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Program of this presentation

* Introduction
* Levees, levee systems, flood protection systems
* Risk analysis and hazard studies of levee systems : what & why ?
* Background work & content of this source material
* Objective of this short course
* General concepts
* Asystem approach
» Different types of flood protection systems
* The characteristic levels
* Flood storage vs flood protection

* Flood risk analysis of Levee systems

* The general framework for Flood Risk Analysis of Flood Protection Systems
* The INRAE method for Flood Risk Analysis

* Link between flood risk analysis and failure modes analysis

.

All illustrations except when noted are from Bruno Beullac, Rémy Tourment and/or the International Levee Handbook
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Introduction:
Levees, levee systems, flood protection systems

* Levees (also called dikes), work inside a system

* They protect an from flooding from river floods or
coastal events (storm surge, tsunami, ...)
* until water reaches a certain level

¢ if the system does not fail WS S - e
* by hydraulic (functional) failure EFrt ,,i T
* by structural failure A\ =

science for people, life & earth

*  Flood protection levees protect up to a certain level, but beyond this level
flooding can occur:
* By system bypass (for open systems)
* By overflow without breach
* By overflow followed by a breach
* By breach linked to another mechanism
* By functional failure (e.g. temporary closure, pumping station, etc.)




Introduction:
Risk analysis and hazard studies of levee systems : what & why ?

* Risk = f (hazard, consequences)
* Hazard = f (intensity, probability)

* Hazard, in the case of flood defences = f (natural event hazard,
performance of flood defences)

* Consequences = f (intensity, exposure of the assets, vulnerability of
the assets)

* Residual flood risk :
* Flooding with events above the protection level
* Flooding because of levee system failure

INRAC G
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The main purpose of the risk analysis of a protection system is to better understand
the residual flood risk (causes, quantification)

Residual flood risk :

* flooding above the protection level without failure
* AND flooding because of potential failures




Introduction:
Risk analysis and hazard studies of levee systems : what & why ?

* In the case of leveed systems:

* hazard = f (natural flood hazard, levee failure probability)
(natural hazard and technological hazard)

* Hence in the case of leveed systems:
risk = f (natural flood hazard, levee failure probability, consequences)

\

Source Pathway/barrier Receptor
(coastal or fluvial) (levee) {community)

=z
suE—
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Flood risk, in the presence of levee systems. In this case

* hazard will depend on both the natural hazard (water loading on the levee) and on
the levee performance (or inversely, levee failure probability)

* so for the assets in the leveed area, hazard is a combination of a natural hazard

and a technological hazard

This is represented in the very useful and powerful SOURCE PATHWAY RECEPTOR
model where the components of risk are :

- Natural flood hazard :which is the SOURCE

- Levee failure probability : which is in relation to the PATHWAY

- and the Consequences in the RECEPTOR area




Introduction:
Risk analysis and hazard studies of levee systems : what & why ?

* Risk analysis :

* Understand this risk (factors influencing it)

* Estimate and evaluate this risk (probabilities, consequences)
* Part of the larger process of RISK MANAGEMENT

e e L L L L EL LR Risk management -------------comocoaonon

Risk it
fresult of the sk analyms | %  (society's acceptabilty / || * risk reduction /
ocese) gech making control measures
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Additional definitions :

Risk management: Risk management is the identification, estimation, evaluation,
assessment and prioritization of risks, followed by the application of resources to
minimize, monitor, and control the probability or consequences of unfortunate
events

Risk communication: The main purpose of communicating risks is to inform people
and organizations in the floodprone area about hazard and consequences. It helps to
prepares the community to deal with any flood event and is part of the risk
management process.

Residual risk:

Levees provide only certain level of protection

Residual risk is caused by:
the possibility of a flood exceeding the protection level (with or even
without a breach)
a failure of the levee system to perform under this level

While levee failure hazard may be low, the residual risk and the total flood risk

may be quite high




Introduction:

* Risk estimation
* Risk evaluation

* Risk assessment : risk
estimation + evaluation

* Risk informed decision == 1 f
making :
* Risk management (and/or \ + /

reduction) measures

The risk analysis process in the case
of leveed systems (source: ILH)
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Risk estimation: the beginning of the risk assessment process leading to a knowledge
of the risk factors and their association into a knowledge of the possible harmful
scenarios and their consequences. Once risks have been identified, they must then be
assessed as to their potential severity of impact, generally a negative impact, such as
damage or loss, and to the probability of occurrence.

Risk evaluation: Risk evaluation attempts to define what the estimated risk actually
means to people and communities concerned with or affected by the risk.

Risk assessment : risk estimation + evaluation

Risk informed decision making is the following step of the risk management process,
in turn followed by implementation of risk management (and/or reduction)
measures



Introduction:
Risk analysis and hazard studies of levee systems : what & why ?

* In France, the regulation on the safety of hydraulic structures introduced
the concept of "Etudes de Dangers" ("Hazard Studies")

* Hazard Studies are based on a risk analysis concept, but they have to be
presented in a specific format
* The first version (2007) included the definition of risk reduction measures
* The current version (2015) has to justify the consistent determination of
the protection in terms of :
* Embankment System,

* Protected Area,
* Protection Level

* It includes a detailed safety assessment as well as a functional analysis

INRAG Gfox.
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Introduction: Background work
Since 2008, INRAE has contributed to:

* The International Levee Handbook
* Chapter 2: Levees in Flood Risk Management :
* Chapter 5: Levee inspection, assessment and risk attribution h
* Chapter 3: Functions, forms and failure of levees

* FloodProBE EU research project

* Actual methodology for the Hazard Studies on the Loire River :
* Applying this methodology on other levee systems (sea, estuary) &
* Publication of a guide presenting this methodology

INRAZ
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INRAE (formerly Irstea, formerly Cemagref) contributed since 2009 to:
The International Levee Handbook
Chapter 2: Levees in Flood Risk Management
Chapter 5: Levee inspection, assessment and risk attribution
Chapter 3: Functions, forms and failure of levees
Definition of actual methodology for the Hazard Studies on the Loire River middle
course (3 Class A systems, tens of Class B systems)
Applying this methodology on other levee systems
Publication of a guide presenting this methodology

10



Introduction: Objective of this short course

* This course aims to help the audience to :
* apprehend the general framework for the risk analysis of levee systems
* understand why risk analysis is useful and essential to levee managers
* understand how to apply existing methodologies
* by presenting :
* the international approach to risk analysis of levee systems described in
chapter 5 of the "International Levee Handbook"
* its French version through Hazard studies
* method for Risk analysis developed by INRAE and presented in a guide published in 2019
* illustrated by examples (Loire River, Rhone River)
* approaches from the UK for national and regional risk analysis

INRAZ G
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General concepts:
A system approach

Analyzed system

* Risk analysis needs to be analysed at a system scale \

Protection system Leveed system

\ ;
o

Zone non incedable N
swmém.—\

Zone protégée
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Protected area R
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Environment of the
protection system

Risk analysis needs to be analysed at a system scale :
- The source pathway receptor model is a first level of analysis
- Flood protection systems are sometimes complex they need to be analysed as a complete set of elements that
together protect an area (consistent hydraulic function)
- They can be composed of : levees, flood walls, other structures and natural features like dunes
- The system approach allows different levels of analysis :
- Analysed system :
- Water environment(s) = source
- Protection system = pathway
- Levee(s)
- Other structures
- Natural features
- (NB:in French regulation the levee system can only include man made
structures and not natural features, but the protection system (not a regulation
object) may need natural features to actually provide protection)
- Protected area = receptor

Hillside

Protected area




General concepts:
Different types of flood protection systems

* Different types of environments : rivers, coastal, mountain streams,
lakes, estuaries, ...

* Very simple or very complex (multiple lines, ramifications, ...), open or
closed

science for people, life & earth

Flood protection systems can be found in different types of environments : rivers,
coastal, mountain streams, lakes, estuaries, ... each with specific hydraulic loadings
and morphological phenomenon. For instance in coastal environment waves are a
very important component of the hydraulic loading, while in mountain streams
sediment transport is the major cause of problems

Flood protection systems can be very simple or very complex (multiple lines,
ramifications, ...), they can be open or closed

They can include specific elements like spillways, gates, pumping stations, ...

13
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General concepts:
Different types of flood protection systems

* Flood protection systems include a first line of defence that can be
associated to:

* elements present in the water environment that can reduce hydraulic
loads and/or morphological changes ("indirect protection")

* elements present in the protected area ("secondary protection")

Flood protection systems include :

(always) a first line of defence that can (sometimes) be associated to:

elements present in the water environment that can reduce hydraulic loads and/or
morphological changes ("indirect protection")

elements present in the protected area ("secondary protection")

14



General concepts:
Different types of flood protection systems

* For risk analysis purposes,
complex contiguous systems
have to be analysed as a

* Although they have hydraulic
interaction, systems close to one
another can / have to be
analysed separately (as a first
approach). Scenarios involving
failure of different systems are
too complex.

e et g 57 o e ol o e s e 0. B4
IN RM CIGB-ICOLD Marseille 2022 - Risk analysis of leveE Syeiery

science for people, life & earth 27/05/2022

Flood protection systems include a first line of defence that can be associated to:
elements present in the water environment that can reduce hydraulic loads and/or
morphological changes ("indirect protection")

elements present in the protected area ("'secondary protection")

15



4+ Conditional
failure probability

General concepts:
The characteristic levels

NP NS NO

* NP : Protection level / Niveau de
protection

* NS : Safety Level / Niveau de sireté

* ND : Danger level / Niveau de danger

el ,Q' Reyarche sur e vy ce siretié
At = 2\1_\, & | |

* (NSP : Population safety level/ x“hnhu S
niveau de sécurité des populations) e e
. River bed
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Some characteristic levels are very useful for risk analysis of levee systems, as well as their
functional analysis and failure analysis

Irstea, in France, propose the use of three different loading conditions to assess the performance

of a levee or levee system:

* 1 Protection level: the loading condition below which there is no flooding of the leveed area.

» 2 Safety level: the loading condition up to which there will be no major damage to the levee
system (a flooding, in controlled conditions can occur between the protection level and the
safety level).

* 3 Danger level: the loading condition above which the risk of breach in the levee system is
probable.

These loading conditions can be objectives, in the case of a project or when the objectives had
been previously specified by the authority responsible for the levee system. They also can be
findings of the assessment or risk analysis process.

These levels can be expressed either in probability of the loading event and/or in terms of
altimetry. Equivalence between the altimetric levels and the probability of the loading event is a
complicated matter as different events (or combination of events) can lead to the same altimetric
level.

An additional level can be considered but is much more difficult to assess or to define, as it
depends on the protected area topography and also of the position of protected assets

16



General concepts:
Flood storage vs flood protection

* Flood water storage upstream of a floodplain has the
effect of reducing water level and so also flood risk in
the floodplain

* This storage can be done in :
* Online flood retention dams
* Offline flood storage reservoirs (fed by a diversion canal)

* Large flood retention areas protected by levees up to some
level which is inferior to the protection level of downstream
areas.

* Flood storage and flood protection have different
hydraulic effects and limits

INRAZ
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For more information on this comparison, see TOURMENT, R., BEULLAC, B.,
DEGOUTTE, G., PATOUILLARD, S., MAURIN, J. - 2016. Levees, Diversion Canals or
Flood Expansion Areas?. 3rd European Conference on Flood Risk Management
FLOODrisk 2016 17/10/2016-21/10/2016, Lyon, FRA. E3S Web Conf. Volume 7, 2016.
3rd European Conference on Flood Risk Management (FLOODrisk 2016). 7 p.
https://www.e3s-

conferences.org/articles/e3sconf/abs/2016/02/e3sconf flood2016 12007/e3sconf fl
00d2016_12007.html
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General concepts:
Flood storage vs flood protection

* Flood retention lowers the flood discharge downstream,
and potentially needs to be taken into account into the
analysis of several flood protection systems, in terms of
modification of the natural flood event.

* Analysis of this function needs to be made at a larger
scale.

* The risk analysis of a flood storage structure/system is
different from the risk analysis of a levee system, as their
functions are different. It should combine the objectives of !
a dam risk analysis and of a levee system risk analysis.

INRAZ

science for people, life & earth

© ISL / EP Loire
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General concepts:

Flood storage vs flood protection,

* Some of these flood retention areas are
sometimes contiguous to protection levee
systems, and so part of the same local system
as flood protection levees => there is a
continuum between protected area and flood

retention area.

* In these cases they need to be analysed (at
the local scale) in the same system risk
analysis, and the levee system risk analysis

can be used.

INRAZ
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F E G s
Al L
1
B A% C
o J
Symbol Sub-system Sous-systéme
A Levee Digue
B Spillway Déversoir
C Levee Digue
D Levee Digue
E Spillway Déversoir
Flood storage Casier non urbanisé (stockage de
F area crue)
G City Casier urbanisé
H Flapgate Organe de vidange (clapet)
| Valve / gate Organe de vidange (vanne)
J Pump Pompe
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (1)

* Section 5.2 of the
International Levee
Handbook (2013)
presents a framework
with a logical approach
for the risk analysis of
levee systems

* La section 5.2 de
I'International Levee
Handbook (2013)
présente un cadre pour

Risk identification -

-------- Levee risk analysis

= e o e e e -

,.| Event probability <:
estimation 1
v i
M Analysis of B Effectiveness of
levee failure ' existing controls
1 g
e et
! Inundation - i
modelling : Assessing |
Y i remaining |
o Consequence ‘I gaps in
H estimation : knowledge |
_______ e
Estimation of g {
level of risk Risk = hazard x consequences

Risk attribution

I'analyse des risques des
systémes de digues avec
une approche logique

INRAZ
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Y

Risk evaluation

\4
Definition of new
risk reduction
measures

Framework adapted from ILH 2013

Decision-making

A logical approach framework for risk analysis of levee systems has been developed
during the International Levee Handbook project. It is presented in its section 5.2.

The combination of the results from its different steps leads to risk estimation and

then to decision-making activities.

20



Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (2)

* Risk identification: identification S aeaaa EETSRIE NI o
of the driving factors affecting | VS PIORADIRY
levee failure flood risk (factors - . - o )
. i . . \n 0! ven
from the river/sea, from the 1 levee faiure |+ ] existing controls
levee system, and from the —1
H nundation H
protected area) modeling [Assessing
e g : i Y remaining
* Identification des risques : Ll Cromequence: Ly W e
identification des facteurs 7 :
géterrréinantsdaffecta nt leijrisq ue =eumaton of
'inondation de rupture de --
5 Risk attribution
digue (facteurs provenant de la : =
riviere/de la mer, du systéeme de Risk evaluation Framework adapted from ILH 2013
digues et de la zone protégée) v Decision-making

Definition of new

risk reduction
INRAZ Cf
sci 27/05/2022 prapedic
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Risk identification is the first step of this framework.

Its objective is to identify the driving factors affecting flood risk for the studied levee
system.

These factors relate to the river or the sea (for instance the specificities of hydraulic
events or morphodynamic phenomenona), to the levee system (for instance the
structural characteristics of levees or the organisation of their management), and to the
protected area (with for instance the nature of the assets located in the protected
area).

Accidentology is a part of Risk identification, but Risk identification also involves
analysis of the whole system and imagination to identify any possible factor of risk

Risk identification (Section 5.2.4): to analyse risk, first the factors affecting risk must be

recognised and recorded to identify what might happen and what situations might arise. These

factors include those sources-pathways-receptors of the flood system.

To analyse risk, the source, pathway and receptor components affecting risk must first be

recognised and recorded to identify what might happen and what situations might arise. The

actual risk can be analysed by identifying a chain of causes and effects such as:

* rainfall or storms causing high water levels that in turn either increase the load on levees or
inundate the floodplain

* theincreased loads on the defences may cause failure of a levee (see Section 3.5.2),

* which may result in breach growth/progression

* and inundation of the leveed area

* the inundation may lead to casualties (loss of life, serious injury etc) and devastation of
property.
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (3)

Decision-making
Definition of new

science for people, life & earth

° Event robabili | mmm—— Levee risk analysis -
estimaF;ion: estitrynation of
the characteristics and (i | s e _-
proba bilities of the s alabobisal levee failure existing controls
possible loading conditions .nu&!:t.no; 1
- g Ehid { il Assessing
* Estimation de probabilité [T, el
des événements : estimation knowledge
estimation des Estimation of /
caractéristiques et des e
probabilités des conditions =
de mise en charge S —— Framework adapted from ILH 2013
possibles — v

risk reduction
measures ‘
CIGB-ICOLD Marseille 20 nalysis of levee systems
com fongcts
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Event probability estimation aims to characterize and estimate the probabilities of the possible

water loading conditions.

This activity is generally conducted through the analysis of a range of loading scenarios and not for

the all possible events which could impact the studied levee system.

Event probability estimation (Section 5.2.5): floods are episodic events. Large floods are rarer than

medium sized or small floods. The probability of each size of event can be characterised as the
chance that it will occur in any one year (its annual probability).

T=70ans T=100ans =—T=170ans =T =200ans =T =500ans Fusible déversoir Créte murets

50

Créte levée

4,0

Amont | | HHHHHHHHHHH ' ‘ Aval

3,0 1

2,0

e )

hauteurs par rapport a Q100 (m)

0,0 1 [ [

o LI

139 141 143 145 147 149 151 153 155 157 159 161 163 165 167 169 171 173 175 177 179 181 183 185

pk du modéle (km)

The nature of the hydraulic event depends on the type of source. For example :

« for a watercourse: excess rainfall and/or dam failures caused by floods,

e for the sea: storms or earthquakes cause coastal flooding or tsunamis.

The load on the levees can be increased or decreased by other random events such as:
e failure of other dyke or dam systems,

* jams (ice, driftwood, etc.).
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (4)

* Analysis of levee failure: N s Le::ﬂ:‘:‘;:‘:{'{:" """""""""""""""""""""

identification of the | estimation

pOSSIbI-e levee fall-ure ) Risk identification | ! E:zg:‘:c"::fm‘:s'
scenarios and estimation

. o Inundation {
of their probability modeling Assessing
: Y remaining
* Analyse des ruptures de +{ “erimton” [+ iovowedge]
digue : identification des \ S '
scénarios possibles de ! ——
. N\ Risk attribution
rupture de digue et ~ s e SR
eStlmatlon de Ieu r Risk evaluation Framework adapted from ILH 2013
pro ba b i | |té ’ v Decision-making

Definition of new |

risk reduction
| measures
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Two steps : assessment of levee failures (including identification of possible failure modes) using different possiblemethods
then estimation of the probabilities of these different failure scenarios

The levee failure analysis aims to identify the possible failure scenarios for the levee system and to estimate their occurrence
probability. This activity is mainly linked to diagnosis and structural assessment of levee segments performance but is also
linked to the characterization of the hydraulic effect of the all levee system.

The subject of the analysis of the failure of levees is detailed in Section 5.3 of the ILH. The purpose of this section is to show how
the result of a levee assessment is used as an input into a wider flood risk analysis of a levee system, particularly as this result
then needs to be expressed as a probability.

Levees are rarely uniform in materials, methods of construction, geometry, reliability etc (Section 3.3) and this variability
influences the probability of failure. So, the likelihood/probability of failure for a levee system must be evaluated for each levee
segment using a functional analysis of the levee (as shown in Figure 5.10) including the levee components, the components’
functions, and the functionally homogenous parts of the levee length.

Levee system failure probability estimation

Analysis of the functions of the levee’s

i lysis of { f
Generic analysis of the functions of the on i rient s maic et cation ot e

ol el functionally homogenous parts of the levee
Generic analysis of the failure of the Analysis of the failure of the functions of the
3 —_—
functions of the components levee’s components

Identification of the possible failure scenarios
(= “failure modes’) of the levee

Choice of the levee failure scenarios to be
studied

Y

Estimation of levee failure probability /
potentiality for homogenous parts of the levee

Data required to characterize the levee
performance factors and identify the — ~————————p»
homogenous parts of the levee length

Generic function and failure analysis (see Chapter3) | Required data

Specific levee diagnosis Qualitative / quantitative levee performance assessment

Figure 5.10 Levee system failure probability estimation (courtesy B Beullac and R Tourment, Irstea)
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (5)

* Inundation modelling:
identification and
characterization of inundation
routes and flood spreading
(flood duration, flow velocity,
water level and elevation speed,
and reach time)

* Modélisation des inondations :
identification et caractérisation
des chemins d'inondation et de

ropagation des inondations
qurée de l'inondation, vitesse
d'écoulement, niveau et vitesse
d'élévation de I'eau, temps
d'atteinte)
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Risk identification -——

Levee risk analysis «wmmmnn | i

[ Event probability |
esumation

Effectiveness of | |
existing controls |

|__modeling | Assessing

2 Y = remaining
J gaps in

knowledge

A/ )
Analysis of

> P
‘ levee failure

| Consequence
| estimation
. Y
Estimation of
level of risk

Risk attribution

CIGB-ICOLD Marseille 2022 - Risk analysis of levee systems

27/05/2022

¥

Risk evaluation | Framework adapted from ILH 2013

SRR, S X Decision-making
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Inundation modelling deals with the identification and characterization of
inundation routes and flood spreading in protected area.

This characterization is made for a range of significant inundation scenarios,
and in terms of flood duration, reach time, flow velocity, water level and

elevation speed.
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (5b)
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Left example : same flood event, presented with two different types of results :
water level (above) and (below) combination (based on the following diagram)

of levels (vertical axis) with water velocity (horizontal axis) representing the
flood "hazard level"
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (6)
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Consequence estimation analyses and estimates the potential impacts of inundations on the assets
located in the protected area.

This activity consists in the combination of the results of inundation modelling with the estimated
vulnerability of the different assets which have been identified and located inside the protected area.

the g of in the leveed area (see Figure 5.13) requires combing the net
results of hydraulic modelling of potential inundations (see Box 5.4) and the estimated vulnerability of
the different assets identified and located in the leveed area.

Aleveed area can contain many different types of assets, including:

people
buildings
natural/undeveloped areas

agriculture

critical infrastructure: transport, utility and communications networks

.
.

.

.

e factories/business
.

. recreational areas
.

nature conservation areas.

The extent of the impact on these receptors of flooding in the leveed area depends on key inundation
characteristics such as:

depth of the floodwater

flow velocity of the floodwater

.
.

e duration of the inundation

e speed of rise of the water levels
.

the time from breach to impact.

The impacts are also dependent on and interact with the characteristics and quality of the water (salt
fresh, temperature, turbidity, pollutants etc).

To evaluate impacts, the people and assets in the leveed area should be identified and geographically
referenced. Their vulnerability also needs to be assessed. Vulnerability of an asset is a function

characterising its damage according to the hydraulic characteristics of the inundation (ie water level,
flow, duration).

Control measures taken to limit the consequences of an inundation, like f lood warning, organisation
of evacuation, shelters, including an estimation of their efficiency, should be taken into account in this
analysis.
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (6b)
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (7)
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The evaluation of the effectiveness of existing controls aims to characterize the existing
measures which aim to limit the probability of inundations, or to limit their

consequences.

For instance, these measures can be a flood alert system about the water environment,
a levee maintenance organization about the levee system or a population evacuation

plan about the protected area.

Risk reduction
measures

Detection of
P - failure or cause
Human Technical ofiaillre
measures measures - i
. Risk | | Information E?C“”:.y
d treatment sub-functions
P Aa A f - reduction
gy Manual security | Security | | MStrumented measure Gorective
securlly | antions systems | devices sequrity pIoGess o
actions Y systems action
» EN Risk reduction ~|\ Security
Active Passive measure function
devices devices completed J ensured

Figure 2. The different types of risk reduction measures in
industrial context [6]

Effectiveness of existing controls: controls are measures, either structural or non-
structural, taken in order to limit the possibility of occurrence of an inundation, or its
consequences. They can apply either to the source (eg breakwaters, and upstream flood
management including dams), pathway (eg levee maintenance, monitoring, and
emergency management) or receptor (eg flood warning, population evacuation, and
resilient buildings) parts of the system. Existing controls can and should be taken into
account in the estimations of the event probability, of the levee failure, and of

the consequences of the inundation.

Figure 3. The risk reduction measure process and the security sub-
functions sequence to ensure security functions
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* Estimation of level of risk:
estimation of the probability and
the potential consequences of the
levee failure flood scenarios (for
each scenario or for an integration
of different scenario) studied in
the previous steps

* Estimation du niveau de risque :
estimation de la probabilité et des
conséquences potentielles des
scénarios d'inondation de rupture
de digue (pour chaque scénario ou
pour une intégration de scénario

différent) étudiés dans les étapes
précédentes

INRAZ

science for people, life & earth

Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (8)
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Risk estimation is the final step of risk analysis. It consists in a mechanical step which
aims to combine the probability and the potential consequences of the inundation

scenarios whose characteristics have been estimated during the previous steps of risk
analysis. It concludes on the level of risk for each studied inundation scenario.

R
Figure 5.15 Example of a probability of inundation map in the UK (courtesy Environment Agency)

Figure 5.16
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Example of an expected annual damage map in the UK (courtesy Environment Agency)
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (9)

* Risk attribution: attribution, to

individual levee segments of
the levee system, of their
associated residual risk of
flooding in the protected area

* Attribution des risques :
attribution, a des segments de
digues individuels du systéme
de digues, de leur risque
résiduel associé d'inondation
dans la zone protégée
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Risk estimation can optionally be completed by a risk attribution step. Its objective is to attribute to individual
levee segments of the levee system, the residual risk of flooding they represent for the protected area. This
activity can be especially tricky and resource consuming.

Even though levee segments work together in a levee system, they are not all equally reliable and so do not
contribute the same level of risk reduction to the whole. This is because:

* some levee segments may have lower or more variable crest levels than others, so may overtop more readily
* some levee segments may be weaker structurally than others, so may breach more readily

* some levee segments may have less efficient maintenance, monitoring, or emergency management.

The attributed flood risk associated with a particular levee segment is the residual risk arising from inundation of
the leveed area (in terms of flooded area, water levels, time, flow velocities and depth etc) as a result of the
probability of overtopping or breach of that particular levee segment. So, risk attribution is the process of
quantifying the level of this residual risk associated with different levee segments.

A ’
>, ’
b 4 \
‘~--- ~
~
~ < S
i 3
>l .
Risque dansla Attribution du risque b2 o i 5 b
zone protégée par trongon de digue st yaic ~ - ey 1
Trésfaible === Trésfaible \\ |l N ’\
Faible == Faible ‘~.~ b See
Moyen S M B 5
Fort = Fort
I Trésfort a—Trds fort = = = Limite de la zone protégée

Figure 4-11. Exemple d'attribution du risque (Source : B. Beullac).
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Flood risk analysis of Levee systems

The general framework for Flood Risk Analysis of Flood Protection Systems (10)
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Assessing remaining gaps in knowledge consists in the identification of :
- gapsinthe dataor

- inthe methods used to perform risk analysis.

This activity aims to estimate imprecision in the results and improvement needed to reduce uncertainty in the
outputs of all the different steps of the risk analysis framework.

The level of uncertainty that is acceptable will depend upon the application of the risk analysis and on
the perceived receptors at risk. So, the determination of the appropriate level of analysis will need to be
ascertained through a tiered approach to risk assessment as described in Sections 2.1.3.3 and 5.2.1. This
review should include determining the requirements of the risk assessment and setting the risk criteria.
The process should question basic assumptions as to the applicability of the data used (age, resolution,
original purpose of use etc), how expert review and judgement should be used, and how the proposed
approach compares to other risk assessments.
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Flood risk analysis of Levee systems
The general framework for Flood Risk Analysis of Flood Protection Systems (11 & 12)
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Finally, risk evaluation determines the significance of flood risk to society by
evaluating if the estimated risk is acceptable, tolerable, or unacceptable.

Risk evaluation enables decision-makers to determine if new risk reduction
measures are needed to reduce flood risk in the protected area.

Decision-making is not a step of risk analysis but it is a necessary complement to
the process to feed into the general risk management process.
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Flood risk analysis of Levee systems

Risk analysis and decision making

* Risk analysis final and
interim results inform
decision making in all
stages of the levee system
life cycle

* Les résultats finaux et
intermédiaires de I'analyse
de risques éclairent la prise
de décision a toutes les ILH Fig. 5.1 I e
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Risk analysis results (final and interim, as well as some data gathered during the
process) help to inform decision makers to better manage flood risk behind levees,
either to maintain the current level of risk if it's acceptable or to lower this level if it's
not. By looking at all the different components of risk that have been analysed (and
that we have presented in the general framework and in the INRAE method) and their
influence in the final risk level, it's possible to identify the leading factors on how to
maintain or improve this level.

A risk analysis of the levee system, taking into account the levee performance

assessment and the people and physical assets in the leveed area, helps levee system

managers prioritise the actions that need to be taken after the assessment process

(and hence optimise their investment strategy). These actions can include, for

example:

* carrying out an emergency response or procedure

* conducting a complete diagnosis of some part of the system (most likely based on
differentiation of levee segments according to their performance) in order to
design and implement remediation of structural problems

* undertaking some ‘routine’ maintenance repairs

* doing nothing special but keep on inspecting and assessing the levee system.
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Flood risk analysis of Levee systems
The INRAE method for Flood RISk Analysis

ILH (2008-2013) : framework for levee system risk analysis SI

un siécle sans crues
* With DREAL Centre (2009-2014) : sur la Loire Moyenne
* work on actual hazard studies of the Loire River Middle Course (entre Nevers et Angers)
* development of a methodology

* With other levee managers : application of this
methodology

* 2019 : publication of guidance @ y

100 mam de pluie = 100 kitres eu mitre cané

* |LH (2008-2013) : cadre d'analyse des risques du systéme
de digues

+ Avec la DREAL Centre (2009-2014) : R O PR
» réalisation des études de dangers sur la Loire Moyenne
* développement d'une méthodologie

* Avec d'autres gestionnaires de digues : application de

cette méthodologie =
: © DREAL Centre Val de Loire
* 2019: publlcat\on d'un gu{de In red : Loire River Middle Course
In green : major floods of the XXth Century
| LD Marseille of le Y

science for people, life & earth

In parallel of the work on the International Levee Handbook, INRAE worked with
DREAL Centre (Levee Manager of the levee systems of the Loire River Middle Course)
to prepare the hazard studies of its 3 major levee systems (Class A).

No actual method for conducting these studies existed, and this work was the

occasion to develop one, since then applied on tens of other systems, and formalized
in a handbook describing this methodology.
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Flood risk analysis of Levee systems
The INRAE method for Flood Risk Analysis

Elementary studies

Links between elementary studies

0 |Past accidents on the levee system and its enviconment

A |Definition of the risk analysis perimeter and risk identification

1 |Topography

2 | Analysis of existing controls (river, kevee system, protected area)

3 |Global morphodynamic dynamics

4 |Global hydraulic dynamics

5 |Identification and characterization of levee system structural components

6 |Local morphodynamic dynamics

7 |Local hydraulic dynamics
8 |Identification and characterization of encroaching structures
9 |Other actions and aggravating factors

B [Function analysis of the levee system
C |Failure analysis of the levee system

10/ 1dentification and localization of assets in the protected area

11| Levee system performance assessment 11

12| Choice of inundation scenarios to characterize

13[Breach characterization (geometry, dynamic, hydraulic)

D |Probability of inundation scenarios

€ |Inundation modelling (water level, water speeds, reach time, duration)

£ |Vulnerability of assets
G |Inundation consequences estimation

H |Inundation risk estimation
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The INRAE risk analysis method for levee systems identifies 25 elementary studies which

interact to finally produce a risk estimation, a risk evaluation and help the definition of risk

reduction measures. This structured and integrative method helps to organize the risk
analysis process to produce consistent results.

Objective of the method: to formalize an integrative approach to improve:
* the overall consistency of the risk analysis

* its completeness

* and the quality of its results
Proposal: break down and structure the risk analysis into thematic elementary studies

The structuring of the method: a framework for carrying out the risk analysis:

* to guide the identification and characterization of all risk components
* to describe how to analyse and combine risk components to obtain risk estimation

Etudes élémentaires (objectifs/étapes)

Synthése des liens entre études élémentaires

Etude acck

dusysteme endigié
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Définition du périmetre de Ietude et identfication du rsque
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Caractérisation géotechnique et structurelle du systéme de protection [5]
Comportement mor phodynamique 1ocal du mileu eau

‘Comportement hydraulique local du milleu eau
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11 | Probabilités conditionnelles de défaillance
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Estimation du risque d'inondation
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Figure 5-3. Décomposition de I'analyse de risque en études élémentaires (Source : B. Beullac).
Enblanc: les données d'entrée nécessaires ; en jaune : les étapes de I'analyse de risque ; en rouge : l'utilisation des résultats de fanalyse de risque.
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Flood risk analysis of Levee systems
The INRAE method for Flood Risk Analysis

* The method therefore consists of a detailed description of all the
necessary Elementary Studies in terms of :
* objectives
* input data
* interrelationships between Elementary Studies

* La méthode consiste donc en une description détaillée de toutes les
études élémentaires nécessaires en termes de :
* objectifs
* des données d'entrée
* interrelations entre les études élémentaires

science for people, life & earth

The method therefore consists of a detailed description of all the necessary Elementary Studies in terms of :
* objectives

* inputdata

* interrelationships between Elementary Studies

Objectives (results to be produced) and process

Including description of any specificities related to river, marine and torrential environments
Required input data:

Results of other elementary studies,

Manager data,

External data,

Specific investigations or data
Interrelations (data exchanges) with other elementary studies

Simple interrelationships: the result of one study is used as input for another (simple arrows),

Complex interrelationships: need to go back and forth when carrying out the two studies (double arrows).
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The INRAE method for Flood Risk Analysis

* Objectives (results to be produced) and process

* Including description of any specificities related to river,
marine and torrential environments

Example for ES7 : local hydraulics dynamics

. . s Facteurs aggravants ey
* Requi red in put data ' Av:;'l;is | [Existing local Global pouvant infiuencer N aE'v‘zr;es d'eau
* Results of other elementary studies, perimeter anaies behavior les h:“m:ursl d'eau de protection
* Manager data, | (vent, houle,...)

* External data,
« Specific investigations or data gathering

* Objectifs (résultats a produire) et processus Probabiliy,intensity
s 5 . . and dynamics of the possible
Y compris la description des éventuelles spécificités liées hydrauiic actions on
aux milieux fluviaux, marins et torrentiels the protection system
* Données d'entrée requises Estimate the intensities of hydraulic actions in contact with the protection structures
* Résultats d'autres études élémentaires, + water levels,
Données du gestionnaire, + wave characteristics,
Données externes, * current velocities,
Enquétes spécifiques ou collecte de données + constraints involved, etc.

and their possible kinetics, for the various events previously defined in the global

hydraulic study
INRAZ Cfoor

s Barrages
“resenvoirs

science for people, life & earth

Objectives (results to be produced) and process

Including description of any specificities related to river, marine and torrential environments
Required input data:

Results of other elementary studies,

Manager data,

External data,

Specific investigations or data gathering

Example for ES7 "Local Hydraulics dynamics" :

Estimate the intensities of hydraulic actions in contact with the protection structures

e water levels,

* wave characteristics,

e current velocities,

e constraints involved, etc.

and their possible kinetics, for the various events previously defined in the global hydraulic study

Périmetre Etudg e Comportement! Factas gggravants Comportement Entrées d'eau
s . | [ hydrauliques : pouvant influencer s :
du milieu Topographie ol hydraulique e ———— morphodynamique | [dans le systéme
extérieur eau global du milieu eau de protection
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hydrauliques possibles sur
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Flood risk analysis of Levee systems
The INRAE method for Flood Risk Analysis

* Interrelations (data exchange) with other Elementary Studies

A. Definition of the risk 4. Global 9. Other actions
analysis perimeter and 1. Topography hydraulics and
risk identification behavior aggravating factors
4 (1) i l
\'1‘| \'/
6. Local : .
morphodynamics | & > 7. Local hydraulics behavior
A
y \ 4 Y /
B. Functional 13. Breach | =
g 11. Levee system S aad |D. Probability of
analysis of Performance | | charactenzatroq Inundation
the levee assessment [geometry, dynamics, scenarios
system hydraulics)

science for people, life & earth

Interrelations (data exchanges) with other elementary studies
Simple interrelationships: the result of one study is used as input for another (simple arrows),

Complex interrelationships: need to go back and forth when carrying out the two studies (double arrows).

A. Définition du périmétre 4. vdratiiue 9. Autres actions
de I'étude et identification| | 1. Topographie s q et facteurs
2 globale
du risque ‘ aggravants
¢ \d L \d
6. Comportement
morphodynamique <@ B»| 7. Comportement hydraulique local du milieu eau
local du milieu eau
B. Analyse 1. 13
fonctionnelle Probabilités st D. Probabilités
\ o Caractérisation des ; e
du systéme | | conditionnelles Braehas des inondations

de protection | | de défaillance
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Flood risk analysis of Levee systems
The INRAE method for Flood Risk Analysis

* Advantages of this integrative method
* Generic, it is applicable in all type of environment

* More logical and modular than if it had remained centered on the EdD layout
from the regulation, it makes it possible to overcome any regulatory changes,

* The structure in elementary studies facilitates:
* the reuse and updating of the results of previous analyses,

* the reassessment of the performance of the structures and the risk they represent (as
part of their daily management, and during regulatory updates of the hazard study).

* Detailed methods for the elementary studies are not defined. So up-
to date methods can be used, and the risk analysis can easily be
updated and/or improved when new methods are developed or new
data gathered

e barragos
reservoirs.
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Flood risk analysis of Levee systems
Link between flood risk analysis and failure modes analysis

* Failure analysis (that can be based on a functional analysis) of a levee
system is an important part of a levee system risk analysis

* Failure mode analysis (that can be based on a functional analysis) of a
levee (eventually a levee segment) is an important part of a levee
safety assessment (or diagnosis). A recent report of ISSMGE TC201 on
"Failure paths for levees" presents the importance of considering
chains of mechanisms (failure scenarios)

* These analyses can be conducted by a "simple" expert judgement
based on individual and/or collective experience or by using a more
structured method

INRAC G
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Flood risk analysis of Levee systems
Link between flood risk analysis and failure modes analysis

* In the general framework for levee
system risk analysis, this important
activity is not detailed as a specific
step, as it may be used at different
steps of the process

* In the INRAE methodology we detail
functional analysis and failure mode
analysis of levees and of the levee
system as important

* A specific method for these analyses

has been developed and it is the topic

of the next presentation by Bruno
Beullac

science for people, life & earth

Levee risk analysis
.| Event probability |

estimation
v E !
: Analysis of || Effectivenessof |1
Risk ;dentmcatlon' | levee failure [[* ! existing controls |}
: - H
Inundation H
modelling | Assessing |
r-===----3 remaining |
Consequence gapsin |
Il estimation i

_____ [ p——|
Estimation of
level of risk

|_Risk attribution

Y
Risk evaluation

Definition of new |}
1| risk reduction |}
_measures i

Frommtonaee i
1

Decision-making

knowledge |
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Main References
(more in the binder)

e http://www.ciria.org/ILH
* http://floodprobe.eu

* https://www.lavoisier.fr/livre/sciences-du-
risque/inondations-analyse-de-risque-des-
systemes-de-protection/tourment/descriptif-
9782743023652

* https://www.quae-
open.com/produit/173/9782759232857/spillways-
on-river-levees
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