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EXECUTIVE SUMMARY 
 

This report provides a review of existing practices to  model and implement external flooding hazards in existing 

level 1 PSA. The objective is to identify good practices  on the modelling of initiating events (inte rnal and external 

hazards) with a perspective of d evelopment of extended PSA and implementation o f external events modelling in 

extended L1 PSA, its limitations/ difficulties as far as possible. The view s presented in this report are based on the 

ASAMPSA_E partnersõ experience and available publications.   

The report include s discussions on the following issues: 

¶ how to structure a L1 PSA for external floo ding events, 

¶ information needed from geosciences in terms of hazards modelling and to build relevant modelling for 

PSA, 

¶ how to define and model the impact of each flooding event on SSCs with distinction between the floo ding 

protective structures and devices and the effect of protection failures on other SSCs,  

¶ how to identify and model the common cause failures in one reactor or between several rea ctors,  

¶ how to apply HRA methodology for external flooding e vents, 

¶ how to credit additional emergency response (post -Fukushima measures like mobile equipment),  

¶ how to address the specific issues of L2 PSA, 

¶ how to perform and present risk quantific ation .  
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PICTURES  
Can be completed, for example by protection against flooding  recently u pgraded. 

 

 

Le Blayais NPP, Gironde river flood, 1999, 

 

 

Fort Calhoon NPP, 2011, Missouri river floods, volumetric  protection  

 

 

 

Fukushima NPP, 2011, a tsunami exceeds the site protection  
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This will be updated in the final version of th e report.  
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DEFINITIONS 
 
These definitions come from IAEA and US NRC safety glossaries. Some harmonization will be done between all 
ASAMPSA_E reports in final versions.  
This will be updated in the final version of the report.  

 

Accident Sequence 
Analysis 

The process to determine the combinations of initiating events, safety functions, and 
system failures and successes that may lead to core damage or large ear ly release.  

Bounding Analysis  
Analysis that uses assumptions such that assessed outcome will meet or exceed the 
maximum severity of all credible outcomes.  

Event Tree Anal ysis 

An inductive technique that starts by hypothesizing the occurrence of basic ini tiating 
events and proceeds through their logical propagation to system failure events . 

¶ The event tree is the diagrammatic illustration of alternative outcomes of spec i-
fied initiating events . 

¶ Fault tree analysis considers similar chains of events, but star ts at the other end 
(i.e. with the ôresultsõ rather than the ôcausesõ). The completed event trees and 
fault trees for a given set of events would be similar to one another.  

Fault Tree Anal ysis 

A deductive technique that starts by hypothesizing and definin g failure events and 
systematically deduces the events or combinations of events that caused the failure 
events to occur.  

¶ The fault tree is the diagrammatic illustration of the events.  

¶ Event tree analysis considers similar chains of events, but starts at t he other end 
(i.e. with the ôcausesõ rather than the ôresultsõ). The completed event trees and 
fault trees for a given set of events would be similar to one another.  

Cliff Edge Effect  

In a nuclear power plant, an instance of severely abno rmal plant behavi our 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.  

Design Basis 
The range of conditions and events taken explicitly into account in the design of a 
facility , according to esta blished criteria, such that the facility can withstand them 
without excee ding authorized limits by the planned operation of safety systems.  

Design Basis External 
Events 

The external event(s) or combination(s) of external events considered in the design 
basis of all or any part of a facility . 

External Event  

An event originated outside a nuclear power plant that directly or indirectly causes an 
initiating event and may ca use safety system failures or operator errors that may lead 
to core damage or large early release. Events such as earthquakes, tornadoes, and 
floods from sources outside the plant and fires from sources inside or outside the 
plant are considered external e vents. By historical convention, LOOP not caused by 
another exte rnal event is considered to be an internal event.  
According to NUREG 2122, the term external event is no longer used and has been 
replaced by the term external hazard.  

External Hazard  

Externa l hazards originating from the sources located outside the site of  the nuclear 
power plant. Examples of external hazards are seismic ha zards, external fires (e.g. 
f ires affecting the site and orig inating from nearby  forest fires) , external floods, high 
winds and wind induced missiles, off -site transportation accidents, r eleases of toxic 
substances from off -site storage facilities and severe weather cond itions 

External Hazard Anal y-
sis 

The objective is to evaluate the frequency of occurrence of different sev erities or 
inte nsities of external events or natural phenomena (e.g., external floods or high 
winds).  

External flood  

A flood initiated outside the plant boundary that can affect the operability of the 
plant.  
In a PRA, external floods are a specific hazard  group in which the flood occurs outside 
the plant boundary. The PRA considers floods because they have the potential to 
cause equipment failure by the intrusion of water into plant equipment through su b-
mergence, spray, dripping, or splashing  or by the los s of buildings. 

External Flood An alysis 

A process used to assess potential risk from external floods.  
In a PRA, an external flood analysis quantifies the risk contribution (e.g., core da m-
age frequency and large release frequency) as a result of an externa l flood. The ana l-
ysis models the potential failures of plant systems and components from external 
floods, as well as random failures. Floods have the potential to cause equipment 
failure by the intrusion of water into plant equipment through su bmergence, spray, 
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dripping, or splashing. The likelihood of an external flood is d etermined through an 
external flood hazard analysis, which evaluates the frequency of occurrence of diffe r-
ent external flood severities. The frequency of the e xternal flood is used as in put to 
the model used to assess external flood risk.  

External Flood H azard 
Analysis 

The objective is to evaluate the frequency of occurrence of different external flood 
severities.  

Fragility  
The fragility of a structure, system or component (SSC) is the conditional probabi l ity 
of its failure at a given hazard input level. The input could be eart hquake motion, 
wind speed, or flood level.  

Fragility Anal ysis  

Estimation of the likelihood that a given component, system, or structure will cease 
to fun ction gi ven the occurrence of a hazard event of a certain intensity.  

¶ In a PRA, fragility analysis identifies the components, systems, and structures 
susceptible to the effects of an external hazard and estimates their fragility p a-
rameters. Those parameters are the n used to calculate fragility (conditional 
probability of failure) of the component, system, or structure at a certain inte n-
sity level of the hazard event.  

¶ Fragility analysis considers all failure mechanisms due to the occurrence of an 
external hazard eve nt and calculates fragility parameters for each mechanism. 
This is true whether the fragility analysis is used for an external flood hazard, fire 
hazard, high wind hazard, seismic hazard, or other external hazards. For exa m-
ple, for seismic events, anchor f ailure, structural failure, and systems intera c-
tions are some of the failure m echanisms that would be considered.  

Fragility Curve  

A graph that plots the likelihood that a component, system, or structure will fail ve r-
sus the increasing intensity of a hazar d event.  

¶ In a PRA, fragility curves generally are used in seismic analyses and provide the 
conditional frequency of failure for structures, systems, or components as a fun c-
tion of an earthquake -intensity parameter, such as peak ground acceler ation.  

¶ Fragility curves also can be used in PRAs examining other hazards, such as high 
winds or external floods.  

Hazard 

The ASME/ANS PRA Standard defines a hazard as òan event or a natural phenomenon 
that poses some risk to a facility ó.  

¶ Internal hazards include event s such as equipment failures, human failures, and 
flooding and fires internal to the plant.  

¶ External hazards include events such as flooding and fires external to the plant, 
torn adoes, earthquakes, and aircraft crashes.ó 

Hazard Analysis  
 

The process to determine an estimate of the expected frequency of exceedance (over 
some specified time inte rval) of various levels of some characteristic measure of the 
intensity of a hazard (e.g., peak ground acceleration to characterize ground sha king 
from an earthquak e). The time period of interest is often taken as 1 year, in which 
case the estimate is called the annual frequency of exceedance.  

Human Reliability Ana l-
ysis 

A structured approach used to identify potential human failure events and to syste m-
atically estim ate the probability of those events using data, models, or expert jud g-
ment.  

Individual plant e xami-
nation for external 
events (IPEEE) 

While the òindividual plant examination ó takes into account events that could cha l-
lenge the design from things that could go awry internally (in the sense that equi p-
ment might fail because components do not work as expected), the òindividual plant 
examination for external events ó considers challenges such as earthquakes, internal 
fires, and high winds.  

Initiating Event  

An identified event that leads to anticipated operational occurrences or accident 
conditions . 

¶ This term (often shortened to initiator ) is used in relation to event reporting and 
analysis, i.e. when such events have occurred. For the consideration of hypothe t-
ical events considered at the design stage, the term postulated initiating event is 
used. 

Large early release  
The rapid, unmitigated release of air -borne fission products from the containment to 
the environment occurring before the effective implementation o f off -site emergency 
response and protective actions such that there is a potential for early health effects.  

Large early release 
fr equency (LERF) 

Expected number of large early releases per unit of time.  

Loss of coolant acc ident 
(LOCA) 

Those postulated accidents that result in a loss of  reactor  coolant  at a rate in excess 
of the capability of the reactor makeup system from breaks in the reactor coolant 
pressure boundary, up to and including a break equivalent in size to the double -ended 
rupture of the la rgest pipe of the  reactor  coolant  system. 

Loss of Offsite Power The loss of all power from the electrical grid to the plant.  
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(LOOP) In a PSA/PRA, loss of offsite power (LOOP) is referred to as both an initiating event 
and an accident sequence class. As an initiating event, LOOP to the plant can be a 
result of a weather -related fault, a grid -centered fault, or a plant -centered fault. 
During an accident sequence, LOOP can be a random failure. Generally, LOOP is con-
sidered to be a tra nsient initiating event.  

Postulated Initia t ing 
Event (PIE) 

An event identified during design as capable of leading to anticipated operational 
occurrences or accident conditions .  

¶ The primary causes of postulated initiating events may be credible equi p-
ment failures and operator errors (both within and external to the facility ) or 
human induced or natural events. 

Structures, Systems And 
Components (SSCs) 

A general term encompassing all of the elements (items) of a facility or activity that  
contribute s to protection and safety , except  human factors . 

¶ Structures are the passive elements: buildings, vessels, shielding, etc.  

¶ A system comprises several components, assembled in such a way as to perform 
a specific (active) function.  

¶ A component is a discrete element of a system. Examples of components are 
wires, transistors, integrated circuits, motors, relays, solenoids, pipes, fittings, 
pumps, tanks and valves. 

Severe accident  
A type of accident that may challenge safety systems at a level much higher than 
expected.  

Screening 
A process that distinguishes items that should be included or excluded from an anal y-
sis based on defined criteria.  

Screening crit eria  
The values and conditions used to determine whether an item is a negligible contrib u-
tor to the probability of an accident sequence o r its consequences. 

Sensitivity Anal ysis 

A quantitative examination of how the behaviour of a system varies with change, 
usually in the values of the governing parameters.  

¶ A common approach is parameter variation, in which the variation of results is 
investigated for changes in the value of one or more input parameters within a 
reasonable range around selected reference or mean values, and perturbation 
analysis, in which the variations of results with respect to changes in the values 
of all the input  

Uncertainty  

A representation of the confidence in the state of knowledge about the parameter 
values and models used in constructing the PRA.  
OR 
Variability in an estimate because of the randomness of the data or the lack of 
knowledge. 

Uncertainty Anal ysis 
An analysis to estimate the uncertainties and error bounds of the quantities i nvolved 
in, and the results from, the solution of a problem.  
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1 INTRODUCTION 
The operation experience of nuclear industry has shown how significant a large flooding event can be for a nuclear 

site;  see for instance the events at Le Blayais in 1999, Fort  Cahloun in 2011, and Fukushima Dai-ichi in 2011. Ideal-

ly, flooding events should have been appropriately taken into account i n the design basis of each NPP and efficient 

protection against flooding hazards should be in place.  Moreover, some design extension conditions have to be 

considered as reasonably practical as possible. 

For many NPPs however, the site protections are not sufficient to exclude the possibility of extensive damage in 

case of high amplitude rare flooding events. Some NPPs sites have developed additional protection s against such 

rare but high amplitude flooding events. These reinforcement s are today associated to the òdesign extension con-

dition só approach, described for example in (WENRA 2014, issue F [3] ). 

The development of an external flooding PSA should make it possible to verify or demonstrate that the design 

measures against the flooding hazard are sufficient. The present report discusses good practices to deve lop and 

use such external flooding PSA, from the flooding hazards probabilistic assessment to the risk quantific ation. It 

introduces also some views on the modelling of the correlated hazards to be associated with the floo ding events. 

A general framework to analyse internal and external hazards provided by IAEA has shown in below  

Figure 1-1. 

 

Figure 1-1: IAEA (SSG-3) suggested overall approach to analyse e xternal events in Level 1 PSA  

 

Flood hazard can be from òinternaló or òexternaló origins. There are different approaches and criteria to define 

the limit between òinternaló and òexternaló flooding hazards. A clear separation between the two types of floo d-

ing hazard does not exist . For example,  IAEA SSG-18 indicates,  òexternal events are events unco nnected with the 

operation of a facility or the conduct of an activity that could h ave an effect on the safety of the facility or a c-

ti vity . The concept of ôexternal to the installationõ is intended to include more than the external zone, since in 

addition to the area immediately surrounding the site area, the site area itself may contain  features that pose a 

hazard to the installation, such as a water reservoir ó.  
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In the framework of ASAMPSA_E project, it appears that participants use mainly two approaches to define what is 

òinternaló flooding (and by the way, òexternaló flooding as the others):  

¶ internal flooding concerns one reactor and its auxiliary buildings (for example, this is the choice used by 

IRSN L1 PSA team), 

¶ internal flooding concerns all water capacities , which are under the control of the management of plant 

(within the site boundaries). 

In the second case, the internal flooding PSA is highly more complex because it could be a multi -unit PSA. Never-

theless, it appears that the second case corresponds to the practice for a majority of participants. This report 

endorses this defi nition, and it  focuses on òexternaló flooding related to water sources/capacities, which are not 

under the co ntrol of the management of plant. Whatever the dividing line between òinternaló and òexternaló 

flooding, the key point in the safety assessment is to identify all the possible sources for flooding that could be 

defined as òinternaló or òexternaló and to ensure that no gap exists between the two . 

 

The report addresses all the types of external flooding events identified in (D21.2 List of external haza rds [6] ) 

(failure s of large water capacity on the site  are excluded, as it is assumed as an internal event ). The modelling of 

these events in a PSA can be dif ferent depending on  followings : 

¶ the sources of water for flood ing which can be:  

o òoff-siteó: the site main water body which is generally used for the heat sink  (sea or river with se v-

eral floods causes : storm, rainfall, snow melt, tsunami, tide, dam rupture, é);  

o òon-siteó: local precipitation or groundwater . 

In the first case, flood protection will  mainly rely on the site protection (grade level of the NPP platform, 

dikesé). In the second case, flood protection cannot rely on site protection but  mainly on the drainage 

capabilities of the NPP platform and the building protection against  water entering the safety relevant 

buildings and rooms. 

¶ the predictability of the events, which allow (or not) the site to install additional protections,  

¶ the kinetics (rapid or gradual),  

¶ the duration of the flooding (from minut es to days),  

¶ the failure modes of Structure, System and Components (SSCs) (Section 6.2).  

The combinations of external flooding with other hazards, its correlation, various hazard phenomenaõs and possi-

ble dependencies are to be considered. 

 

The flooding events considered in this report  are presented in the Table 1. 

 

The potential impacts of flooding on the plants are diverse : 

¶ the action of the water during a flood event can be static, dynamic or both. Dynamic effects include, for  

example, the erosion of embankments, banks and dykes, sediment deposition, changes in the tu rbidity of 

the water, debris jams and floating bodies that can also cause fouling and blockage of intakes. This can 

affect the availability of equipment.  

¶ f loods can have impact on several or even all installations on a site. It can also affect several lines of d e-

fence simultaneously.  

¶ f lood can also affect the site's environment . Depending on the extent and duration of the phenomena that 

causing it, flood can lead to  the isolation of the site and loss of support functions (off -site electrical po w-

er supplies, tel ecommunications, off -site emergency resources, discharge facilities, etc.).  
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¶ moreover,  f loods can be accompanied with  other phenomena (lightning, wind, etc.).  

Nevertheless, depending on the causal phenomena, flood s can sometimes be predicted by implementing war ning 

systems and the site and installation configuration can be adapted accordingly in a preventive manner.  

In the PSA context, some assumptions might be  needed to build a model with a reasonable complexity. Some 

òhazards parametersó are needed at the interface between the flooding hazards assessment and the L1-L2 PSAs 

i.e. the transition from hazard to initiating event(s) .  

 

Typical òhazards parametersó for flooding are:  

¶ f requency of occurrence 1, 

¶ water level,  

¶ wave height and associated run-up, 

¶ event duration,  

¶ potential for s tatic and dynamic pressures (including hydrostatic uplifting forces),  

¶ additional loads due to debris.  

 

A PSA can be modified for each hazard parameter s (as listed above) range with the associated annual fr equency 

(initiating event of the particular PSA)  for t he main parameter for probabilistic characterization of the hazard  and 

the derivation of secondary parameters , e.g.  water height, wa ter velocity  and duration  etc.  

Some additional interfaces can be defined (to make the link with the L1 PSA initiating events, or interface b e-

tween L1 PSA to L2 PSA). Table 1-1 represents the list of flooding events.  

Table 1-1 :  List of flooding events  

Code Hazard Duration  P&P Site 
Hazard definition and hazard 

impact  
Interfaces and comments  

N8õ 
Flooding due to local 
rainfall on the site  

m-h P/R S 
C 
I 

The hazard is defined in terms of 
damage to the plant due to floo d-
ing by extreme rain.  

See explanation [N8]. Dam-
age due to rain load on 
structures is treated sep a-
rately (N25). Note links to 
other meteorological ph e-
nomena. 

N11 High groundwater d-l P/G S 
C 
I 

The hazard is defined in terms o f 
damage to the plant due to floo d-
ing by high ground water.  

  

N7 
Tsunami (seismic, volcan-
ic, submarine land sliding, 
meteorite impact)  

m-h U/R O C 

The hazard is defined by flooding 
by a series of water waves and 
the drawdown during the wave 
troughs. 

See explanation [N7]. Eart h-
quake (N1), landslide (N60, 
N61), and volcanic hazards 
(N68, N69) are treated sepa-
rately.  

N14 

Flood resulting from large 
waves in inland waters 
induced by volcanoes, 
landslides, avalanches or 
aircraft crash in water 
basins 

m-h U/R O I 
The hazard is defined by floo ding 
due to large waves in inland 
waters.  

Flooding by wind induced 
waves is treated separately 
(N19). 

N15 

Flood and waves caused by 
failure of water control 
structures and watercourse 
containment failure (dam, 

m-h U/R O 
C 
I 

The hazard is defined by floo ding 
due to the failure of dams, dikes, 
or other water contai nments, 
e.g., due to hydrological or sei s-

  

                                                      

 

1The differences between those hazards characterised at a single frequency (or small number of fr equencies) and 
those that can only properly be characterised over a continuou s range of frequencies. The latter category is meant 
to capture natural hazards such as extreme wind, flooding and earthquake, which are best d escribed in terms of a 
hazard curve.  
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Code Hazard Duration  P&P Site 
Hazard definition and hazard 

impact  
Interfaces and comments  

dike, or levee  failure)  mic effects.  

N16 Seiche  h-d U/G O 
C 
I 

The hazard is defined by flooding 
due to fluctuations of w ater level 
due to standing waves in enclosed 
or partly enclosed bodies of w a-
ter.  

See explanation [N16]. The 
effect of seiches may aggr e-
viate other hazard phenom e-
na such as tsunami or tides.  

N12 

Flooding due to obstru c-
tion of a river channel 
(downstream or upstream) 
by landslide, ice, jams 
caused by logs or debris, 
or volcanic activity  

d-l U/G O I 

The hazard is defined by flooding 
due to downstream river i m-
poundment or by the breach of 
upstream river da mming. 

  

N17 Bore s-m P/R O C 

The hazard is defined by flooding 
due to bore (waves tra velling up a 
river induced by flood tide or 
water management).  

See explanation [N17].  

N8 
Flash flood: flooding due 
to local extreme rai nfall  

m-h P/R O 
C 
I 

The hazard is defined in terms of 
damage to the plant due to floo d-
ing by extreme rain.  

See explanation [N8]. Dam-
age due to rain load on 
structures is treated sep a-
rately (N25). Note links to 
other meteorological ph e-
nomena. 

N18 
Seawater level: high tide, 
spring tide  

m-h P/G O C 
The hazard is defined by floo ding 
due to high tide or spring tide.  

  

N19 
Seawater level, lake level 
or river: wind gene rated 
waves 

h-d P/G O 
C 
I 

The hazard is defined by flooding 
due to wind generated waves 
including long-period, short -
period, and rogue waves (freak 
waves).  

See explanation [19] for 
rough waves. Such waves are 
not predictable and progress 
rapidly.  

N20 
Seawater level: storm 
surge 

h-d P/G O C 
The hazard is defined by floo ding 
due to storm surge.  

See explanation [N20].  

N9 
Floods resulting from snow 
melt  

d-l P/G O 
C 
I 

The hazard is defined by floo ding 
caused by seasonal or rapid snow 
melt.  

Rapid snow melt due to 
volcanic phenomena is treat-
ed separately (N68).  

N10 

Flooding due to off -site 
precipitation with waters 
routed to the site (inclu d-
ing river floods)  

d-l P/G O 
C 
I 

The hazard is defined in terms of 
damage to the plant due to floo d-
ing by waters routed to the site.  

  

Following are additional effects that should be considered during the assessment of other flooding event/hazards: i .e.  ero-
sion is primarily caused by strong currents th at can be associated with river or coastal flooding event).  

N24 Underwater debris  h-d U/R A 
C 
I 

The hazard is defined in terms of 
the damage or clogging of cooling 
water intake or outlet affecting 
the avail ability of the UHS. It may 
result from sed iment l oad swept 
in by water.  

The effects of ice on water 
intake stru ctures is treated 
separately (N48). 

N13 

Floods resulting from 
changes in a river channel 
due to erosion or sedimen-
tation, river d iversion 

d-l U/G A I 
The hazard is defined by flooding 
due to changes of a river channel.  

Instability of the coastal area 
due to erosion is treated 
separately (N23).  

N23 

Instability of the coastal 
area due to erosion by 
strong water currents or 
sedimentation (sea and 
river)  

d-l U/G A C 

The hazard is defined in terms of 
damage to plant stru ctures due to 
erosion or sedimentation by 
strong water currents.  

  

N21 

Seawater level, lake level 
or river: impact of man -
made structures such as 
wave/tide breaks and 
jetties  

h-d P/G A 
C 
I 

The hazard is defined by floo ding 
caused or amplified by the hydr o-
logical effects of man -made 
structures.  

  

N22 Corrosion from salt water  d-l P/G A C 
The hazard is defined in terms of 
impact on the plant of corr osion 
by salt water.  

  

Notes:  

Duration: min utes, hours, days 

U : unpredictable, P  : predictable. Predictable= protection can be put in place before the event . 

R : progressing rapidly, G : gradually. Gradual ly = protection can be put in place during the event . 
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S : onsite, O  : offsite, A : additional effects,  C : coastal site, I  : inland wat er site   

 

Table 1-1 :  List of flooding events  distinguishes between coastal (C) and inland (I) water sites of NPP. Sites at 

tidal rivers are assigned to coastal sites. Inland water sites are river sites (wit hout any tidal influen ce) and sites at 

inland lakes. Depending on the site the following flooding and hydrological hazards could be appl icable and should 

be considered (see Table 1-2).  

 

Table  1-2 :   Selected òFlooding and hydrological hazards ó that have to be analysed  

NPP site Flooding and hydrological hazard s  

coastal site  N7, N8, N8õ, N9, N10, N11, N15, N16, N17, N18, N19, N20, N21, N22, N23, N24 

inland water site  N8, N8õ, N9, N10, N11, N12, N13, N14, N15, N16, N19, N21, N24 
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2 SCREENING CRITERIA  

A general flow chart Figure 2-1 for extended external flooding  hazards is proposed below, similar to other hazards 

flow chart developed in WP22  reports  [8] . It consists of nine steps plus reporting and doc umentation. The step 4 

(Walk downs) is repeated several times during the analysis adding more and more details. Hence , it can be regar d-

ed as a kind of control part.  

 

Figure 2-1:  Flow chart for extended external flooding Level 1 PSA  

 

 

2.1  SCREENING CRITERIA 

A successive screening process is normally followed to minimize the emphasis on internal and external hazards 

whose contribution to  risk is low and to focus the analysis on hazards that are risk significant. The screening crit e-

ria have been specified in a manner that ensures that none of the significant risk contributors from any exte rnal 

hazard relevant to the plant and the site are omitted. The screening criteria are extensively  discussed in 

WP30/D30-3 [10]  and are summarised below. 

2.2  SCREENING PROCESS 

The screening analysis can be split in two main processes: a qualitative process and a quantitative proces s.  

1. Review Plant Safety 2. Developing PSA external flooding 
SSC List 

(Including Containment Systems) 

3. External flooding  Hazard Analysis 

(Initiating event analysis)  

6. (External flooding) fragility anal y-
sis 

(Plant re sponse analysis) 

5. Screening Analysis 

(Deterministic and Probabilistic)  

4. Walkdowns 

7. PSA modelling (Developing an 
inte rface, flooding area event and 

fault trees)  
 

8. Flooding risk quantific ation  

9. Reporting and documentation  
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2.2.1 QUALITATIVE PROCESS 

2.2.1.1  Single hazards 

The step in the qualitative process is where items can be screened out (removed from the ana lysis) or screened in 

(retained in the analysis). For this first step, items are normally screened out, where the hazards are  not physical-

ly possible, e.g. Sea water level increase for an inland facil ity.  

Screening 

Criteria ( SC1) 
The event cannot occur at the site or close enough to the site to affect the plant.  

Hazards screened out by this criterion can also be disregarded in the analysis of combinations of hazards.  

Another reason to screen out hazards is by consequence: 

SC2 

The hazard does not result in a plant trip (manual or automatic) or a controlled manual shu t-

down and does not impact any SSCs that are required for accide nt mit igation from at -power 

transients or accidents. If credit is taken for operator actions to correct the condition to 

avoid a plant trip or controlled shutdown, then ENSURE the credited ope rator actions and 

associated equipment have an exceedingly low p robability of failure (i.e., collectively less 

than or equal to 1×10 -5). 

SC3 The consequences to the plant do not require the actuation of front -line systems.  

When screened out on one of the above criteria is not sufficient to  eliminate the hazard from t he combined haz-

ards analysis.  

The second step is where the hazard is grouped with or bounded by another hazard, i.e. the characteristics are 

less severe than or equal to the bounding hazard.  

SC4 
The event is of equal or less damage potential than similar  events for which the plant has 

been designed . 

SC5 

The hazard has a significantly lower mean frequency of occurrence than another ha zard, 

taking into account the uncertainties in the estimates of both frequencies, and the hazard 

could not result in worse consequences than the consequences from the other hazard. The 

phrase òsignificantly lower òimplies that the screened hazard has a mean frequency of oc-

currence that is at least two orders of magnitude less than (that is, 1% or less of) the mean 

frequency of  occurrence of the other event.  

SC6 

The hazard is included in the definition of another hazard. Application of any screening cr i-

terion must take into account the range of magnitudes of the hazard for the recurrence fr e-

quencies of interest.  

 

With respect to screening criteria ( SC4) the following is important  to consider: proper usage includes that all rel e-

vant data (e.g. operating experience) are transferred to the enveloping event. The frequency of the envelo ping 

event has to be bounding (i.e. include all  frequency contributions) as well. Moreover, the bounding event should 

have the same or at least similar characteristics with regard to the risk measures of interest for the PSA, i.e. at 

least the set of risk measures used for screening and for PSA results presentation, preferably also with r egard to 

relevant Level 1/Level 2 interface risk measures.  



 

Report 2: Guidance document on practices to model and  implement EXTERNAL FLOODING hazards in extended PSA  

  

 

 

Reference IRSN PSN/RES/SAG/2016-00263 Technical report ASAMPSA_E WP21&WP22/ D22.2&D22.3-2/ 2016 -20       22/ 102  

 

 

ASAMPSA_E

The hazards are not screened out but treated as one single hazard. The frequencies of all the constituting hazards 

should be summed. For the combined hazards analysis the hazard groups can be used instead of the individual  

hazards. This will limited to number of combinations to be considered. 

The single hazards not screened out are carried forward to be assessed in more detail in the quantitative screening 

process. 

2.2.1.2  Combinations of hazards  

For combinations of hazards the following screening criteria can be applied. Criterion 7 is not fully qualitative as it 

needs some notion on what joint probability is sufficiently low. For examples, values for risk and core damag e 

fr equency are necessary as well as the time window that should be taken into account when assessing this joint 

probability. This duration would depend on the recovery time required to address the cons equences of the first 

hazard or the time needed to bri ng the plant in a stable and safe state.  

SC7 The events occur independe ntly of each other in time  

AND 

the probability of simultaneous occurrence is low.  

SC8 The events do not occur independently in time  

AND 

multiple events are included in the definition of a single event, which has already been eva l-

uated or considered 2.  

SC9 The events do not occur independently in time  

AND  

the events affect the same plant safety function  

AND 

the combined effect on the safety function is not greater that the effect fr om most severe of 

the single events involved . 

 

2.2.2 QUANTITATIVE PROCESS 

In WP30/D30-3 [10]  the use of explicit quantitative criteria above semi -qualitative criteria is strongly adv ocated, 

when practicable. The basi c reasoning behind this generic recommendation is that current PSA models claim r e-

sults (significantly) below 10 -5 /y ear for L1 PSA results and below 10 -6 /y ear e.g. for large early release freque n-

cies. Any screening that is commensurate with these results  has to guarantee that screened out contributions 

amount only to a fraction of these end results. Thus, screening values of (significantly) below 10 -7 /y ear should be 

applied. Providing justified claims on these low frequency levels requires careful consid eration by PSA analysts. 

Having claims and supporting arguments significantly improves the traceability of the screening process and thus 

contri butes to the review of the PSA, both internally as well as by regulatory bodies.  

So, to screen quantitatively, t he criteria are needed . These quantitative screening crit eria (the risk measures and 

their quantitative values) are discussed in WP30/D30-3 [10] .  

                                                      

 

2 An example is an aircraft crash and fog - although the fog may increase the likelihood of an aircraft crash, it 
should be accounted for in the ai rcraft crash frequency . 
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To define those quantitative values,  the L1 PSA results of the internal events P SA should be available and prefera-

bly also the results of the L2 PSA and L3 PSA. Next ,  a mapping of systems on buildings is necessary. Additional 

information on cable routing, and equipment that is normally no part of the internal events PSA ( e.g. ( locatio n of) 

cabinets, bus bars, splices and connector boxes) is needed. 

Combinations and singles can be treated with same criteria , as a combination of hazards can be seen as a new 

hazard with its own frequency and consequences.  
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3 MODELLING EXTERNAL FLOODING EVENTS FOR PSA 

3.1  INTRODUCTION 

Flooding can result f rom several phenomena that could act separately or in combinations. The identification of the 

phenomena that are relevant for a specified site of an NPP is based on the identification of water sources that 

could cause or contribute to the site flooding. Potential sources that are usually considered are the following:  

¶ sea or ocean; 

¶ water courses (streams, rivers and canals);  

¶ natural reservoirs such as lakes, snow and glaciers;  

¶ man-made reservoirs such as artifi cial lakes and tanks (off -site);  

¶ clouds (as source of precipitation);  

¶ groundwater.  

A detailed list of phenomena (more than 15) was established in (WP21-D21_2) [6] . This list is repr oduced in the 

introduction.  

Due to the divers ity of phenomena and sources, a pragmatic way to identify the phenomena that can cause or 

contribute to flood hazard is to split them into three  categories: 

¶ phenomena that could affect only coastal sites  (ocean, sea, lake), 

¶ phenomena that could affect only river sites,  

¶ phenomena that could affect  both type s of site . 

The categorisation is indicated in the fifth  column of the table  2 above.  

Data necessary for flood hazard characterisation  are hydrological, meteorological , geophysical, geological, top o-

graphical, bathymetric al and on anthropogenic activities data. This basics knowledge is necessary for all the ph e-

nomena categories mentioned above. The topic is presented in subsection  3.2. 

Methods to assess each phenomena categories as listed above is presented in subsections 3.3, 3.4 and 3.5. Subsec-

tion 3.7 is dedicated to the assessment of the phenomena for the combination  of the hazards. 

3.2  DATA FOR FLOODING HAZARDS CHARACTERISATION 

Data collection is a crucial step for the characterisation of natural hazards. The overall quality of the natural ha z-

ard characterisation will strongly depend on the quality and the quantity o f the collected database. It is i m-

portant, in this framework to investigate all the potential data sources. This section is particularly relevant for 

floods generated by meteorological causes  (local extreme precipitation, run off from precipitation or snow melt 

and the combination of storm surge, wind waves) .   

Among the potential data source it is important to investigate:  

¶ Instrumental on -site measure  (rainfall time series from rainfall gauges or tip -gauges, waves time series 

from buoy, extreme sea level tim e series). These data are crucial because they are often the more precise 

in term of data quality and the more reliable for the characterisation of the phenomena occurring on -site. 

It is important to assess the data quality, in particular on the extreme va lues records and to double check 

that the data series cover periods with extreme events. Unfortunately, the duration of the available series 

is often short. For the characterisation of the extreme events it is important to have time series spanning 

duratio n larger than several years (5 -10 years minimum) to be sure to have a least some extreme event in 

the dataset.  
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¶ Non-conventional observations  might be investigated as well. This may be data reconstructed form the 

analysis of historical information (media, n ewspapers, archives) or relevant scientific data (geological su r-

vey, flood marks).  

¶ Numerical simulations hind -cast and forecast or Data re -analysis. Rainfall, extreme sea level and waves, 

surges or meteorological conditions has been widely simulated in the  past and dataset of simulated past 

events are often available (hind -cast dataset or reanalysis). This information, even though less precise than 

direct o bservation contains a huge amount of information, filling spatial gap in the phenomena observations 

and being able to going back in the past for reconstructing past events.  

¶ Regional data.  An important recommendation is to collect data from the site surrounding region and not to 

limit the collection to the single site. Relevant information usually comes fro m the analysis of neighbour-

hood sites time series or spatial observation for the region (i.e. satellite maps). The advantage is that the 

potential amount of information collected dramatically increases if looking at the regional scale. However, 

the homogeneity of the information collected at the regional scale compared to the specific phenomena 

expected at the single site must be checked using techniques such as the ôRegional Frequency Analysisõ or 

the data imputation.  

Special attention should also be paid on the reference level (datum) definition for bathymetry and topography. As 

far as possible avoid the use of several reference levels (datum). If it is not practicable, each used datum should 

be clearly identified when elevation values are provided, and re lationships between datum õs should be clearly 

fixed. In addition , reference levels should be accurately defined, accessible, and stable along time.  

An extensive literature review on previous studies on extreme values characterisation in the area should be con-

ducted. Often an analysis of the existing study may give more information than a time consuming single study.  

Data necessary for flood hazard evaluation are presented in details in IAEA SSG 18 [13] , e.g.  hydrological data; 

geophysical, geological and seismological data; topographic and bathymetric data; data on anthropogenic activ i-

ties.  

3.2.1 GENERIC/REGIONAL DATA 

Data on the topography, the geology, the morphology along the coast and the river networks and groundwater 

networks shall be collected for a complete picture of the region surrounding the site. These include possible 

changes of river channel due to erosion or sedimentation, river diversion and obstruction. The extensions needed 

depend on the use and may vary from tenth of kilometre for a detailed morphology description to thousands of 

kilometre for a rough topography illustration.  

Data on extreme river discharge, extreme rainfall, extreme sea level, extreme surges, extreme waves , has to be 

collected not only at the single s ite of interest but in a wider region around the site.  The actual extent of this 

region depends on the nature of the phenomenon and on the specificity of the region, but it is usually of the order 

of thousands of kilometres around the site. Generic data on  extreme phenomena at the planetary scale should be 

collected, even though they may be not relevant for the specific site of interest.  

Data on the spatial description of the meteorological phenomena such has windstorm, waves storm and rainfall 

event shall be collected. A single site description of an extreme meteorological event is often poor and mislea d-

ing, while an aerial  description may help to understand the physics and the dynamics of the event.  

The failure cause of water control structures can be malf unction or mismanagement or structural failure of the 

dam, dike, or levee. The structural fai lure can be caused by design or construction errors or it can be caused by 

loads above the design limit of the stru cture. The design criteria of the water control structure are an essential 

input for the flooding analysis and depending on the type of structure and its location, specific meteorological 
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data and statistical data on water levels could be needed to assess the failure frequency or fragility of the stru c-

ture.  

3.2.2 INSTRUMENTAL ON SITE MEASURES 

Rainfall . Rainfall can be measure on site by rain gauges, radar and at a regional scale by rain gauges ne tworks, 

radar networks, and satellite images. Data are available in France fr om Meteo France, in the UK fr om the Met 

Office .  

River Discharge . River Discharge are estimated from level observations. The functions linking observed water level 

are called rating curves and they vary from one site to another. River discharge observations are collected in 

France on the òbanque Hydroó web site. 

Waves. Waves can be measured on site by buoys and at a regional scale by buoys networks. Waves paths at the 

regional scales can be observed from satellite. Waves are observed in France by SHOM (Service hydrographique et 

océanographique de la marine  ð Service of Hydrographic and Oceanographic of the Marine) and in the UK by several 

institution s (BOCD, CEFAS). 

Extreme Sea Level.  Extreme sea level are observed on-site by sea level gauges and by gauges networks at the 

regional scale. Dataset are available in France by SHOM and in the UK on the BOCD website  

Astronomic Tide predictions.  In order to distinguish the Astronomical tide from the Meteorological surge from a 

sea level observation, a prediction of astronomic tide is need. Prediction o f time series of astronomic tide are 

estimated using harmonic equation often embedded in simple software. òPreditó software by SHOM may be used 

for French costs predictions.  

Some operational event database of plants are available, which are very plant -specific connected to external 

events and their root cause analysis  leading to the events causing core damage or reactor shutdown.  

3.2.3 NUMERICAL SIMULATION DATA 

Hydrological modelling and 1 -D or 2-D hydraulic modelling (i.e. Mascaret, TELEMAC, MIKE) may be used to simulate 

river discharges from rainfall, temperature and morphology data. Hydrodynamic modelling may be used for est i-

mated extreme sea level, currents (TELEMAC, MIKE) and waves (TOMAWAC, ARTEMIS, etc.). Meteorological model 

are used for simulating storms including wind, rainfall and atmospheric pressure. Global climate models, coupling 

atmospheric and oceanic model are used for simulating climate change scenarios (ARPEGE in France, UKPC09 in 

the UK). These models might be used for producing hind -cast data,  which are very rich in qua ntity and often in 

quality as well.  

Rainfall, wind, atmospheric pressure and storm . Re-analysis dataset of rainfall are available, covering usually 

the last 30 years with daily or hourly resolution on quite fine grid over Europe.  Some examples of available re-

analysis are the Ensemble project re -analysis, the NCAR re-analysis or ERA-40 re-analysis.  

Waves. Re-analysis dataset for waves are also available over the Atlantic Ocean, the North Sea and the Mediterr a-

nean sea. They are produced using hydrodynamic modelling and they cover usually the last 30 years. The ANE MOC 

dataset is an example of wave hind -cast dataset produced by EDF R&D and CEREMA. 

3.2.4 DATA RELATED TO PLANT DESIGN 

To be able to evaluate real effects of the flooding hazard  to the NPP, data on NPP design are needed. More specif-

ic, data shall be collected on flood protection measures such as flood defences around the site (levees, dikes, 
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dunes, etc.), strength and stability of buildings, water tightness of buildings, critical  water levels outside as well 

as inside buildings, and the vulnerability of co mponents to flooding.  

In case of precipitation, t he roofs of safety related structures and the site drainage systems at the plant are d e-

signed with conservative crit eria to withs tand the local intense precipitation (rainfall ). The impact of this ha zard 

depends on the site-specific features (i.e., and layout of the plant buildings), the design of roof systems (i.e., 

presence of parapets) and maintenance of site drains.  

3.2.5 DATA QUALITY AND COMPLETENESS  

An important issue is data completeness and quality assessment. This pertains to the follo wing problems:  

¶ assessing data completeness via statistical methods and/or expert judgement:  in a number of cases there 

are mathematical rules when and how to apply statistical methods. However, in the considered case, typical 

situation is the lack of data, then missing or censoring techniques can be applied, but in any case this should 

be supported by expert judgement.  

¶ accuracy or uncertainty of the measurement and numerical simulation data:  in the most cases, observa-

tions or simulated numerical data should include information on their accuracy. If not they should be treated 

carefully and additional analysis of their uncertainty could be performed.  

3.3  ASSESSMENT OF HAZARD SPECIFIC TO COASTAL SITES  

3.3.1 TIDE (N18) 

The tide (or theoretical tide ) corresponds to the predictable part of the variations in sea level. Its main component 

is the astronomical tide, due to the gravitational action of the Moon and the Su n, but it also includes the radi a-

tional tide which is the predictable part of the sea level variations of atmospheric origin. The radiational tide is 

associated with the thermal action of solar radiation on the atmosphere and the ocean. It is low er compared with 

the astronomical tide, but not negligible. By way of example, the amplitude of the radiational tide at Calais  

(France) is 8.5 cm. The theoretical tide wave at a given point can be broken down into a sum of waves. Knowing 

the characteri stic harmonic constants of these waves makes it possible to predict the height of the theoretical tide 

brought down to the mean sea level at any given moment at the point in question . Thus it is possible to derive 

empirical dens ities of the theoretical tides, as shown in the Figure 3-1 below: 

 

Figure 3-1: Probability densities of the predicted high tide level  
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The theoretical tide is currently determined by national organisations on th e basis of series of measurements at 

tidal gauges, mainly installed in harbours. For a site distant to the reference harbour correction can be needed to 

allow for the difference in the theoretical tide between the site and the reference harbour .  

As frequently occurring phenomen a, high tide or springtide  should not pose threats to a nuclear installation  by 

themselves. However, given their more frequent occurrence, they may well co ntribute to the overall level of a 

hazard by being coincident with extremes of other phenomena such as storm-surge or tsunami. High tide should be 

addressed in all combinations defining extreme sea conditions (water level, tsunami, wind -wave etc. ). 

The change in mean sea water level  should be accounted of when analyzing sea level tim e series, and when defi n-

ing future sea level. It can be extrapolated on the basis of Panel on Climate Change reports, supplemented by 

regional study to addressed regional trends, and by statistical analysis on local observations .  

3.3.2 TSUNAMI (N7) 

The hazard is defined by flooding by a series of water waves caused by the displacement of a large volume of a 

body of water typically by earthquake, landslide, or volcanic sources. All oceanic regions and sea basins of the 

world and even fjords and large lakes can be  affected by tsunamis.  

Three general types of geologic  events capable of generating tsunamis are generally investigated: earthquakes, 

submarine and subaerial landslides, and a variety of mechanisms associated with volcanism. For each of these 

tsunami sources, there are different subtypes. Other less commo n tsunami sources are asteroids and atmospheric 

disturbances (meteotsunami 3 [14] ). 

Earthquakes are most common source of tsunamis, where dip -slip earthquakes (with vertical move ment) are more 

often tsunamigenic, than strike -slip earthquakes (with horizontal movement). Only large magnitude earthquakes 

(M>6.5) will typically generate observable tsunami s. The t ypical tectonic environment is  a subduction zone, and, 

occasionally,  other oceanic (not classified as subduction zones) convergence boundaries. 

Submarine and subaerial  landslides occur as many types, depending on geologic composition, slope steepness, 

triggering mechanism and pore pressure [15] . Style and time -history of slope movement needs to be tracking. 

Subaerial landslides tsunamis occur in more geographically restrictive area (like fjords). However, the impact 

velocity of subaerial landslides can be greater than for submarine  landslides in deeper water. Tsunamigenic 

subaerial landslides can be triggered by earthquakes or active volcanism.  

A variety of mechanisms associated with volcanoes have been known to generate tsunami historically. Any volcano 

located near or in the worldõs oceans can induce a tsunami. General source types are: pyroclastic flows into the 

ocean, submarine caldera collapse, submarine explosion, debris avalanche s and flank failures , and some others. 

Their combination is also possible, like Krakatau or Santorin i.  

 

Key input parameters are related to the tsunami source, the wave propagation from the source up -to the site, and 

effects at the coast. They are the following:  

¶ source:  location, geometry, cinematic (for instance for earthquake: active faults are classically chara c-

terize d with their 3D geometry, sense of slip, chronology of past eart hquakes, and slip-rate data);  

¶ propagation:  bathymetry (should be more detailed for shallow -water);  

¶ effects at the coast:  bathymetry, topography.  

                                                      

 

3
 Tsunami-like phenomena generated by meteorological or atmospheric disturbances.  
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Output of the hazard assessment  

¶ Run-up (maximum height above ambient sea level to which the tsunami wave rises o nshore); 

¶ inundation (maximum horizontal distance from the shoreline where tsunami pen etrates);  

¶ drawdown (minimum water level at the shoreline) and the duration of the drawdown below the i ntake.  

Other tsunami associated phenomena should be considered regarding site specific conditions: seiche in the harbour 

and/or the intake passage, movement of sediment, and ground uplift and/or subsidence due to the movement of a 

fault.  

Methods commonly applied  

Tsunami hazard can be analyzed from the deterministic and probabilistic points of view. The first case consists of 

taking the worst credible tsunami case, which is usually derived from the historical tsunami data in the study zone. 

In the second case, the probabilistic point of view, a selected series of tsunami events are combined using empir i-

cal or computational methods. The selection of each approach greatly depends on the completeness of data , the 

scale and the objectives  of hazard analysis. The pr obabilistic approach  allows the hazard assessment for the r e-

gions or sites with scarce tsunami data. The probabilistic assessment applied for region -wide analysis can be fol-

lowed by deterministic specific -site assessment. The objectives can be summarized as follows:  

(1) to condense the complexity and the variability of tsunamis into a manageable set of parameters, and  

(2) to provide a synopsis of the tsunami hazard along entire coastlines in order to help identify vulnerable 

locations along the coast and specific tsunami source regions to which these vulnerable locations on the 

coastline are sensitive [16].  

Deterministic assessment methods were dominant up through the early twenty -first century  [17] . More of these 

methods entailed determining the worst -case or maximum credible tsunami f or a particular region. Seism ogenic 

sources were defined by estimating the largest possible earthquake rupture for seismic zones that have the pote n-

tial to affect a t arget site by a tsunami. Landslide sources have also been used in deterministic analysis, and often 

are the worst -case sources in non-subduction zone regions [18] .  

Probabilistic Tsunami Hazard Analysis (PTHA) aggregates all possible sources to determine an exceedance run-up 

for a particular design probability. Early studies are based on different assumptions (e.g. [19]  and [20] ). A surge of 

PTHA studies started in the early 2000s up to pr esent (e.g.  [16] ,  [21] , [22] , [23]  and [24] ).  

PTHA methodology was born directly from PSHA (Probabilistic Seismic Hazard Analysis). Development of PSHA 

methodology paved a way for a new multidisciplinary field of catastrophe risk modeling in the late 1980s to early 

1990s, with building of computer ðbased models for quantifying probabilistic catastrophe risk.  

PSHA is started by Cornell in 1968 [25] . More, the PTHA generally follows the PSHA. There are the three main steps 

in the probabilistic seismic analysis:  

(1) specification of the earthquake source parameters and associated uncertainties,  

(2) specification of attenuation relationships (involv e empirical analysis of existing data of ground m o-

tions),  

(3) probabilistic calculations giving the outputs of analysis.  

Most of the recent PTHA studies are based solely on seismogenic sources. Most recently, non -seismogenic sources 

have also been included in PTHA. 

From the beginning , the probabilistic assessment methods have handled uncertainties. Evaluating uncertainties 

help to focus research on the parameters that really matter. Evaluation of model uncertainty is a key component 

of any hazard assessment. Because small errors in estimated model parameters and/or minor deviations from 

model assumptions could result in large errors when using the model to extrapolate beyond the range of recorded 

events, the degree of uncertainty in the model, and the effe ct of such uncertainty on evaluating the potential 
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hazard, must be quantified [26] . Sensitivity analysis is an important tool in evaluating how limits on model inputs 

impact the model output. If the estimated hazard is not sens itive to uncertainties in the inputs, the model is r o-

bust and further data refinement is not required. However, if the estimated hazard is found to be pa rticularly 

sensitive to uncertainties in certain inputs, this can be used to help focus additional rese arch efforts.  

PTHA are also complex and computationally intensive, cause a number of source parameters. The main difference 

between the different computational PTHA relies on the fact that some of them are used to analyze the tsunami 

hazard in a specific z one of coastal region [19] , [27] .  However, other methods, like the Monte -Carlo based meth-

ods [28]  [29]  [30]  or logic -tree approaches [21] , [31] ,  [32]  are used to analyze the hazard in a whole coastal r e-

gion.  

Two types of analysis can be applied: empirical or computational. Empirical analysis is based on historical record s 

and catalog complete ness. No a priori  knowledge of source type location is needed to calculate probabilities [33] .  

The probabilistic empirical analysis is carried out ,  in general,  in a particular location where historical records o f 

tsunami run-up and amplitude data are available. Computational PTHA relies on knowledge of source p arameters, 

recurrence rates and their uncertainties. This approach is valuable with a few historical data or many possible 

sources, and should be preferred  to assess very low probability hazards. Because in most places around the world 

historical tsunami run -up records are scarce, computational based PTHA is usually applied.  The computational 

methods can be applied in regions with scant historical records an d can include parameter sensitiv ity estimates in 

the analysis.  

The end product of PTHA is a tsunami hazard curve that plots the exceedance probability as a function of tsunami 

amplitude or run-up at a particular site .  The tsunami hazard curves are calculated by combining the tsunami 

source model giving the tsunami generation probabilities trough the source frequencies and the tsunami height 

estimation trough tsunami propagation  (see Figure 13 [21] ).  

Figure 13  of [21]  as shown below: Process for obtaining fractile hazard curves  (Figure 3-2).  

(a) Distribution of 72 tsunami hazard curves obtained for one tsunami source by the logic -tree. The vert ical broken 

line indicates a tsunami height of 3 m, along which the cumulative weight curve in (b) is calc ulated.  

(b) Relationship between annual probability and cumulative weights at a tsunami height of 3.0 m . Dashed horizon-

tal lines indicate five fractile levels (0.05, 0.16, 0.50, 0.84 and 0.95) that will be used to draw curves in (c).  

(c) Fractile hazard curves obtained by connecting the probabilities with the same fractile values for different ts u-

nami heights. Five fractile values from 0.05 to 0.95 shown here are usually used.   
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Figure 3-2: Process for obtaining fractile hazard curves  [21]  
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3.3.3 STORM SURGE (AND ASSOCIATED WAVES) (N19, N20) 

3.3.3.1  Sea water level definitions  

A storm surge is the abnormal rise in  the mean seawater level during a storm . It is measured as the height of the 

water above the normal predicted astronomical tide. The sur ge is caused primarily by  meteorological  factors a 

stormõs winds pushing water onshore and depending on the type of storm, esp ecially in case of a hurricane or the 

low atmospheric pressure. The amplitude of the storm surge at any given location depends on the or ientation of 

the coast line with the storm track , the intensity, size, and speed of the storm; and the local  the depths and 

shapes of the underwater terrain  (bathymetry   or òsubmarine topographyó).  

The storm tide is the total observed seawater level during a storm, resulting from the combination of storm surge 

and the astronomical tide .  Astronomical tides are  caused by the gravitational pull of the sun and the moon and 

have their greatest effects on seawater level during new and full moons ñwhen the sun, the moon, and the Earth 

are in alignment : the so called spring-tide . As a result, the highest storm tides ar e often observed during storms 

that coincide with these spring-tides. 

A storm can alter the timing of high tide as is illustrated in figure above. Skew surges are defined as the diffe rence 

between the maximum sea level and the maximum astronomical tides ar ound a tide cycle maximum. Note that 

instantaneous surges might be affected by errors due to the potential shift in time of the two series. The instant a-

neous surges might be depending on the astronomic tide level at which they are observed, while this co rrelation is 

lower for skew surges, since they are always observed at the maximum tide. Instantaneous surges are defined as 

surges estimated as the difference between sea level and astronomical tides at a given time, t, as illu strated by 

the residuals.  

Figure 3-3: Strom Surge  

 

Good practices exist for the extraction of instantaneous and skew storm surges. In particular, eustatis m shall be 

taken into account.  

Characterisation of the extreme surges  

Methods common ly applied. Extreme Value Analysis of surges (Coles, 2001  [34] ), Regional Freque n-

cy Analysis of surges (see Hosking and Wallis  [34] , 1997, Weiss, phd, 2014  [35] ) 

https://en.wikipedia.org/wiki/Meteorology
http://oceanservice.noaa.gov/facts/bathymetry.html
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Event modelling .  Ex. Telemac modelling of storms surges  

Extreme Value Analysis of surges and the regional Frequency Analysis of surges allow the estimation of a surge 

intensity frequ ency curve. Note that the curve will be site dependent even in the framework of the Regional 

Frequency Analysis  

The extreme still sea level is the sum of tide and surge, without wave action (wave height).  

The sum of tide and surge may be estimated by (1) convolution through a Joint Probability Model  (Dixon and 

Tawn, 1994 [36] ) or (2) Simple addition of extreme tide and extreme surge (RFS, 1984  [38] ).  

The extreme sea level might also be directly esti mated via an EVA application to the extreme sea level data (3) 

(direct approach). This approach is not recommended if the tidal range is not negligible co mpared to the surge 

magnitude.  

In the cases (1) and (3) the outcome will be the estimation of the inte nsity frequency curve, while in the case (2) 

one value of extreme sea level will be estimated but it will not be associate d to a given probabi lity of occurrence.  

These data (series) form the basis for the flooding frequency analysis. However, for the water  level at the site 

other phenomena and processes have also to be taken into account.  

3.3.3.2  Processes to consider  

Several processes can be involved in altering tide  levels during storms. In the first place , the earlier me ntioned 

two meteorological factors: the pressure effect, and the direct wind effect .  Secondly, there are the effect of the 

Earth's rotation, the effect of waves  (wave height and wave run -up), the rainfall effect  [15] , bathymetry, and the 

effect of nearby storm surge barriers . In the third place, long time e ffects as 1) rise of the mean sea water level, 

and changing frequencies and magnitudes of storms as result of the global climate change, and 2) fall of the land 

should be considered.  

The pressure effects   
The pressure effects of a storm will cause the water level in the open ocean to rise in regions of low atmospheric 

pressure and fall in regio ns of high atmospheric pressure. The rising water level will counteract the low atmo s-

pheric pressure such that the total pressure at some plane beneath the water surface remains constant. This e f-

fect is estimated at a 10  mm increase in sea level for every hPa (i.e. hectopascal, 1hPa = 100 Pa) drop in atmo s-

pheric pre ssure [40] . 

Wind set -up 
Wind stresses cause a phenomenon referred to as "wind set-up", which is the tendency for water levels to increase 

at the downwind shore, and t o decrease at the upwind shore. Intuitively, this is caused by the storm simply blo w-

ing the water t owards one side of the basin in the direction of its winds. Strong winds (wind stresses) along the 

surface cause surface currents at a 45 degree angle to the  wind direction, by an effect known as the Ekman Spiral. 

Because the Ekman Spiral effects spread vertically through the water, the effect is inversely proportional to 

depth. The pressure effect and the wind set -up on an open coast will be driven into bays in the same way as the 

astronomical tide  [40] .  

Coriolis effect  
The Earth's rotation causes the so called Coriolis effect , which bends currents to the right in the Northern Hem i-

sphere and to the left in the Southern Hemisphere. When this bend ing brings the wind generated currents into 

more perpendicular contact with the shore it can amplify the surge, and when it bends the current away from the 

shore it has the effect of lessening the surge  [40] . 

https://en.wikipedia.org/wiki/Tide
https://en.wikipedia.org/wiki/Storm
https://en.wikipedia.org/wiki/Ekman_Spiral
https://en.wikipedia.org/wiki/Coriolis_effect
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Wave set-up 
Next to the general set -up of the water level, strong wind whips up large, strong wave s in the direction of its 

movement, which increases the maximum water level to consider  [40] .   

Wave height  
Waves may be classified in short and long fetch waves. The fetch being defined as the horizontal distance over 

which wave-generating winds blow. Short fetch waves are waves generated by the wind when a short fetch is 

available for the wave generation. This is the case in closed harbours or on rivers. Long fetch waves are waves 

generated by the wind when a long fetch is avai lable for the wave gener ation. This is the case for open shoreline 

facing the ocean. Long fetch waves are characterised by the significant wave height (SWH or Hs) and 1% wave 

height. The significant wave height is the mean wave height (trough to crest) of the highest third of the waves 

(H1/3) for a given sea state. The 1% height is the average height of the upper 1% of the wave heights in a wave 

record.  

Short fetch waves are estimated using coastal engineering equations linking wind and water level with sho rt fetch 

waves [41] .  

Long Fetch waves may be estimated using EVA or Regional Frequency Analysis directly applied to buoy data or to 

big reanalysis dataset. The outcome of the estimation will be a full intensity frequency curve s both for EVA and 

RFA. 

Wave run -up 
Although these surface waves are responsible for very little water transport in open water, they may be respons i-

ble for significant transport near the shore. When waves are breaking on a line more or less parallel to the  beach, 

they carry considerable water shoreward. As they break, the water particles moving toward the shore have consi d-

erable momentum and may run up a sloping beach to an elevation above the mean water line which may exceed 

twice the wave height before br eaking [40] . If they are breaking into a vertical construction as for instance a w a-

ter intake stru cture or a levee the height the waves can reach will be much larger.   

The amount of wave run -up is influenced by the wave height,  the wave period and the slope . 

Rainfall  
Storms may dump large amounts of rainfall in 24  hours over large areas, and higher rainfall de nsities in localized 

areas. As a result, watersheds can quickly surge water into the rivers that drain them. This can increase the water 

level near the head of tidal estuaries as storm -driven waters surging in from the ocean meet  rainfall flowing from 

the estuary  [40] . 

Bathymetry/topograph y 
Surge and wave heights on shore are affected by the configuration and bathymetry of the ocean  or sea bottom. A 

narrow shelf or one that has a steep drop from the sh oreline and subsequently produces deep water in pro ximity 

to the shoreline tends to produce a lower surge, but a higher and more powerful wave.  

Conversely, coastlines such as the Dutch North Sea coast,  the Gulf of Mexico Asian coasts such as the Bay of Ben-

gal, have long, gently sloping shelves and shallow water depths. These ar eas are subject to higher storm surges, 

but smaller waves.  

This difference is because in deeper water, a surge can be dispersed down and away from the hurricane. However, 

upon entering a shallow, gently sloping shelf, the surge cannot be dispersed, but is driven ashore by the wind 

stresses of the hurr icane.  

In addition , the t opography of the land surface is another important element in storm surge extent. Ar eas, where 

the land lies less than a few meters above sea level are at particular risk from storm surge inu ndation  [40] . 

https://en.wikipedia.org/wiki/Drainage_basin
https://en.wikipedia.org/wiki/Rivers
https://en.wikipedia.org/wiki/North_America
https://en.wikipedia.org/wiki/Asia
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Another issue to consider is the fact that f or a given topography and bathymetry the surge height is not solely 

affect ed by peak wind speed. The size of the storm also affects the peak surge. With any storm , the piled up w a-

ter has an exit path t o the sides and this escape mechanism is reduced in proportion to the surge force (for the 

same peak wind speed) as the storm covers more area [42] .   

Climatological effects  
Given the usually long life time of a NPP long term effects from the global climate change should be taken into 

account. These effects are the rise of the mean sea water level, and changing frequencies and magnitudes of 

storms as result of the global climate change . The magnitude of the impact is very site de pendent. Although cli-

mate change is a generally accepted phenomenon, the speed and magnitude of change and its impact on storm 

fr equency, rainfall  and seawater rise is still under debate.  

Land fall  
Land fall or subsidence can be result from several causes: 1) by a tilting movement of tecto nic plates, as is the 

case in northern Europe where as a result of the last ice age Scandinavia was pushed down by the eno rmous mass 

of ice and the area south of Denmark pushed up. Since the ice in Scandinavia is gone this process reversed; 2) gas 

and salt exploration and 3) lowering the ground water level. Depending on the soil type this can cause significant 

set tlement effects over a long period of time  

In the northern part of the Netherlands , there are areas that have experienced a settlement of 30 cm, with a ma x-

imum of about 1 cm per year. The cause is gas exploration. Ground water control in peat rich areas have resulted 

in a settlement through an oxidation process of 30 cm per decennium. 

3.3.3.3  Example of storm surge hazard  assessment including protection failure  

The starting point of assessment of the storm surge hazards are data relating water levels (including wave action) 

with freque ncies. These hazard curves) are site dependant. Especially in estuaries, the water levels  with the same 

return fr equency can differ significantly within kilometres. Generally,  less straight forward than the initial flood 

levels, is determining the initiating event frequencies for floods that should be taken into account in the PSA mo d-

el. This requires some sort of translation /transition  from the water levels off -site to the critical water levels on 

site and inside the buildings . A number issues influence this transl ation:  

1. The presence or absence of external flood defences, as dikes, dunes, leve es; an important aspect is t he 

conditional failure probability  of the external flood defence;  

2. The way the flood defence fails;  

3. The duration of the flood in combi nation with the flood height;  

4. The site characteristics:  

o the height of the site as compared to t he sea and to its surrounding area, and; 

o the area that can flooded.  

The issues 2, 3 and 4 determine the water level that is reached behind the failed flood defence.  All issues lead to 

a reduction of the initiating frequency. The first issue results in a re duction factor on the initiating frequency at a 

given water level. The remaining issues make that a higher water level (with a lower frequency) is needed off -site 

to obtain a certain water level on site. The next par agraphs will elaborate this.  

Failure of external flood defences  

External flood defences can fail in different ways. Although it looks like the most obvious mechanism, overtopping 

is not the only and not per definition the dominant failure mechanism of a flooding defence. External Flood de-

fences can be divided is different types, each with specific failure mechanisms. Distinction can be made b etween 

dikes, dunes and engineered structures as locks, sluices, and levees.  
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Failure of dikes  

The main failure mechanisms of dikes are illustrated in  Figure 3-4. They are overtopping, macro -stability, water -

side erosion and piping.  

Figure 3-4: Main failure m echanisms of dikes  

 
 

Overtopping: in this case, the dike fails because large amounts of water overrun the dike; the dike is simply not 

high enough; 

Macro-stability :  the dike becomes unstable by water penetrating and saturating the core of the dike. As a conse-

quence the inside slope of the dike starts sliding under the sea or riverside water pressure;  

Waterside erosion: the top layer (grass plus clay, stone, tarmac) is damaged by wave attack. Once this prote ctive 

top layer is gone, the main dike structur es are eroded away. 

Piping: the water pressure forces water under the clay layer that covers the main structure of the dike or under 

the clay layer that forms its foundation. So called pipes form and the sand in or under the dike is washed away 

causing the dike to collapse. Piping also plays a major role where for instance the pipework of the ultimate heat 

sink penetrates the dike and no design precautions e.g. in the form of addition screens, are taken to counteract 

this mechanism. 

Failure of dunes  

The main failure mechanism of dunes is illustrated in Figure 3-5: seaside erosion and piping. 
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Figure 3-5: Fail ure mechanism of dunes Erosion of dunes  

 

 
 

Dunes fail in general simply by the wave action of the sea. Every wave reaching the dune row erodes the dune by 

removing sand. The erosion speed is influenced by the length and slope of the beach in front of the dunes. 

 

Failure of engineering structures  

The main failure mechanism of engineering structures are illustrated in Figure 3-6: overtopping, strength and  sta-

bility, closure reliability, and pi ping.  

 

Figure 3-6: main failure mechanisms of engineering structures  

 

 

Overtopping: in case of this failure mechanism the moment of failure is reached when a certai n amount of water 

per unit of time overruns the construction. The allowable amount is governed by strength of the underground 

protection against erosion and the amount of water that can be accommodated behind the structure.   

Closure reliability :  engineered structures such as locks have to close. Failure is simply defined as failure to close in 

time , with a resulting flow rate that is to large . The allowable amount is governed by strength of the unde rground 

protection against erosion and the amount of water that can be accommodated behind the stru cture. A standard 
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reliability analysis of the systems needed to close the structures ; including support systems like those, that  elec-

tricity is needed.  

Piping: the water pressure forces water under the foundation an d its protective ground cover. The stability of the 

structure is threated by sand and clay washed away. This failure mechanism describes the situation that the 

strength of the construction is insufficient to cope with the forces as result of the difference  in water height on 

both sides of it. Thre e dif ferent failure mode s scan be distinguished: Failure of the retaining means (doors etc.) , 

failure of the complete abutment , and ship collision.  Piping also plays a major role where for instance the pip e-

work of the ultimate heat sink penetrates the dike and no design precautions e.g. in the form of additional 

screens, are taken to counteract this mech anism, see Figure 3-7. 

 

Figure 3-7: Piping failure mechanism for dikes and dunes  

 

 
 

From the description of the possible failure mechanisms it will be clear that flood defences can and will fail at 

water levels bel ow their maximum height; e.g. before overtopping becomes the dominant failure mechanism.  

 

Definition of failure of a flood defence  

When trying to quantify the probability of failure a definition of what is a failed defence, is necessary. In all cases ,  

fai lure is defined as the condition that the amount of water passing the flood defence exceeds a predefined 

amount. Before this amount is reached the water that passes the flood defence will not lead to problems behind 

the defence. For a dike for instance it signifies the starting point of the development of a breach. From this point 

on it will take time to develop a full size breach.  

To obtain the (conditional) failure probability the structural reliability of the flood defence is calculated by eval u-

ating the  resistance of the flooding defence against the possible failure mechanisms (being the strength of the 

flood defence) initiated by the high tide (being the stress on the flood defence). Interactions between the diffe r-

ent failure modes are taken into accoun t. Parameters infl uencing the strength of the flooding defence are the 

dimensions (e.g. width, height, the inside and outside slope of dike), the material used for the underground, the 

core, and top layer (clay) and cover (grass, tarmac, cobbles, stone), d ensity and grain size distribution of the sand 

and clay, permeability, subsoil type etc. For dunes and sea dikes the slope of the sea bottom and the width of the 

beach play an important role. Mean water level, wave height, wave frequency and wave direction  are factors that 

determine the stress.  

In Table 3-1 an example of the output of the calculation for a section of a sea dike at a given storm surge level is 

presented. It shows that erosion of the outer slope at the locations with  a grass cover dominate the prob ability of 

failure. Overtopping is not a major concern. Which of the mechanisms is dominant, changes with the w ater level. 

It will be clear that overtopping will become more and more dominant when the water level comes neare r to the 

height of the dike. Also , the type of flooding influences the dom inant failure mechanism. In case of river dikes the 
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stability of the dikes is a major concern, piping and macro-instability are in general the dominating failure mech a-

nisms. There will in general be less dynamic attack by waves, but the much longer time water will stand against 

the dike, as compared to high water levels at sea, can cause saturation of the core of the dike and thus instability 

and the one sided water pressure promotes piping.  

Table 3-1 : Example of a conditional failure probability, total and per failure mechanism,  

for a floo ding height of 2.9 m.  

Failure mechanism Failure Prob.  
 

Combined 
Failure Prob.  

 
 

Overtopping 2.9E-08 

9.9E-07 

Sea side erosion: stone cover 8.6E-10 

Sea side erosion: grass cover 9.4E-07 

Piping 1.2E-08 

Macro stability  1.3E-08 

 
Based on the failure mechanism of interest a fragility curve has to constructed for the flood defence under consi d-

erat ion. Figure 3-8 gives a result of a complete set of stress strength evaluations of a dike section over a range of 

water levels for an example river dike. A  s expected the conditional failure probability is very low for normal w a-

ter levels between 0 and 2m above the local reference level. It approaches unity when the water level tends t o-

wards the maximum height of the dike (6.3m).  

 

 

Figure 3-8 : Conditional failure probability of a dik e as function of flood level  

[m above reference level]  

 
Water level on site  

Given a failure of the flood defence, t he water level on site is determined by two factors: the amount of water 

that can enter the site through the failed location  and the amount  of water that is needed to reach a certain w a-

ter level on site.  

¶ Breach calculations  

The amount of water that can enter the site is depending on the duration of the high water level, and the size 

of the breach. High water levels in a river caused by for in stance melting snow or heavy or prolonged rain can 

last for a long time (several days to over a week), while high flood levels on sea are mostly limited by the d u-

ration of the storm and the normal tide (12 - 48 hours). Also, the breach size and thus the am ount of water 

that can enter the site is a function of time. Time is needed for the process of developing a breach and for 

the growth process of a breach.  



 

Report 2: Guidance document on practices to model and  implement EXTERNAL FLOODING hazards in extended PSA  

  

 

 

Reference IRSN PSN/RES/SAG/2016-00263 Technical report ASAMPSA_E WP21&WP22/ D22.2&D22.3-2/ 2016 -20       40/ 102  

 

 

ASAMPSA_E

Erosion starts - for instance, depending on the dominant failure mechanism - at the inner slope by th e small 

amounts of water that are flowing down. The inner slope will erode until the crown of the dike is reached. 

The amount of water entering the site will remain small and constant until the crown of the dike is completely 

eroded away and the height of the dike starts dropping and the breach starts growing in width. This growth 

will stop when the flow rate of water through the breach is so low that no further er osion is possible.  

As this process takes time and the speed it develops increases with increa sing water level, it is imaginable 

that - certainly at lower flood levels at sea - the breach has no time to develop fully before the flooding level 

at sea drops. This means that although the flooding defence has failed no water will enter the site.  

 

¶ Basin calculations  

If a full breach develops, the next step is to evaluate the resulting water level on site taking into account the 

surroundings of the site. Factors to consider are the size of the area that is open to flooding, its elevation with 

respect to the normal mean sea level, secondary flood defences, and the height differences within the flood 

threatened area. Also , in this case it is possible that flooding levels will be very limited, as the amount of w a-

ter available could limited in relation to the  available area.  

An example result of such an evaluation (from breach and basin calculations) is given in Figure 3-9. For i n-

stance, a flood level outside of the flood defences (blue line) of 4 m corresponds with a water level on s ite of 

approximately 2.8 m (red line). The corresponding conditional probability of the flood defence failing at these 

levels is 1E-4. Outside flood levels below approx imately 2.1 m do not result in significant amounts of water on 

site, because although th e flood defence fails, this relatively low water level has no potential to form a 

breach of any signif icance. 

 

Figure 3-9 : Relation between water level on site (red line), and the flood level (blue line)  

 
Initiating event calculation  

The last step in the process is to obtain the initiating event frequencies for identified threatening water levels on 

site (plant floo ding scenarios). This is done by combining the conditional failure probability given a certain  water 

level on site from figure 5 with the exceedance frequency from figure 2.  

The process is illustrated in the two figures below. Suppose the following flooding scenario: off -site power is lost 

at a water level of 3m on -site (red arrows in figure 6) and  that additional systems fail at 4.4m on -site (green ar-

rows in Figure 3-10). The loss off -site power situation then exists between off site water levels of 4 and 5.1 m 

with a conditional probability of failure of the dike varying between approximately 1E -4 and 7E-3. The accompany-

ing exceedance frequencies lie roughly between 5E -2 and 5E-4 (red and green arrows in Figure 3-11).  










































































































