 4 and 5). Pre-existing
conditions, specifically seismic loads due to the near-field earthquake assumed to
produce the tsunami, are taken into account. In addition, other loading conditions
assumed to act simultaneously with the tsunami loads are included in load
combinations, for example, aftershocks from the near-field earthquake that is
assumed to be the origin of the tsunami.

Assuming that the first line of defence fails, the tsunami propagation
analysis leading to calculated tsunami phenomena is repeated using the
resulting tsunami loading conditions for each of the second level defence in
depth elements of the tsunami protection system, of which there could be many
(e.g. additional water diverting walls on site, watertight doors/penetrations).
The tsunami loading conditions for all tsunami protection system elements are
generated. The second level defence in depth tsunami protection system elements
(e.g. geotechnical, structural, mechanical, electrical) are designed.

The design process is continued for all tsunami protection system elements.
Evaluations are conducted of the performance of the NPP when subjected
to beyond design basis tsunamis, as defined to confirm the effectiveness of
the designs for the design basis tsunami. Appropriate quality assurance of the
analysis and design, quality control of the construction, and maintenance are
performed during the operational lifetime of the NPP.

5. DESIGN OF EXTERNAL AND
INCORPORATED BARRIERS

The functional performance criteria for geotechnically, structurally or
mechanically designed permanent barriers are that the barriers maintain their
design function when subjected to the design basis tsunami loading conditions.

The geotechnical aspects of structural design (i.e. the foundation design of
structures, such as buildings and sea walls) are to provide foundation support
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without degradation due to tsunami loading conditions. The design functions for
structures as a function of their purpose are as follows:

(a) Tsunami specific designed elements, whose sole purpose is to protect
the SSCs important to safety of the nuclear installation from losing their
functions owing to the tsunami loading conditions. These are permanent
barriers categorized as TC-1(e); a tsunami sea wall is an example. These
TC-1(e) permanent barriers are designed to be within the code of allowable
stresses for the applicable tsunami loading conditions. The barriers are
evaluated for beyond design basis tsunamis, and the evaluation results are
used to confirm maintenance of the safety functions of the SSCs important
to safety.

(b) Permanent barriers, such as watertight penetrations or doors, installed
in the exterior or interior of a building housing systems and components
important to safety, are categorized as TC-1(i). These TC-1(i) permanent
barriers are designed to be within the code of allowable stresses for the same
tsunami loading conditions as for TC-1(e) permanent barriers. However,
in the case of TC-1(i) permanent barriers installed in a building, tsunami
loading conditions such as hydrodynamic loads, impulsive loads, debris
impact loads and scouring may potentially be mitigated, if these permanent
barriers are protected by TC-1(e) and/or other TC-1(i) permanent barriers.
The barriers are evaluated for the beyond design basis tsunami condition,
and the evaluation results are used to confirm maintaining the safety
functions of the SSCs important to safety.

The applicability of the information provided in this section extends to
buildings and structures that are subject to direct tsunami external force (mainly
TC-1(e) and some TC-1(i)), to buildings and structures protecting necessary
facilities during a tsunami (TC-1(i)) and to buildings and structures for which
secondary effects need to be taken into consideration (TC-2(e, 1)).

5.1. LOADS FROM TSUNAMIS

Selected observations concerning the treatment of tsunami loading
conditions include the following:

(a) Hydrodynamic loads are a function of momentum flux, not only flow

velocity or water height. The momentum flux per unit mass per unit width
of the structure element (AM) is defined as follows:
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AM =hv? (1)

where /4 is the fluid height and V is the flow velocity.
The momentum flux varies with time and location on the site. It should be
noted that the maximum value AM___over time does not equal %

2
max max Vmax 4

since maximum water depth and maximum flow velocity do not necessarily

occur at the same time. The maximum momentum flux is the dependent

loading parameter — not A, or V2 individually. The maximum value

(AM,,,,) can be obtained by running detailed numerical simulation models
or acquiring existing simulation data. If numerical models are not available,
approximate formulas can be used to estimate the value.

(b) Simplified approaches, assumed to be conservative, are presented for
a number of different cases (i.e. loading conditions). For example, the
impulsive load can be defined as 1.5 times the hydrodynamic load,
without further analyses being performed. A conservative definition of the
combined hydrostatic load and hydrodynamic load can be used instead of
treating the hydrodynamic load separately [13].

(¢) The effective density of the fluid is a combination of water and suspended
soil particles.

5.2. LOAD COMBINATIONS AND OTHER DESIGN
CONSIDERATIONS

The tsunami protection system is designed on the basis of a combination
of tsunami loading conditions and loading conditions associated with the
plant’s operational state. As discussed in the following subsections, the
plant’s operational state is assumed by considering factors such as the impact
of the earthquake that generated the tsunami, the tsunami transit time and the
effectiveness of the tsunami warning system.

5.2.1. Categorization of tsunamis

Tsunamis can be classified as local tsunamis or distant tsunamis according
to their proximity to the site.

5.2.1.1. Local tsunami

A tsunami is called local when it is generated near the site. Local tsunamis
can be generated by earthquakes, volcanic activity and landslides. In this
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publication, only earthquake induced tsunamis are considered. They represent the
most frequent type of destructive tsunami.

5.2.1.2. Distant tsunami

Distant tsunamis are ocean wide tsunamis that arrive at places remote from
their source after travelling across the ocean or sea basins.

5.2.1.3. Transit time

Transit time is the time required for the tsunami waves to travel from the
source to the site.

5.2.2. Advance warning

The warning time from tsunami warning systems may differ significantly
depending on the source of the tsunami.

Local tsunamis may have warning times that are extremely short. Therefore,
decisions and actions taken to bring the NPP reactors to a hot shutdown condition
need to be made in a timely manner if it is considered that there is not enough
time for a cold shutdown. Similarly, any physical barriers not permanently in
place need to be put in position as part of defence in depth provisions before the
tsunami waves reach the site, but without endangering the plant’s staff.

Distant tsunamis may have transit times (and warning times) of many hours,
during which time the regulatory body, the licensee and their representatives
(decision makers) can monitor the path and size of tsunami waves. Decisions
are likely to be made to shut down the reactor and maintain it in a hot or cold
shutdown state.

5.2.3. On-site effects
5.2.3.1. Local tsunami

By definition, local tsunamis are produced by earthquakes occurring close
to the site. Consequently, it is expected that earthquake ground motion will be
experienced at the site.

Depending on the earthquake source parameters that are likely to produce
the tsunami (e.g. magnitude, distance and fault rupture characteristics), the
immediate top level effects of shaking on the NPP site may be the following:
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(a) Ground motion exceeding the DBE ground motion, causing no damage,
minimal damage or significant damage to SSCs.

(b) Ground motion of amplitude lower than that of the DBE and greater than
that of the operating basis earthquake, causing no damage or minimal
damage to SSCs important to safety, but leading to automatic scram or
manual shutdown of the operating NPP.

(¢) Ground motion lower than that of the operating basis earthquake, but
significant enough to cause automatic scram or manual shutdown.

5.2.3.2. Distant tsunami

By definition, distant tsunamis are produced by earthquakes at large
distances from the NPP site. Therefore, no earthquake ground motion is
experienced at the site.

5.2.4. Plant operational state at the time of the tsunami reaching the
plant site

5.2.4.1. Local tsunami

For all levels of ground motion that has potential to generate a local
tsunami, it is likely that the operating NPP will be shut down. The resulting plant
operational state will be as follows:

(a) Minimal seismic damage has occurred; the plant is in hot shutdown.

(b) Minor seismic damage could have occurred to SSCs important to safety
(including tsunami protection systems); the plant is in hot shutdown. The
loading conditions from the earthquake ground motion at the DBE level
need to be taken into account, in addition to the tsunami loading conditions.

(c) Loading conditions due to a beyond design basis earthquake have
been experienced by the NPP prior to the tsunami’s occurrence; the
beyond design basis earthquake loading conditions need to be evaluated
to determine the initial state of the plant prior to the tsunami occurring;
alternative plant states are considered in the design process.

(d) For the purpose of the tsunami probabilistic safety assessment, the plant
operational states described in (a), (b) or (c) above define the possible
initial conditions. In addition, other possible initial conditions need to
be evaluated; for example, loss of off-site power, restricted access to
off-site or on-site emergency response personnel and equipment (such as
the fire services, FLEX (diverse and flexible coping strategies) [11]) and
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availability of evacuation routes. Also, the mission time used in the tsunami
probabilistic safety assessment needs to be established in light of the
need for on-site resources and off-site support of all types (personnel, and
replenishment of materials, such as diesel fuel).

5.2.4.2. Distant tsunami

Owing to the advanced warning time and the information that has been
made available to the decision makers, the plant operational state can reasonably
be assumed to be in hot or cold shutdown.

5.2.5. Use of severe accident prevention and management approaches

In the evaluation of BDBEEs for the earthquake ground motion and the
tsunami effects, severe accident prevention and management approaches may be
implemented. However, the beyond design basis earthquake ground motion and
the beyond design basis tsunami for tsunami hazards may need to be considered
sequentially for the local tsunami. The effectiveness of these measures is
dependent on the conditions as given in Section 2.3.3.

5.2.6. Load combinations

Load combinations can be established on the basis of normal operating
conditions at the assumed alternative plant state(s), including the initial conditions
as discussed above.

6. DESIGN AND QUALIFICATION OF
MECHANICAL AND ELECTRICAL EQUIPMENT
AND DISTRIBUTION SYSTEMS

Systems, components (mechanical), equipment (mechanical and electrical)
and distribution systems (e.g. piping, cable trays/conduit, cables, heating ducts,
ventilation and air-conditioning system, tubing) (SCE-DS)’ that are important to
safety are addressed in this section.

3 SCE-DS stands for systems, components, equipment and distribution systems.

37



Two cases are distinguished: (a) items housed inside buildings and (b) items
located outside the buildings and structures (i.e. in the yard). This distinction
is important because the tsunami loading conditions are significantly different
depending on the item’s location. Items located inside buildings are primarily
susceptible to inundation type loading conditions. Items in the yard are subject to
the loading conditions on structures that are presented in Section 5.

6.1. TSUNAMI LOADING CONDITIONS INSIDE BUILDINGS

Items located inside buildings may be impacted by water penetration
through openings in walls, roofs or other portions of the structure housing them,
resulting in spray and inundation effects. Typical SCE-DS items inside buildings
and susceptible to inundation failure modes are the following:

(a) Passive components: Penetrations comprising building watertight
boundaries or building interior watertight boundaries.

(b) Active components: Components whose operation is necessary to perform
the safety functions required, such as pumps, pump drive turbines, electrical
motors, fans, refrigerating machines, emergency diesel generators, control
air compressors, reciprocating pumps, valves and dampers. These include
the electrical and instrumentation components that serve as auxiliary
equipment for active components.

(c) Electrical and instrumentation components: Components that are necessary
for electrical functions in order to perform the required safety functions,
such as panels, devices, apparatuses and electrical circuits. These
components are described below:

(1) Panels: Assemblies that integrate structures made of materials such
as steel, with internal components consisting of circuits, devices,
apparatuses, electrical wires, cables and other elements. These are
designed to perform functions such as switching and electrical
power conversion. Panels also support control and operation systems
(e.g. central control panels, local operation panels).

(i1) Devices: Electrical and instrumentation components whose purpose
is to convert electrical power or energy (e.g. transformers, storage
batteries).

(iii) Apparatuses: Elements that produce functions on electrical systems
and instrument systems and perform operations for detecting,
converting, mathematical operations, control, etc., in response to
signals or electrical power handled in electrical and instrumentation
components (e.g. various types of detector, transmitters).
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(iv) Cable runs: Structures and electrical circuits composed of electrical
wires, cables, conductors, etc. They are placed on supporting and
protective structures that comprise other materials (e.g. cable trays,
conduit pipes).

For TC-1 buildings that house SSCs important to safety, the tsunami design
philosophy includes protection by a permanent tsunami protection system, such
as a sea wall (TC-1(e)) and watertight doors, penetrations or other accesses
(TC-1(i)), that prevent fluid (water plus sediment) from flowing.

If operator action is needed to implement an element of the tsunami
protection system, procedures need to be in place and training implemented to
provide high confidence that operator actions will occur. For example, if one
or more accesses to a TC-1 building are open owing to maintenance or other
actions, there is a need for verification of operator actions to close the accesses
within the appropriate time frame.

Therefore, the issue for design and qualification of SCE-DS is to ensure
that the TC-1 items are designed for the design basis tsunami, constructed to the
design requirements and maintained during the plant life.

For SCE-DS items, a what-if analysis needs to be performed to verify
that even if the TC-1(e) and TC-1(i) tsunami protection system elements fail,
the SCE-DS will achieve their functional performance level for the design basis
tsunami and the beyond design basis tsunami (see para. 5.35 of SSG-68 [3]).

6.2. TSUNAMI LOADING CONDITIONS OUTSIDE BUILDINGS

All loading conditions identified in Sections 4 and 5 apply to SCE-DS
located in the yard. Examples of such SCE-DS are the following:

(a) Pumps;

(b) Tanks;

(c) Piping systems;

(d) Underground chases and contents;

(e) Measuring instruments (e.g. pressure gauges, flow meters), terminal boxes
and other auxiliary equipment installed in electrical power panels (metal
clad components), control panels, piping, etc.

Important loading conditions for yard located equipment are inundation,
hydrostatic loads, buoyancy, hydrodynamic loads, impulsive loads, impact loads
from debris or yard located items that become waterborne missiles, scouring,
deposition tidal bore and drawdown.
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6.3. SUPPLEMENTAL EVALUATIONS INSIDE AND OUTSIDE

BUILDINGS

In-plant evaluations (walkdowns) are a necessary part of the tsunami

protection design and evaluation. The term ‘design’ for existing plants includes
upgrades and retrofit designs. For new plants, the term refers to the design of the
tsunami protection system.

(@)

(b)

(©

For existing plants, the procedure includes the following:

In-office preparation, which includes review drawings, technical
specifications, system descriptions, design requirements for leak tightness,
and flood evaluations; documentation and planning of in-plant walkdowns.
In-plant walkdowns, which cover inventory, evaluation and documentation
of the as-is condition of all identified potential flow paths into TC-1
buildings and other structures (e.g. underground chases), as identified
during in-office or in-plant walkdowns. Examples are accesses such
as personnel and equipment access points, penetrations, underground
penetrations to buildings for distribution systems (piping, cable, tubing,
ducts). Documentation is needed of existing conditions and evaluation of
whether they are leaktight. Finally, coordination with responsible plant
personnel for external and internal flood evaluations is desirable.
Assessment of whether tsunami protection system components are adequate
to protect SSCs important to safety. If they are not, provision needs to be
made of design barriers or functional resistance measures to meet tsunami
design and evaluation acceptance criteria.

For new plants being designed, but not constructed, the procedures in

Sections 3—6 may be followed, then supplemented when construction is complete
by in-plant verifications of the elements of the tsunami protection system.

7. DESIGN TO ADDRESS SPECIAL
ISSUES OF TSUNAMIS

This section covers the following special issues that are not encountered in

usual design situations:

— Soil failure modes;
— Intake structure blocking and drawdown;
— Tsunami induced fire.
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7.1. SOIL FAILURE MODES

Soil failures can have a significant effect on TC-1 and TC-2 SSCs important
to safety, if these SSCs are founded on soil media susceptible to soil related
failures from ground shaking alone and from tsunami related phenomena
(e.g. scouring) that could also cause such failures.

For local tsunamis, it is particularly important to assess the effects of the
local earthquake ground motion that the local tsunami is assumed to cause on
the installation and site. This sets the initial conditions for the plant state (see
Sections 2.3, 2.5, 5.3.1 and 5.3.3).

Failure modes of interest are the following:

(a) Liquefaction (including lateral spreading): This phenomenon is of particular
interest for the combined set of seismic category 1 [9] and TC-1 NPP SSCs.
In addition, geotechnical structures or elements (e.g. berm, channel) and
selected mechanical and/or electrical components (e.g. tanks) may be
susceptible to liquefaction, including lateral spreading.

(b) Seismically induced land sliding: This phenomenon is of particular interest
for slopes present on the site, either natural or human made. The result of
the landslide could be a direct or indirect effect on seismic category 1 or
TC-1 NPP SSCs.

Soil failure modes need to be evaluated by senior, experienced geotechnical
engineers.

7.2. INTAKE STRUCTURE BLOCKING AND DRAWDOWN

The structural integrity of the intake structure and the structural integrity
and operability of the SSCs housed therein represent a special case. Design
loading conditions include the following:

(a) Significant foundation/structure movement due to tsunami loading
conditions of hydrostatic loads (including buoyancy), hydrodynamic loads,
impulsive loads and debris impact loads. Scouring can also play a role in
structural integrity.

(b) Significant tsunami loading conditions on systems and components are
hydrostatic loads, deposition and drawdown.
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Design considerations for the intake structure and SSCs housed therein are
the following:

(a) There is assurance that no foundation and/or structural failure will
occur from the design basis tsunami and is highly unlikely from the
beyond design basis tsunami.

(b) The design is such that the water intake opening of seawater pumps is
not blocked by deposition of sand (sand drift). If deposition of sand near
the water intake opening is a necessary design condition, the structure
has provisions to make it difficult for sand to flow into the water intake
opening.

(c) Seawater pumps are designed so that the pump is not damaged and is
available to perform its function if a mixture of sand in sea water is
assumed to ingress into the structure owing to the design basis tsunami. By
implication, the seawater pumps and supporting systems are classified as
TC-1(t). Protection at some level is provided by travelling screens in this
area.

Examples of damage modes assumed are the following:

(a) Damage due to inflow of sand into gaps (e.g. abrasion of submerged
bearings);

(b) Damage due to inflow of sand into the main pump unit;

(c) Damage to other parts (e.g. damage to parts handling drift sand).

In the tsunami resistant design of seawater pumps, the assessment
conditions are the concentration of sand by grain size within the water intake
facility, the tsunami duration and the operating time needed during and after
tsunami occurrence. Using an appropriate method, it is confirmed that the
seawater pumps are not damaged and that the water intake function is maintained.

Water intake facilities and seawater pumps are designed so that the inflow
of sea water from the water intake opening can be continuously maintained and
the water intake of the TC-1 seawater pumps can be maintained in response to
the drawdown assumed during a tsunami.

Designs providing a structure to retain sea water temporarily in a water
intake facility may be implemented so that the seawater pumps are able to draw
water as necessary even if drawdown due to the tsunami has occurred.

If none of these options is feasible, a design is implemented in which the
height of the seawater surface does not go below the level at which water is able
to be drawn by the TC-1 seawater system pumps, even if drawdown occurs, or
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alternative backup systems are available to provide the necessary functionality of
these pumps (i.e. cooling).

Even if the water level drops below the level assumed for the design basis
tsunami and the seawater pumps temporarily stop, there is a possibility that
they can be restarted as the water level recovers. In this case, it is necessary to
confirm that no permanent damage to the intake structure and seawater pumps

has occurred.
The general design procedures to address drawdown, also known as

backwash, are shown in Fig. 3.
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FIG. 3. Design procedures to address backwash.

7.3. TSUNAMI INDUCED FIRE

The specific measures for protection against tsunami caused fires affecting
an NPP are as follows:

(a) Preventing fires from occurring: A tsunami design for equipment containing
combustible material (categorized as TC-2; e.g. outdoor oil tanks) is
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(b)

(©

(d)

implemented, which implies no failure that would release combustible
material. Moreover, a tsunami design for electrical equipment that may
become an ignition source (TC-2) is implemented.

Detecting fires and extinguishing fires: Fire foam, portable fire pumps
and other firefighting equipment are made available for deployment near
SSCs important to safety, with the goal of protecting them from tsunami
induced fire. The overall objective is that firefighting activities can proceed
expeditiously if such a fire occurs.

Mitigating impact of fires: SSCs important to safety are protected from fire
damage by installing barriers (facilities for countering flotsam) to prevent
the approach of flotsam or by implementing fire prevention measures on
the surface of the SSCs (building walls, penetrations, doors, etc.). However,
this does not apply if the equipment containing combustible material is
located at a considerable distance, if the tsunami’s directionality makes the
risk of a tsunami induced fire negligible, or if the site is a dry site with a
negligible risk of such a fire.

Measures concerning operational aspects include the option of an on-site,
permanently stationed firefighting service. Workers and other personnel
monitor and patrol within the site, and the firefighting service promptly
fights any fires.

8. TSUNAMI DETECTION AND OPERATION

Advance warning of the potential for a tsunami to impact a nuclear

installation site is an important element in protecting the installation from damage
due to a tsunami. In general, actions to be taken before the arrival of the tsunami
wave are focused on putting in place physical barriers that are not permanently
in place and in shutting down the installation. In the case of an NPP, this includes
bringing it into hot or cold shutdown depending on the estimated time of arrival
of the tsunami.

8.1

IAEA GUIDANCE

IAEA guidance emphasizes the importance of an active, operating tsunami

warning system. Paragraph 9.12 of SSG-18 [2] states:
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“In regions where there is no local, national or regional tsunami warning
system in place, the operating organization should receive messages from
the national, regional or global seismic monitoring centre to be informed of
occurrences of major earthquakes.”

Paragraph 9.14 of SSG-18 [2] states that “In coastal regions without sea
level monitoring stations, a real time sea level monitoring network should be set
up for the collection and real time transmission of data to the nuclear installation.”

It is necessary to establish contacts with existing tsunami warning and
watch centres at the international, national, interregional, regional and local
levels, if they exist. The intent is for the nuclear installation and its management
to receive alerts and messages related to local and distant tsunamis in a timely
manner. Detailed information is provided in annex III of SSG-18 [2].

Reference [14] highlights the need to ensure that, in considering external
natural hazards, an active tsunami warning system is established with the
provision for immediate operator action. It also indicates that severe accident
management guidelines and associated procedures need to take into account the
potential unavailability of instruments, lighting and power, as well as abnormal
conditions, including abnormal plant behaviour and high radiation fields.

8.2. OPERATION IN RELATION TO A TSUNAMI WARNING
SYSTEM

Aspects of the operational process that may be influenced by an effective
tsunami warning system include the following:

(a) The tsunami protection system may be assumed to be in place and
operational if operating procedures for addressing tsunamis are developed
and implemented, and training is provided (and refreshed on a regular basis)
on the actions to be taken if the plant staff has been informed of the potential
arrival of a tsunami. One important element of the operating procedures is
to ensure that physical barriers (permanent and non-permanent) are in place
when the tsunami strikes. Examples of non-permanent barriers include sea
walls with accesses open for the inflow and outflow of water under normal
operating conditions, and watertight doors in buildings important to safety
that can be closed and secured.

(b) Load combinations may be affected by the assumption that the plant state
has changed from power operation to a shutdown condition.
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9. MANAGEMENT SYSTEM FOR
TSUNAMI DESIGN AND EVALUATION

9.1. APPLICATION OF THE MANAGEMENT SYSTEM

Designing and operating a nuclear installation to resist the effects of a
tsunami require a multidisciplinary effort that includes numerous interfaces and
coordinated activities:

(a) A management system applicable to all organizations involved in the
tsunami design and evaluation is established and implemented before
the start of the tsunami design and safety evaluation programme.
Recommendations on the application of the management system for hazard
assessments are provided in section 11 of SSG-18 [2].

(b) The management system covers all processes and activities of the
programme for tsunami design and tsunami safety evaluation; in particular,
those relating to data collection and data processing, field and laboratory
investigations, analyses of tsunami wave propagation from source to
control point, analyses of the impacts of tsunami phenomena onto the site,
and design and evaluations of the nuclear installation regarding tsunami
protection. It also covers those processes and activities corresponding to
the re-evaluation phase of the programme.

(c) All interfaces between disciplines, organizations and evaluations, including
data exchanges are established.

(d) Tsunami specific operational procedures are developed and reviewed, and
relevant training is given.

(e) Participatory peer review is implemented, as specified below.

(f) Documentation is developed and maintained under the organization’s
quality assurance programme defined in the management system.

9.2. PARTICIPATORY PEER REVIEW

A participatory peer review of the implementation of the tsunami design and
evaluation process is performed. ‘Participatory’ means that the peer review team
is involved in all stages of the design and evaluation. The team is independent of
the work being performed.

The peer review is conducted by experts in the areas of seismic hazard,
tsunami hazard, earthquake engineering (geotechnical, civil, structural,
mechanical, electrical, flood), safety and systems engineering. At least one
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member of the participatory peer review team needs to have operations
experience.

The following peer reviews are performed at different stages in the
evaluation process:

(a) Seismic and tsunami hazard assessments, including tsunami phenomena
propagated onto the site;

(b) A systems and operations review to verify the identification of SSCs
important to safety and their locations, including collaboration with
engineering to identify buildings and structures to be protected,;

(¢) Geotechnical and civil engineering review of preliminary selection of the
elements of the tsunami protection system;

(d) Geotechnical, civil and structural engineering review of tsunami loading
conditions for design and evaluations regarding the design basis tsunami
and beyond design basis tsunami;

(e) Engineering review of all elements of the tsunami protection system;

(f) Review of the in-plant evaluations (walkdowns);

(g) Review of operational procedures related to tsunami protection.

The findings of the peer reviews are documented in a report, and the
recommendations are considered for implementation at the nuclear installation.

9.3. DOCUMENTATION AND RECORDS

Design documentation is retained as required by the quality assurance
programme defined in the management system. This, and other documentation
on the evaluation of the nuclear installation when subjected to the
beyond design basis tsunami, are retained for review and future application.
Typical documentation of the results of the tsunami design and evaluation is a
report containing the following:

(a) Summary of the characteristics of the design basis tsunami and the
beyond design basis tsunami, including governing earthquake source(s) and
characteristics, tsunami phenomena at control point, propagation results of
the tsunami at the nuclear site, and tsunami loading conditions imposed on
TC-1 and TC-2 items;

(b) Table of TC-1 and TC-2 tsunami protection system elements and all
item specific design loading conditions;

(c) Statements affirming no cliff edge effects for the design basis tsunami and,
preferably, the beyond design basis tsunami;
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(d)
(©
®

(2

(h)
(1)

Summary of operational guidance or requirements for the tsunami;
Operator actions required and the evaluation of their likelihoods of success;
Summary of the in-plant evaluation (walkdown report) summarizing
findings and plant-wide observations, if any;

Confirmation of the satisfactory performance of the containment and
containment system when subjected to the tsunami phenomena and loading
conditions, as well as the high confidence of low probability of failure or
fragility functions (if required);

Planned use of non-permanent equipment;

Peer review reports.

Specific plant procedures are prepared for dealing with the required

response actions before, during and after a tsunami.

9.4. CONFIGURATION CONTROL

The operator of a nuclear installation implements a configuration control

programme to ensure that in the future the design and construction of new SSCs,
or modifications to existing SSCs, do not invalidate the effectiveness of TC-1
and TC-2 elements.

The operator implements operating procedures in all plant states to ensure

that the tsunami protection system continues to be effective when maintenance,
refuelling or other activities are implemented at the nuclear installation.
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Annex I

REGULATIONS AND GUIDELINES IN
THE UNITED STATES OF AMERICA

This annex contains an extensive list of United States publications

(regulations, guidelines, etc.) related to seismic topics, including responses to the
Fukushima Daiichi accident due to seismic and tsunami phenomena.
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1-2.1. Nuclear Regulatory Commission Standard Review Plan
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(6)

NUCLEAR REGULATORY COMMISSION, “Flooding protection
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Rep. NUREG-0800, NRC, Washington, DC (2007) Section 2.4.10.
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Annex 11

GUIDELINES FOR TSUNAMI HAZARDS AND DESIGN IN JAPAN

II-1. NUCLEAR REGULATION AUTHORITY REGULATIONS AND
GUIDELINES

On the basis of the lessons learned from the accident at the Fukushima
Daiichi nuclear power plant after the 2011 earthquake, the Nuclear Regulation
Authority developed and enforced new regulations and guidelines in 2013 and
a backfitting system has been introduced for existing nuclear power plants.
In addition, even if an accident or natural disaster that exceeds design basis
assumptions occurs in Japan, measures are required to prevent core damage,
containment vessel damage and release of radioactive material. The overview of
regulations and guidelines is summarized in Ref. [1I-1].

Regulations and guidelines related to the derivation of the design basis
tsunami are provided in Refs. [II-2 to 1I-4]. An overview is as follows. Design
basis tsunamis are developed using a numerical simulation method, with
uncertainties taken into consideration by selecting multiple generation sources
(including not only earthquakes but also landslides, slope failure, etc.) and their
combinations.

The runup heights resulting from design basis tsunamis have to exceed any
tsunami/inundation heights estimated from observation data, including historical
records and tsunami deposits, if they exist.

Regulations and guidelines related to the tsunami design for structures,
systems and components are provided in Refs [II-2 to II-7]. An overview is as
follows. Multilayered protective measures are taken to fulfil the requirement that
the safety functions of structures, systems and components important to safety
will not be compromised by a design basis tsunami. Installation of a sea wall to
prevent site inundation and watertight doors to prevent the flooding of buildings
are examples of multilayered protective measures.

[1-2. ACADEMIC AND PRIVATE STANDARDS, GUIDELINES, CODES
AND TECHNICAL REPORTS IN JAPAN

Japanese academic and private codes, guidelines and technical reports for
designing and operating nuclear installations to resist the impact of tsunamis
had been published before the 2011 earthquake but were updated, and new ones
were added, since 2011 to incorporate lessons learned from the earthquake and
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tsunami and their impact. Reference [II-8] is a technical report published by
the Japan Society of Civil Engineers in 2002 and addresses the methodology
and numerical simulation technologies on the deterministic hazard analysis for
tsunamis generated by earthquakes, which have been used to determine design
basis tsunamis. After the 2011 earthquake, the Japan Society of Civil Engineers
collected the latest knowledge on earthquakes and tsunamis and updated the
technical report in 2016 [I1-9]. A notable feature of Ref. [1I-9] is the proposal of
a new methodology for probabilistic tsunami hazard analysis. This methodology
is based on a logic-tree approach, where epistemic and aleatory uncertainties are
systematically taken into account in the assessment. In addition, a deterministic
hazard analysis methodology for tsunamis generated by landslides, as well
as earthquakes, is proposed. Furthermore, Ref. [II-9] includes methods and
technologies for the evaluation of tsunami loads: prediction models and
numerical simulation technologies for hydrostatic load; buoyancy; hydrodynamic
load; debris impact loads on sea walls; breakwaters; buildings and tanks; and
suspended sediment depositions. Evaluation methods for tsunami loads described
in guidelines initiated by the Japanese Government for port facilities and tsunami
evacuation buildings (Refs [II-10 to 1I-12]) are also incorporated in Ref. [1I-9].

The Japan Electric Association published technical guidelines and codes
in 2016 and 2021 [II-13 to [I-16], which address the basic design concepts for
tsunami protection facilities such as sea walls, prevention facilities from flooding
into buildings such as watertight doors, and tsunami designs for outdoor tanks
and piping.

The Atomic Energy Society of Japan published a tsunami probabilistic
risk assessment standard in 2012 and updated it in 2016 [II-17 to II-18]. The
standard describes the methodologies for the probabilistic tsunami hazard
analysis, fragility analysis and accident sequence analysis against tsunamis.
The standard also includes a method for determining probabilistically defined
tsunami scenarios, which can be used for evaluations of tsunami impact for the
design basis tsunami and the beyond design basis tsunami.
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BDBEE
DBE
DEC
NPP
NRA
NRC
SCE-DS
SSCs
TC

ABBREVIATIONS

beyond design basis external event

design basis earthquake

design extension condition

nuclear power plant

Nuclear Regulation Authority

United States Nuclear Regulatory Commission

systems, components, equipment and distribution systems
structures, systems and components

Tsunami Category
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