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Abstract. Risk analysis methods are now widely used to inform and help flood protection system managers in their decision

making. Identification and characterisation of risk reduction measures are among the main purposes of the risk analysis

process. The risk reduction measure concept, which has first been defined for industrial applications, is now classically used

in dams risk analysis. However, due to the specificities of levee systems, the definition of risk reduction measures still needs

to be adapted to suit well to risk analysis of flood protection systems. The paper presents an adaptation of the risk reduction

measure definition to flood protection system specificities. It details the different types of risk reduction measures that can

be applied to levee systems and explains how they can be characterized to evaluate their performance. Finally, the paper

presents a process to identify risk reduction measures and integrate them in the specific failure mode and effects analysis

method developed by Irstea these past few years to analyse the failures of levee systems and identify the different hydraulic

and structural failure scenarios of flood protection systems.

1 Introduction

Risk analysis methods are widely used to inform flood
protection system managers and help them in their decision
making. Risk analysis of levee systems, which estimates the
overall level of risk associated to levee systems, requires the
identification and examination of all the components that
determine the risk of flooding in leveed areas. Risk
reduction measures (RRM) of levee systems, which aim to
limit the probability of failure of levee systems and/or the
consequences of the resulting inundations in leveed areas,
are one of these components.

Identification and examination of risk reduction
measures are mainly conducted during the "effectiveness of
existing controls" step of the levee risk analysis process
(figure 1). That step of levee risk analysis deals with three
different types of controls [1]:

- controls acting on extreme hydraulic events probabilities
(control of water level in rivers...);

- controls acting on levee systems failure probabilities
(levees inspection and maintenance, emergency actions...);

- and controls acting on the levee systems consequences
estimation (emergency plans for assets security...).

In this paper, we focus on levee systems failure analysis
and thus on levee systems controls.

The risk reduction measure concept, which has first been
defined for industrial risk analysis [2], is now classically
used for dams risk analysis [3-4]. However, due to the
specificities of levee systems in terms of structures,
management and interdependency with their environment,
the definition of risk reduction measures still needs to be
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adapted to fit well to risk analysis of flood protection
systems.
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Figure 1. The different steps of the levee risk analysis process
(Based on [1])

The first part of the paper presents an adaptation of the
risk reduction measure definition to flood protection system
specificities. It details the different types of risk reduction
measures that could be applied to levee systems and explains
how they can be characterized to evaluate their performance.
The paper also explains the difference between measures
which continuously ensure levee system efficiency and
security  (inspection and maintenance, emergency
management and operations, etc.), and corrective measures
which involve levee system adaptation in terms of functions
and components.

The second part of the paper deals with integration of
risk reduction measures into the specific failure mode and
effects process developed by Irstea these past few years to

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution

License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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analyse levee systems failures [5]. This method, which is
based on functional analysis and failure modes and effects
processes analysis, leads to the identification of the different
inundation scenarios and breach scenarios of flood
protection systems. The paper presents a process to identify
risk reduction measures and integrate and characterize them
in these two types of failure scenarios, and so improve the
quality of the levee systems performance modelling and
assessment activity.

2 The risk reduction measure concept and
its adaptation to levee system

2.1 Definition for risk reduction measures

In its industrial application, a risk reduction measure is
defined as a technical and/or organizational element,
necessary and sufficient to ensure a safety function [2].
Safety functions are functions whose objectives are to
reduce the probability and/or the consequences of
undesirable events.

In a risk analysis process, undesirable events lead to
system failures. A failure being the inability for a system to
achieve a defined performance threshold for a given function
[1], security functions objectives of risk reduction measures
are then to reduce the probability and/or the consequences of
failures of studied system components functions. To reduce
the probability and/or the consequences of failures means to
prevent and/or relay these failures. To prevent failures means
to identify and correct the possible problems before they
lead to failures or to avoid the occurrence of situations
which can lead to failures. To relay failures means to
identify failures after their occurrence and act to substitute
failed elements to maintain system function.

The main function of a levee system is flood protection;
levee system failure analysis is a process of treatment and
combination of data whose objective is to estimate how,
where and with which probability a levee system might fail
and thus no longer protect against flood [1].

Therefore, and according to the definitions cited above,
in a levee systems application we chose to define risk
reduction measures as technical and/or organizational
security elements which ensure safety functions, whose
objectives are to prevent and/or relay the development of
levee systems failure scenarios and thus to prevent and/or
limit the occurrence or intensity of unwanted inundations in
leveed areas.

2.2 Risk reduction measures classification

Different types of risk reduction measures are classically
identified in industrial risk analyses (Figure 2).

That classification which first distinguishes human
measures and technical measures finally identifies five types
of risk reduction measures. Since we found them adapted,
we propose to directly apply these different types of risk
reduction measures (RRM) to levee systems.

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

We propose to distinguish:

- Human security actions: security functions performed by
human beings with no help from technical security
element. For levee systems, an example of such a RRM
could be a planned levee inspection which can lead to an
alert because of identification of deteriorations and finally
to a levee reparation after assessment and decision making.
The security function of this example of RRM is to
maintain levee structural performance;

- Manual security actions systems: systems combining
human actions and technical security elements to perform
security functions. For levee systems, an example of such
a RRM could be an embankment deformation
measurement system which allows an operator to identify
significant deformations and finally to alert leading to
assessment and decision making and levee reparation. The
security function of this example of RRM is to maintain
levee structural performance;

- Passive security devices: technical autonomous static
devices automatically and physically performing security
functions beyond given loading thresholds. For levee
systems, an example of such a RRM could be a spillway
which floods above a given water level, in order to relieve
water level in other parts of the system to avoid breaching.
The security function of this example of RRM is to
control hydraulic load on levee system and prevent
breaches occurrences on other levee segments;

- Active  security devices: technical autonomous
mechanical devices automatically and physically
performing security functions beyond given loading
thresholds. For levee systems, an example of such a RRM
could be a flap gate which opens and floods after water
level in leveed area reaches a given threshold. The security
function of this example of RRM is to control hydraulic
load on levees and prevent breaches on levee system when
the water level decreases in the river and the leveed area is
inundated;

- Instrumented security systems: technical systems
comporting measuring tools and autonomously performing
security functions if predefined values are measured. For
levee systems, an example of such a RRM could be a
water level measuring tool which autonomously opens (or
closes) a gate when water level exceeds a critical
threshold. The security function of this example of RRM is
again to control hydraulic load on levees and prevent
breaches on levee system.
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2.3 Sub-functions of risk reduction measures

Except for passive and active security devices, which
automatically and physically perform their security functions
in direct response to loading conditions, a risk reduction
measure performs its security function through three
different steps (Figure 3).

These three steps are:

- Step 1: detection: identification of a failure, a degradation
of a function of a system's component or of a situation
known as a potential cause of failure (loading for
instance). This step can be done by human operators (levee
inspections or watch during high water event), by human
operators using measuring tools (for example: reading of
measured water levels, temperatures, deformations...), or
by autonomous measuring tools linked to computers or
electric automatic systems (for example: measure of water
levels, temperatures, deformations...);

- Step 2: information treatment: analysis of the
information obtained through the detection step, and
decision making to identify corrective solutions to prevent
and/or relay failure scenarios. This step can be done by
human analysis and decision making (for example:
diagnosis of levee structural performance and definition of
repair solutions), or by computers or other type of automat
programmed to analyse data and take predetermined
decisions (for example: autonomously order a gate
opening beyond a predetermined water level);

- Step 3: action: execution of the corrective solutions,
chosen through the information treatment step, to prevent
and/or relay failure scenarios. This final step can be done
by humans (for example: make repairs), by human
operators using technical security elements (for example:
an operator which manually opens a gate) or by
autonomous technical security elements (for example:
autonomous opening of a gate).

((" Detection of )
failure or cause
of failure
S it
Risk Information | > b?cu”t.y
= treatment sub-functions
o [
measure —
action J
4 L
Risk reduction Security
measure ‘ function ‘
| completed ensured

Figure 3. The risk reduction measure process and the security sub-
functions sequence to ensure security functions

As illustrated in figure 3, these three steps form a
sequence of security sub-functions which is needed to
perform a security function. A risk reduction measure
(except for passive and active security devices) results from
the sequenced combination of this three security sub-
functions.

2.4 Risk reduction measures characterization

2.4.1 Independence requirement

In a process of risk analysis of a system, to identify a
system's element as a security element and thus as a risk
reduction measure, results from a methodological choice.
However, to be considered as a risk reduction measure, a
system's element has to respect a requirement of
independence [6-7].

Firstly, to be identified as a RRM, a system's element
must be independent from the failure scenarios or the causes
of the failure scenarios which it prevents or limits
development. For example, if an inundation in a leveed area
results from an operator who failed in closing a floodgate, a
corrective action of the same operator to fix the failure and
finally close the gate cannot be a RRM. In fact, the operator
being the same, such corrective action is dependent from the
cause of the failure.

Furthermore, a system's element cannot be identified as a
RRM if its performance can be deteriorated because of a
failure which it is supposed to prevent or limit development.
For example, a spillway whose security function is to
prevent breaches on a levee system over a given loading
condition cannot be identified as a RRM if it does not resist
to such a loading condition.

Finally, to be integrated in the estimation of a failure
scenario probability as independent events, the risk
reduction measures involved in that scenario must be
independent from each other. For example, in a failure
scenario, if two different human security actions or manual
security actions systems prevent or relay the failure of two
different functions, these two RRM are dependent from each
other if the operator is the same.

2.4.2 Characterization criterions

To be taking a RRM in account in the estimation of a
system failure probability, this one has to be characterized
according to three different criterions [6]: response time,
efficiency and reliability.

The response time criterion of a RRM corresponds to the
space between the detection of a function failure or
degradation and the moment when the security function of
this RRM is totally completed. For example, the response
time for a RRM whose security function is to maintain levee
structural performance, corresponds to the space between the
levee inspection and the levee reparation, after assessment
and decision making, if levee deteriorations are identified.

The response time criterion is not applicable for active
and passive security devices RRM since they directly
respond to loading conditions.

This criterion is used as a first evaluation step, to
evaluate if the response time of a security measure is
adapted to the kinetics of the undesirable event it aims to
prevent or whose it aims to limit the consequences. Thus,
this criterion permits to evaluate if a security measure can be
accepted as an adapted risk reduction measure, to perform a
security function for a given technical function.

To be accepted as a RRM, the response time of a security
measure must be:

- significantly inferior to the kinetics of the function failure
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the RRM aims to prevent: for example, for levee
maintenance RRM, response time criterions must be short
enough to minimize the possibility of extreme event before
levee deteriorations repairs;

or, for a RRM which relays a function failure, significantly
inferior to the kinetics of the consequences of the function
failure: for example, for a RRM which relays levee
breaches with temporary levees, the response time
criterion must permit to significantly limit water entrance
in leveed area. For this second case, response time
criterion can also be used to estimate the function failures
consequences for spaces between failures and RRM
actions completed.

The efficiency criterion traduces the capacity of a RRM
to ensure the security function it has been chosen for (to
prevent and/or relay a function failure). The efficiency
criterion of a RRM, can be evaluated in terms of percentage
of accomplishment of its security function.

This evaluation is mainly conducted through the
verification of:

- the adapted conception of the RRM considering the
function failure to prevent and/or relay;

- the resistance of the RRM considering the involved
phenomena (hydraulic phenomena...) and in terms of
security for operators involved in RRM;

- the possible deterioration of the RRM because of ageing
(for technical RRM).

For example, levee maintenance RMM with weekly
inspections are far more efficient than ones with monthly
inspections; or, an active security device RRM comporting a
100 m’/s flap gate is twice efficient than one with a rate of
flow of 50 m’/s.

This evaluation, which relies on rather classical
engineering analysis and calculation (design), can also be
used in risk analysis to estimate effects of functions failures
which take place despite the action of risk reduction
measures (for RMM with an efficiency criterion lower than
100 %).

The reliability criterion (RC) of a RRM traduces the
reduction of function failure probability (FR) due to the
RRM acting on this function. It corresponds to the
probability of failure of a given RRM.

We propose to evaluate RC and FR as following:

10R¢< FR < 10®“D; for RC>0 (1)
FR=1forRC=0 @)

With: RC = 0 for an unreliable RRM; RC =1 for a low
reliability; RC = 2 for a medium reliability and RC = 3 for a
high reliability

The reliability criterion is mainly evaluated through the
verification of:
- human and material resources;
- actions planning;
- Crisis exercises;
- maintenance;
- accessibility;
- reliability feedback;

- formation of operators...

For example, if the reliability of a RRM is evaluated as
medium, its RC value is 2 and the application of (1) gives
102<FR<10"

On the other hand, if a RRM is evaluated as unreliable,
its RC value is 0 and the application of (2) gives FR = 1.

2.4.3 Performance evaluation

The objective of the evaluation of the performance of
risk reduction measures is to calculate the effective function
failure probability reduction (FR.;) which is involved by risk
reduction measures.

We propose to combine the efficiency criterion (£) and
the reliability criterion (RC), defined above, to calculate
FR,; and get a better estimation of failure probability
reduction resulting from risk reduction measures actions.

The response time criterion is not used to calculate the
effective function failure probability reduction. In fact, as
explained in part 2.4.2, the response time criterion is only
used as a first evaluation step, to evaluate if a security
measure can or cannot be accepted as an adapted risk
reduction measure, considering its response time criterion
and the kinetics of the undesirable event it aims to deal with.

To calculate FR.; and combine the efficiency criterion
(E) and the reliability criterion (RC), we propose the
following method:

10"5R€ < FR ;< 1072¢D; for RC > 0 3)
FR=1;for RC=0 )

With: RC = 0 for an unreliable RRM; RC = 1 for a low
reliability; RC = 2 for a medium reliability; RC =3 for a
high reliability and E in percentage

Then, we propose to calculate the probability (Psz) of a
function failure (P, combined with the action of a linked
RRM (FR.p), as following:

Prr=Pr. FRy Q)

For Example, if a technical function has a probability of
failure 3.10° < P, < 3.10* and an associated RRM with
a medium reliability RC = 2 and an evaluated efficiency
value E = 70 %, then, the application of (3) gives
0,04 < FRys < 0,2 and the application of (5) gives
1,2.10° < P < 6.107.

On the other hand, if the associated RRM is evaluated as
unreliable, its RC value is 0 and the application of (4) gives
FR.y= 1 regardless of the E value. Then, the application of
(5) giVGS P/FR = P/;

3 Integration of risk reduction measures in
levee system failure analysis process

The failure analysis process in which we propose to
integrate RRM is based the methods developed by the
French research institute Irstea for functional analysis and
failure modes analysis of levee systems [5-8]. These
methods, which are both based on the structural/hydraulic
failure model (figure 4) describe in [1; 5; 9], can together be
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used to analyze, identify and represent levee systems failure
scenarios in levee systems flood risk analyses.

Hydraulic Structural
failure . failure
P ; Can lead t
(Unintentional |« s (Breach)

\’\’ale]. entlkance femmsEsssssssrssssssEssEssssssssnann
or propagation)

Levee system failure
(Unintentional inundation)

Figure 4. Levee systems failure model [1-5]

3.1 Integration in the functional analysis process

In this method, functional analysis of levee systems is
undertaken at three different scales of analysis [5].
- Scale 1: analysis of the levee system as a whole, to
determine and characterize its main functions (to protect
against floods...) and its functions constrained by its
environment (to resist to hydraulic loading, to be
maintained, to respect State regulation obligations...).
Main functions define the main objectives of the levee
system and constrained functions define the constraints the
system has to deal with in order to realize its main
functions. Main functions and constrained functions of the
levee system define the frame in which scales 2 and 3
analyses must be undertaken to determine technical
functions.
Scale 2: analysis of the subsystems that form the levee
system (levees, spillways, water storage area...), to
determine and characterize their hydraulic technical
functions (to prevent water entrance in leveed area, to
control water entrance in leveed area, to store water...).
Scale 3: analysis of the structural components of
subsystems cross sections (protections against erosion,
levee bodies, filters, drains...) that form structurally
homogeneous sections of levees, to determine and
characterize their structural technical functions (to protect
against erosion, to stabilize, to filter, to drain...).

Levee systems failure scenarios being studied on scales 2
and 3 [5], RRM integration in functional analysis must be
done both on these analysis scales.

To do so, we propose to complete the functional analysis
process [5] with the identification and characterization of the
existing security elements which are associated with levee
subsystems or structural components, to prevent or relay the
failure of their technical functions. This new part of
functional analysis can especially be conducted through the
analysis of the security interactions which can exist between
some elements of a levee system. For example, a security
interaction can be identified between a spillway and the
other segments of a levee system whose loading is
controlled by the spillway.

Beyond technical elements (levee sub-systems or
structural components) we propose that this analysis also
considers organizational security measures. These measures,
which can be for example inspection patrols, levee
maintenance, and so forth, have to be identified on the scale

1 analysis, as constrained functions which are needed to
ensure the levee system main function (protection against
floods). We propose that these organizational security
measures be identified as levee systems elements in the
functional analysis of scales 2 and 3 (as for the levee patrol
example in table 1).

This analysis finally aims to define the security functions
or security sub-functions of the security elements which are
identified.

Table 1 presents examples of some functional analysis
results including the identification of some security
functions and security sub-functions. That principle, which
is both applicable to analysis of scales 2 and 3, must be
applied separately for each scale of analysis of the levee
system. As we can see with the spillway example in table 1,
system elements can support several functions including
both security functions and technical functions. Furthermore,
the identification of security sub-functions leads to the
identification of the security functions and thus the RRM
which include them.

tem T f . .
Syste ypes o Descriptions of functions
elements | functions
Technical -
Levee body gehmica To stabilize the levee segment
function
Deformation | Securi . ; . .
by To identify deformations in the
measurement | sub-
. levee body
system function
Security
sub- To look for levee deteriorations
function
Levee patrol Socmri
esc;[;’ ity To look for hydraulic events
. evolutions
Sfunction
Technical | To prevent water entrance in leveed
function area before a given water level
Technical {To control water entrance in leveed area|
Spillway function above a given water level
. To control hydraulic load on levee
Security
. system and prevent breaches
function
: occurrences on other levee segments

Table 1. Principle of the identification of security functions and
security sub-functions in functional analysis (for examples of
analysis of scales 2 and 3)

3.2 Integration in the failure analysis process

This process of failure analysis of levee systems is based
on the principle of failure modes and effects analysis
(FMEA) which is well adapted to hydraulic works [10-11].
It identifies failure modes of studied functions, their causes
and their effects. Effects of functions failures being causes
of other functions failures, this method allows identification
of failures scenarios.

As described in [5], this method is based on the results of
the functional analysis method presented above. The
analysis is conducted both at scale 2 (hydraulic functions
failures) and scale 3 (structural functions failures). It leads to
the identification of:

- hydraulic failure scenarios: successions of events and
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hydraulic functions failures that lead to unwanted or
unplanned inundations of the leveed area. These scenarios
end when no more hydraulic failure occurs and the levee
system returns to a new stabilized state;

structural failure scenarios: processes which involve both
physical and functional phenomena and lead to breaches
scenarios. Such scenarios can stop when external loadings
or actions cease. The state of the levee is then deteriorated
(which means that the functions of some of its components
are degraded or failed) or ruined (meaning that there is a
breach) but not necessarily. The scenario can then start
over from a deteriorated state when a new loading/action
occurs.

To integrate risk reduction measures in the failure modes

analysis process, we propose to distinguish two types of
RRM:

preventing RRM: preventing function failures, they act
before technical function failures and have an effect on
causes of failures or on degradations of functions. Security
functions of such RRM are for example: to maintain the
performance of the structural components of the levee
system; to control hydraulic load on levee system and
prevent breaches occurrences for other levee subsystems...;

relaying RRM: relaying function failures, they act after
technical function failures and have a direct effect on
failed functions to substitute failed elements. Security
functions of such RRM are for example: to relay the
failure of the external protection component of the levee
segment, to ensure its "protection against external erosion"
technical function; to relay the failure of a breached levee
segment, to ensure the flood protection technical function
of this subsystem...

Figure 5 shows how these two different types of RRM

can be integrated in hydraulic failures scenarios.

In hydraulic failure scenarios, preventing risk reduction

measures aim to identify and correct the causes of
subsystems failures. These causes can be of four different

types:

scenarios

errors in the design or construction of subsystems: for
example an error in the crest elevation of a subsystem
which is lower than the planned level and leads to a lower
level of protection for the levee subsystem;

modifications in the morphology of the environment of the
levee system: for example a modification in the riverbed
elevation (due to a flood event) close to the subsystem
which is higher than the normal level and then results in a
lower level of protection for the levee subsystem;

operational failures: for example a failure in the closure of
a flood gate which leads to an unplanned situation for the
levee subsystem and an unwanted inundation;

breaches in levee subsystems: such events result from
structural failures of levee segments and can lead to
unwanted inundations.

Relaying risk reduction measures in hydraulic failure
aim to substitute the functions of failed

subsystems. For example, the identification of a breached

levee and the emergency construction of a temporary levee
is a relaying RRM for levee failures.

| Hydraulic loadings or actions |

Subsystems failure causes: design or
construction error, environment

morphologic moditication,

operational failure, breach

i v Normal hydraulic
§|Preventing risk reduction measures | working of
v subsystems

| Hydraulic failure of subsystems |

v
| Relaying risk reduction measures |

v v
| Hydraulic consequences of subsystems (propagation) |
................ ++

| Tevee system returns to a new stabilized hydraulic state |

Figure 5. Integration of preventing and relaying risk reduction
measures in hydraulic failure scenarios

Figure 6 shows how these two different types of RRM
can be integrated in scenarios of structural failures.

External loadings or actions |
Mechanisms |

Deterioration of components |

Degradation of Failure of
functions functions

Preventing Relaying :
RRM RRM

| Mechanisms |

v

| Deterioration of components |

v

| Breach |

Figure 6. Integration of preventing and relaying risk reduction
measures in structural failure scenarios

In structural failure scenarios, preventing risk reduction
measures act on deteriorated components whose technical
functions are degraded. These RRM are mainly maintenance
RRM such as for example: planned levee inspections which
lead to alert in case of levee deteriorations and finally to
repairs after assessment and decision making.

Relaying risk reduction measures in structural failure
scenarios are planned to substitute components whose
technical functions are totally lost or are in the process of
being lost. These RRM are mainly emergency RRM such as
for example: levee patrols during floods which lead to alert
in case of deterioration of the levee segment external
protection and finally to the emergency reinforcement of the
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levee surface with sand bags to limit deterioration due to
external erosion.

3.3 Decision-making and risk reduction measures

At the end of its process, a risk analysis of levee system
leads to decision-making which first consists in risk
evaluation and then in the definition of new risk reduction
measures (figure 7). The objective of risk evaluation is to
determine the significance to society of flood risk associated
with the levee system. That step, which is not a step of risk
analysis but the first step of decision-making, aims to enable
decision-makers to determine whether or not to proceed
further with the definition of measures to reduce flood risk.

P Levee risk analysis -------eeeeeeeeemeee, 9
’ Event probability
estimation

Analysis of

Effectiveness of

Risk identification existing controls

levee failure ‘
Assessing

Inundation
modelling
remaining

Consequence gaps in
estimation knowledge

Estimation of
level of risk

Risk attribution

4
Risk evaluation

Definition of new
risk reduction
measures

Decision-making

Figure 7. Decision-making: risk evaluation and definition of
new risk reduction measures (Based on [1])

The measures which are defined to answer to the results
of risk evaluation can be of two different types. They can be
new risk reduction measures introducing new security
functions for some levee system components (as defined in
this paper), or corrective measures such as repairs or the
planning of structural modifications of the levee system to
correct design issues.

Corrective measures can be considered as risk reduction
measures in the special context of the decision-making
process which follows a risk analysis (figure 7). To validate
the chosen risk reduction program the probabilities of failure
scenarios must be recalculated taking in account these new
risk reduction measures.

However, once executed, corrective measures resulting
in structural modifications of the levee system become new
components of this levee system, with their own hydraulic or
structural technical functions instead of existing RRM. As
such, they should be considered as regular components of
the system and not as RRM in ulterior risk analyses.

For example, if it is decided to reinforce a levee segment,
whose internal erosion performance is judged critical at the
end of risk analysis, by adding a filter/drain device in its
levee body, the decision-making process must recalculate the
failure probability of the levee segment considering this
reinforcement as a new RRM involving a failure probability
reduction (see 2.4) for the levee segment. However, in an

ulterior risk analysis, when the reinforcement will be
realised, the new filter/drain device will have to be identified
as a structural component of the levee segment in the
functional analysis, with its own evaluated failure
probability, and no more as a RRM.

4 Conclusions

The paper shows that the industrial concept of risk
reduction measures can be adapted to the process of risk
analysis of levee systems.

The identification of risk reduction measures can be
made through the functional analysis and failure mode
analysis process by the identification of security functions
and security sub-functions of levee systems elements and
their  associated technical functions. Once their
independence has been verified, the identified risk reduction
measures can be characterized in terms of efficiency and
reliability to evaluate their performance.

Risk reduction measures are integrated in the levee
system failure analysis process as preventing or relaying
security measures which take places in hydraulic failure
scenarios or structural failure scenarios. The evaluation of
their performance permits to enhance the calculation of
levee systems failure probabilities for a better estimation of
flood risk associated to levee systems. For newly proposed
RRM it allows to estimate the relative efficiency of every
RRM and so to better choose among them.

The principles exposed in the paper are propositions for a
better analysis and evaluation of risk reduction measures of
levee systems. The definition of these principles has been
initiated during a student traineeship whose objective was to
identify and analyse risk reduction measures references for
industrial and dam applications considering the specificities
of risk analysis of levee systems. These principles aim to
improve methods of risk analysis of levee systems for a
better levee management and decision-making. They still
have to be tested for different types of levee systems
configurations, to optimize the integration of risk reduction
measures in the levee systems failure analysis process.
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