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Abstract. This article presents a methodology for estimating Urban areas may be affected by flooding from river
flood risk in urban areas integrating pluvial flooding, river courses, mountain torrents, flash floods, coastal floods, plu-
flooding and failure of both small and large dams. The firstvial flooding, sewer flooding, groundwater flooding (in per-
part includes a review of basic concepts on flood risk anal-meable areas), Mediterranean ephemeral water courses, and
ysis, evaluation and management. Flood risk analyses mafailure of drainage systems and flood defence infrastructures.
be developed at local, regional and national level, howevelUrban areas may present high flood risk levels due to high
a general methodology to perform a quantitative flood riskpopulation density rates, multiple economic activities, infras-
analysis including different flood hazards is still required. tructure and property values (Pelling, 2003). Furthermore,
The second part describes the proposed methodology, whicpresent requirements of residential and industrial areas have
presents an integrated approach — combining pluvial, riveresulted in new urban developments in flood-prone areas, in-
flooding and flooding from dam failure, as applied to a casecreasing risk for people and inducing significant economic
study: an urban area located downstream of a dam undetosts in case of flooding.

construction. The methodology enhances the approach de- An analysis of global statistics (Jonkman, 2005) showed
veloped within the SUFRI project (“Sustainable Strategiesthat inland floods (including drainage floods, river floods and
of Urban Flood Risk Management to cope with the resid- flash floods) caused 175 000 fatalities and affected more than
ual risk”, 2009-2011). This article also shows how outcomes2.2 billion people worldwide from 1975 to 2002. An example
from flood risk analysis provide better and more complete in-of these events is the disastrous flood in the Elbe River basin
formation to inform authorities, local entities and the stake-in August 2002 (Engel, 2004) that accounted for 58 fatalities
holders involved in decision-making with regard to flood risk and thousands of people evacuated. Coastal floods were not
management. included in these statistics, but they may cause even more
catastrophic floods in terms of loss of life, such as the flood-
ing caused by Hurricane Katrina in 2005 (Jonkman et al.,
2009), with more than 1100 fatalities in the state of Louisiana
(USA).

Flooding may occur as a combination of meteorological and AS @ result of past flood events and their consequences,
hydrological extreme occurrences (WMO/GWP, 2008) or asfsoual demand for higher levels of safety has become a ma-
the result of human-induced threats such as terrorism, vanlor challenge for the governments of European countries.
dalism or sabotage that may cause the failure or collapse of Nis demand requires methods to identify the areas that can
flood defence infrastructures. In most cases, floods are addiRe potentially affected by floods and to estimate societal as
tionally influenced by human factors, such as flood protec-Well as economic flood risk. Moreover, flood risk manage-
tion planning, urban planning, emergency management, etcment should be addressed including not only structural but

1 Introduction
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380 J. T. Castillo-Rodriguez et al.: The value of integrating information from multiple hazards

also non-structural measures such as flood forecasting, earlyase study is presented in Sect. 4. Concluding remarks and
warning procedures, emergency management, etc. further research lines are described in Sect. 5.

In the European context, three Directives have been ap-
proved in recent years to establish the basis for present
and future actions in the field of flood risk and crit- 2
ical infrastructure management: the EU Water Frame-
work Directive 2000/60/EC (2007), the EU Floods Direc-
tive 2007/60/EC (2007) and the EU Critical Infrastructure The term risk is WIde'y used in different fields (eg engi-

Directive 2008/114/EC. According to the EU Floods Di- neering, industry, economy, etc.). Thus, different definitions

rective, all EU Member States must undertake the necesgan ne found depending on the field of research. Efforts have
sary actions to develop preliminary flood risk assessmentsyeean aliocated in recent decades to reach a common vocabu-

flood hazard and flood risk maps, and flood risk management, v, \yithin the flood risk management context (e.g. Gouldby
plans at river basin district level before 2011, 2013 and 201544 Samuels 2005) as a guidance for researchers and ex-

respectively. . o perts. The following definitions are used in this paper:
In addition, flood risk research activities have focused on

the development of improved methodologies and strategieRisk, hazard and vulnerability

for an effective flood risk management, taking into account

sustainability, public participation, risk awareness and riskBased on the commonly adopted “Source-Pathway-

communication (Thieken and Beurton, 2012). The ongoingReceptor-Consequence” model (Gouldby and Samuels,

efforts on flood risk research aim at developing methodolo-2005),risk can be defined by the following components: the

gies to assess the existing flood risk in urban areas by innature and probability of a source of hazard, the degree of

tegrating different sources of hazard. These methodologieexposure of the receptors (e.g. property, people, environ-

should provide tools to compare and analyze measures foment) to the hazard, the susceptibility of the receptors to the

flood risk reduction. hazard, and the value of the receptors. This definition can be
In this context, this paper presents a comprehensiveepresented by the expression shown in Eq. (1).

methodology for urban flood risk analysis, integrating plu-

vial flooding, river flooding and flooding from dam failure. It Risk = Hazardx Exposurex Susceptibilityx Value (1)

represents an enhancement of a methodology for urban flood ) ) )

risk analysis presented in Escuder-Bueno et al. (2012), infor a risk to arise, there must be a hazard that consists of

corporating potential flooding due to the existence of small® "SOurce” or initiator event (e.g. high rainfall or high river
or large dams as flood defence infrastructures (in case of failvater discharge). Aazardis then considered as any physical

ure or flood routing), allowing a step forward towards an in- V€Nt phenomenon or human activity with the potential to
tegrated and comprehensive flood risk assessment and mafgsult in harm. However, a hazard does not necessarily lead
agement by considering multiple flood hazards. to harm. _ L .

This paper proposes the use of risk models for flood risk Research literature identifi@siinerability as an umbrella

analysis, as they provide a logical and mathematically rigor-term for a number of vulnerability-types and it can be formu-

ous framework for compiling information to estimate flood 't€d, from a traditional systems perspective (Gouldby and

risk. The proposed methodology describes the process fopamuels, 2005) as composed of two components: suscepti-
combining all necessary information to estimate, analyse an@ility and value. Thus, vulnerability is a sub-function of risk
evaluate flood risk, obtaining an integrated flood risk out- and includes the characteristics of a system that describe its

come which includes probabilities and consequences of alPotential to be harmed. Therefore, it is common practice to
potential flood events resulting from several sources of hazd€fine also risk by the expression given in Eq. (2).
ard. This integrated outcome provides better and more com-

plete information to decision-makers (e.g. by analysing roodRISk = Hazardx Exposurex Vulnerability 2)

risk for the current situation and the impact of different risk |, practice, exposure and vulnerability are often captured in
reduction measures). the assessment of thwnsequenceshus risk is commonly

_ This ar_ticle is struc_tured as_follows. Section 1 provides theviewed in simple terms as the combination of probability and
introduction and a brief overview on the legal framework and consequences, as shown in Eq. (3).

research needs in current flood risk management. Section 2

includes a summary of basic concepts and tools for estimatRisk = Probability x Consequences (3)

ing and analysing flood risk. Section 3 describes the proposed

methodology for flood risk analysis integrating three sourcesHowever, attention should be paid since there is no uni-

of flood hazard: pluvial flooding, river flooding and flooding vocal relationship between hazard and probability. In gen-

from dam failure. The application of the methodology to a eral, probability includes not only probabilities of potential
hazards (e.g. exceedance probabilities of river water levels)

Basic concepts in flood risk analysis and management

2.1 Risk concepts
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but also the conditional probabilities of the system responsesubsystem, or a country. In general, system boundaries are
given such hazard (e.g. probability of failure of a flood de- aligned with institutional boundaries (e.g. provinces, mu-
fence system for a certain river water level). nicipalities, etc.) or hydrological systems (e.g. river basin

Probability can be defined as the chance of occurrence ofdistricts).
one event compared to the population of all events. In this In this paper, the termoharacterizatioris used for the pro-
definition, probability is dimensionless. In flood risk analy- cess of expressing the observed and predicted behaviour of
sis, probability is often referenced to a specific time frame,a system and its related components, with the aim of ob-
for example, as an annual exceedance probability (then proltaining probabilities of potential flood events and resulting
ability has units of yr1). consequences.

The second risk componempnsequencesepresents an As shown in Eq. (3), risk can be expressed by two com-
impact (or improvement) such as economic, social or en{ponents: probability and consequencEkod risk analy-
vironmental impact and may be expressed quantitativelysisis defined as the process of objectively determining risk
(e.g. monetary value), by category (e.g. High, Medium, Low) by analysing and combining probabilities and consequences.
or descriptively. Consequences can include the impact ofThe combining process is also called risk calculation.
flooding to different sectors such as housing, industry, trans- Accordingly to Eq. (3), tools for flood risk analysis can be
port, agriculture, the environment and human health (Meyerclassified as partial or complete depending on whether they
et al., 2013). Some descriptions of potential flood conse-obtain one component of risk or both (Escuder-Bueno et al.,
quences are, for example, economic impact, number of peo2010). In addition, they can be classified as quantitative or
ple/properties affected, harm to individuals (fatalities, injury, qualitative depending on whether or not they provide a nu-
etc.), environmental or ecological impact. merical value of risk. Among these four groups, complete

Flood consequences can be, in general, classified into diand quantitative tools may be the most convenient option to
rect and indirect impacts (Merz et al., 2010). Direct impactsprovide information for decision-makers. However, robust-
are those which occur due to the physical contact of flood waness and reliability of results will depend not only on the
ter with humans, property or any other objects. Indirect im-type of tool but also on uncertainty of input data.
pacts are induced by the direct impacts and occur — in space
or time — after the flood event. Both types of impacts canfFlood risk assessment
be classified into tangible and intangible impacts, depend- ) , , .
ing on whether or not they can be assessed in monetary vaf!00d risk assessmerbmprises understanding, evaluating
ues. Different classifications of flood consequences can bé&flo0d risk evaluation) and interpreting risk and existing so-
found in the literature, such as the classification proposecf'etal t.olerances of risk to inform decisions and actions for
by the CONHAZ project (“Costs of Natural Hazards”), in- 1100d risk management. _ , _
cluding five categories (Meyer et al., 2013): (1) direct costs, | "€ Process of flood risk evaluation requires the compari-
(2) business interruption costs, (3) indirect costs, (4) intan-SON of risk with tolerability criteria to assess the_ current situ-
gible costs, and (5) risk mitigation costs. Reviews on assesgdtion of the system and the need for risk mitigation measures.
ment of societal and economic flood impact can be found in

Jonkman (2007) and Merz et al. (2010), respectively. Flood risk mitigation

Flood risk mitigationincludes the reduction of the level of
risk, by either reduction in the probability of a flood occur-

) ) ) ... ring or a reduction in consequences. With that purpose, dif-
In flood risk analysis, two concepts are widely used: individ- g rent risk mitigation measures can be established (although
ual risk and societal riskndividual risk can be defined as jgtinction between risk reduction and risk mitigation mea-

the probability of an individual at a certain location getting g,res could be drawn, both terms are used indistinctly in this
killed by an accident (Jonkman et al., 2011); in the flood risk paper, as proposed in Gouldby and Samuels, 2005).

analysis context, the probability of being killed by flooding. |, general, these measures are classified in two categories:

Societal riskconcerns the probability of an accident with @ g4\,ctyral and non-structural measures. Structural measures

large number of fatalities. In the case of considering poteNyeter 1o any physical construction to reduce or avoid possible
tial economic impacts, then the teenonomic risks used.

impacts of floods, which include engineering measures and
construction of hazard-resistant and protective infrastruc-
tures. Non-structural measures may include urban planning,
) , ) flood forecasting, advanced early warning systems, aids and
In this paper, asystemis considered as the assembly of g, rance, increase of risk awareness, knowledge develop-
elements or components (i.e. natural, human, social, €tC.jent methods and operating practices for flood emergency
and the interconnections between them within an area unf‘nanagement, etc. (Escuder-Bueno et al., 2011; Schanze et
der study. Flood risk can be analysed for systems of diﬁeren%L’ 2008).

size and complexity, such as a city, a province, a hydrological

Individual and societal risk/economic risk

Flood risk analysis
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In general, risk cannot be entirely eliminated since struc- All agents involved in flood risk management (e.g. flood
tural measures handle the consequences of a specific sevatefence designers, operators, authorities, stakeholders, etc.)
event, typically called a design event. Even in the case ofshould promote and achieve an integrated and broad vision of
perfect behaviour of the flood defence infrastructure, thererisk management towards good flood risk governance, taking
is always a residual risk. Although non-structural measuresnto account the context, the objectives and restrictions in-
may reduce part of this risk, residual risk relates to the con-herent to the flood risk management process (SPANCOLD,
sequences that cannot be absolutely prevented by the con2012). With that purpose, flood risk governance should cover
bination of existing structural and non-structural measuresall aspects (e.g. technical, societal, cultural, financial, etc.)
Therefore, risk analysis and assessment should focus on olelated to the development, prioritization and application of
taining the existent risk and analyse the impact of risk reduc+isk mitigation actions to be carried out before, during and
tion measures. after a flood disaster event.

2.2 The use of risk models and FN-curves for flood risk
analysis

Flood risk management

The definition given by the FLOODsite project (Gouldby and

Samuels, 2005) foflood risk managemens “the continu-  Among existing tools for flood risk analysis, the use of risk
ous and holistic societal analysis, assessment and mitigatiomodels, influence diagrams, event trees and FN-curves is
of flood risk”. In addition, flood risk governance is consid- proposed in this paper. Risk models arise as robust, complete

ered as the process of decision-making and implementatioand quantitative flood risk analysis tools that enable the inte-
of risk mitigation measures. Nevertheless, flood risk managegration of all information for estimating risk. Outcomes from
ment involves a wide range of considerations that cannot be&isk modelling can be used to represent FN- and FD-curves.

easily reproduced in a concise statement.

The following definitions are provided since the terms are

Among other aspects, flood risk management should conwidely used in this paper:

sider structural and non-structural measures similarly, turn-
ing into a continuing cycle of assessing, implementing and
maintaining measures to achieve acceptable residual risk and
aiming at a sustainable development (Klijn et al., 2008).
Hence, flood risk management combines results, informa-
tion and recommendations from risk analysis and assessment
practices, which are used as key information for the defini-
tion and prioritization of risk reduction measures.

Prioritization of risk reduction measures is required to
achieve an efficient flood risk management. This prioriti-
zation may be based on equity and efficiency principles
(ICOLD, 2005): (1)equityrefers to the right of individuals
and society to be protected, and the right that the interests of
all are treated with fairness, with the goal of placing all mem-
bers of the society on an essentially equal footing in terms of
level of risk that they face, and (&fficiencyrefers to the
need for society to distribute and use available resources so
as to achieve the greatest benefit.

As stated by Halpin (2010), there can be conflict in achiev-
ing equity and efficiency. Achieving equity justifies the es-
tablishment of maximum tolerable risk limits for individual
risk (e.g. the maximum failure probability of a flood defence
infrastructure), regardless of the lack of economic justifica-
tion or the magnitude of the cost. Efficiency is defined by
the risk level where marginal benefits equal or exceed the
marginal cost. Flood risk management should consider both
equity and efficiency principles for evaluating risk and for
defining risk mitigation measures. Further discussion and
some considerations on the tension between equity and effi-
ciency in setting standards for flood protection can be found
in Van der Most (2010).

Nat. Hazards Earth Syst. Sci., 14, 379400 2014

Risk modela risk model is a simplified representation
of the system. By characterizing system processes and
variables, all relevant elements of the system are con-
sidered in the risk model. Several tools can be used to
represent risk models. In this paper, influence diagrams
and event trees are proposed.

Event treean event tree is a detailed representation of
all events that may lead to flooding in a system. The
event tree starts with an initiating event (e.g. a rain-
fall event) and splits into several branches based on
the characteristics of the initiating event (e.g. the range
of possible rainfall events). For each resulting branch,
the event tree splits into new branches, taking into ac-
count possible subsequent events given that the pre-
vious event has occurred (e.g. river water levels at a
certain location for a given rainfall event, failure and
non-failure events for such river water level, different
evacuation scenarios, etc.). Each new subsequent event
is then related to a conditional probability of occur-
rence. Once all combinations of events that may lead
to flooding and their related consequences have been
captured within the event tree, each path of the event
tree represents a potential flood event and it is related
to a joint probability, resulting from the combination
of all events that compose that path.

Depending on system complexity, event trees may

have thousands of paths. Therefore, influence dia-

grams are used as a compact representation of event
trees.

www.nat-hazards-earth-syst-sci.net/14/379/2014/
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Fig. 1. Example of FD-curves of a hypothetic case study (Escuder-Bueno et al., 2012).

— Influence diagraman influence diagram is composed tool to represent societal and economic risk quantitatively,
by nodes and connectors. Each node includes inputhus these curves are helpful tools to support risk evaluation.
data on the system (loads to the system, system re- The basis of the use of FN-curves for urban flood risk
sponse or consequences) regarding one or several syanalysis was presented in the “SUFRI Methodology for plu-
tem variables. Connectors are used to define the relavial and river flooding risk analysis in urban areas to inform
tionships between nodes. The influence diagram incor-decision making” (Escuder-Bueno et al., 2011), developed
porates the necessary information to define the numbewithin the SUFRI project (“Sustainable Strategies of Urban
of branches in which the event tree splits in each nodeFlood Risk Management to cope with the residual risk”),
and to estimate the probability of taking each branch2nd CRUE ERA-Net funding initiative, in the period 2009—
given that the previous events have occurred. 2011 (Escuder-Bueno et al., 2011).

Figure 1 shows the FD-curve for a hypothetical case study
as proposed in Escuder-Bueno et al. (2012). Both axes show
theoretical but typical values. When representing flood risk,
including the potential failure or collapse of flood defence in-
frastructures, FN-curves may show steps (as shown in Fig. 1).
These steps represent flood events resulting from failure of
one or more flood defence infrastructures. In general, these
fatalities. When representing potential economic ﬂood:nfrastructures protect an area frqm flooding up to a certa_in

oad level (e.g. runoff discharge, river water level). Once this

damages, the term FD-curve is used. The following . P )
) . level is exceeded, if failure occurs, then the resulting flood-
general properties of FN-curves can be considered:

i ing is, in general, related to a higher number of potential fa-
(1) becau;@f.(n) >0 for all n, FN-curves are always talities when compared with the non-failure situation. There-
flat or falling; (2) FN-curves are usually plotted on

) N ... _fore, flood events which include potential failure of flood de-
double logarithmic scales (to represent events with a . . .
" . ence infrastructures show highervalues than non-failure
large number of fatalities but very small frequencies, ; . - "
y o . flood events, but associated with lower probabilities (“low
so-called “low probability-high consequence” events), babilitv-hiah » flood
and (3) the lower the curve is, the better (i.e. a lower probability-high consequence” floo __even_ts)._ :
curve imolies a lower fre uer;c of eventsIV\}ivthor As FN-curves show the probability distribution of the
Pl q y number of fatalities, they can be used for the evaluation of fa-
more fatalities). oo . : -
tality risks from a societal perspective. To facilitate the eval-
Event trees are particularly applicable for risk calculation uation of FN-curves, several criterion lines might be defined
and analysis (IEC, 2009), as they allow the user to obtainand an FN-curve should, in principle, not exceed the crite-
and combine probabilities and consequences, but not for riskion line. An FN-criterion line is generally defined by three
evaluation. FN-curves provide a comprehensive and robust

— FN-curves an FN-curve is a form of presentation
of the frequency and the distribution of the number
of fatalities in case of flooding. The FN-curve plots
F(n) againstn, where F(n) is the cumulative ex-
ceedance probability of events withor more fatal-
ities (Evans and Verlander, 1997). Accordingfy(n)
is the exceedance probability of events with exaatly

www.nat-hazards-earth-syst-sci.net/14/379/2014/ Nat. Hazards Earth Syst. Sci., 14, 3%93: 2014
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variables (Jonkman et al., 2011): (1) its base point or thethe required efforts for obtaining more information to im-
exceedance probability of one fatality (so called C-value);prove our knowledge about the system and, consequently, to
(2) its slope (generally equal tel or —2), and (3) its prob-  improve the risk model.
ability and/or consequence cutoff (i.e. a maximum tolerable Based on the aforementioned potential use of risk mod-
value for probability and/or consequence). Some discussiorls and FN-curves as robust and comprehensive tools for
on FN-criteria can be found in the literature (Vrijling, 2001; flood risk analysis, the proposed methodology is described
Jonkman et al., 2011; SPANCOLD, 2012). in Sect. 3.

In addition, the use of FN-curves enables the representa-
tion of results from sensitivity and uncertainty analysis to
identify the variables that contribute the most to flood risk 3  Proposed methodology
(e.g. by incorporating different input data for load variables

Th hodol is divi into 11 ph .Th
from different samples of Monte Carlo simulations). e proposed methodology is divided into 11 phases. These

. L : h h hodol in E -
Risk models are a simplified representation of the systemp ases are based on the methodology proposed in Escuder

; . Bueno et al. (2012) that has been adapted to incorporate the
Cons.equently,'rt'asults from the risk model are inherently ur"analysis of small and large dams as common flood defence
_certaln. Sensmvny_ analyses can _be conducted to analy_s € thfﬁfrastructures, including potential flooding from failure and
impact on the est|mat_ed flood risk of each model Ya”apl_enon—failure cases (i.e. flooding due to discharges from flood
and, thus, on the chaice between alternatives for risk mlt'_routing). In addition, it includes aspects of risk uncertainty,

gation. For example, the use of expected, median or worstz. reduction, risk management and governance.

case values can affect the results when important parame- The proposed methodology describes how to estimate

t_er_s are highly variable. There are several_reviews on Ser‘Siﬂood risk from the three considered flood hazards, compil-
tivity analysis methods (e.g. Frey and Patil, 2002). Amonging information that is used as input data for a risk model,

them,Psome %xample? clalnzkz)%;ougc_iﬁm th? fleltdho;flood r||s hose architecture definition is also part of the methodol-
(e.g. Pappenberger et al., ). Different methods can lea gy. The model is used to perform risk calculations provid-

to a difference in ranking of importance of model variables. ing risk outcomes that can be plotted on FN- and FD-curves.

Procedures fof sensitivity analysgs may include, for e,xam'Representations are then used to visualize different situations
ple, one-at-a-time methods (varying one part of the input

hile oth s k h | . b .g. existent risk or situations with new risk reduction mea-
whiie other parts keep the same va ue) or variance-base ures), and propose risk reduction measures based on an in-
techniques (e.g. Gouldby, 2007).

Uncertainty arises principally from lack of knowledge of tegrated and comprehensive risk analysis.
the system or of ability to measure and to calculate risk and3.1  Phase I: definition of the scope and aim of the study
gives rise to potential differences between the risk estimate
and its actual value. Two types of uncertainty can be defined®hase | focuses on the definition of the scope of the study.
(Gouldby and Samuels, 2005): natural variability and knowl- The complexity of the risk model will depend on the scope of
edge uncertaintyNatural variability refers to inherent vari-  the analysis (e.g. screening, preliminary analysis or detailed
ability of the real world (also called aleatory or random un- study and micro-scale, meso-scale or macro-scale).
certainty), ancknowledge uncertaintyefers to incomplete
knowledge of the system (also called epistemic uncertainty)3-2 Phase II: review of available data

Different procedures and techniques can be used to re- ) _ L .
duce random and epistemic uncertainty. In general, natuData gathering and review of all eX|_st|ng |nfprmat|on is nec-
ral variability can be characterized as random or stochas€SSa’y for the analysis, such as information from rainfall
tic, and probabilistic models are adopted, which involve thedat@ nydrologic studies, hydraulic models, historical data,
definition of probability distributions for stochastic variables dam charact.erlsch, urban characteristics (e.g. urban typol-
(Gouldby, 2007). Among them, Monte Carlo techniques are®9: population, economy, land uses), etc.
the most comprehensive and robust methods.

However, epistemic uncertainty is also frequently de-
scribed by probability distributions, although with a different phase 111 includes the definition of the current situation, also
interpretation: probability distributions for natural variables cajledBase Casethat is, the characterization of the system

represent the relative frequency of values within an interval,and the definition of the necessary assumptions to analyse the
whereas probability distributions for epistemic parameterscyrrent situation.

(e.g. model parameters) represent the degree of knowledge
or belief of the analyst that a value is within a specific inter- 3.4 Phase IV: risk model architecture
val (Merz and Thieken, 2005).

The use of uncertainty ana|y5is has several advantageén Phase 1V, the risk model architecture for tBase Case
such as the identification of weak points and critical assumpjs established. This model will remain the reference for the
tions on the model (Merz and Thieken, 2009) and may guidesubsequent analysis of the impact of risk reduction measures.

3.3 Phase lllI: definition of the current situation

Nat. Hazards Earth Syst. Sci., 14, 379400 2014 www.nat-hazards-earth-syst-sci.net/14/379/2014/
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Flood characteristics (flood depth,
velocity, rise-rate, flooded areas, etc.)
are obtained from resulting runoff after

Potential fatalities and economic damages
are estimated based on flood characteristics
(depending on resulting runoff flows).

considering the response of the drainage system. < )
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Fig. 2. Generic influence diagram: independent initiating event (Scheme A1). Note: nodes outlined with solid, dotted and dashed lines refer
to loads, system response and consequences, respectively.
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and peak —> characteristics 13} characteristics fataliti economic |
: flow discharges at the river course : : at the study site atalities | | damages |
Historical data or simulations - \ - - o o
of water levels at the reservoir | \
\ ZZ:;?”U'B Flood routing analyses . " .
/ Potential failure modes have to be provide hydrographs arpemees':i‘:;tf::jagt;zz;gi zzgzogfr:;g:sgﬁe:s
identified and characterized. Flood characteristics along .
Failure probabilities can be estimated the river course
Previous by numerical modelling, Failure Hydrographs are obtained from Potential economic damages
water levels Monte Carlo simulations, fault tree analysis, R probabilites = FM 1 hydraulic models may include rebuilding costs
expert judgement, etc. [ FM1 (e.g. dam-break models). of flood defence infrastructures

/ if applicable \

jabil : RS i ; S . -
Reliability of Flood ! Dam response Failure Hydrographs H Flood : H Flood : ( R [ Potential 1
water control " probabiliies > i ok H it Potential ’
routing : modes M 2 FM 2 i »: characteristics +—} characteristics +— | | economic
H : L

structures i at the river course at the study site’ fatalities ) | damages ]
\ . .
o .
/ / & . .
/ Inflow hydrographs, previous water levels and
“ reliability of water control structures will result Failure Hydrographs Hydrographs depend on maximum water pool levels
| in maximum water pool levels. These loads may probabilities  :—> FM n and may vary for different failure modes
\ result in dam failure or non-failure cases. FMn (e.g. type of breach, breach development, etc.)
A

\ Reliability analysis of outlet works, gates, spillways, etc.
that control water levels at the reservoir.
It is based on historical data, fault tree analysis
or expert judgement.

Fig. 3. Generic influence diagram: independent initiating event (Scheme A2). Note: nodes outlined with solid, dotted and dashed lines refer
to loads, system response and consequences, respectively.

As described in Sect. 2, an event tree starts with an ini-assumed independent. In this case, different influence dia-
tiating event. Depending on the characteristics of the casgrams (and the corresponding event trees) may be used to
study, two situations may be distinguished: Situation A andanalyse each flood hazard separately. Results can be later
Situation B. combined to obtain total flood risk. In this methodology, two

First, Situation A represents urban areas where initiatinggeneric schemes for defining the required influence diagrams
events, i.e. rainfall events within the urban and the riverare provided in Figs. 2 and 3 (Schemes Al and A2, respec-
catchment areas, can be considered as independent phenotively), which correspond to the analysis of pluvial and river
ena, thus potential flooding from these sources of hazard aréooding (including the existence of dams), respectively.
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Second, Situation B represents urban areas where rainfal e t
events within the urban and the river catchment areas are re[ (rainfall ovor) ]—»[ Model A1 ]—»
lated (including, for example, the river catchment area up-

stream of the dam), i.e. potential flood events are the result o _ o

of the same initiating event. Therefore, a unique inﬂuenceF'g' 4. Generic influence diagram: common initiating event

diagram to represent the risk model can be used for the anaf—SCheme B).

ysis. Figure 4 shows the (simplified) generic scheme for the

risk model architecture (and the corresponding influence di“times, flood severity levels, flood exposure, etc. are used to

agram) for this situation (Scheme B). The same architecturggtimate potential consequences.

shown in Schemes Al and A2 can be used for Situation B, by gchemes shown in Figs. 2 and 3 are two independent

adding a common initiating event and two connectors: Onéschemes that start with different (and independent) initiating

linking the node for the initiating event to the first node of gyents:

Scheme Al shown in Fig. 2, and the second, linking the last

node of Scheme Al to the first node of Scheme A2. — rainfall events at the urban catchment area that result
The schemes given in Figs. 2—4 are proposed as reference  in runoff at the study site depending on the response of

risk model architectures but they should be adapted for each the drainage system; and,

case study. . . .
— rainfall events at the river catchment area that result in
inflow discharges at reservoirs, and/or floods along the
3.5 Phase V: input data river course that may lead to flooding at the study site.

_ o ) ~ Regarding pluvial flooding, the first scheme (Fig. 2) shows
Phase V includes all necessary estimations to provide the risk generic diagram that can be used to analyse flooding from

model with input data on three main categories: loads (nodesgginfall events at any urban catchment area.
with solid line in Figs. 2—4), system response (dotted nodes) Regarding river flooding and dam failure, the second
and consequences (dashed nodes). _ scheme (Fig. 3) shows a generic diagram that can be used

In most cases, outcomes from existing hydrological, hy-t5 analyse flooding from rainfall events at the river catch-
draulic, structural or probabilistic models may be used tOment area. The scheme diverges in different branches de-
provide information for the risk model. However, in general, handing on the existence of dams upstream of the urban area.
additional studies or ad hoc estimations may be required tqy this scheme, dam failure and non-failure cases are consid-
characterize all necessary variables which are involved in thg,.gq (e.g. flood routing discharges). Potential consequences
process for estimating conditional probabilities and consenaye to be estimated for all cases, including rebuilding costs
quences of potential flood events. in case of dam failure.

First, for nodes referring to loads, information from hy- |, some cases, it can be assumed that rainfall events in
drological studies, previous water levels at reservoirs or riveryoin catchment areas (urban and river catchment area) do
courses, reliability of water control structures of dams andot gccur independently, then a unique influence diagram
flood routing studies are required. _ . can be established, starting with a common initiating event.
~ Next, nodes referring to system response will require thethis approach can be used in systems where rainfall events
identification of potential dam failure modes (e.g. dam breakgt the urban and river catchment area are correlated, i.e. local
due to overtopping, internal erosion, sliding, etc.), quantifica-oy regional rainfall distributions do not differ substantially
tion of failure probabilities, characterization of failure char- 54 spatial and temporal variability on rainfall patterns is not
acteristics (e.g. breach development time, type of breaChsignificant.
etc.) and the analysis of non-failure cases (e.g. flow dis- pifferent input data can be used to analyse one or several

charges due to overtopping of small dams, discharges fronycenarios (e.g. the current situation and the situation with risk
flood routing in large dams, etc.). All these aspects can bgeqyction measures).

studied based on structural models, hydraulic models, fault
tree analysis, Monte Carlo simulations, expert judgement3.6 Phase VI: risk calculation
etc. (SPANCOLD, 2012).

Finally, nodes referring to consequences will include in- In Phases IV and V, the definition of the risk model archi-
formation based on estimation of potential economic dam-tecture provides the framework for compiling information
ages and casualties (potential fatalities and economic danto estimate flood risk. With that purpose, the defined influ-
ages are considered in this methodology). These estimateance diagram is the compact representation of the event tree
may be obtained using different methods that include the us¢hat includes all possibilities that can lead to flooding. The
of hydraulic models to obtain flood characteristics at the riverevent tree allows the estimation of conditional probabilities
course (i.e. river water levels) and at the site under studyand consequences in a mathematically rigorous way.

(e.g. flood depths). Flood depths, velocities, arrival wave
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Model 1

F1 \ Overall model
R (Event tree)
PE ] Fjan = (PE1j51-PE1 ) (PEg1-PEz ) (PEsa1-PEs )
PEy, Niotal, jkm = (N1,N2,N3 m)
jintervals -
Nii Nijag N -
Model 2

F2

/ kintervals — fixm:Niotal, jem
PEZ,M
PE,;
NZ‘
N2,i N2,i+1
m
Model 3 intervals _I_\_\_L
F3
A
PES,i+1
PE;;
’ Nlotal
N Total flood risk
Nzi Najsg

Fig. 5. Combination of outcomes of different risk models.

The risk model is a conceptual representation of the sys- The exceedance probability functions that result from each
tem, taking into account hazard(s), exposure to the hazard(sihdependent risk model (Models 1, 2 and 3 in Fig. 5) are
and vulnerability of the system to that hazard(s). If severaldiscretized into a number of intervals. Each interval has
sources of hazard are considered, a unique influence diagratwo endpoints defined by the values of the damage variable
integrating information for all hazards can be used (Fig. 4).(N;, N;+1) and their corresponding exceedance probabilities
However, if hazards are considered independent, then differ(PE;, PE 1 1). Intervals are generally evenly spaced in the ex-
ent influence diagrams can be used to represent the systeaeedance probability axis. For each interval, thealue for
for each source of hazard separately (Figs. 2-3). the range will be computed as the average of the pair,

For Situation A (Figs. 2-3), independent influence dia- N;;1 and the probability as prob =Rk — PE.
grams for analysing each flood hazard are considered. In this The joint event tree (shown in Fig. 5) resulting from this
case, outcomes can be later incorporated to an overall schenatagram includes all possible combinations of events in Risk
which obtains total flood risk due to the three sources of floodModels 1, 2 and 3. If events in Risk Models 1, 2 and 3
hazard, adapting input data to avoid double counting in areasare considered independent, the probability of the combined
potentially affected by several flood hazards. A simplified as-event (f;.,) is obtained by multiplying the three probabil-
sumption is considered and potential damages in these are@ses of the corresponding events from Models 1, 2 and 3,
are obtained by taking into account the maximum value fromrespectively.
results for all hazards. Finally, the overall model obtains the FN (or FD) curve

Figure 5 shows a general scheme of the process for comthat represents flood risk by integrating the three sources of
bining results from three independent risk models. The outflood hazard.
comes from Risk Models 1, 2 and 3 (represented by the FN For Situation B (Fig. 4), the analysis may be carried out by
curves shown in Fig. 5) are used as input for an overall 3-defining a unique risk model architecture which starts with
node influence diagram. “Probability-consequence” pairs ofa common initiating event and combines the three sources
all flood events from Risk Models 1, 2 and 3 are incorporatedof flood hazard. Hence, only one event tree is necessary to
into the overall diagram in each node, respectively. obtain flood risk and it provides all FN (or FD) pairs that
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represent all potential flood events from pluvial flooding,

river flooding and flooding from dam failure and non-failure
cases. —

3.7 Phase VII: risk representation Reservoir

River

The use of FN- and FD-curves is proposed in this method-
ology to represent outcomes of the risk model based on the
schemes provided in Phase 1V and outcomes from Phase VI. Urban area
The basis of the use of FN- and FD-curves has been described
in Sect. 2.

8\

Fig. 6. Overall scheme of the urban area downstream of the dam.
3.8 Phase VIII: sensitivity and uncertainty analyses

Sensitivity and uncertainty analyses may improve our knowl-3.11  Phase XI: risk management and governance
edge of the system and help to identify key factors and re-

duce random and epistemic uncertainty. Results from senThe aim of analysing and evaluating current flood risk is to
sitivity and uncertainty analyses may be compared with thesupport decision-making on flood risk management and gov-
Base Case to evaluate confidence of obtained outcomes anrginance. Outcomes from risk analysis and the comparison of
identify the need for further information. existent flood risk with other situations that capture the im-
When analysing the risk model for tBase Cas@singin-  pact of risk reduction measures may help local authorities,
put data mainly from existing studies (e.g. hydrologic or hy- emergency services and action forces to develop improved
draulic models) and minor additional estimations, sensitivity flood emergency action plans.
and uncertainty analyses will help to allocate efforts to de- Prioritization of risk reduction measures based on equity
velop more detailed analyses of specific variables (e.g. floocind efficiency principles is required to allocate investments

hydraulic characteristics, life-loss estimations, etc.). and establish risk reduction programmes.
. . Different risk indicators can be found in the literature to
3.9 Phase IX: risk evaluation analyse and justify prioritization of risk reduction measures,

e.g. individual risk (Jonkman et al., 2011), the “adjusted cost
iPer statistical life saved” ACSLS indicator (Bowles, 2004),
"or the Life Quality Index (Rackwitz, 2002). These indicators

available. The use of TN_' End g[i-(l:urvsﬁ_tallows the Codm'consider either efficiency and/or equity principles. The anal-
parison among current ik and tolerabliity Tecommencar, ;¢ ¢ ifarent indicators for a set of risk reduction mea-

tions and, therefore, enables a determination as to wheth%

. T ures may support decision-making on flood risk manage-
or not societal and economic risks are acceptable. Nevertherhem_ In addition, there exist software tools to analyse and

less, th_ere s still a Iack.of tolerability recommend_qﬂons for compare risk results based on some of the aforementioned
evaluating urban flood risk, except for some specific and re-

gional studies (Jonkman et al., 2011). Indicators (SPANCOLD, 2012).

The risk outcomes obtained for tiBase Case&an be com-
pared with standards or tolerability recommendations,

3.10 Phase X: risk reduction measures
4 Case study

The analysis of the impact of risk reduction measures_ . . . L

(e.g. structural or non-structural measures) is developed ir-1|_hIS section presents and summarizes the application of the

Phase X by analysing different situations and by comparin roppsed methodology .to a real case study. Thg urban area

new outcomes with the results of tBase Case Is suitable for the a_naly5|s since ariver crosses this town (the
name of the town is not explicitly provided as requested by

Based on théBase Caseisk model, risk reduction mea- the ri thority). Th b is located 8km d
sures can be analysed by estimating new input data. Varia- e river authority). The urban area is locate m down-

tions will depend on the type of measure. On the one handStream o.f a dam under constrgchon. A §|mpl|f|ed scheme of
g1e location of the urban area is shown in Fig. 6.

structural measures may need new nodes and information t The analvsis followed the bh resented in Sect. 3 and
characterize system response and failure modes within the . € analysis tollowed the phases presente ect.ca

: . is summarized hereafter.
risk model architecture. In general, structural measures act b

reducing flooq probability and modifying system response Ny 1 Phase I: definition of the scope of the study
case of flooding. On the other hand, non-structural measures

generally affect flood potential consequences, reducing Vulrhe purpose of this analysis is to provide information on
nerability of people exposed to the flood and potential €Co+iqoq risk in an urban area located downstream of a dam un-

nomic consequences. der construction. Therefore, the scope of this analysis is to
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analyse societal and economic flood risk for three differentTable 1.Land uses.

situations: the current situation, the situation after dam con-

struction, and after implementing non-structural measures of Land use category Area fin  Area (ha)

public ?ducat'on and warning. . . Urban areas (residential 744813 74.5
In this context, the following questions will be answered: and industrial uses)

first, what the current_ﬂood risk in this urban area is, and sec- Developable land 437826 438

ond, how risk reduction measures would change flood risk. Rural areas 32922195 3292 2

Results are shown to answer these questions. u '
The three analysed situations for the case study are: Protected rural areas 3985166 398.5

Total (rural areas) 36907 361 3690.7

— the current situation before dam construction (natural
flow regime of the river and existence of the current
drainage system), denotedBase Case

amount of 2150 inhabitants in 2011 for the whole munici-
— the situation after construction of the dam, including pality (2004 inhabitants in the urban area), with an expected
implementation of the Dam Emergency Action Plan increase of 800 inhabitants in summer due to the existence
(DEAP-Case); and of secondary households and 256 inhabitants during the day

due to working populations.
— the situation with new non-structural measures, de-
noted as NonSt-Case, which includes a programme or.2.4 Economy and land use
public education and warning that complements the
Dam Emergency Action Plan (DEAP). The land in the municipality is mainly devoted to residential,

industrial and rural uses, as listed in Table 1.
Concerning the estimation of potential consequences, po-

tential loss of life and economic damages are obtained fo4.3 Phase Ill: study of the current situation — definition
residential and industrial areas. Neither the potential conse- of the Base Case
quences in rural areas nor those for infrastructure are consid-
ered. Potential consequences are only estimated within thén this phase, the system and tBase Casere described.
urban area and not at the whole municipality. Flood risk is analysed by considering the following sources
of flood hazard: pluvial flooding due to rainfall events at the
urban catchment area and river flooding from the natural flow
regime of the river.

Therefore, flood events are related to two main sources of
hazard:

4.2 Phase Il: review of available data and description of
the case study

4.2.1 Location

This town is located in Spain. The municipality is divided

into five urban areas. The main urban area, a traditional agri
cultural village with a population of about 2004 inhabitants
in 2011 and an area of 31.3 Krwill be considered for this

— Event 1: floods due to rainfall events that occur at
the urban catchment area, which result in runoff from
the combination of both urban topology characteristics
and current drainage system capacity;

analysis.

— Event 2: floods due to rainfall events that occur at the
river catchment area, which result in flow discharges
along the river course.

4.2.2 General description of the system

The river and the dam are managed by the Duero River

Authority. A previous analysis was carried out in 2010 at Due to climate and topographic conditions of the study area,

the Universitat Politeécnica de Valéncia (Sanz-Jiménez et al.it can be assumed that both rainfall events are related. Conse-
2012) and provides the necessary information to estimate inguently, the overall scheme shown in Fig. 4 has been used as
put data for the risk model in terms of dam failure modes, reference scheme to develop the risk model architecture for
peak flow discharges, maximum water pool levels, floodthis case study.

depths, flooded areas, etc. It also provides data regarding the

natural flow regime of the river that is used further in this 4.4 Phase IV: definition of the risk model architecture

analysis to define the situation for tBase Case ] ]
Two influence diagrams have been developed ad hoc for the

case study. The first diagram (Fig. 7) is used to analyse the
current situation (i.e. the natural flow regime of the river and
Population increases during the day and in summer. Data@onsidering the existence of the drainage system). The sec-
from the Spanish National Statistics Institute showed a totalond diagram (Fig. 8) makes possible the incorporation of all

4.2.3 Demography
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day/night flood }—D{ Qmax }—D{ lives }—D{ eur ’

Fig. 7. Risk Model 1.Base Casénatural flow regime of the river and drainage system).
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Fig. 8. Risk Model 2. Pluvial flooding and river flooding including the existence of the dam.

N35

RSN

information regarding pluvial flooding and river flooding in- Table 2. Nodes for Risk Model 1.
cluding the existence of the dam (Phase X).

Figures 7 and 8 show the defined influence diagrams. Ta- Node Definition
bles 2 and 3 define the information provided for each node season; day/night  include probabilities to incorporate seasonal
of the influence diagrams. This information is combined to and daily variations of population at risk
estimate probabilities and consequences of all flood events.  figod; Qmax include return periods of rainfall events and
Potential consequences are estimated by combining inputs resulting peak discharges at the river course
from the two types of flood events (pluvial flooding and river and runoff rates at the study site
flooding from the natural flow regime of the river), avoiding Iives: eur include estimations of potential loss of life
double counting by considering the maximum number of po- and economic damages

tential fatalities and economic damages from both sources of
flood hazard for each flood event.

) ] ) ) 45.1 Loads
4.5 Phase V: estimation of input data for the risk model

) .. Input data regarding pluvial flooding includes information of
Input data for the risk model can be generally classified inf5q eyents resulting from rainfall episodes for return peri-

three_ categ_orie_s: Ioads,_ system response and consequencggg up to 100yr. This upper value is based on the charac-
In this section, information to characterize Base Casés  qristics of the urban catchment area, where it is assumed
summarized (natural flow regime of the river and existing y4¢ rainfall rates for higher return periods do not exceed
drainage system). significantly the obtained estimates for the rainfall event of

Infor'mation has bgen mainly obtaineq from existing.hy' 100 yr of return period. Maximum annual daily rainfall rates
drologic and hydraulic models and additional calculations .. jisted in Table 4.

have been carried out to estimate potential consequences.
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Table 3.Nodes for Risk Model 2.

Node Definition

season; Probabilities of different time categories (e.g. summer/day, winter/night) to incorporate seasonal and daily variations
day/night of population at risk

flood Range of return periods related to inflow hydrographs into the reservoir and rainfall events at the urban area

runoff Runoff characteristics at the study site

lives_plu; Consequence estimations in case of pluvial flooding (life-loss and potential economic damages, respectively)
eur_plu

WPL; BO Op; Previous water pool levels (WPL) and reliability of dam outlet works (BO Op, Spillway OP)
Spil.Op

Routing Maximum water levels and peak flow discharges obtained from flood routing analyses based on previous information
on water pool levels, gate reliability, etc.

FM Four failure modes are characterized and conditional failure probabilities are included in nodes denoted as N or D
NO8 FM2 and FM3 First node: existing sliding plane

NO9 FM2 and FM3 Second node: degradation surface

N10 FM2 and FM3 Third node: loss of efficiency of drain wells

N11 FM2 and FM3 Forth node: hydraulic connection

N13 FM2 and FMS3 Fifth node: permeability injections

D02 FM2 Sixth node: no detection

Nfailure FM2 and FM3 Last node: failure probabilities based on water pool levels

N16 FM3 Sixth node: silting of drains

D03 FM3 Seventh node: no detection

N31 FM5 First node: stilling basin erosion

N32 FM5 Second node: stilling basin breach

D05 FM5 Third node: no detection

N33 FM5 Forth node: scouring

N34 FM5 Last node: Failure probabilities based on discharges at the stilling basin
N35 FM6 First node: Foot erosion

N36 FM6 Second node: Upwards erosion

N37 FM6 Last node: Failure probabilities based on water pool levels (overtopping)
Qbr Peak flow discharges in case of dam failure based on water pool levels

lives_br; Estimations of potential loss of life and economic damages in case of dam failure
eur_br

lives_nobr; Estimations of potential loss of life and economic damages in case of flood routing
eur_nobr

lives_total; Overall results including the three sources of flood hazard

eur_total

These values have been obtained from hydrological stud4.5.2 System response
ies based on a rainfall gauge located 20 km from the urban
area, using a Gumbel distribution (PGOU, 2009). Regarding pluvial flooding, the urban catchment area can be
Concerning the natural flow regime of the river (with a divided into four zones based on urban topology (e.g. build-
mean annual peak discharge of 293gm!), hydrographs re-  ing typology, slope and width of streets, etc.) and land-use
sulting from rainfall events for return periods that range from distribution. From existing hydrologic studies, runoff rates,
2 to 10000yr are used. Simulations from a 1-D hydraulic flood depths and velocities are obtained in the streets of all
model in HEC-RAS for 12 different hydrographs (return pe- zones to estimate flood severity levels for each flood event
riods from 2 to 10 000 yr) are used for analysing flood extent,(Escuder-Bueno et al., 2012).
flood depth, arrival wave time, etc. in downstream areas. Concerning the natural flow regime of the river, flooded
areas, flood depths, peak discharges, and arrival wave times
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Table 4. Maximum annual daily rainfall rates at the case study. Table 6. Reference costs for estimating potential economic

damages.
Return period Maximum annual
(yn daily rainfall rate (mm) Category Rate  Value, Value,

ear ear

> 708 002 2011
10 84.1 €m? (Eem?
25 101.0
50 113.4 Residential areas 56.3 46.2 58.5
100 125.8 Industrial areas 18.8 15.4 195

Note: a rate of 100 is equal to &m2 (2002).
Table 5. Time categories and probabilities.

Time category Population Season Time category According to existing studies (COPUT, 2002), the refer-
(inhabitants)  probability probability ence values shown in Table 6 are considered, based on a

TC1 Summer/day 3060 0.208  0.208.604=0.126 scale ranging from 0 to 100, where 100 is equivalent to an

TC2 Summer/night 2804 0208 0.208).396=0.077  aconpmic value of 8 m~2. Values are calculated based on

TC3 Winter/day 2260 0792  0.7920.604=0.478 ice ind lues for 2011

TC4 Winter/night 2004 0792  0.7920.396=0.292 consumer price index values for -

—— : : — Generic depth-damage curves were proposed by

Note 1: “Summer”-“Winter” time categories refer to different consequence estimations, .

where the Summer category implies higher population at risk: it is considered that USACE (2000)- Values for propertles of two or more

this increment on population occurs 2.5 months per year (2.5/12=0.208), from July  stories without basements are used for this case study, based

until mid-September. s

Note 2: “Day”-“Night” time categories refer to different on average urban typology for each sub-area within the

consequence estimations where Day category implies higher exposure and higher yrban area. Damage to content is not considered as the

population at risk (mainly in the industrial area): a value of 9.5h (9.5/24=0.396) is f | . d b

assumed as the average number of daily non-working hours. reierence value (m €uros per square metre) propose y
COPUT (2002) for different land uses does include not only
the value of the structure but the content also. Therefore,

provided by the analysis carried out in 2010 (Sanz-Jiménezhe reference value differs depending on the land use to

etal., 2012) and a 1-D hydraulic model are used. which the flooded area under consideration is assigned
(two land-use categories are considered: residential and
4.5.3 Potential consequences industrial).

Finally, potential economic damages are estimated for

The estimated population in this case study is 2004 inhabg, 1, flood event by adding direct costs among all sub-areas.

itants. However, daily and seasonal variations exist accordrpq resulting total direct cost is multiplied by a factor 1.27

ing to the available demographic data. Therefore, four timey, jncorporate indirect costs. This factor includes disruption
categories are set as shown in Table 5 in order to reflechs , jic services, general costs of flood control intervention
that variability (where summer season ranges from 1 July, gisryption of secondary activities. Values for this factor

to _15 September and daytime category ranges from 08:00 19 ,on0sed in COPUT (2002) for different municipalities
22:30 UTC+ 1). Probabilities for each category are listed in ;, Spain, based on total population, affected area, population

Table 5. ) » ) density, and rate of employment, among other variables.
Potential fatalities for each time category and flood event 141 costs for theBase Casén case of pluvial flooding

are obtained by multiplying population exposed to the flood 3 the natural flow regime of the river are shown in Table 7.
by fatality rates. For the analysis, fatality rates proposed in

Escuder-Bueno et al. (2012) are used for estimating potentiak g phase VI: risk calculation

loss of life in case of pluvial and river flooding (natural flow

regime of the river). All previous information on loads, system response and con-
Potential economic damages are obtained by estimatingequences in case of pluvial and river flooding is incorpo-

direct and indirect costs from flooding. For estimating di- rated in the risk model, represented by the influence diagram

rect costs of flooding, the urban area is divided into sub-areaghown in Fig. 7. Risk calculations are performed using the

with similar urban characteristics (mainly building typology iPresas software (Serrano-Lombillo et al., 2009), developed

and land use). Then, direct costs of flooding are obtained fogt the Universitat Politécnica de Valéncia.

each sub-area by multiplying three factors: (1) a reference

value (in euros per square metre) based on the land use ca4-7 Phase VII: risk representation

egory (two categories are considered: residential or indus-

trial); (2) the extent of the flooding within the sub-area, and Risk outcomes from iPresas software are obtained to repre-

(3) a percentage of damages based on flood depth. sent FN- and FD-curves for the situation before dam con-

struction Base Casg Results show that the total societal and
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Table 7. Example of estimated potential fatalities and economic ~ 1&
damages for thBase Case LE0L
1E02
Time category River  Pluvial o ~
flooding flooding L
Omax=1097 st T=100yr LE04

Annual exceedance probability, F

Potential fatalities (TC1) 11.1 3.3 HE K
Potential fatalities (TC2) 19.7 0.3 1E-06 \\
Potential fatalities (TC3) 8.2 2.4 1E07

Potential fatalities (TC4) 14.1 0.2 e

Potential economic damageg) 9899692 6911030 :

1.E-09

1E-10
1 10 100

Potential fatalities, N

economic risks (area under the FN- and FD-curve) have been
estimated as 0.097 livesyrand 3.86 ME yr—1, respectively ~ Fig. 9. FN-curve for theBase Case
(Figs. 9 and 10). Total societal and economic risk can be ob-

tained by considering the area under the FN- and FD-curves. ;e.q

1E-01
4.8 Phases VIlI: flood risk evaluation LE02 \\

1E-03 \

There are no applicable standards or tolerability criteria in
terms of urban flood risk to evaluate this case study.

The main objective is to analyse the situation after the con-
struction of the dam, including the implementation of the
DEAP, and the situation after additional non-structural mea-
sures of public education and warning.

1E-04 \
1E-05 \
1.E-06

1.E-07

Annual exceedance probability, F

1E-08

1E-09

1E-10
1,000,000 10,000,000 100,000,000

4.9 Phase IX: sensitivity and uncertainty analyses

Potential economic damages (euros)

A sensitivity analysis of the established conditional probabil- Fig. 10.FD-curve for theBase Case
ities for all dam failure modes is further described in Phase X,

after the study of the situation after dam construction. Uncer-

tainty analysis is not considered for this case study. Risk model architecture

410 Phase X: risk reduction measures Figure 8 shows the influence diagram for this case. All the
information required to characterize loads, system response
and consequences is listed in Table 8 (failure modes are later

In addition to theBase Casetwo other situations are described). The risk model includes four dam failure modes

analysed. (Sanz-Jiménez et al., 2012): two failure modes related to
structural-geotechnical aspects (slippage of dam blocks) and
4.10.1 Situation after dam construction, including the two failure modes related to failure of outlet works (e.g. still-
Dam Emergency Action Plan (DEAP-Case) ing basin erosion or undermining of the toe of the dam).

Based on th®ase Casgthe situation after dam construction, Loads: river flooding including the dam

denoted aDEAP-Caseincludes also the implementation of

the Dam Emergency Action Plan. Its impact can be incor-Annual exceedance probabilities of different inflow rates at
porated into the risk model by estimating new loads, systenthe reservoir are considered. Figure 11 shows inflow dis-

response and consequences. charge distributions at the reservoir for five different annual
Dam construction costs are established as 18D hd  exceedance probabilities (PAE, with units of §y. Dam fail-
DEAP annual maintenance costs as 0.08M ure is analysed based on inflow rates at the reservoir for re-

Input data for pluvial flooding do not vary from tigase  turn periods up to 100 000yr. Estimations of feasible pre-
Case The DEAP provides the necessary information to vious water pool levels at the reservoir are also obtained
characterize loads, system response and consequences {&ig. 12). Gate reliability of bottom outlet works is estimated
this case. as 85 % (the spillway is uncontrolled).
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Table 8. Failure modes considered for the analysis.

Failure mode Description

FM2 Given a certain water pool level, on the embankment of a block close to the centre but not included in the overflow
section. It starts from the existence of a sliding surface with enough continuity through the San Fermin fault and a
degradation of the surface (which could include a limonite-sandstone contact), giving rise to a loss of effectiveness
of the drainage wells, together with feasible influences from San Fermin fault (three uplifts laws). The dam fails finally
by sliding.

FM3 Given a certain water pool level, on the embankment of one of the baffle blocks, it starts from the existence of a sliding
surface with enough continuity through the San Fermin fault and the existence of degradation of the surface (which
could include a limonite-sandstone contact), giving rise to a loss of efficiency of the drainage wells, together with
feasible influences from San Fermin fault and the possibility of drain silting and its break (six uplift laws). Finally, the
dam fails by sliding.

FM5 Related to a continuous discharge through the stilling basin, and involves erosion of the basin itself or the downstream
toe of the basin, by headcutting or continuous concrete degradation. The stilling basin loses its structural integrity and
leaves the ground uncovered. Erosion continues and reaches the toe of the dam and it is undermined. Finally, dam failure
occurs due to a hybrid mechanism of settlement, overturning and sliding.

FM6 Related to continuous overtopping, erosion on the toe of any block. This process takes place until the downstream toe is
uncovered. Erosion continues undermining the toe of the dam and, finally, dam failure takes place by a hybrid mechanism
of settlement, overturning and sliding.
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Fig. 11.Inflow rates at the reservoir for several annual exceedance
probabilities (PAE). Fig. 12.Exceedance probabilities of water pool levels (WPL) at the
reservoir.

System response: river flooding including the dam

and two on the performance of the drainage system (good,
A multidisciplinary group of professionals (33 participants), bad). Depending on the definition of the failure mode, ei-
covering different areas of knowledge such as geologyther three or six (X 2) possible uplift resulting laws had to
hydrology, seismicity, materials, dam design, construction,be then considered to account for all the combinations. The
monitoring, hydrology, etc. was actively involved in 2010 conditional probabilities that characterize each failure mode
in the development of the different risk assessment activi-were obtained by expert judgement.
ties to characterize loads, system response and consequence§wo series of flow discharges are considered: discharges
in case of failure of this dam (Sanz-Jiménez et al., 2012).due to failure cases and flood routing cases (Table 9).
Four failure modes are considered in this analysis (denotedrlooded areas are obtained based on inundation maps from
as FM2, FM3, FM5 and FM6). These failure modes are re-hydraulic simulations using the software tool MIKE11.
lated to potential sliding due to the existence of the San FerFlood depths and arrival wave times are also obtained from
min fault or failure of outlet works in a hydrological event. hydraulic modelling.
Table 8 gives a short description of each failure mode. Dif- A sensitivity analysis of established conditional probabil-
ferent assumptions on the uplift distribution were made toities for all failure modes was also conducted. With that pur-
account for three different hypotheses on the permeabilitypose, lower and upper estimates obtained from expert judge-
of San Fermin Fault (very low, intermediate, and very high) ment are also incorporated into the risk model and results
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Table 9. Selected flow discharges in dam failure and non-failure cases for estimating consequences.

Dam failure cases 574 15034 37629 56878 81039 107162 116871 121323
0 (m3s71)

Non-failure cases 99 122 245 352 633 783 - -

0 (m3s71)

1.E+00 1E+00

LE-01 LE-01 4\

1E-02 Ll 1E02 —— DEAP-Case
——DEAP-Case — — CaseL
1E-03 = = CaselL | 1E-03 weeees CaseU

1E-04 LE-04

1E05 1.E-05

1E-06 1.E-06

LE-07 ! B
1 L‘
1E-08

1.E-07

1.E-08

Annual exceedance probability, F
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\ 1.E-09
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1E-10
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1E-11
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Potential economic damages, eur
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Fig. 13.FN-curves for the DEAP-Case and sensitivity analysis. Fig. 14.FD-curves for the DEAP-Case and sensitivity analysis.

are denoted as Case L and Case U, respectively (best esfilowever, if total societal or economic risk is considered (area
mates were used in tHBEAP-Cas} Table 10 shows the es- under the FN-curve and F-D curve, respectively), then risk
tablished values from expert judgement for all nodes of the®Sults do not show significant differences in comparison
risk model associated with failure modes (Nodes N and D'WI'[h the DEAP-case since these values are more influenced

wherea, b, ¢ denote different estimates for the same nodePY the impact of pluvial flooding in the urban area (high

based on discharges or overtopping heights). probability events).
Potential consequences: river flooding including the 4.10.2 Situation with non-structural measures of public
existence of the dam education and warning (NonSt-Case)

Potential affected elements (e.g. households, industrial arBased on theDEAP-Case the situation with new non-
eas, etc.) are identified from hydraulic simulations. Basedstructural measures, denoted\nSt-Casgincludes a Pub-
on flood characteristics (e.g. flooded area, flood depth, peakc Education and Warning Programme (PEWP). The imple-
discharge at the study site, arrival wave time, etc.), populamentation cost of this programme is 50 G®¢annual main-
tion at risk is obtained by quantifying the number of affected tenance costs of 15 0G).

households and the number of inhabitants. Fatality rates are Its impact can be incorporated into the risk model by
obtained from reference fatality rates proposed in Escuderestimating new consequences. With regard to potential fa-
Bueno et al. (2012) based on available warning times andalities, lower fatality rates can be used for analyzing plu-
flood severity. The number of potential fatalities)(for the ~ Vial flooding for situations with advanced warning systems.
DEAP-Casés given in Table 11 for the largest flood events In case of river flooding, including the dam, fatality rates

in failure (Qurg) and non-failure case®re).- associated with this situation are established at level 10
(highest level of flood severity understanding from advanced
Results risk communication and public education programmes and

highly coordinated emergency services) from the classifica-
Figures 13 and 14 illustrate the results for the three cases wittion proposed by Escuder-Bueno et al. (2012). In general,
lower (Case L), upper (Case U) and best estimates (DEAPthe impact of non-structural measures on potential economic
Case) of probabilities for failure mode characterization. Asdamages is estimated by considering the state of knowledge
it can be observed in both graphs, the FN- and FD-curve®n the relationship between lead warning times and reduction
for both cases move upwards or downwards as the dam failen potential damage depending on flood depth (Messner et
ure probabilities shifts in comparison with the DEAP-Case. al., 2007; Parker et al., 2005; Penning-Rowsell et al., 1978).
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Table 10. Probability estimates for all failure modes (lower, best
and upper estimates). LEOL e et T
P S O O e oeapcass| | | |1
Node Failure  Lower Best Upper . 1608 \‘1 |7 Norstpee
mode  estimate estimate estimate g \ L
E 1E-04
NO8  FM2 01800  0.2800  0.3550 = 1e0s T
NO9  FM2 01050 0.1583  0.3083 S eos ! ™
N10  FM2 00543 0.1229 0.2143 § . immm-- )
N1l ~ FM2 00683 0.1500 0.2333 g L [
N13 FM2 03786 0.4714  0.5857 e '
D02 FM2 0.0686 0.1429 0.2429 LE-09 \
N16 FM3 0.0700 0.1429 0.1929 1E-10 : :
D03  FM3 01071 02357 0.3786 ' ° o o
D05 FM5  0.6214 07000 0.8264 Potentialfalies, N
N3la  FM5 0.0143 ~ 0.0343  0.0629 Fig. 15.FN-curves for all analyzed situations.
N31b FM5 0.0271 0.0586 0.0843
N31c FM5 0.0571 0.1100 0.1500
N32a  FM5 0.0100 ~ 0.0300 ~ 0.0729 Annualized costs are obtained to calculate an indicator of
N32b FM5 0.0171 0.0557 0.1214 L. . .
N32c  FMS 00286 00743  0.1429 the economic risk reduction genera_ted by the |mplem_en_ta-
N33a FM5 0.0229 0.0486 0.0900 t_|0n of the measure. _The AC_SLS_(adJu_sted cost per statistical
N33b FM5 0.0471 0.0957 0.1571 life saved) indicator is used in this article (ANCOLD, 2003)
N33c FM5 0.0729 0.1214 0.2071 and it follows the expression given in Eq. (5). This indicator
N34 FM5 0.1629 0.2571 0.4214 can be used to figure out whether measures reduce risk in
N35a FM6  0.2050 0.2300  0.4083 an efficient and equitable way. Bowles (2004), in a prelimi-
N35b  FM6  0.2550  0.4083  0.5083 nary way, proposed that a measure is very justified with an
N35c FM6  0.4143  0.5571  0.6729 ACSLS lower than USD 3 million and is not much justified
N36a FM6 01357 01614  0.2386 with an ACSLS higher than USD 140 million. This indicator
N36b FM6 0.1686 0.2457 0.3286 is defined as
N36¢ FM6 0.2429 0.3143 0.3929
N37 FM6 0.0671  0.1714  0.3143 Ca — (E[Rg] — E[RR]) — (O[Rg] — O[RR])

ACSLS =

©)

(E[Ng] — E[NR]

o . ) , . whereCp is the annualized cost of the risk reduction mea-
However, it is conS|_dered that a measure |nvoIV|.ng wamingg e £ Re] and E[Rg] are the estimates of total economic
systems should be implemented along with public educationiq, pefore and after implementing the measwéRg] and
actions, as it is assumed that warnings are only effective ifO[RR] are the operational costs of the dam, aidVe] and

the population at risk has a certain level of knowledge on 1 are the estimates of total societal risk. In this case
how to act in case of a flood. Therefore, reduction of pOte”'study, dam operational costs are considered constant.

tial economic damages (e.g. from installation of waterstops Figures 15 and 16 show the FN- and FD-curves, which
to prevent water from entering households) can only be conzoesent societal and economic flood risk for the anal-
sidered if public educational activities are in place. In this ysed situations: thBase Casdsolid line), theDEAP-Case

case, a reduction of the estimated damages can be aChievefjdashed line) and th&lonSt-Caseor situation with non-
The annualized cost of the Public Education and Wamingstructural measures (dotted line)

Programme (PEWP) is obtained based on implementation Results for the DEAP-Case show that

approxi-
and maintenance costs and the expression given in Eq. (4)nately 360 fataliies result for an annual PP

cumulative
exceedance probabilityF() of 1x 10°8 for the situation
after dam construction. Results show that the total prob-
ability of failure is 3.7x 10~7, which corresponds to the
horizontal part of the FN-curve. The combination of pluvial
whereCa is the annualized cost of the risk reduction mea- flooding and flood routing cases reach a maximum number
sure, Cint is the implementation costiman is the mainte-  of approximately three fatalities. This value is only exceeded
nance costr is the discount rate and the dam lifespan. by dam failure cases.

It is considered that this measure is implemented in one By comparing th&EAP-Casavith the situation with non-
year, the lifespan of the dam is 75yr and the discount ratestructural measuredNonSt-Cask it can be observed that

is 5%. As a result, the annualized cost for the programme ighe whole FN-curve moves to the left as the level of conse-
17 441€yr 1, quences is reduced, due to the existence of improved warning

Cint .”'(14‘")”
@A+r) @Q@+rn -1

Ca = Cman+ 4)
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Table 11. Example of estimated potential fatalities and economic damages f@EAd-Case(river flooding including dam failure and
flood routing).

Results River flooding River flooding Pluvial
dam failure case non-failure case flooding
Ops=121323ms 1 Qnpe=783nPs™1  T=100yr
Potential fatalities (TC1) 187 0.1 3.2
Potential fatalities (TC2) 361 0.1 0.3
Potential fatalities (TC3) 138 0.1 2.4
Potential fatalities (TC4) 258 0.1 0.2
Potential economic damage8) 27980109 2522812 6911030

Note: TC denotes “time category”.

Table 12.Total flood risk for the case study.

ID Case Societal Economic ACSLS
flood risk flood risk indicator
(livesyrd) (€yr'l) (€lives ]

Base Case Drainage system and natural flow regime of the river 0.097 3846323 Not applicable
DEAP-Case Drainage system and dam, including EAP 0.194 8350939591730 0)
NonSt-Case  Drainage system and dam, including EAP and non- 0.069 67283758041 k 0)

structural measures of public education and warning
(Public Education and Warning Programme)

LE#00 increases the expected level of potential economic damages

oL == Em— —— for theBase Case

1602 I DEAP-Case Table 12 shows the results of total societal and eco-

s nomic flood risk for each situatioBase CaseDEAP-Case

\ and NonSt-Case These values are obtained from FN- and

FD-curves where they represent the area under each curve.

\ Therefore, values are given in terms of livesyand€ yr-!

e \ (or M€yr1).

i Results show that a risk reduction of, approximately,

0.13livesyr! may be obtained after implementing non-

structural measures of public education and warning based

000 10000000 100,000,000 on the proposed programme. In addition, both ACSLS in-
Potential economic damages, eur dicators for theDEAP-Caseand NonSt-Casere negative,

thus the implementation of both measures (dam construction

and public education and warning programme) are justified

in terms of efficiency.

1E-03

1E-04

1E-05

1E-06

[—

Annual exceedance probability, F

1E-08

1E-09

Fig. 16.FD-curves for all analysed situations.

4.11 Phase XI: risk management and governance

systems and higher flood severity understanding, when all
sources of hazard are considered. In this case, the maximuirom the risk outcomes shown in Figs. 16 and 17, it has been
number of potential fatalities is approximately 70 casualties.demonstrated that potential fatalities in case of dam failure

Reduction of economic damages for flood events withare significant but related to low probabilities. The imple-
low flood depths (e.g. pluvial flooding) is considered for mentation of non-structural measures of public education,
the situation with non-structural measures of public educa-warning and improved coordination schemes in case of flood
tion and warning. Therefore, the FD-curve varies for the emergency may reduce existent risk by improving the imple-
NonSt-Casgdashed line). Economic damages for “high- mentation and impact of the Dam Emergency Action Plan.
probability” flood events are higher for tHgase Caseas it The guiding principle for flood risk management and gov-
includes river flood events from the natural flow regime of ernance to protect this urban area should be ensuring ef-
the river. As it is observed from the FD-curve, dam failure fective communication mechanisms among dam operators,
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Current and future
research lines
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(*) Escuder-Bueno et al. 2012

Fig. 17.Current and future research lines within the risk analysis-governance framework.

emergency services and local authorities to ensure a quick raisk in urban areas. The goal of this methodology is to pro-
sponse in case of emergency (i.e. increasing available warnvide a tool for flood risk analysis that integrates all infor-
ing times). mation regarding several sources of flood hazard. Reinforce-
Annual education programmes on flood risk, improved ment of best policies (e.g. urban planning, emergency man-
warning systems and training exercises require relatively lonagement, civil protection, etc.) and good governance may be
economic and technical resources (the annualized cost for thachieved by using the outcomes of flood risk analysis.
programme is 17 44€ yr—1) when compared to their poten- ~ The use of risk models provides a logic and mathemati-
tial for risk reduction. Results show that societal risk would cally rigorous framework for compiling information. In addi-
decrease from 0.194 livesW, for the situation with only a  tion, integrated societal and economic quantitative risk out-
Dam Emergency Action Plan, to 0.069 livesyr for the sit-  comes can be obtained. The relevance of quantitative flood
uation with improved public education and warning. In addi- risk analysis in urban areas is supported by the obtained
tion, results show that economic risk would decrease fromresults, indicating that FN- and FD-curves are helpful and
0.835 M€ yr-1, for the situation with only a Dam Emer- comprehensive tools to represent flood risk. These curves are
gency Action Plan, to 0.673 M yr—1, for the situation with  the basis to illustrate risk quantification and the effect of dif-
improved public education and warning (i.e. the estimatedferent measures on flood risk reduction. Thereby, they prove
reduction on economic risk is larger than the annualized costo be helpful in comparing and analysing mitigation mea-

of the proposed risk reduction measures). sures. Furthermore, FN- and FD-curves may be used to com-
pare estimated risks against tolerability criteria or historical
data.

5 Conclusions and further research lines The proposed methodology has been applied to a case

study to analyse flood risk after dam construction and the
In the first part of this article main concepts on flood risk jmpact of the non-structural measures of public education
analysis, assessment and management are presented warning. The results suggest that, for the case study site,
discussed. flooding from the river and pluvial sources results in a low
This article presents a comprehensive methodology to inumper of fatalities, whereas flooding from dam failure re-
tegrate the analysis of pluvial flooding, river flooding and sylts in a high number of fatalities. The results of the analy-
flooding from dam failure into urban flood risk analysis t0 sjs of non-structural measures confirmed that current risk is
provide better and more complete information to decision-sensitive to warning times. Therefore, the implementation of
makers on flood risk management. The methodology startghe Dam Emergency Action Plan, along with additional non-
from a methodological piece developed within the SUFRI stryctural measures of public education and warning, would

project and includes the analysis of dam failure and non-considerably reduce the number of potential fatalities at the
failure cases (flood routing) to quantify and evaluate flood
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urban area in case of dam failure. Based on the existent flooédited by: H. Kreibich

risk and the potential of non-structural measures on risk re-Reviewed by: W. Fiedler and three anonymous referees
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