POLITECNICO DI MILANO

School of CiviEnvironmentabnd Land Managemetingineering

Master of Science in Civil Engineering for Risk Mitigation

Flood Damage Assessment in Support of the
Definition of Risk Mitigation Strategies:
The Case of Lodi

SupervisorDr. Daniela Molinari
CosupervisorsDr. Alessio Radice
Dr. Giulia Pesaro
MSc Thesis of
Edoardo Gattai
Matr. 873870

Academic Year 2017/2018



&3S AyaSyiaAazyltte oflylé



Acknowledgements

| would like to express my sincerest gratitude to my thesis advisoD&miela Molinari of the
Department of Civil and Environmental Engineering at Politecnico di Milano for the support, advices
and valuable comments during the development of this thesaisyvays provided with great
enthusiasm and enviable charisnfarther thanks for the opportunity of working withihe project
FloodIMPAT+, developing skills and acquiring knowledge on a topic that | hope can be a strong
component of my future work.

Hearfelt thanks go to the cadvisor Dr. Alessio Radicgf the Department of Civil and
Environmental Engineering at Politecnico di Milano for the precious teachings and advices in the
first part of this thesisfor which | am gratefully indebtednd for the kindness and calm way with
which he has always dtessed tome.

Sincere thanks go also to the-advisor Dr. Giulia Pesaro of the Department of Architecture and
Urban Studies at Politecnico di Milano for the valuable teachingsaaivice on economic aspects
of the risk management, of which | will make precious insiae future.

| would like also to acknowledge to Dr. Renato Vacondio and Dr. Susanna Dazzi of the Department
of Engineer and Architecture at Universita degli Studi di Pdonéhe fundamental support and
patience provided to me in learning the software used in the hydraulic modelling.

Specialthanks go to Dr. Scira Menoni of the Department of Architecture and Urban Studies at
Politecnico di Milandfor letting me know and ppreciate since the first class the topic of risk.

Greatest gratitude goes to my babbo Carlo, my mother Laura, my brother Enrico, my girlfriend Anne
and Jack for thenfailingsupport, encouragement and love showmme throughout my university
career,full of joy but also pitfalls, overcomes thanks to them too.

A dutiful thanks to my colleague Valetrior the great work done together in this adventurous
academic journey, always achieving excellent results.

Eventually, i would thank my friendsdvtone, BernardpMarcoand the rowing team mates, who
have helped meo relievemoments ofstress witha good beer and sincere laughs.



Abstract

Riverine floods areaturalphenomenahat affect manypeopleliving in floodplain areas and cause
serious damages to the built environment, urban services and natural ecosystem. In this regard, the
EU Flood Directive007/60/ECQrequires member States to establish flood risk management plans,

in order to reduce the potential adverse consequences causeab#ifig.

This thesis has been developed within the resegrobject FloodIMPAT+ (an Integrated Meso and
micro-scale Procedure to Assess Territorial flood rigkdertaken by the Politecnico di Milano in
collaboration with thePo River District anthe partnership of several other stakeholders. The
project aims at improving the quality of flood hazard maps and at develdpoig for quantitative
damage assessment to residential buildings, agricultural sectors and other important, dsdsts
implemented in Flood Risk Management PI&RRMP) Theprovince ofLodihas been selected as a

case study for the research work, because it was hit by a large flood in 2002 and several data are
available for this event.

After such eventseveral protective stretures (banks) were designed, part of which are now in place
while others are to be built in the future. The thesis assesses the effectiveness of the structural
mitigation measures built on the hydraulic right of the Adda riweith tools developed by Fbal-
IMPAT+ Five return periods have been considered and, for each of them, hazard maps were
produced for a condition before the bank construction and a condition with the new structures in
place. The hazard maps were produced by-thimensional river modéhg, taking advantage of a
preliminary calibration of the model with reference to the flood of 2002. For all the ten scenarios
(corresponding to five return periods for two conditions), a monetary estimation of damages to
residential buildings and agrit¢utal activities has been obtained with the INSYDE and AGRIDE
models, respectively. The yearly benefits of flood protection, quantified as the avoided damages,
have been compared to the annual costs of the mitigation measures in éeasfit analysisA
positive result of the benefitost ratio (B/C) shows the usefulness of the structural defences.
order to supply a more comprehensive appraisal of benefitaight by the structure, dmages to

other assets, such as economic activitiegportant facilties and services, have been estimated in
terms of exposure to flood; the results of the assessment should be also considered and included in
a multi-criteria analysisThese nomuantifiable benefits would enrich the result obtained from the
B/C, remarkig the importance of wider analysisin order to assesthe efficiency of flood risk
mitigation measures.

Keywords flood risk, urban flood modelling,flood damage assessmenCBA for flood risk
mitigation, MCA for flood risk mitigation



Abstract (Italian version)

Lealluvionifluviali sono fenomeni naturali che colpiscoao elevato numero di @rsoneresident

in zone a rischioalluvionalee causano gravi danni all'ambientmstruito, ai servizi urbani e
all'ecosistema naturale. A tale riguardo, la direttiva europea sulle alluvioni 2007/60 / CE impone agli
Stati membri didefinire piani di gestione del rischio di alluvione, al fine di ridurre le potenziali
conseguenze negative provdeala questo tipo di eventi

Questa tesi € stata sviluppata nell'ambito del progetto di ricerca FIBBRAT + (una procedura
integrata alla piccola e medigcala per valutare il rischialuvionaleterritoriale), intrapresa dal
Politecnico di Milano in cllborazione conQ! dzi 2 NA Gt RA SAadidebi@iz2 R
partecipazionai altristakeholdersll progettoha come obiettivo quello dnigliorare la qualita delle

mappe dipericolositaalluvionalee di sviluppare procedure per la valutazione quantitativa dei danni

agli edifici residenziali, ai settori agricoli e ad altri importaetitori, da utilizzare come base per i

Piani di Gestione Rischio Alluvioni (PGRA)provincia di Lodi e stata selezionatane caso di

studio per il lavoro di ricercgoichécolpita da unagrave alluvione nel 2002 @erchédiversi dati
sonostati residisponibili per questo evento.

Dopotale eventq sono state progettate diverse struttudi difesa(muri arginali e arginniterra),
parti delle quali sonayia state costruitementre altre verranno aggiuntén futuro. La tesi valuta
I'efficacia delle misure di mitigazione costruite destra idraulica del fiume Addaon modelli
sviluppati da FloodMPAT+ Sono stati considetiaeventi concinquetempi di ritorno diversie, per
ciascuno di essi, sono state prodotte mappealfagamentoper una condizionentecedente la
costruzionedegli argini di difesa per una con le nuove strutture in atto. Le mappeatiagamento
sono state prodottecon unamodellizzazione fluviale bidimensionaéeseguito duna calibrazione
del modelloeseguitacon riferimentoall'alluvione del 2002. Per tutti i dieci scenari (corrispondenti
ai cinquetempi di ritorno per due condizioni), undisma dei dannin termini monetariper gli edifici
residenziali oer le attivita agricole € statottenuta utilizzando, rispettivamenté,modelli INSYDE
e AGRIDE. | benefici annuabttenuti dalla protezione @lle alluvionj in termini didanni evitatj
sono stati confrontati con i costi annuali delle misure di mitigazibngé f Q A yui'@h&li3f ostiR A
benefici. Un risultato positivo del rapporto cosinefici (BIC)RA Y 2 & ( NI ddlleQdidsd A O C
strutturali. Al fine di fornire una valutazione (picompleta dei benefici apportati dalla struttura, i
danni ad altre attivitacome leattivita economichee le strutture con servizi importantisono stati
stimati in termini di esposizionalle alluvionj questirisultati dovrebbero esserpoi consideratie
inclusi in un'analismulti-criteri. 1 benefici non quantificabilin termini economici andrebbero
certamentead arricchire il risultato ottenuto dal B/Gjmarcandoliimportanza di un‘analisi piu
completa nella valutazione dell'eficiadelle misure dmitigazione del rischio alluviate.

Parole chiave rischio alluvionale,modellazione di alluvioni urbanevalutazione del danno
alluvionale CBAper la mitigazione del rischio alluvional®ICAper la mitigazione del rischio
alluvionale
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1 Introduction

1.1 Aim of the work

Floods are natural phenomena that involve river basins around the world, affecting a large number
2F LIS2LX S SOSNE @SINE ¢gAGK aS@OSNB az20Alf |yR
over the planet is not evenly distributed, with some areas characterised by a high population
density, usually located within flood plains. Therefore, floods have a great impact on human
settlements and natural ecosystems. Alfieri et al. (2016) estimatedfimpact at the European
''yA2Yy £S@St (2 0S F € ¢ oAfftAz2y LISNIE&SINE | FF
century observed urban flood events have been increasing in frequency, due to climate change and
dense urbanisation, and in senty as a consequence of population growth in cities located in flood
prone areas. Due to these factors, urban risk will increase in the future. As a result, improved
Y2RStfAYy3a 2F dzNBlFyYy Ff22RAY3I KIF A& 0SS9017,BSWIG A T A
as damage assessment and benefit evaluation of mitigation measures.

Italy reflects the aforementioned conditions of population diéysnd location in floodplains, as
shown inFigurel-1, which reports the number of residents per knon the left, and, on the right,

the Italian hazard distribution for flood events with return period between 100 and 200 years
According to ISPRA (Istib Superiore per la Protezione e la Ricerca Ambientale) 6 million Italians
live in areas at risk of flood, that correspond to almost 10% of the entire populaEonilia
Romagna, Toscana, Veneto, Lombardia and Liguria are the regions with the highédsitipopu
valuesin the mediumhigh hydraulic hazard scenario.

1 2 a . ¥ Z) \ " Confini regional ] { 1 o gt J'_, f L ¢ £ 5
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Figurel-1 ¢ Italian population density distribution map (ISTAT, 2011) on the left and Ita
hazard distribution for flood event with return period between 100 and 200 years (ISPR#
on the right
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To cope with flood risk, Italian legislation has implemented, with the Legislative Decree 49/2010,
the European Directive 2007/60/EC, called Floods Directive, the reference for the flood risk
assessment and management in European countries. Accordingtaftiiementioned Directive,
floods are defined as temporary inundation of areas, even with mobilisation of sediments, that are
usually not covered with water. This include floods caused by lakes, rivers, streams, artificial
drainage networks, marine floodj of coastal areas and excludes flooding not directly caused by
weather events. Flood hazards definedas the probability of occurrence of a flood event in a
certain area and in a determined time interval, while flood risk as the combination of thealpitiip

of occurrence of an event and the potential negative consequences for human health, the
environment, the assets, the economic and social activities and the cultural heritage, deriving from
the flood event. The commonly adopted definition of floaskris defined as the expected losses for
exposed elements having a specific vulnerability and affected by a given hazard (Menoni &
Margottini, 2011).

The Floods Directive is a prime example of radical change in the risk assessment and management,
inwhiOK | &A 3y AUOLI y Gcenrdd HarspectieNt® & wider uiderstandiid of risk is
proposed, which also comprises concepts of exposure, vulnerability, resilience, and the coping
capacity of systems and societies (Molinari et al., 2014). Therefle,analysis is composed
essentially by two phases: hazard assessment and potential damage quantification. The
determination of flood hazard scenarios with different return periods, consists in describing the
flooded area extents, the water depths ancethielocities, as key variables to be implemented into
damage models. The potential damage assessment relates the hazard parameters of flood scenarios
to the vulnerability and exposure of different assets, in order to quantify the expected potential
damage(Scorzini et al., 2018). Vulnerability is defined as the propensity of an element to suffer
damages as result of stresses induced by a natural or technological event. Exposure is the number
unit elements (people, buildings, economic activities, infrastites, etc.) and their value (if
guantifiable) potentially atrisk present in a given area. Eventually, a distinction between direct and
indirect damage, which may be tangible or intangible according to the possibility of quantifying the
loss in monetary tens, must be done. Direct damage refers to physical destruction of assets,
objects and infrastructures, as well as victims in terms of injuries and fatalities. Indirect damage can
0S NBFSNNBR (G2 a4 aKAIKSNI 2 NRSNJI rietat¥d-b@tBesdiredtw 2 & S
physical damages, such as business interruption, lifelines failure, impact on the environmental and
other systemic damages generated in a cascade effect.

Damage assessment can be carried outiete, in order to establiskvhich mitigation measures
better reduces potential losses for future events, ofgost to quantify and inform decisiemakers
about the incurred losses or to assess the efficiency and goodness of already built structural and
non-structural flood protections. Moreowe expost damage assessment can help to improve
emergency plans, to define priorities for future interventions and reconstructions, and it would also
provide support to insurance companies in estimating premiums (Meyer et al., 2013; Molinari et al.,
2014) The choice ahe measures to be implementetd reduce flood riskieeds a multdisciplinary
evaluationof different flood protectionghrough a MultiCriteria Analysis (which can include also a

2



CostBenefit Analysis) to demonstrate their potential bemgf namely the reduction of direct
damages, as well as indirect damages to economic activities, cultural heritage, living society and
natural ecosystem. Flood risk management requires a rational assessment of mitigation strategies,
which involves a compledecisioamaking process and many uncertainties, such as sparse and short
datasets, assumptions in statistical analysis of extreme flood events and-dapthge functions

and models. Moreover, it involves challenges in defining damages for different eleeerisk (e.g.

houses, public spaces, industries), and transferring solutions in space (from one region to another)
FYR Ay GAYS OFNRY 2yS Fi22R S@Syid (2 Iy2iKSND

This thesis work has been performed within the research praetiucted by Politecnico di Milano

with the collaborationwith the Po River Districtdenominated FloodMPAT+ (Integrated Meso

scale Procedure to Assess Territorial flood risk). The project has the main objective of exploiting alll
existing modelling capaty, and developing new one$o overcome limits of hydrogeological risk
maps developed iftalian River Districs, especially as regards risk quantification (Molinari et al.,
2016). Therefore, FloetMPAT+ aims to develdpolsin order to provide a quditative assessment

of flood risk (in monetary terms, where possible) from the meso and rscate, applicable to the
Italian territory and in line with the requirements of the Floods Directive. In particular, the project
wants to develop and implement uand downscaling methods for determining the distribution of
hazard, vulnerability and exposure variables at different spatial scales, as well as models for
assessing the potential expected damage to residential buildings, agricultural sector and other
important assets. Eventually, with the use of the aforementioned developed tools and models, the
project wants to evaluate the effectiveness of the structural mitigation measures built after the
occurrence of the November 2002 flood event in Lodi, whichbleas selected as case study for the
application of the aforesaid objectives.

This thesis work is focused on the last goal of the project and aims at assessing the potential
benefits, in terms of both quantifiable and nauantifiable avoided damages, ais from the
construction of flood protections on the hydraulic right of the river Adda in Lodi, after the severe
event occurred in 2004t is worth to specify that nowuantifiable damages are defined as those
damagedhat cannot be evaluated in monetary terms with tools developed within FIdMEAT+
and validated in the Po Plain conteaind notasthosepriceless andntangiblelossesDamages to
residential buildings and agricultural sector have been monetarilyueted and included in a Cest
Benefit Analysis (CBA), whilen-quantifiablelossedo other assethiave been analysed in terms of
exposure, to be included eventually in a Mufiteria Analysis (MCA) for a more comprehensive
assessment of the flood protaon effectiveness. In order to perform such analysis, ten flood hazard
maps have been created, simulating five floods scenarios with different severities, without and with
the presence of the build structural mitigation measures. These maps are the oésultydraulic
flood modelling, calibrated with data and observations of the November 2002 flood event in Lodi.
In order, the thesis is composed by a brief introduction of the case study, the river Adda, the
November 2002 flood in Lodi and the work perfed after the occurrence of the latter evetitat
are presented in chapter 1. Chapter 2 repattie theoretical basis of the workherent to flood
modelling and damage assessment procedures and models as support of CBA and MCA. The third
3



chapter regardsheir application to the case study of Lodi, in which the first part is devoted to the
urban flood modelling and its calibration, followed by the creation of the ten hazard maps and the

flood damage assessment to evaluate the effectiveness of the builttstal mitigation measures.

The latter is subdivided into an estimation of quantifiable losses to residential buildings and
agricultural sector, whit which a CBA has been performed, and a qualitative assessmaximum

potential damage in terms of eposure, for other important assets to be included in a more

comprehensive MCA. Eventually, at the end of chapter 3, a sensitivity artdlyfsCBA resultbas
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in a different period of the yeamas potential consequence of the climate change. Chapter 4

containing the discussion of the results and the conclusion.

1.2 Case study localisation

Lodi is an Italian town, located in Lombardia region (Northern Italy). The municipality covers an area
of 41.38 km of the biggest Italian alluvial plain call&anura Padana, the number of inhabitants is
45.252 (ISTAT, 2018) and the population density is abdf5lpeople per ki Lodi is located in

the Adda watershed, about 40 km downstream the Brembo resfluence, upseam of the Serio

river confluenceand 60 km upstream of the confluence into the Po riB&ing located nearby the
aforementioned rivers, Lodi is exposida significant hydraulic risk. Moreover, six irrigation ditches

(Squintana, Rio, Negrina, SorgiRamello e Mozzanica) on the hydraulic left and one (Roggione) on
the hydraulic right flow into the river Adda, as well as minor channels built for irrigation purposes.
The historicaupper part of the municipality has its origin on the Eghezzone hilatkxt on the
hydraulic right of the river Adda. The urban development of Lodi has brought to construction of
neighbourhoods and industrial zones in flood prone areas, nearby the aforementioned river. The

province of Lodi covers lowland and hilly territodgdicated mainly to agriculture and handicraft

activities. In recent yearsg strong developmenif tourism has been observed, as well the

development ofthe service industry.

Figurel-2 Location of Lodi (on the left) and drone view of the municipality (on the right)
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1.3 River Adda

Theriver! RRIF'Z gK2aS ylIYS 02YSa mbing"flaniagwalter fstha O 4 2
fourth longest main river (after Po, Adige and Tevand)aly and it is the longest tributary of the

Po river. The sourcef the Addaisthe mountain Pizzo del Ferro (2150 m a.s.l.) and it flows into

the Po river in the provice of LodiWith a length 0813 kmand 7927 krof catchment (11% of

GKS G241t t 2thérivel fasses dhrodgtzNgFpko@rises of Sondrio, Como, Lecco,
Bergamo, Monza e Brianza, Milano, Cremona and Lodi.
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Milano
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B

Figurel-3 - The Adda catchment (Castelletti et al., 2011)

The flow regime of the river is alpine and it is naturally controlled by the Lake of Como, thbere
Adda is the main tributary and the only emissary. Along its 313 km, some atahgates|ocated

in the mountain area (Ardenno, San Giacomo di leg@@ancano) and in the downstream part of the
NAPSNI 6hf IAYI {iSencetNaSIbw régimacdzhef riget. RiR hakimum discharge

can be greater than 1000s as happened in 1987 and in 2002 (1840s)n(Natale, 2003). Indeed,
historically, the river Adda has been subject to floods along its entire course and it has changed its

5



river bed severdimes. Despite human interventions, which have gradually reducedldloe risk,
exceptional events have been occurred. The November 2002 flood caused serious damages to the
lower part of the municipality, withvater levelabove2 m in some neighbourhoods.
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Figurel-4 Profile of the last 140 km of the Adda river from the Olginate sluice gate (Lecco)
entrance in the Po river (Lodi)

Figurel-5 - The river Adda in Lodi during peacetime
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1.4 The November 2002 flood event

During the flood event of the river Adda liodi inNovember 2002, serious inundations interested
the municipality of Lodi. The most critical condition for the lower part of the Adda occurred, namely
the contemporaneous increase of discharge of thbutary Brembo and the maximum outflow
from the Como lak&.

From the 14 to 16" of November 2002, intense rainfall thdeen registered in Piemonte and
Lombardia, that involved the entire watershed of the river Adda (257 mm measured by the
pluviometer located in Fuentes and 355.8 mm by the station in ValtdRainfall continued until

the 24" of November when a shorter period of rainfall with a violent and concentrated peak
occurred.

Such events led to the conditions of saturation of the soil and to a sudden increase of the discharge
of the affluent Brembo that overlapped with the flood wave coming from the Como lake, already
with high levels when the second perturbation began. The following picture reports the weather
forecast of intense rainfall of the #50f November (Lodi is located nearby thed dots) and the
estimated hydrograph after the confluence AdBeembo, due to the overlapping of the flood waves
coming from the Brembo and from the Como lake.

-
Metoos wns

\ 2
EXRTEEX Y 5 1.0 o2 > 6.3 BETEEYTTE

Figurel-6 - Weather forecast of the 25th of November (MeteoSwiss) and estimated hydrog
after the confluence AddBrembo (Rossetti & Cella, 2010)

The entire event from the ¥8to the 26" of November, thatnvolvedthe Adda watershed and the
Municipality of Lodi, can be summarised by the following scheme:

- 18 November 2002: after the intense rainfall between the 16th and 17th November, some
farmlandsin the province of Lodi were flooded. The water level, which Inadeiased until
1.5 meters under the Napoleone Bonaparte bridge, started to decrease and the emergency
seemed to be over. Howeveweather forecast announced that another and lesost
perturbation could arrive within 3/4 days.
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25 November 2002 (pointih the Figurel-8): after other intense rainfall events, areas near

the Cascina Ciribina, Dordona and on the depression near the courthouse were flooded by
the water coming from the ditches system. Water levels increased up/rtmlstill far from

2.7 m, namely theestimated hydrometetheightat the historical bridgdor the overflow.

Few hours later, at 6 pm, the water level decreased until 123 cm (point 2 iRigueel-8).
However, the discharge of the Adda in correspondetodde dam of Olginatenicreased up

to 1100 n¥/s and additional discharge 360%s was flowing from the affluent Brembo. At

the end of the day, National Civil Protection stopped the alarm, due to the decrease of the
water level. In the meantime, weather forecast predicted 60/7@ mf rainin the following

hours.

Figurel-7 - Water level at the historical bridge before the
overflow

During the night between 25th and 2éhe Adda reached the record height of 3.43 m above
the hydrometric O level (68.28m a.s.Me floodhas been estimateds an evenwith return
period between 100 and 200 years. It was known that the overpass of 3 m at the bridge
corresponded to a dischardeetween 1800 and 2000 #s. Therecordhydrometer level of

343 cm was reached (point 3 in thggurell) around 01.30 am of the 26th of November.

Overflow level

Figurel-8 - Hydrometer levels registered at the Napoleone Bonaparte bridg
Lodi



- 26 November 2002: part dfie city adjacent to the river was underwater. In details, the flood
was caused by the overcoming of the river banks and by the flooding okditaid canals
connected to the river Adda. On the left bank, the Revellino and Campo Marte
neighbourhoodsvere flooded. On the right bank, the distrsaif Borgo Adda and Martinetta
were inundated, while the south east area, protected by Faengenziale siistateroad,
suffered flooding due to the regurgitation of the arches crossing the ring road itself. About
500 people were evacuated and some of thessre accommodated in shelters since their
houses were full of mud and water. Houses, farms, and offiege flooded. National Civil
Protection, Firefighters, Red Cross and Police helped people with boats, helgcapter
others rescue vehicles. At 13.30 pm, water level decreased under the 2.5 m (point 4 in the
Figurell) and, few hours later, the state ofnergencyended.

s N L A2 &

Figurel-10 Piarda Ferrari (on the left) and a top vieW bf Lodi (on the right) during t Io«




1.5 Works performed after theNovember 2002 flood event

After the NovembeR002 flood event, for the hydraulic safety of the Municipality of Lodi, several
works have been performed. In particular, structural mitigation measures have been designed both
on the hydraulic left and right of the Adda river by AIR@egnzia Interregioria per il flume Ppand
Regione Lombardia. However, in this thesis, only the defences on the hydraulic right have been
considered for aMulti Criteria Analysis (MCAThe aforementioned measures start from the S.P.
202 (LodiMontanaso Lombardo) to the hstical bridge (Napoleone Bonaparte bridge), for
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embankments in yellow polyline, defence walls and connection walls in red polyline, sluice
light blue polylines, openings in green polylines

1.5.1 Structural defences typologies for each stretch

In this chapter a description of the structurahitigation measures built after the November 2002
flood event will be proposedn details, starting fronthe S.P. n.202 (Lolontanaso Lombardo)
dzy GAf GKS &¢I y3Sid fallowingstrfcuzBl €lenierits havs bebiPrdalized.

Soil embankmentwith a traditional trapezoidal section (Al typology) extends between the
AYOSNESOOA X+ +ARSHI LIRLEKEY2¢ | YR G KMortdNBGA y O A
[ 2Y0l NR20 €3> g A KSoillembarkoedts ave Yeeh rBafizadiirktlde sines where

the structural defence recedes from the river moving towards the Titye top of the embankments
reaches the designed elevation (water level of T=200 years flood event + margin of safety) and it is
4 m wide, in order to ease the surveillanceridg a flood warning and an ordinary maintenance of

the slopes or reinforcements after a flood event. Moreover, in peace time, this space can be used
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as a cycling and pedestrian path, connecting the historical part of the town with the districts of
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The levee has been realized with geotechnicalliaslesoil, characterized by low permeability. This
material has not been taken in loco, due to the nottable mechanical properties of the terrain.
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Figurel-12- Section of the designed soil embankment (Al typology)
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typology). These structures haveekn builtin order to allow the regular flow of the channel in
ordinary condition. Moreover, in case of important flood eventse #iluice gates prevent the

backwater coming from the river Adda.

Figure1-13- a u without pumping ple
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along the structural wall has been designed. Other two gates of 1.5 magagiositioned between

G+xAl RSt /I LIyYyy2¢é YR GKS ONRaaAYy3d AGK daxAl
The closure of the aforementioned gates will be carried out in case of flood warning, by inserting
metal barriersin appropriate junctions.

Figurel-14-t I NJI A Odzf | NJ 2 F GKS

WSAYTFT2NOSR O2yONBGS RSTSyOS 41ttt o.wm GeLkRfz23e
bl L2 f A&59 M £Mgth has been constructdthe basement and the external coating of the
structural element is the same one used for the defence wall already present downstream of the
historical bridge.Below the sidewalk, a storage space for placing the mbéatiers during
peacetime have been created. The structural defences have been realized taking, as reference water
level, an event with a return period of 200 years. Moreover, a margin of safety of 80 cm has been
adopted and, in ordeto makethe structurereaches such a level andpoovide the same height of

the soil embankments realized between the mentioned walls, a system of in@taérshas been
designedThis decision not to build a wall of such a height to reach the level of safety compared to
the maximum water levels of 200 years has been taken to reach the compromise between the
necessary protection of the town against flood events, and the need to ensure adequate standards
of landscapeecreational usability of the river environment in peacetiniedeed, the system of

metal barrier allows the realization of two accesses to the flood plain area, respectively in Piarda
Ferrari and in the crossroad between Via del Capanno and Via Napoli, without interfering with the
current environment.

Metal barrig will be assembled and mounted over specific basement already present on field if a
flood warning is issuedl'he systenof floating barriersis essentially composed by the following
elements:

- stackable aluminium panels;

- stainless steel vertical suppsr equipped with gaskets along the lateral faces that act as guide to
the metal barrier to be inserted in appropriate bore on the crowning of the walls.

12



Figurel-15Montage procedure of the vertical suppc

The sizes of each slab are 15 cm of height, 5 m of length and 90 mm of thickness. The total weight
is about 37 kg per element.

The vertical support is composed by a cylindrical lower part with a diameter ohibdnd a height

of 50 cm. The upper portion has an H section with a variable height according to the number of
barriersto be mounted in different portions of the structural measures in the hydraulic right of the
river.

The support elements at the ends afstretch or in correspondence of intermediate structure (i.e.

r.c. pillars or lighting poles) are permanently installed on the defense wall.

The total amount of material to be installed during the assembly phases of the floating barrier is
made up of 10@ertical supports and 781 methhrriers

Some peculiarities related to the storage and montage of these elements must be remarked:

- The elements to be used for the assemivhefal barriersand vertical support) are stored in
special compartments in correspondence with the defense walls over which they must be
Y2dzy i SR® ¢KS fF0GSNIFNB LI OSR 6Sft2¢g GKS a
ySg FE26SNLIRG | f 2y 3 iominvaltes thel tatal Simidation ofKked A :
supplying times of the elements from the place of storage to the assembly site. Moreover,
the immediate availability of each element in situ eliminates all risks related to the
mismanagement of a further storage egrlike exchange between objects and lack of
elements.

- Vertical supports are inserted into the wall through special holes, using a quick and easy
"bayonet" system. Moreover, some of the vertical supports have been permanently fixed to
still structures (S® € F YLl ada LI OSR 2y GKS SYol y]Y¢
LIAEEFNBR f2y3 axAl RSt [/ FLIyYyy2¢80 FyR Al
emergencies. This brings to a considerable reduction in the time necessary for the
installation of the wertical supports.
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In order to assembly 6 met#arrier and 1 vertical support (the other one is already present, or

because it is fixed, or because the adjacent element is already installed), the total amount of time

is approximately 5 minutes. Moreoveqnrfthe assembly of each of these elements, 2 operators are
necessary. Based on simulations and past experiences, considering to use at least 6 teams (3 for the

AGNBGOK | f2y3

of the entire mobile flooding barrier is equal to 2.5 hours. Eventually, the number of workers

a+Al

RSt /I LI yy2¢é

necessary for the mounting of the floating barriers is therefore 12.
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A section of the designed structure and particulars taken during a field survey are repofigdiea

1-16 and Figure-17.
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Figurel-17 Particular of the designed defence wall (B1 typology)
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Soil embankment with a traditional trapezoidal section (Al typolbgg)been realiseih the stretch
0SG6SSYy (KS LINB@OA2dzate YSyUiA2ySR RSTFSyO&s ol f ¢
represented in therigurel-18.

Figurel-18 Particular of the soil embankments (Al typology)

Sluice gates witfour pumpingplants,in order to dispose the upstream flold2 YA Y3 FTNBY a@LC
FYR aDFSOFyl ¢ | ishbaled ¥OXRRINNBRLRYRISY OS 2F (KS O
w233IA2YySE I NIAFAOALIE OKIFIyySftf IyR GKS NARGSNI a!
typology) From an architectural point of viewthis sluice gateis externally identicalto the
aforementionedone.

Figurel-19 Particular of the sluice gate with pumping plat
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up to the connection with the following soil embankment (Al typology). laite the proposed
solution includes the development of a path that slowly increases its elevation up to reach the

designed quote of the soil embankments (70.40 m a.s.l.).

Figurel-20 Particular of the connecting defence wall in reinforced concrete (B3 typolog

In order to ease the access to the river Adda, a 15 m length opening along the wall in correspondence
2F Gt AFNRF CSNNINRéE KFad 0SSy RSaA3aIySRO® a2NB2
f20rftAaSR Fft2y3a GKS RSTSya$ yRINKSH vl LE2S 525 S
bridge. The closure of the aforementioned gates will be carried out in case of flood warning, by
inserting metabarriersin appropriate junctionsas previously mentioned

Figurel-21t | NI A Odzf  NJ 2 F G KS at
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A defence wall in reinforced concrete (B2 typology) has been realized in the stretch between the
historical bridge and Piarda Ferrari, for a 422.37 m lentie. difference of this wall typology with
respect to the Bl is the presence of the flowerpot unddrich the metal barriers are storedhe

section and pictures of particulars of the mitigation measure taken during a field survey are reported
in the following.

MONTANTE RIMOVIBILE
PER SOSTEGNO PANCONI

PAVIMENTAZIONE IN BLOCCI DI CLS TIPO 'AUTOBLOCCANTE'
SP. 6,00 CM + STRATO DI POSA SP. 4,00 CM REALIZZATO
IN SABBIA O GHIAIA FINE E FORMAZIONE DI PENDENZA

PER SCOLO ACQUE METEORICHE

 CAVED 0 0 A
E MONTANTI DELLA DAZIONE
COPERTURA DEL CAVEDIO REALIZZATO CON

LASTRE IN LAMIERA STRIATA sp. 542 M

Figurel-23 Particulars of the defence Waupstream of the "Napoleone Bonaparte™ bridge
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m until an opening that connects the following lower defense wall.

Figurel-24t | NI A Odzf  N&B 2F (GKS RS
2yl LI NISE o

The defence wall that starts after the previous opening is made of bricks and reinforced concrete.
Therepresentdion of a stretch of this walis reportedin Figure 125,taken during a field surveys

it is possible to observe, the upper part of theli NHzO G dzNI f RSFSy O0S R2SayQi
for the positioning of the metal slab system. This is due to the fact that the height of the wall is
enough to contain the water level reached by 200 years return period flood event.

Figurel-25 Particular of the brick and r.c. wall downstream of the historical br
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The previously mentioned defense wall continues for approximately 560 m before reaching the soil
embankments reported irFigure1-26. The characteristics of the latter are the same of the Al
typology structural mitigation measures previously discussed.

Figurel-26 Particular of the junction between defence wall and soil embankmel

The soil embankment covers about 540 m before reaching the roundabout at the entrance of the
Ge¢lyasSyi ArtS adzRé aidlFridS NRIFIR® a2NB2@SNE Ay (K.
brick walls of approximately 2 m of height with two openitngsre been builtFigurel-27 shows
the aforementioned interruption and the accesses to the flood plain in peace time.
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2 Workflow and theoretical basis of the work

The workflow inFigure2-1 describes the entire procedure adopted for the achievements of the
objectives of this thesis work. Starting from urban flood msgdafter several numerical simulations
that include the calibration of the model, ten hazard maps, reporting five differeaheseverities
without and with structural defences, have been created. These maps represent the input for the
estimation of the exposed element to flood and, together with an independent vulnerability
assessment, for the determination of the expected dayes. These losses have been computed for
the five investigated scenarios, using both the terrain geometry of the 2002 and the configuration
with flood protections. The expected benefdrisen from the construction dfood protections, in
terms of avoide damageshave been assessed comparing the scenasitisout and with banks,

with the same return period event. The expected losses have beedisided into quantifiable and
non-quantifiable damages, being the firsts involved into the computation oftbtbeefit-cost ratio

(B/C) within a cosbenefit analysis (CBA), while the latter have been estimated in order to be
included, with the results of the CBA, in a more comprehensive {tutéria analysis (MCA). The
MCA is a procedure that all@the evaluaion of the effectiveness of built mitigation measures or

as a tool for the determination of the best flood mitigation strategies to be implemented. It has to
be remarked that the multcriteria analysis has not been applied in the case study reported in
chapter 3. Indeed, this process requires an evaluation from the delegate decision maker and the
participation of different stakeholders involved into the assessment. However, this thesis wants to
provide part of the material needed for a comprehensive MGApm@posed in the chapter 3.
Eventually, a sensitivity analysisthe CBA resultsas been performed assuming a different month

for occurrence of the flood, as potential consequence of climate change, and a future urbanisation
in flood prone areacaused by the levee effect. Tdeassumptions influence the exposure of the
expected losses and therefore the entire second part of the risk assessment reported in the
workflow.

The following sections regard thieeoretical basi®f the methodologies andmproaches that have

been analysed and considered for the purpose of this thesis. The consulted material concerns mainly
two topics: hydraulic flood modelling and flood damage assessment as support of ecritetia
analysis.

In regards othe hydraulic nodelling, the analysed topics include:

- Flood modelling in urban areas;
- Uncertainties in flood modelling;
- Calibration of a hydraulic model;
- Software used for the hydraulic modelling

For what concerns the damage assessment as support of a Multi Critealgsisn the following
topics have been analysed:

- Multi-Criteria Analysis (MCA);
- CostBenefit Analysis (CBA);
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- Non-quantifiable damage assessment;

- Simplified INSYDE model,

- AGRID{E model;

- Sensitivity analysis: climate change impact on flood occurrence a&rd kffect.

Urban flood modelling

h 4

Numerical simulations

Y
Vulnerability Hazard
Exposure assessment

|
! assessment maps

1
Damage assessment
and comparison of |«
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different scenarios @
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Evaluation of the
effectiveness of the |
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Figure2-1 Workflow of the methodologies in order to create a MCA, where: the circular pol
regard input topic and output results; the rectangles are processes; the parallelograms
intermediate results
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2.1 Flood modelling in urban areas

The following theordtal description has been reviewed taking as reference the document
Gal OKSYIFGAOIfT Y2RSttAy3 (GSOKYyAljdzSa F2NJ Ff 22R
(2004).

The flood propagation over the earth surface is a 3D time dependsrampressiblgluid dynamics
problem. The NavieBtokes (NS) equations describe the dynamics of the flood propagation but the
turbulent flow, the large computational domain and the length of the time duration domain can
compromise any attempt to determine their solutioin order to overcome the problem of the
turbulent flow, the NS equations can be averaged in time (Spurk, 1997), leading to the Reynold
Averaged Navietokes (RANS) equations, which describe the mean flow. The RANS are widely used
in industrial fluid mebanics and aerodynamics but still to complex to describe a flood propagation.
In order to simplify the mathematical description, the NS equations are averaged over depth,
obtaining the Shallow Water equations (SWE) model (Benqué et al., 1982). The dattaiso be
derived from the momentum conservation and the continuity equation in the plane of motion
(Cunge et al., 1980).

The expression of the shallow Water Equation (SWE) is reported below:

Acceleration Pressure  Weight Bed Friction Later;al Stress
) 0Q100Q 00 Q Q
A 06D 001 0L Pl gy Pl gy
l,l,°| 0O 1 0w W 1 ® 1 W 1
DAY 6LQL Q Q
:] - “ - @ - “Q'Q(]—, Y QY ?L ‘ay ?L .Y
(rr o 1T w 7 w 1T w 1 w ]
I’ 10Q 0O Q
< — . . —. It
w w W] O
Fluxes Storage

where:

Qis the water depth;

0 andv are the depth averaged velocity components along x and y axis;

- "Qis the acceleration of gravity;

Y and"Y are the bed slopes along the x and y components;

- Y and"Y are the friction slopes along the x and y components, computed based on
al yyAy3aQa O2STFFAOASY(d FT2NJ NRPdzZAKySaarT

" is the kinematic viscosity;

“Y are the friction forces that consider the lateral stresses.
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However, the SWE are not a true mathematicadresentation of the flood propagation over the
earth surface and the following shortcomings and approximation stand:

- Vertical velocities are neglected;

- A hydrostatic pressure is considered;

- The slope of the river bed is assumed small enough to considesirieeof the slope angle,

the angle itself;

- Uniform horizontal velocity field is assumed across the water layer;

- Friction formulae are taken from the condition of uniform flow.
The numerical solution of differential equations, like the SWE, is defineaebsptace discretisation
strategy, the used mesh configuration and the numerical scheme performed. The SWE represents
an evolutionary problem in the form of propagation waves. A space discretisation is initially
achieved with the method of lines, resultimg Ordinary Differential Equations (ODE), to be solved,
then, in time. The spatial discretisation can be performed with the Finite Differences, the Finite
Volume and the Finite Element Method. The latter is progressively less used being geometrically
lessflexible than the others. The Finite Volume formulation has a flexible geometrical treatment
and it is conceptually simple method, that makes of it the most widespread flood modelling strategy.
Moreover, this procedure assures the conservation of the mas$ momentum. The studied
domain is divided into non overlapping finite volumes over which the integral form of the SWE is
applied. This method can be applied to both structured and-siwactured grid meshes and any
geometrical shape of the single volumean be used. Furthermore, the n&tructured mesh
approach allows a mesh refining in parts of the domain where higher flow resolution is required.

In case of urban context, several modelling techniques can be used to deal with the representation
of buildings and other obstacles in urban flood propagation, whose choice depends on the scale of
the analysis and on the required accuracy (modelling the indoor flooding processes or road crossings
and sidewalks, that certainly affect the wave propagation, coelddmputationally inconvenient if

an entire city must be modelled). Four methods are proposed:

- One dimensional (1D) treatment of the city as a channel network representation (Tanguy et
al., 2001), capable of providing local flow information with low corapiohal costs.
However, this method can suffer from problems at the junction nodes or in wide areas where
the flow could be predominantly 2D. In this case, the expression of the SWE is reduced to

1D:
T o 1, .
—. U—, - QY Y
7 0 1 1 i

101 0
— — It

11 970

—

The differential equations are solved numerically with the aforementioned described
methods if boundary and initial conditions are provided. If more detailed descriptions of the
flood propagation are envisaged, as well as preeisgessment of the flood effects, the
physical representation of buildings must be introduced into the model.
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Local frictionbased representation of buildings in a 2D approach, in which obstacles are
considered as areas with increased friction coefficiangrder to capture flow effects with

little additional costs. If only a rough estimation of water depth and velocity is required,
without a detailed local description of the physical effect of buildings, this method can be
implemented. Local friction iseated as another field variable and one of the difficulties of

this method is the determination of the correct roughness coefficient to be assigned. Several
tabled LINE PARS al yyAy3dQa @l ftdzSa I O02NRAy3I (2
treated sngularly because friction coefficients may depend on building density, scale of the
flooded area and ratio of flow depth to buildings height. Another issue is that buildings are
considered as storage tanks.

Figure22wSLINBS a Sy dlt GA2y 2F GKS alyyAy3aQa N
domain (on the left) and simply disposition of quadrangular buildings with local bed fr
(on the right) (Alcrudo, 2004)

2D building representation with bottom elevation technique, increasing the gridtp that

fall within a building area. The main problem of this method is the representation of the
slope between the higher point and the ground point, which can be of the order 1 if the
discretisation is coarse (mesh size similar to building elevationg¢ach several orders of
magnitude if the discretisation is fine (mesh size much smaller than building elevation). This
fact violates the aforementioned mild slope assumption of the SWE. However, the model
does not fail because buildings acts as intefmalndaries causing water stagnation and
water around buildings is still considered shallow.

m
ll ll

u H r W LA

Figure2-3 Examples of bottom elevation techniques on a coarse mesh (on the left) ai
finer mesh (on the right) (Alcrudo, 2004)
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- 2D vertical wall representation of buildings, excluding obstacles from the computational
domain. This method is the most accurate technique to reproduce a gityhich the 2D
flood model is run in the void areas only. However, the meshing procedure can be difficult
in urban areas in which a heavy stretching of the mesh is required to represent the complex
street patterns, increasing the computational effort.

A

Figure2-4 Representation of vertical walls technique (Alcrudo, 2|
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2.2 Uncertainties in flood modelling

A number of important issues must be taken into accountusgrs when dealing with flood
modelling. In addition to difficulties in evaluation of model results due to false confidence of high
resolution outputs and lack of observed data, some uncertainty sources in flood modelling regards
the available input datalottori et al., 2013), which may influence the simulated dynamics of the
flow (Romanowicz and Beven, 2003). Some of the possible sources of input data uncertainties in
flood modelling regard:

- Topographic data from ordinary survey techniques used as gearakinput (Dottori et al.,
2013);

- Digital Terrain Models (DTM) errors;

- Imprecision on the magnitude and position of the inflow boundary conditions (Brandimarte
and Di Baldassarre, 2012), such as the difficulties in reconstruct flood hydrographs which can
affect all the resulting simulations (Romanowicz and Beven, 2003; Bates, 2004; Mignot et al.,
2006; Masoero et al., 2012);

- Reproduction of complex interactions between surface flow and subsurface drainage system
in urban floods. Moreover, in case of inurtig events, drainage system may be affected
by unpreditable local breaks and obstructions, adding further uncertainties in order to
represent flooding mechanisms (Dottori et al., 2013);

- Interactions of water flows with several smatlale features. Theatter can be fixed
structures such as small embankments, ditches, walls and fences (Wright et al., 2008; Bates
et al., 2006; Hailemariam et al., 2013; Yu and Lane, 2006) and moving elements like cars,
other vehicles, bustops, trees and garbage bins thedn partially obstruct streets and
contribute in forming debris accumulation (Mignot et al., 2006), as well as modify the flow
pattern (Bazin et al., 2017). Fixed features can be included in the geometry if high resolution
data is available (Yu and Lan®0Bb; Fewtrell et al., 2011), while the location of minor
moving obstacles are more difficult to reproduce during the flood, leading usually to their
exclusion from model grids (Bazin et al., 2017). However, in case of floods characterised by
high energylbw, like the November 2011 flood event in Genova, Italy (Cavallo et al., 2012),
these minor moving elements can affect the overall flow processes;

- The complex interactions of the built environment with flow processes. Treating buildings as
impervious bloks excludes the indoor dynamic flows that are normally verified during floods
(Dottori et al., 2013);

- Soil and buileups debris transport and erosion processes can modify the configuration of
the area and consequently affect the dynamic of the floggpecially with floods
characterised by high energy flow (Mignot et al., 2006; Gallegos et al., 2009).

The aforementioned sources of uncertainties must be taken into consideration and quantified if
possible (and if necessary) or at least mentioned during lood model showing potential
limitations of the simulation. Moreover, the extreme precision of models and data sets may induce
non-expert users to become overconfident in obtained results, ignoring some issues important to
perform reliable flood analys (Dottori et al., 2013). The analysis of multiple flood scenarios,
performing a sensitivity analysis on input data and modelling techniques, before and after running
the simulations, could help in understanding the impact of each model and data unc¢gaithe

final result.
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2.3 Calibration of a hydraulic model

The model calibration is a procedure of adjustment of the model input parameters in order to obtain

a model representation of the interested processes that satisfiesegtablish evaluating criteria
(Coastalwiki, 2007). Cunge (2003) defines the calibration as an iterative process consisting in
executing several simulations of past observed events, varying the parameters of the model, until
an accepable (to the modeller) match between observations and computations is obtained,
compensating for model insufficiencies and errors. Despite the evolution and improvement of
modelling technology, the model calibration remains a critical and-toresuming operadn within

the modelling process. According to Dung et al. (2001), the lack of appropriate data is a weak point
for the model calibration. The data requirements for a calibration process depend on the used
model type (i.e. for a lumped rainfailinoff modd, runoff data of the catchment are needed
(Madsen, 2000), while for highly distributed hydrodynamic models, spatial data such as satellite
RSNAGSR b22R SEGSYyda YILA INB adNery3ateée NBO2YY
The choice of the best gafation run can be based on objective functions, in order to evaluate the

effectiveness of the model in predicting the flooded area extent and water depths in observed
points (Scorzini et al., 2018). The latter can be:

- The Average of the Differences (Ab9tween simulated and observed water surface
elevation for each cluster (grouping of observed water elevations, taking into account their
spatial distribution and the presence of discontinuities in the terrain). The goal value of this
indicator is equal td), namely a perfect match between observed and obtained water
surface elevation. A value of AD greater than zero means abundance of water in the model,
while a negative result means an underestimation of the water depth compared to the
measured one;

- The Arerage absolute of the differences (AAD) between the modelled and observed water
surface elevation for each cluster. It is obtained computing the absolute value of the AD
results. Also, in this case, the goal value for this indicator is O;

- NashSutcliffe Hiciency (NSE) (Nash et al., 1970), defined as:

v e v
UYOp -
0 0
where:
w U indicates the observed value in the locatigh

0
w 0 indicates the quantity obtained by the model simulation in the locaff®n
w 0 stands for the average of the observed quantities.

The value of NSE ranges freib to the goal value of 1, with higher value indicating better
agreement.The largest disadvaage of the NSE is the fact that the differences between the
observed and predicted values are calculated as squared values (Krause et al., 2005).
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Therefore, larger results in a simulation contribute more to overestimate the results of NSE,
while lower valies are neglected, highlighting that NSE is very sensitive to extreme numbers.
A value of zero for the coefficient of efficiency indicates that the observed maam good
predictor as the model, while negative values indicate that the observed meaméster
predictor than the model (Wilcox et al., 1990);

- The Flood Area Index (FAI) (Dung et al., 2011), through the formula:
0

"00 O ~
0 4]

where:

1 O is the number of pixels for which both obtained and observed results indicate
presence of ater;
1 0 isthe number of pixels for which the simulated results indicate presence of water
and observed ones report absence of water;
1 O isthe number of pixels for which the simulated results indicate absence of water
and the observed ones report presence aiter;
The FAI may range between 0 and 1, which represent the goal.

Despite the limitations of this measure, for example bias towards large inundation extent,
are known and reported, due to lack of better indicators up to date, the FAI is still the basic
measure used and recommended for deterministic calibration (Dung et al., 2011).

Model performance is often evaluated with other tools, to assess the degree of collinearity
between observed and modsimulated variates. However, the latter suffer from limitats

that reduce their use in evaluating model performances (Legates & McCabe Jr., 1999). Some
basic methods for model evaluation (among which there is the NSE) are:

- Coefficient of determinatonY0 X GKI 0 Aa (KS AgjodectNBme ¥ G K
correlation coefficient, describes the proportion of the total variance in the observed data
that can be analysed by the model (Legates & McCabe Jr., 1999) and it is given by the
formula:

where:

0 are the observed values;
0 is the mean of the observed values;
0 are the simulated values:;

0 is the mean of the predicted values;
0 is the total number of values.

= =4 4 2

The coefficient of determinationY( ) ranges from O to lwhere higher values indicates a
better agreement. A limitation of this coefficient is that it standardises differences between
the observed and predicted averages and variances because itsasde®ar relationship
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between variables only (Legates & Mb&alr., 1999). b o0 O , for any norzero
valueAand anyB, thenY =1, making this coefficient insensitive to additive and proportional
differences between observations and simulations (Willmott, 1984). Large val(é¢soain

be achieved even with modsimulated values different in terms of variability and
magnitude. Maeover, correlatioAdbased measures are more sensitive to outliers with
respect to observations near the mean (Legates and Davis, 1997), leading to a bias toward
the extreme events if correlation measures are used to evaluate models (Legates & McCabe
Jr., B99).

Index of agreement(, that overcomes the insensitivity of correlatimased measures to
differences in observed and simulated means and variances (Willmott, 1981), is given by:

0 B U 0 L,SD"Y‘O
P B o 0s 9 o6s P Y"To

wherethe () , 0 and0 represent the same values previously describedYor

The index of agreement) ranges from 0 to 1, with higher values indicating better match
between observed values and modelled ones. This index represents also the ratio betwee
the mean square errof)( "Y0and the potential error{ ‘Y, represented by the denominator

of the first proposed fraction, multiplied by the total number of values and then subtracted
from unity (Willmott, 1984). Together with the NSE coefficient, ithdex of agreement is
considered an improvement of the coefficient of determination, but it is sensitive to extreme
values as well.
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2.4 Software used for the hydraulic modelling

The flood modelling of this thesis has been carried out using the calculation code Parflood,
developed by the Universita degli Studi di Parma (UNIPR), and the software Surfer 13, belonging to
the Golden Software LLC company. In the following sectionsndst important characteristics and
properties of these tools will be explained, in relation to the performed operations in this thesis
work. All the operations with Parflood have been run with Cygwin software, which allows to run the
model using LINUX langge, by remote computer using the UNIPR servers, through the use of
WinSCP software.

2.4.1 Surfer software

Surfer 13 has been used both to create/modify the input files needed by the calculation code
Parfloodand to display/analyse the output of flood model simulations. In the next sections, a
detailed explanation of the used commands in Surfer, as well antitifications performed on the

model input files, are proposedh order to modify, add and delete elements on the geometry file,

Fa ¢Sttt Fa F2N) 0KS NRdzZAKySaa FA{S>Y (GKS YIFLI O
GYFiKé¢ yR aY2ad A0¢ KI @S 0SSy dzas

The map digitize command allows to write map coordinates to a data file. Selected points are
written into the Digitized Coordinates window, containing the x, y and z coordinates of the point.
This command has been used to create computational domaieswavich boundary conditions are

applied and to select portions of geometry file to be modified.

The gridblank command is used to remove grid node data from a grid file. Once defined the
boundaries of the interested area with the map digitize command, it is possible to blank internal or
external nodes. Blanking assigns a blanking value (1.70141e+038) to spgailipd of grid nodes

in a blanked grid file, containing the same number of grid nodes and the same grid limits as the
original grid file. This operation has been performed in order to extract portions of geometry file
(blanking the external nodes) and maodify the latter using the grid math command.

Thegrid mathcommand allows to transform the z values of a single grid file or to combine z values
from different grid files. An example of the use of the grid math command is reported Riglee

25, inwhh OK GKS @GFNAFo6fS ' Aa NBFSNNBR (2 (GKS aly
function dialog box, the required operation is written, in which all the elements of the A matrix that

are equal to 0.028 will be changed in 0.06, while alldtieers will remain with the original value of

the A matrix. In addition to roughness grid file modifications, as previously described, this command
has been used to add the structural defences on the hydraulic right, modifying portion of terrain
over whichthe flood protections have been located.
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A

Input Gnid
» | C:\Users\Alessio Radice'\Desktop

Blank Handling Add Grids...

Blank output

Remap Value
Remove Grid

Grid Info...

are the variables in the list above.

- ‘

form f{A, B, ...) where A, B, ...
if A=0.028,0.06,A )

Output Grid File:

[ ox |

out.grd

u

= Cancel

Figure2-5 Example of the grid math procedure

The grid mosaic command combines two or more grids files into a single output grid Klgute

2-6, an example of the application of the grid mosaic command is shown. In the input grid files dialog
box, the two selected files involved in the computatiare reported. Then the resample method
must be chosen between the proposed ones. An important operation regards the choice of the
overlap method. In this case, the software will overlap the two grids files and will take, as final value

in the new grid fe, the one coming from the

second (last) file. It has to be remarked that the input

grid files involved in the calculation must have the same coordinate system. This operation has been
used to overlap the modified portion of terrain with the structuralfeleces on the geometry file

without flood protections.

Input Grid Files

rid xMin
534010

534010

C:\Users\Alessio Radice \Desktop...
C:\Users\Alessio Radice \Desktop...

v

Resample Method: Biinear Interpolation
Output Grid File

out.grd

Output Grid Geometry
Minimum

x: | 534010

Maxamum
[ 553000
v: [ 5011197 5022867 2

Calculate From Input Extents

xMax Add...

553000
553000

yMin
5011197
5011197

yMax
5022867
5022867

Remove

Info...

Grid Extents

¥

Black boxes represent the input grids, the red box represents the
selected input grid, and the solid gray box is the output extents,

o 1]

Figure2-6 Example of the grid mosaic procedure

Cancel
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2.4.2 Parflood calculation code

In order to solve the shallow water equatiorBarflood code needs information regarding the
bathymetry and the roughness of the studied area, as well as the computational domain and
boundary conditions, requiring the following input files:

w .BTM file, namely the bathymetry or geometry file;

w .MANfileli KI G A& (GKS NRddzZIKyS&aa SELINBaaSR gA0GK

w .BLN file and .BCC file, respectively the computational domain and the boundary conditions
files;

Additional optional files regard the initial velocity along x and y directions (set tolmedefault),
the initial condition file (dry bed is set by default) and mudtsolution grid file.

In the following, an explanation of the main features regarding the aforementioned four input files
Ad NBLRNISR | yRI S@Sy iodgutfile®descripgtd SThe ndifketian®and t |
operations performed on the input files, in order to create the inputs for the flood model, as well as

for model calibration purposes, are described in the chaptér432

The .BTM input file, related to the bathymetry, contains the geometry of the area under
investigation. InFigure2-7, an extract of the used .BTM file for the flood model is reported. The
ancient part of the City of Lodi is on the hydraulic right of trerrAdda, while the Revellino district,
one of the most flooded areas after the November 2002 event, is located on the hydraulic left of
the river. Different colours mean different terrain heights, highlighting how the Revellino district is
located in an eea more prone to flood with respect to the historical part of Lodi.

Figure2-7 Extract of the bathymetry file representing the municipality of
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The .MAN input file contains all the information regarding the roughness, expressed with the
al yyAy3aQa O2STFAOASYyild . 20K GKS o. ¢ aonstfued ®a! b
by points with x, y, z coordinates. The third value differs only, representing the altimetry of the
GSNNIAY Ay (KS . ¢a FA{SET FYR (GKS O2NNBALRYRA
analogy permits to obtain the .MAN file just blyanging the z coordinate of the .BTM, using the grid

math command in surfer.

5dzZNAyYy 3 GKS Y2RSt OFftAONIGAZ2YS RAFFSNBYy(H O f dzS
represent different areas, i.e. urban environment, forests anttivated lands. In order to pursue

these modifications, the digitize map command (to select the interested area), the grid blank
command (to blank external nodes), the grid math command (to change the current roughness with

a new one) and the mosaic gridmmand (to overlap the new grid file on the original one) have
been used in surfer. Examples of .MAN grid files are presented in chafitdr23describing the

model calibration.

In Parflood calculation code, boundary conditions are introduced withuieeof two types of files:

.BLN file and .BCC file. The first one represents the computational domain and is built using the
digitize grid command on the Surfer software, in which a polygon, that delimitates the area over
which the boundary condition wibbe applied, is traced in countetockwise direction. It has to be
remarked that these points must be inside the limits of the bathymetry file, to avoid problems of
numerical instability during the simulation.

The .BLN file is structured as follow:

- Numbe of points;

- X andy coordinate values for each point, including the boundary condition;

- Indicator of the boundary condition to be applied at the segment between the selected point
and the following one, in countarlockwise direction.

The third value, tht specifies which kind of boundary condition is applied for each point of the .BLN
file, can assume one of the following values:

- 21: discharge (initial hydrograph along the following finite segment);

- 1: wall, meaning that the water cannot flow forward &st encounters an impermeable
obstacle;

- 2: specific discharge;

- 3: set water level;

- nY GFFNFASERET YSIEYAY3I GKIFEG GKS g1 GSN Oy
on a planar and obstaclieee undefined field;

- 5 rating curve, meaning thatnothe selected section the relation regarding the discharge
trend as function of the water level is known.

An example of the .BLN file used in one of the flood model simulation has been reported in the
Figure2-8:
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1 29
Z 538127.25573483 5021551,

5 537966.78784281 5021561, 1

4 537865.15817786 5S021577.9¢ 1

5 537480.035237 5021339.95

& 53T7239.3333598%€ 5S020981. 1
9g88l8el 1

7 5366€03.57230517 5021188
5 536185.73725452 50209%2.7151864 1
9 535514.0277427 5020463.810059% 1
10 535889.777742% 5018528.7513308 1
. 74845716 5016399.1775279
.1530902 5014885.7748253
.088375959 5014056.643416l
897.63191698 5012778.3058222

548087.06501612 5012484.0668454
16 548431.94075789 5014119.387
17 547801.36851805 5014796
12 547071.53553676 S5015252.
.0510e73z2
7.90941587
-44230285 5S015887.
22 548953.42712735 5016006.
Z3 549970.414258782 5S01T7373.
24 550664.09637982 50159271.6139527
548616.21224773 5019875.200854
546230.60687281 5020115.50983%9
27 543625.43474713 5020579.385573%9
ZE 541505.69503146 5021657.219327¢6
29 540180.33065953 5021885.1458
30 539645.34029474 5021755.8338826 1

[ [T =
= o e e (SR = =

Figure2-8 Example of .BLN fil

The aforementioned file is composed by 29 points. In the first one, condition 21 is applied, meaning
that the upstream boundary condition, in the form of flood hydrograph, is linkechéosegment
between the point 2 and the following point 3. Condition 5, in terms of rating curve is applied on
segment 1920, while all the other points of the BLN. file act as impermeable walls.

If one of the conditions 21, 2, 3 and 5 is assigned, the .BCC file, as a specification of the .BLN file,
must be added in the input files. The used .BCC file, containing the flood hydrograph as upstream
b.c. and the rating curve awnstream b.c., is a txt file structured as follow:

2 Q=D 125 0.000000 0.000000 -0.000000

[} a 801.35215 a 126 48.6633605 0.000000 0.000000
4 3600 a 808.83435 a 1 45.5683605 0.000000 0.000000
5 Tz200 a 803.2227 a 45.6633605 0.000000 0.000000
6 10800 a 814.446 a 48.7583605 0.000000 0.000000
T 14400 a 821.9 a 48.8533605 0.000000 0.000000
18000 Q 823.79875 Q 4%.9483605 0.000000 0.000000
21600 Q 836.892¢ Q 49.0433605 0.000000 0.000000
1 25200 Q 540.6337 Q 49.1383605 0.000000 0.000000
11 28800 a 846.24535 a 4%9.2333605 0.000000 0.000000
12 32400 a T.46865 a 4%9.3283605 0.000000 0.000000
1 36000 a 1.20875 a 4%9.4233605 0.000000 0.000000
14 39600 a 5.5881 a 50.3733605 1.11853% -26.914862
15 43200 a 4.95085 a 50.4683605 1.262167 -30.370837
16 46800 a 4.95085 a 50.5633605 1.4194385 -34.156385
17 50400 a 3.0803 a 50.8583605 1.58942%9 -38.245668
a 6.17415 a 50.7533605 1.77127 -42.62123
a 1.7858 a 50.8483605 1.964454 -47.269731
a 9.268 a 50.8433605 2.163536 -52.180445
a 0.4913 a 51.0383605 2.384748 -57.383054
a 1.06735 a 51.1333605 2.618412 —-63.005598
a 0.9%615 a 51.2283605 2.870962 —-69.082587
a . 44275 a 51.3233605 3.14471 -75.669668
a 912 a 51.4183605 3.436964 -82.702033
a .T4655 0 51.5133605 3.746464 -90.1493835
Q 38125 0 51.6083605 4.072358 -97.981215
Q 82785 0 51.7033605 4.4139%94 -106.211853
a 7.4751 a 51.7983605 4.770845 -114.79857
a .27445 0 3 51.8533605 5.14683 -123.84571¢
a L4385 a 154 51.9883605 5.543%83 -133.4021&7

Figure2-9 Example of .BCC file
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The value 2 means that the boundary conditions to be specified are two, the first of which is
composed by 121 elements. It is worth notice that the number 1 is also the first listed coordinate
2y GKAOK (KS 02dzyRFNBE O2yRAGAZ2Y daumé A& | LILX A
are linked. The reported example of .BCC file is ndgdd the first condition ends at the 1¥3ow,

F FGSNI 6 KAOK GKS aSO2yR 02dzyRFNE O2yRAGAZY Aa
column represents the time, the second reports the water levels (that are not read in this case and
zeros ae present, like the fourth column), while the third column specifies the discharge at each
assumed time of the flood simulation.

The second boundary condition is reported on the righhd side of thd=igure2-9. It specifies that
downstreamboundary condition is applied to the #&oordinate (until the following one) of the

.BLN file and contains 99 elements, from the 1.2& the 223 row (in this case the file is cut until

the 154" one). The first column reports the water level [m a,gHp second and the third columns
contain, respectively, the discharge along the x componenfrt®s]) and on the y component (Q
[m3/s]).

Parflood calculation code provides, as available outputs, the following files:

- .WSE file, namely the water surtaelevation;

- .DEP file, that is the water depth;

VVX and .VVY file, or rather the component of the velocity along x and y axis;

- [name of the simulation] output.txt file, that containsrows corresponding to4temporal
instant and reportgalculation and saving times;

- Output_[name of the simulation].txt file, that describes the whole procedure of the model
calculation; moreover, from this txt file, it is possible to read possible mistakes occurred
during the calculus that bring to an unexqted stop of the simulation.

The time discretization starts from 0 and ends up with LAST file, containing the last results before
the end of the simulation. For instance, if the entire simulation lasts 120h, the output files will be
with a 0000.DEP filesn nMm®59t FAE ST X dzyGAf nmMMpP59t FAL S
same output structure is obtained also for the other types of output files. Among the LAST files,
another important and useful output is the .MAXWSE file. It contains thelepeef the highest

water level valueseached by the individual cells during the entire simulation.

Once the simulation is completed, the obtained output files are written in binary code and, in order
to be visualized on Surfer, a decode procedure nestun, using the Cygwin software and Win SCP
software.
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2.5 Multi-criteria analysis (MCA)

The current practise of flood risk assessment focuses mainly on damages that can be measured in
monetary terms, leading to processes that manage only a certaimopoof the flood risk (Meyer et

al., 2009). MultiCriteria Analysis (MCA) includes techniques potentially able to consider a wide
NI y3aS 2F Ff22R AYLI OGa IyR RAQOGSNAES | GGNROdziSa
resulting in a fundamental ta for decisioamakers. Beyond direct damages to quantifiable assets
such as residential buildings, agricultural sector, etc, MCA usually is able to includeardiiiable
expected damages (and therefore benefits) referred to social, economic and eméndal impacts

that are often neglected (Meyer et al., 2009). Moreover, MCA is able to include, in the risk
evaluation, priceless values like cultural heritage and human life, whose ethical issues has always
limited its involvement in decisiemaking procsses. Information on vulnerable groups should be
integrated in the population criterion, while greater effort is required to define economic criteria,
calculated both at meso and micszale. In other words, MCA is able to address also the qualitative
costs and benefits with the internalisation of intangible consequences, while CBA is used to address
only the quantitative costs and benefit. Decision makers may choose the moseféesive
strategy (largest risk reduction with smallest resources implent@na if only monetary aspects

are accounted, while alternative solutions could be selected, considering also ecological, social and
intangible values, even if the latter would not be the most economically favourable (Brinkdkiis

et al., n.a.). The chacto use CBA and MCA in an integrated assessment, rare so far (Brouwer and
van Ek, 2004), would result in a more comprehensive and efficient evaluation of possible impacts of
hazards on the different assets.

al!l YSUK2RA IINB I0fS 2 I y®RNBRM aAdei 2a diZNBARES ya
merging results coming from different attributes into a single indicator or relative performance
(RPA,2004). The approach consists in evaluating criteria for different risk dimensions, then to
identify methodsin order to assess and weight these criteria (considered as the core of the MCA)
and, eventually apply different multrriteria decision rules in order to get an overall risk assessment,
ranking, if necessary, possible alternatives according to the ficales(Mechler, 2016). The
evaluation of criteria should be the more complete as possible to ensure that the entire problem is
encompassed but, on the other hand, the number of criteria should be kept as minimal as possible
to reduce the complexity of thevaluation process (Keeney and Raiffa, 1993). The determination of
threshold values and weights is a crucial part of the overall assessment, strongly influencing the final
result (Munda 2006, Proctor and Drechsler 2006). Sometimes, a sensitivity analgsigioa and
weights can support decision makers, in order to understand the influence of the latter on the
2O0SNY tf FaaSaavySyliod a2NB20SNE aidl 1SK2f RSNAQ A
jointly, and not only interviewing them to obtafieedbacks, has been an increasing requirement of
many project calls by the European Commission for FP7 (Molinari et al., 2014).

MCA approaches could play an important role demonstrating lotgy@ans implications of Disaster

Risk Reduction (Shreve and Kefftda HamMn0o® LYRSSRZ | OO0O2NRAYy3 (2
integrated MCA and CBA in flood risk management in the Netherlands demonstrated that while
structural mitigation measures were most casfective in a shorterm analysis according to CBA
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only, foodplain restoration can be justified in a loteym analysis using both the CBA and MCA,
involving socieeconomic and ecological impacts. The latter would have not been clear with the use
of a CBA only.

Geographical Information System (GIS) evasidered as appropriate tools to be implemented in

the MCA, thanks to their ability to handle spatial data and to represent vulnerability and exposure

of both monetary and nofmonetary assets. Moreover, it is expected that such integrated mapping
technigdzSa gAff 0SS Y2NB FNBljdSyidfte dzaSR ddKFryla G2
FYR YIyF3aSYSyid 2F Ft22R NARalé 69! HnAnnck/ oMM
social, economic and environmental flood risk (Meyer et al., 20G®gbased integrated risk
assessment provides, as results, mapping of economic, environmental and social flood risk.

In the following, some of the advantages and disadvantages in using a®fiiétiia Analysis are
reported.

Advantages of MCgonsist in:

- allowing the participation of a wider number of stakeholders with respect to CBA;
- allowing the comparison of different potential options;
- allowing a greater range of awareness and involvement across scales, thanks to its flexibility;
- enabling dfferent nonquantifiable objectives to be considered;
- ensuring relative transparency to decisions taken at all levels of the appraisal, easing the
visualisation of consequence of giving different importance to different objectives;
- promoting the identifiation of the best option by consensus of a panel of experts, through
democratic voting.
On the contrary, limitations of MCA can be identified in the following points:
- 0KS a402NB OFly 0S AyFfdsSyOSR o6& (GKS adl {SKz2
- theinclusionorexclusp 2F ONROGSNAIF OFy 3INBIFGfte AyTFtdzsS
result (Meyer et al., 2009);
- the assessment can be performed with a limited number of judges, potentially increasing
the subijectivity of results;
- all1SK2f RSNDa LI Nécasdid leditimiged by othiepdedisiordkers; / | LINJ
- weighting the criteria involved or multiplying the obtained scores of each option can bring
to an overall score that can be seriously mislead in a deem@king process.
According to FHRC/RPA (2002) and agntimee enormous array of possible techniques, MCA
methods can be classified in terms of three main characteristics:

- The set of alternatives, differentiating discrete versus continuous problems. Discrete
problems involve a finite set of options, such as Heection of possible measures (i.e.
storage reservoir, structural defences, channel improvement) inside a flood management
strategy, while continuous decisions are characterized by an infinite number of alternatives
(i.e. the determination of the desigreight of a flood protection or the storage capacity of
an additional reservoir);
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- The measurement scale, separating quantitative and qualitative attributes scales. However,
decisions results may involve a mixture of qualitative and quantitative informatiith the
addition of graphical evaluation as integration of the decisigking processes;

- The valuation function, strictly related to quantitative scores. Indeed, the latter can be
measured in different ways and, to make them comparable, they have toaibsformed
into common dimension or dimensionless units, through the use of linear standardisation
function or utility functions.

Table 2-1 lists some of the MCA methods according to the level of information required, the
proposed result, the level of tresparency and, eventually, the computational and utilisation costs.

Table2-1 Characteristics of different muitriteria methods (FHRC/RPA, 2002)

MCA REQUIRED PROPOSED LEVEL OF | COMPUTATIONA UTILISATIO
METHOD | INFORMATIOI RESULT TRANSPAREN EFFORT COSTS
Weighted L Performance . .

g . Quantitative . High Simple Low
summation scores/ranking
Ideal point o Distance to . :
Quantitative _ Medium Simple Low
method target/ranking
. uantitative, .
Evaluation by Q o Visual . :
raphics Qualitative resentation High Simple Low
grap and Mixed P
Rankin
Outranking i . anking / .
Quantitative incomplete Low Very complex Medium
methods .
ranking
Analytical
hierarch I Performance .
y Qualitative . Low Complex Medium
process scores/ranking
(AHP)
) uantitative, .

Regime Q . Ranking /

method Qualitative robabilit Low Very complex Low
and Mixed P y
Perturbation Qualitative Rankin Low Very complex Medium

method g y P

Evamix . . .
method Mixed Ranking Low Simple Low

The level of the required information determines which method can be implemented in the analysis.
According to theTable 2-1, the weighted summation can provide relative performances of
alternatives, in addition to a ranking result used by most of the ¢jtetive methods. Results in
terms of final aggregated ranking can ogamplify the whole process, without prioritising decisions
and needs. Graphic and visual representations take an intermediate position between weighed
performances and final rankingn tegards of transparency, low value means that few stakeholders
are involved in the decisiemaking process. Computational effort is complex in some MCA methods
but this issue is overcome thanks to new powerful IT tools and software. Utilisation costs are
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generally higher for those methods that require the participation of several experts in decision
making procedures (FHRC/RPA, 2002). Weighted summation technique, dealing with quantitative
information, seems to be the most appropriate due to the high lesetransparency, simple
computational effort and low utilisation costs. In regards to qualitative information, evaluation by
graphics looks the best options thanks to the high level of transparency and limited costs. The
strength of the AHP method, usiogly qualitative information, provides results both in ranking and
performance scores, but the low level of transparency and the complex computational efforts limit
its applications.

In light of what has been said so far, the selected MCA technique totbégrated with a CBA in
flood risk management has to be simple to apply, able to deal with quantitative and qualitative data
and information, must have a high transparency in the appraisal process and low utilisation costs.

In the following considerationabout quantifiable damages (to be included in the CBA) and non
guantifiable damages (to be included in the MCA, as additional important assessment to the CBA)
will be reported. These losses can be computed among antxassessment in order to quantify

the potential benefits (in terms of avoided damages) of designed structural anestnactural
mitigation measures, or in a pesvent assessment to evaluate the total amount of losses. Damage
estimation must be precise and concrete and results must bessigle as precious information
sources to assess future potential impacts of hazards (IDEA, 2014).

2.5.1 Cost Benefit Analysis (CBA)

As mentioned in chapter 2.4, quantifiable benefits in terms of avoided damages can be compare
with the costs of the structural or nestructural measure and evaluated with a Cost Benefit Analysis
(CBA). The CostSy ST A i Lyl f@&aAa& o/ lytical todl an déciSidmaliyR | &
LIN2E OSRdzNEA YR LINRPGARSA Iy 20SNWASg 2F SO2y2Y
2014). CBA is defined also as a systematic procedure for assessamje ex postevent, all the
potential benefit of a give project or activity with the costs of employed resources in a comparable

unit of measure, money. This analysis can be implemented for the evaluation of different
intervention options of hazard and damage management, comparing the arisen benefits with the
corresponding costs of the strategy, to establish the effectiveness of the involved operation, as the
degree to which a measure achieves specific targets. This analysis considers only values expressed
in monetary terms (Romijn and Renes, 2013), highlghitis limitation in evaluating of nemarket

goods.

Costs are defined as the amount of investments needed to develop mitigation measures and regard
all the procedure related to a risk assessment and to the realisation of structural estnastural
interventions to mitigate hazard occurrence and severity. Among the construction works amount,
other additional costs must be considered, such as maintenance and management of the structure,
design support activities, activities related to expropriation praged and compensation, design
charges, work management and safety coordination in the planning phase and execution costs,
charges for upgrading existing services, contingency costs and VAT (Value Added Tax) charges, etc.
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Benefits are defined as the potential avoided damages to assets quantifiable in monetary terms,
such as physical damage to built environment, agricultural sector, physical infrastructure, lifelines
and economic activities (mainly related to contents ansteyns linked to the structure), as well as
potential economic growth, less emergency costs and time to recover from disaster impacts. The
procedure of damage assessment involves information on land use and exposed assets, the
estimation of hazard parametsr (water depth, velocity, etc. in case of floods) and the
implementation of models or damage curves. Damage to residential buildings regard mainly
reconstruction costs of the structures and losses to contents, involving though both vulnerability
and exposte parameters. In order to assess these damages, a simplified version of the INSYDE
model, developed by Politecnico di Milano, will be presented in details in chapter 2.5. Damages to
agricultural sector is related to the loss of production and direct dasag soil and fields. The
presentation of AGRIBEmodel, developed by Politecnico di Milano, will be proposed in chapter
2.6, in which all the parameters and agricultural aspects involved into the damage computation will
be described.

Literature stronglyunderline that CBA deals with uncertainties, due to the presence of assumed
values adopted in the analysis that potentially increase with the scale of the event (Handmer, 2003).
These uncertainties regard the estimation of costs and benefits, discoues @t externalities
evaluation (IDEA, 2014), making the outcome of a CBA highly sensitive to the made assumptions
(Brouwer and van Ek, 2004).

In order to evaluate the economical effectiveness of a designed or built measure, there are several
key metrics ofeconomic efficiency within CBA: the Effective measure (E), the Efiesttiveness

(CE), the Economic Rate of Return (ERR), the Net Present Value (NPV), the Present Value Ratio (PVR
the Internal Rate of Return (IRR) and the Benefit Cost ratio (B/C)afféweseems to be the most

intuitive criterion due to its relative metric (benefits per costs), for assessing the effectiveness of a
designed or built measure. B/C is frequently used in context of DRR and to communicate with
decision makers (Shreve andlikan, 2014). US Federal Emergency Management Agency (FEMA),
FY2y3 |y Ay@SadySyiaQ NBGASS 2F nannn YAGADL (A
ratio of 4, underling the goodness of the mitigation measures (Shreve et Kelman, 2014).

B/C is defineds the ratio between the arisen benefits from a project or a proposal and the overall
costs employed for its realisation. The B/C is described by the following formula:
B po—i
0jol WO QC*O
p i
Where:

- B are the arisen benefits, iretms of avoided expected damage, for an event with return
periodt;
Care the cost of the designed or realised mitigation measure;
ris the discount rate;

“Yis the year of the realisation of the structure.
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The procedure for the computation of thB/C, in order to evaluate the effectiveness of flood
structural mitigation measures, is described in the following:

1) the costs of the flood mitigation measure are assessed;

2) The total cost is contextualised at the moment of the analysis and evaluated lowdife:
time of the flood mitigation measure, considering also potential different future costs
through the discount rate;

3) Quantifiable damages without the construction of the flood mitigation measure are
computed for different return period events T;

4) A pbt containing the exceedance probability (1/T) on the x axis and the quantifiable
damages without mitigation measure on the y axis is created, as represenfeglire2-10;

Damage

1/200 1100 1/20 15 .
ExceedanceProbability

Figure2-10 Representation of the annual yearly damages considering event
return period equal to 5, 20, 100 and 200 years (Meyer et al., 2009)

5) The risk (or the annual average damage) is shown by the area or the integral tneder t
obtained curve. However, being known only few points of the curve, the exact computation
is not possible and assumptions must be done (Meyer et al., 2009).
6) Points 3, 4 and 5 are repeated for the scenarios with the addition of the flood mitigation
measues;
7) The area between the obtained curves represent the yearly benefits (B) arisen from the flood
mitigation measure;
8) B/C ratio is obtained dividing the estimated yearly benefits with the computed annual costs
of the flood mitigation measure.
If B/C > 1 means that the benefits generated by the flood protection measure exceed the cost and
therefore the structure represend a good investment for the society. The higher the beredist
ratio, the better the investment.
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2.5.2 Non-quantifiable damage asessment

Flood disasters affect a large number of urban settlements in the world, with severe potential
adverse consequences for human health, the environment, cultural heritage, social and economic
activities (Molinari et al., 2014). According tiberature, there is less evidence of damage
assessments to economic sectors and territorial resources, such as natural environment, cultural
heritage and social models, with respect to the built environment (IDEA, 2014). This is due to the
incidence of idirect and systemic damages (Cochrane 2003 and 2004), which most of the times is
neglected or underestimated (Shreve and Kelman, 2014). Sometimes, the exclusion of such non
guantifiable potential damages could bring to results of CBA in which benefitetdexneed the

costs for the realisation of the measure. It has to be remarked also that assessing environmental
impact, as well as social and economic damages, requires a complex analysis at different spatial and
temporal scales to qualify and quantify gottial damages, involving the participation of experts in
such fields (Molinari et al., 2014).

Since the end of the past century, attention on economic aspects related to natural disaster has
increased, leading to a greater contribution of economists itticigciplinary risk assessment (IDEA,

2014). Direct losses to economic activities regard damages to structures and their contents,
expressed in monetary unit, if possible, and regard replacement of the lost material, such as
machinery, inventories, row nta@rials and stored objects. The latter can trigger indirect and
a2aidSYAO RIEYF3ASE Ay || aft2aa OKIAyeé STFSOdsx oK.
time procedures by means of mesecale approaches. Such damages are business interruption (it

can be caused also by failure of important lifelines, which require a complete vulnerability, exposure
and damage assessment), bankruptcies, rebuilding investments, loss of customers, loss of
competitive power and reduction of market shares, sometimesighb to pull economic subjects to

stop their activities (IDEA, 2014). Assessing the macroeconomic impact requires an estimation of
aggregate economic variables like the gross domestic product (GDP). Indirect and systemic damages
to economic sectors may beupe and the time needed for restoration or reconstruction might
considerably weight in terms of capability of the whole territorial system to bounce back to the
GaSOSNERFE tAFSE O6L59!Z HWamMno®

Some examples of environmental negative externalities are pofiutisoil contamination,
ecosystem service degradation, landscape deterioration and effects on biodiversity and natural
habitats. According to literature, environmental cost and benefits can be assessed considering the
Total Economic Value (TEV), as the safnuse values and neuse values. Use values regards
benefits gained from actual use and consumption of the environment, as well as secure the potential
dzaS 2F NBaz2dz2NOSa Ay TFdzidNBo ! aS @I fdzSa Ayof d
eduation and scientific benefits, recreational and general amenity benefits.-idenvalues or

LI a3A0S @FfdzSa NBE IASYySNrfte NBEFGISR G2 (GKS A
future generation may use the asset (RPA, 2004). BrouwervandEk (2004) evaluated the
ecological effects of mitigation measures in terms of changes in the vegetation, in the relative
6SEFEOK 2F aLISOASa 2F RAFFSNByld aSO2G2L5a¢sz | &
of view. Meyer et al. (2009) elmte the impact on the environment assigning scores to criteria of
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erosion potential, accumulation of pollutants, destruction of biotopes. However, most of the times,
environmental and social costs (and benefits) fall outside the marketplace, leadinghto a
impossibility of a CBA to takes into consideration these assets and requiring the implementation of
MCA approaches.

Social impact evaluation can be based on qualitative judgment, assigning qualitative scores for the
most important social criteria iderfied by experts (Brouwer and van Ek, 2004). Meyer et al. (2009)
evaluate the social impact of flood in terms of affected population and probability of hot spots to
0S RIFYI3ISRE &dzOK a K2alLMAirfas aoOKzzffackaet R L
loss of life and people injured, while indirect effects regard unemployment, population distress,
increased of health conditions, team demotivation, lower social cohesion, decreasing public safety
and community destruction (IDEA, 2014). Humam if usually not evaluated in monetary terms,

due to its complexity (each person should be assessed singularly) and, most important, for ethical
issues. However, if it would be quantified, the B/C ratio will definitely report much higher results. In
the Kunreuther and MicheKerjan study, the potential benefit of structural retrofitting of schools in
seismic areas does not exceed the costs until the value of human life is added or, at least, considered
(Shreve and Kelman, 2014). Therefore, the inclusiche®xposed population in a MCA, without
assigning monetary values to human life, would increase the goodness and effectiveness of the
mitigation measure and would guarantee a more comprehensive and complete flood impact
assessment. The assessment of tlopylation at risk is normally done overlaying potential hazard
maps with exposed population in that specific area; however, a larger community may be affected,
according to the severity of the event and the systemic importance of the damage assets (Molinar
et al., 2014). Particular attention should be paid also to potential damages toer@wable, non
repedable resources and nomefundable important memorabilia like cultural heritage and
historical places which can be damages or lost in case of sdwedsf like the one in Florence in

1966 (IDEA, 2014). Even though such externalities are easy to be identified, their assessment and
inclusion in decisiomnaking processes can be difficult due to absence of market values (EC, 2014).
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2.6 SimplifiedINSYDE model

According to Molinari et al. 2016, nowadays, in Italy, involved public agencies and authorities use
gualitative approach to evaluate flood damage, preventing the assessment of expected potential
damage in monetary terms. The latter should beluded into CBA or MCA to assess the
effectiveness of mitigation measures, as required by the European Flood Directive 2007/60/EC.

Direct and tangible quantifiable damages are estimated with standard damage curves or functions
(FLOODsite, 2007), combigi hazard maps with element exposed at risk. In Italy, the
aforementioned tools are not frequently used, due to not consolidated approaches, the scarcity of
available damage dafar calibrating and validating the modahd because foreign damage models

are strongly context related, which could be different from the Italian territory (Merz et al., 2010,
Molinari et al., 2012, Scorzini and Frank, 2015). Empirical damage models are strongly dependent
on the collected data (Wagenaar et al., 2013), while syithdamage models result to be more
complex because more parameters and variables (Schrotel et al., 2014) are involved in the
computation of damages. The optimal solution would be a model that is simple, as the empirical
ones, but that include quantitativand qualitative explicative parametein damage assessment,

as the synthetic ones. A relevant obstacle in developing such models is represented by the absence
of appropriate data able to guarantee a complete damage assessment of flood impacts (Brllio et
2015).

The chosen method, in order to calculate the damage to residential buildings, represents a
simplified version of the INSYDE-{épth SYnthetic Model for Flood Damage Estimatioogel,

which complete description is reported in Dottori et al., 2016. The latter is a synthetic-sual®
multi-variable model based on a compondm-component analysis of the physical damage
(Scorzini et al., 2018), that allows to reproduce damageharisms to residential buildings for
different flood scenario. Indeed, it simulates damages caused by floods with different values of
water level, velocity and duration, and the related damage considering different vulnerability levels.
Moreover, INSYDEak been validated on Italian flood events and it consider the Italian price list for
computing damages.

The proposed model considers sevegaplicativevariables, both related to the hazard and to the
vulnerability of the affected buildings. The overdhmageO is obtained summing up all the
mathematical function describing the damage mechanisimsas follow:'O B 0. In the
following, the procedure of the aforementioned method is described, focusing on each damage
component involved in the coputation of the damagé.

The total absolute damag@we 8 A& 200 AYySR dzaAy3a GKS F2ft264
0 0z'Yesbd
where:

- Qis the relative damage, considered as the ratio between the damage and the replacement
cost of the exposed element;
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- 'Yaw e A ¥ the replacement value, obtained as function of different parameters, such as
building typologies, structures and finishing levélseas; Cresme; Ania, 201;

- 0 is the footprint area of the building, considered as the sum of the areas of the storeys
exposed to the flood in a building, included the basement storey (it is assumed that the
basement and the upper floors have the same replacement values but not the same damage
mechanism);

An important step in the damage assessment is the definition efetkposed elements. The latter

are composed by the storey directly affected by the flood and not the entire buildings to which they
belong. The overall damage to buildings is determined by summing the damages of the storeys
affected by the flood. Moreovethe total absolute damage D is divided in four damage components
obtained through four different functions. Indeed, the aforementioned formula can be expressed

as:
0 0 Z'Yu¥ 0 BQ z¢gzY@o Q zZYW 0o Q Z'Yo¥ 0
where:

- Q Is the damage to basement that is assumed totally inundated in case of flood and
GKSNBEF2NBE Al R2SayQi RSLISYR 2y GKS 41 G§SNJI f
- ¢ is the number of flooded storeys;

- Q is the damage to the storey that represent the greater component of thmalge
and it depends on the water level,
- Q is the damage to pavements that is considered as a constant value if the water level

is greater than zero;
- Q is the damage to boiler that depends on the water level if the basement is presen
only, otherwise it is considered located in the basement and therefore entirely inundated.

In the following, for each of the previously listed damage components, the used formulae and the
parameters, involved into the computation of damage to residdriigldings will be reported.

A crucial step for the damage assessment is the identification of the variables which the damage
depends on, or define criteria in order to determine which variable can be neglected from the
damage computation. These critehiave been used to reduce the number of involved parameters

of the INSYDE model and regard:

Variables that, due to the small variability in the analysed context, is assumed as constant;

- Variables not available in open database and which determinatiomplex;
- Variables that can be assumed as function of others;

- £ NAlofSa 6K2aS QGINRAFGA2Y>S Ay | 201t &
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the final damage.
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Among the six event parameteand the eighteen building characteristics featucemsidered by
INSYDE modehe following reported in thélable2-2 have been selected in the simplified version:

Table2-2 Event parameters and building characteristic features consideri isimplified version

of INSYDE
Variable Description unit of Range of values Default values
measurement
Water depth outside Incremental
h . m X0
the building step: Q01 m
du D'ura.tion of the. V\{ater hours >0 24
inside the building
q Presence of pollutanty ] 0: No 1
in the water 1: Yes
FA Footprint area m? >0 100
BA Basement area m? >0 %FA
NF Number of floors - X M 2
1: detached house
BT Building type - 2: semidetached house 1
3: Apartment house
BS Building structure ] 1: reinforced concrete 2
2: masonry

0,8: low
FL Finishing level - 1: medium 1,2

1,2: high

0,9: low
LM Level of maintenance - 1: medium 1,1

1,1: high

The basement damage depends on the basement éreathe level of maintenancé 0 of the
building and the duration of the water inside the constructith) and it is obtained with the
following formula

Q "Q6 62°Q0 Qo
where:
o~ o 8
Q0 0 T8 ¢ m__)

s N o~ oA oA

QO Qe S T T

The storey damage depends on water le@efootprint area”0q duration of the water inside the
building Q ¢ level of mainenanced 0, building structured "Yfinishing level"Olpresence of
pollutantsr} and it can be computed using the following formula:

46



Q "QQ2Q062Q0 FR62 Q6 Y2 "Q002 QR
where:
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The pavement damage depends on the finishing I€@glonly. In particular, the pavement is

assumed to be damaged if made of wood only, therefore for high finishing level and tutated
as

, s TBUH QQ MO E VIQICNTO
« nou mh Qai Q
The damage to the boiler depends on the presence of the basement and on the water level. Indeed,
it is assumed that the boiler is located in the lower levedrélsent, otherwise the boiler is supposed
to be placed at more than 1.60 m from the pavement le@t(ori et al., 201%. Therefore, this
component of the total damage can be computed using the following formula:

, o TBIPQED TMEIGO TMHOETQ pHA

Q % 0 mh Qai Q
For what concerns the replacement vali¥ww € K ¥f residential buildings, involved in the

calculation of the total absolute damagthe values Cineasc Cresmeg Ania, 2018yeported in
Table2-3 has beertaken as reference:

Table2-3 Replacement values for residential building (Cing@sesme; Ania, 2018)

Replacement Valu

weRgY Detached house | Semidetached house| Apartment
r.c. 1580 1432 1288
Masonry 1131 1027 1288
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2.7 AGRIDE model

According to literature, the hazard parameters usually included in damage modelling are water
depth, flow velocity, flood duration, sediment and contaminant load. For cropgnportant role

is played also by the period of the year (generally the month) of the flood event, making the damage
strongly dependent on crop calendars (USACE, 1985; Morris and Hess, 1988; Hussain, 1996; RAM,
HannnT [ AGSE dzZ H Ao Tetd, &2008; Agekais et bl f 2013; Shrastha e al. 201BtE { -
Vozinaki et al., 2015; Klaus et al., 2016). Indeed, the vegetative stage of any crop type, at the
occurrence of the flood, is the only vulnerability parameter that strongly affects the damage
suffered by the plant. Moreover, the behaviour of the involved farmers, like abandoning the
production or to continue at increasing costs, is usually not considered in damage assessments to
agricultural sector, despite the clear and strong influence of tttedan the final damage sustained

by the farm (Pangapanga et al., 2012; Morris and Brewin, 2014). Expected damage can be expressed
as percentage of the gross profit (USACE, 1985; RAM, 2000; Agenais et al., 2013; Shrestha et al.,
2013) or of the turnoverthe farmer (Citeau, 2003; Dutta et al., 2003; Forster et al., 2008; Vozinaki

et al., 2015; Klaus et al., 2016).

The conceptual model AGRHOEAGRIculture DamagE model for Crops) has been developed by
adopting an experbased approach, encapsulating thavailable knowledge on damage
mechanisms triggered by floods, as well as on their implications in terms of income for the farmers,
and including opinions of experts like agronomists and economists (Molinari et al., 2019). The
structure of AGRIDE model isvalid in different geographical areas, but the computation of
damages requires the definition of the hazard parameters and an exposure assessment of the crops
effectively involved at the occurrence of the flood, makihg damage modestrongly context
related. Indeed, damage to crops depends on several local features, related to vulnerability and
hazard assessment, that cannot be generalised. The assessment of flood damage to agricultural
sector has been performeldere using AGRIDE&and its analyticamplementation in the Po valley.

Absolute damage (D) is a function of the time of occurrence of the flood, water depth, flood duration
and alleviation strategies, and it is expressed as the difference between the reduction in the
GdzNYy 2 OSNJ 6k8badyRy KSR ROk fyloodIBisis efualddconsider
absolute damage as the change in the gross profit (Gl BC where T= turnover and PC =
production costs) due to the flood, compared to the case when no flood occurs (Scenario 0):

D = GRfiood - GRiood = (-]Floflood'Tﬂood) - (PGOﬂOOd'PCf]OOdl’) rl' Kk ¢

It has to be remarked that absolute damage always includes costs related to soil restoration, which
is required every time a flood occurs.
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Figure2-11 Scheme of the conceptual model AGRIDE

A physical and an economic model are included in AGRIDEorder to evaluate the absolute
damage D, as shown gure2-1. The first one provides information on the physical damage, while
the second one converts the physical losses due to the floodndoetary terms. The physical
model is then composed by two subodels, for the evaluation of damages to crops and soil,
respectively. The economic model of AGRtDE also divided into two sdmodels: one for
evaluating the reduction in the turnover anthe other one for assessing the decreasing in
production costs compared to the scenario O.

Physical damage to crops depends both on the direct contact of the flooding water with the plants
and on damages to other components of the farm, such as damageitoto machineries and
equipment. AGIDE considers only the damage to soil because it is demonstrated that plants and
soil are damaged at the same time during the flood occurrence while other components can be
affected independently on the damage to pta. Damages to crops are evaluated in terms of
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reduction in the amount and quality of the harvest, considering hazard features (water depth and
permanence of the flood) and type of affected crops, because cultures resist flood impacts
differently accordig to their physical condition and vegetative stage at the occurrence of the flood
(Rao and Li, 2003; Setter and Waters, 2003; Zaidi et al., 2004; Araki et al., 2012; Ren et al., 2016).
The assessment of physical damage to soil considers the kind of dessuHigeed (i.e. erosion,
contamination) and the consequent reduction in fertility (influencing the quality and the quantity

of the harvest), as function of the flood hazard parameters.

For what concerns the economic model of AGRiDtBe first submodel cdculates thenT as the
reduction in the turnover due to the yield reduction and to the decreasing price of the of the harvest
caused by the lower quality of the latter. The second-suidel evaluatedht / & GKS O2
restore the flooded soil and additi@l costs for adopted strategies by the farmers. These can be the
continuation of the flooded crops when damages are relatively low, reseeding a new late crop
depending on the period of flood occurrence, and abandon the production when the yield loss is
severe.

The implementation of the model in the Po Plain requires first the identification of the typical
parameters of floods occurring in the analysed area and the main crops cultivated in the region to
be considered. Secondly, after the characterisatiothefscenario 0, an analytical expression of the
process described ifigure2-1 is derived and then flood damages to crops are evaluated for
different flood severities, time of occurrence and damage alleviation strategies adopted by farmers.

As regard tk hazard, riverine lontpsting floods (like the November 2002 event in Lodi) are
characterised by medium to high water depths, low flow velocities and low sediment transport.
Therefore, in the application of AGRIDEodel to the case of Lodi, water depflood duration and

time of flood occurrence have been considered only. For what concerns the main cultivation in the
analysed area, according to cadastral data supplied by the Regional Authority, the most common
crops are grain maize, wheat, barley, glasd and soy.

Scenario 0 is characterised as the annual gross profit per hectare for the farmer, in case of no flood,
implying the estimation of the annual turnover and the distribution of production costs over the
year. Moreover, the annual EU contriboris for agriculture as a further income for the farmer has

been taken into account. The production and management costs and the prices of the different
cultivation practices cannot be generalised and have been identified involving experts and
consulting rgional price books. According to the aforementioned data, the analysis for the scenario
OinLodiNBadzt Ga Ay | 3INRP&a LINPFAOG F2NJ 0KS FIF N)¥SNJI !

Physical damage to crops has been estimated adopting the model developed in Fran@naig Ag

et al. (2013). This choice is supported by the fact that the independent flood variables considered in
the model are coherent with the flooding characteristics of the Po Plain. Moreover, the model is
independent on the crop calendars as they use vVatje stages of the plant as time variable for

the flood occurrence. An example of the implemented physical damage model for maize is reported
in Figure2-12. This model consists of functions giving the yield reduction cause by a flood, as
percentage oftie scenario 0, considering water depth and flood duration, for the seeding, growing,
flowering and maturation vegetative stages.
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Figure2-12 Physical damage to maize as a function of vegetative stage, flood dep
duration (adapted from Agenais et al., 2013)

For what concerns the damage to soil, according to the characteristics of floods in plains, the model

is based on the assumption thaoil requires restoration in case of inundation, consisting in
removing of sediment and levelling of the terrain, while no reduction in fertility occurs. The
SAaGAYIGSR NBaAG2NrGA2y O2ada KI@S 0SSy | aadzySR
As regard the alleviationtrategies, the model assumes that reseeding does not implies a yield
reduction in terms of quality and quantity of the harvest. In terms of production costs, reseeding
implies other additional costs such as preparation of the soil, the acquisition of eedvad the

seeding process.

51



An example of the damage functiofte maize cropsmplemented in AGRIB&isshownin Figure
2-13. All the damage functions for treforementionedtypes ofcropsare proposed ithe Appendix

Water depth s [days] Water depth 5 Flood duration [days]
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Figure2-13 Relative damage to maize crops (in case of conventional tillage) for the diffei
combinations of times of occurrence of the flood (i.e. month), flood intensities (i.e. water
and flood duration) and damage alleviation strategies ("c"=continuatidrreseeding;

GFé€TFolyR2yAYy 30

2.8 Sensitivity analysisclimate change impact on flood occurrence and levee effect

/[ fTAYFGS OKFy3aS FyR dz2NBFYy RS@OSt2LIYSyld | NBE LINRY
(Poelmans et al., 2011), therefore, a change in the month of occurrence of the flood and a case of
levee effect have been considered within the sensitivity analytibe results

According to Beckers et al. (2013) and EEA (2010), climate change will increase the occurrence of
floods in many European cities, both in terms of peak discharge intensity and frequency, that
combined with land use evolution, will represent a key factotiie future flood risk. Extreme flood
frequency is result of an increasing of CO2 concentration in the atmosphere (Milly et al., 2002) and
scenarios reported in the IPCC (IPCC 2007) confirm this aspect as consequence of the always greater
greenthouse gase and aerosol concentration (Ballestet@anovas et al., 2013).

Ten of the warmest years since 1800 in Italy are after 1990 and, among these ten, six occurred after
the year 2000, demonstrating the upward trend in global temperature. Evidences of clitmatge

are in meteorology, climatology modelling and atmospheric physics, influencing different processes,
such as the hydrological cycle and desertification, impacting natural systems like agriculture, forests,
mountain, marine system, and affecting popull A 2 y Q&4 KSF f 0 KX dzNB Iy LI} |y
economic system (Science on the net, 2013).
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Scenarios with climate change have been rarely evaluated into CBA or MCA sensitivity analysis
(Shreve and Kelman, 2014). These scenarios would provide atoge of future damage costs
(Mechler and Kull) and will help to predict a more comprehensive portrait of the expected future
risk (Shreve and Kelman, 2014). However, variability in the accuracy and precision of available
climate change data, difficultias predicting hazard occurrence, challenges in incorporating future
social behaviour and policies, as well as uncertainties related to future urban development demand
(Mustafa et al., 2018), increase the uncertainty of future climate change impact (Simd\welman,

2014).

¢CKS ONIyaF2N¥YFGAZ2Y FTNRBY yIOGdzNFf G2 dzNBlFyYy | NIOA
0SOFdzaS 2F LIR22NJAYyUfGNI GA2YyY 0| drfeydicies, yeRtedtd al K A N.
major human activity on flood pla# could increase flood risk as result of greater exposure and
vulnerability (Ballestere€anovas et al., 2013). Flood damages are increasing because of the
growth, in number and values, of territorial assets and exposed activities such as buildings,
infrastructures and other physical elements. Avoiding new urban and infrastructures developments
Ay pereRones would enable a strong reduction of expected increases exposure (Mustafa et
Ff®dS Hamyod ! OO2NRAYy3I (2 [ 2ftshdv thabtbieNtb&izationbfd 6 H
b22ABRPYS | NBlFIa O2yGAydzSax FyR Lldzia Y2NB |yR Y2
for instance in Africa (Di Baldassarre et al. 2010), the Netherlands (De Moel et al. 2011), USA (Montz
and Gruntfest 1986), Bafadesh (Rasid and Paul 1987), UK (Parker 1995) as well as globally
W2y 3AYlLy SiG fd® HAMHUE ®

In case ofealisation of structural mitigation measures, people might gain a false sense of security

f SFRAY3 (G2 dz2NBFyYy RS@St 2 LIYS ydidefenges, withdliStaking any JNE
further disaster risk reduction measures (Shreve and Kelman, 20ib4#ed, the presence of flood
protection, such as soil embankments and walls, might increase the exposition in flood prone area,
inducing greater potential @mages in case of defense failure. This false sense of safety that brings
02 RS@OSt2LIYSyid 2F GKS FNBFa LINPGSOGSR o0& fS@S
al. 2009; Lane and Landstrom 2011). This phenomenon, together with low resihepopulation,

in terms of bad memories of past severe events and conviction of being safe, might happen after
GKS AYLXSYSyiGlFrdAz2y 2F YAGAIFGA2Y YSI aAdWNBod 585
approximately 33% of flood losses in the United &aare due to levee failure or overtopping
(Committee on RisBased Analysis for Flood Damage Reduction 2000), levees are sometimes used
to encourage development (Hutton et al., 2018). The decay rate of the memory increase as
structural measures are implésgny § SR (12 WSEtAYAYIFGSQ (GKS b22R |
AAIYAUAYAR LRSSt 2 LIYSyd GKS FFNBlFA LINPISOGSR ¢
(Collenteur et al., 2015). According to Newell and Wasson (2002), most damage and death will occur
during severe floods for which the population is unprepared, despite the presence of structural
mitigation measure. The city of Olivehurst has experienced high population growth despite a history

of flooding, partly due to failure of structural mitigation emures, being a clear example of
increased development stemming from a false sense of security associated with mitigation projects
(Hutton et al., 2018).
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3 Case study

3.1 Flood modelling

In this chapter, first the available data used for the flood modelling lvélpresented, followed by

the modification performed on the geometry in order to reproduce tendition before the bank
construction and a condition with the new structures in place. Then, results of the unsteady
modelling will be shown, before reportithe procedure of calibration of the model.

3.1.1 Available data for flood modelling

This work has started with theollection ofdatatakenby the advisor of the project and the writer,
coming from reports of previous studies and researches, national and local organisations and

literature review. In the following, the available data usedtfue flood modellingare described in
details and regard:

Table3-1 Available data for flood modelling

Studio idrologicadraulico del | March 2005
Hooded area on the . . L
tratto di F. Adda (Rossetti & | updated on Model calibration
November 2002 event
Cella) January 2010
Observed water surface] Damage compensation forms|
elevations in control | and from reconstruction of pos{ 20022003 Model calibration
points post flood event event photos
Hydrometer levels and Studio di fattibilita della
hydrograph of the sistemazione idraulic@Po river 2003 Model calibration
November 2002 flood basin authority (AdbPo))
. Studio di fattibilita dell T
River Add& éoss _ ) Ic.) ! ? ! |.a © 6.1 Modification ofthe
sections sistemazione idraulic@Po river 2004 terrain moroholo
basin authority (AdbPo)) Phology
DSM BC and IC files, _ L . . :
. . Universita degli Studi di Parm; Hydraulic model and
computational domain v March 2018 y

file, orthophoto

(UNIPR

modelcalibration

Altimetric survey on the
structural defences

Politecnico di Milano

January 2019

Modification of geometry
for the creation of the
five hazard maps with

structural defences

it (Natale) 2003 Additional information

ritorno (Natale); .

Past reports - Flood Hazard Modeliing for th and corppanson of the
2018 obtained results

- Delimitazione delle aree
inondabili ad assegnati tempi ¢

City of Lodi (Agosti & Crippa)
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3.1.1.1 Hooded area of the November 2002 event

The estimated extension of the flooded area (Rossetti & Cella, 2010) has been used as reference
and compared with the obtained flooded areas of simulatibasg part of the model calibration.

Figure3-1 Extension of the estimated flooded area in Lodi

o5 S

3.1.1.2 Observed water surface elevations gontrol points post flood event

Several measurements of water elevation have been obtained in control points (red dots) after the
occurrence of the flood in Lodihese heights have been obtained frarformation on water depth
available from a total of 121 georeferenced poirdgscribed in the damage compensation forms
compiled by citizensand from reconstruction of photos taken mainly pestnt. These observed
water levels will be used to calibrate the hydraulic model.
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3.1.1.3 Hydrometer levels and hydrograph of the November 2002 flood event

Hydrometer levels of the November 2002 flood event (Natale, 2003) has been obtained from
measurements of the station located in the second arch from the hydraulic right of the Napoleone
Bonaparte bridge and reported in tiggure 33.

Hydrometer levels of the November 2002

flood event
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(o]
o
o
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0.00 20.00 40.00 60.00 80.00 100.00 120.00

Time [h]

Figure3-3 Hydrometer levels of the November 2002 flood event (Natale, :

In regards of theestimated hydrograph, representing the November 2002 eviémiasbeen taken
from a former study (Natale, 2003). The discharge curgported inFigure 24, has a duration of
120 hours and a peak flow equal to approximately 183%&m

Hydrograph representing the November
2002 flood event
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Figure3-4 Discharge hydrograph of the November 2002 flood event (Natale,
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3.1.1.4 wA S NJ | Rsettiona ONR & a

I G241t ydzYo SNJ 2 FsectiomohaviBbegn$ivdidedrbRtheQiver RO NaBiA diityo
(AdbPo) but only 4 have been used in order to reproduce the geometry in the hydraulic model. The
latter have been used to modify the geometry used in the flood model, in order to reproduce the
bathymetry conditions of November 2002.
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ANrrrnrnrnrnen s =

Upper part of
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Figure3-5 Cross section of the river in correspondence of the Napoleone Bonaparte
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Figure3-6 Cross section of the river at the tip of Achilli islet in Lodi

3.1.1.5 DSM BC and IC files, computational domain file, mefgisolution file and orthophoto

The default input files provided by the Universita degli Studi di Parma, havenedified and used
during the model calibration and the creation of the hazard maps. These files regard:

W digital surface model (DSMyith 1 m resolution containing a portion of the
municipality of Lodi;
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Figure3-7 Extract of the digital surface model of the municipality of Lodi

w Boundary condition$BCYile;
W Computational domain file;
w Orthophoto of the area of interest, containing a portion of the Municipality of Lodi

TheBC and the computational domaifites have been proposedin the chapter 24.2, during the
description of Parflood softwaréMoreover,some of thesehave beemmodified during the model
calibration,explainedin chapter 31.3

3.1.1.6 Altimetric survey on the structural defences

The altimetric survey of the right bank of the Adda river in Lodi has been perforntbe ggodesy

and geomatics laboratory &olitecnico of Milan ath by the writer on the 30 of January 2019 with

Leica Nova GS14 GPS / GNSS instrumentation in NRTK mode (NTRIP connection to the SpinGNS
regional network). 56 measurements along about 3.5 km of structural defenses have been
computed. The plan coordinates are UTM / W&IS The heilgts are ellipsoidal and geoidic type
(Italgeo National Geoid) and the latter have been transformed with the ConVERGO software (source
CISIS). The precision of the orthometric heights (on the geoid) is + 5 cm (1 sigma).

In Figure3-8 and Figure -®, the lccation of the 56 measurements and the sunagerationon a
structural wall have been reported. These measneats have been used to reproduce the
geometry, used as input file for the simulation of scenarios with structieténces.
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Figure3-8 Location of the altimetric survey

Figure3-9 Measurements of the eIevan of structural wall belonging to th
opening of Via Napoli

3.1.1.7 Past reports

Some reports about previous researches on the river Adda and the November 2002 flood event have

been consultedThe latter have beensedto collect additional informatiorand to enrich data for
the flood model calibrationThe most important studies are:

e e ¢g¢g
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Studio idrologicddraulico del tratto di F. Add@&ossetti & Cella, 2010a);

Studio di fattibilita della sistemazione idrauli@eutorita dibacino fiume P0o2003);
Delimitazione delle aree inondabili ad assegnati tempi di ritoNadgle, 2003);
Flood Hazard Modelling for the City of Laglj@sti e Crippa, 2018);



3.1.2 Geometry

Two differentgeometryfiles, respectively without and with structural defences/bleen created,
starting from a bathymetry fileepresenting the Municipality of Lodi after the flood eveptovided

08 UKS a! yYyABSNEAGE RS3IfTA {(ddzRA RA t I NX¥YIED

In the geometry file without structural defences (levees, protective wallsluice gats,
embankments reinforcements), several operations have been performed in order to reproduce, as
closely as possible, the environment of the interested area hit by the November 2@@PeVent.
Irrigation ditches have been added upstreahthe historical municipality, using bathymetry of
previous studieglike wasdone by Agosti & Crippa, 201 @jctures taken during field surveys, google
earth and google street view. An extract okthathymetryfile, representing the irrigation ditches
just upstream ofthe historical bridge on the hydraulic right and a top view of the channels nearby
asluice gate$rom google earth are reported iRigure3-10.

Figure3-10 Extract of the bathymetry file representing the irrigation ditches on the left and
view from Google Earth on the right

Theunderpassbelowd KS abl L2t S2yS . 2y LI NIIiS¢ ONARIS 2y
has been added to the originbathymetryfile, as shown ifrigure3-11, taken from Surfer and field
survey pictures.

Figure3-11Insertion ofthe underpass undehe historical bridge and field survey picture
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overpass downstrearof the historical bridge have been added to the amgi bathymetry file, in

order to reproducein details, the possible paths that the water can follow after the occurrence of

a flood.

v

Figure3-12! RRSR LI G Ka | f2y3 GKS ¢l y3asSy

Moreover, the pgllarsof the afaoementioned road viaduct downstreaof the historical bridge have
been added, as shown Figure3-13.

w»

Figure3-13! RRSR LIAff I NB 2F (K Gl
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The built environment of the City of Lodi in 2002 has beeproduced and used for all the
simulations, both without structural defences, as during the November 2002 flood, and with
structural defences, built after the occurrencé the event The chae to keep the same built
environment has been dictated by thest benefit analysis purpose of the structural mitigation
measures. As consequence, the same potential damage to residential buildings, economic activities
and agriculture, as well as the number of exposed people, has been taken into account.

Regardingthe used inputbathymetry file with structural defences, all the aforementioned
modificatiors of the terrainrelated to irrigation ditches, paths, tunnels, addeitlgss and the 2002

built environment have been repsenteal. In addition to the previougeonetry file, the structural
mitigation measures (soil embankments, walhd sluice gats) have been added, according to the

final design of the works drafted by AIP@génzia Interregionale per il fiume Pand Regione
Lombardia. InFigure3-14, two examples of the added defences are shown. In particular, part of the
a2Af SYolylyYSyida o!'m GeLkRt2380 FTNRY (KS AyidSN
to the S.P. n.202 and the stretch of soil embankments downstreiaitme city of Lodilinked to the
Grangenziald dzRé NRBI RX I NBX LINPLIZASR®

Figure3-14 Example of the added soil embankments downstream of the City of
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Another modification of the origin@eometryfile regards the addition of a dike downstrearfithe
historical bridge, according to thenal design of the works. Moreover, a stretch of approximately

200 mof the river bed between the historical bridge and the aforementioned dike has been
modified, decreasing the heightof theriverbdd Ly 2 NRSNJ G2 R2 &23 yAyS
constant values and with 5¢cm incremenhave been replaced over the previous terrain, leading to

an almost linear river bed surface between the approximately 63 m below the historical bridge and
the 62.5 m of the designed dike. Eventually, structural cetecreinforcements in the upstream tip

of the island and on both sides of the river, in correspondence of the island itself, have been added.

Figure3-15River bed between historical bridge and dike and added concrete reinforcem
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3.1.3 Unsteady modelling

With the unsteady modelling it is possible to obtain thBood eventevolution, in terms of flooded
area, water levels, flow pathnd permanence of thdlood water.

For the purpose of this case study, first the bathymetry without structural defences has been used
in order to calilbate the model and to obtain the hazard maps without flood protections. Then, the
previously described structural defences have been added to the same bathymetry file, in order to
obtain the hazard maps with flood protection and to compare them with theesponding ones
without defences in &enefit cost ratio, inside a Multi Criteria Analysis

For what concers the boundary conditions (BC), a discharge hydrograph has been input as
upstream one and aating curve as downstream one. The features of thkesandary conditios

will be specified in the section dedicated to the model calibration. The twoaB&£applied on
segmens belonging to the simulation domain, wke characteristicshave beenmentioned n
chapter 24.2

The initial time of the simulation has been set equead, asthe beginnng of the flood hydrograph.
The duration of the simulated event has been chosen equal to 120 hours, namely five days.

The flood simulations have been computed with the calculatioR 80 ¢t | NF f 22 R¢ LINR
G!' YADBSNBAGLE RSONIRR)wWhile dzbiKicatRrs ort nhapMirepresentation of the

latter have been done usinthe &Surfeg software. Several outputs are available, such as water
surface elevation, water deptland velocity in x and y directionsat each time stepand the
envelopment of the highest water levehnd maximum velocityeached by the individual grid cell

during the entire simulatio® { 2YS 2 G KSNJ 2dzi Lddzi FAfS& Oltye 6S 2
latter have not been considered relevant for this thesis work.

¢CKS O2YLMzil GA2yLFE GAYS F2N O02YLX Si syibut 8186 S  dzy
hours, considering that all the calculations have been done retpatising theUNIPRservers

Hgure 3-16reportssome results of water depth in the most interesting time stapsorder to show
the evolution of the flooded area and the water depth in each cell of the grid darmadetails, the
20" hour of the simulation, the condition at the p&dt = 65 h), the last time step of the computation
(t = 120 h) and some other relevant intermediate snapshotsdisplayed. It has to be remarked
that the snapshots irFigure3-16 are cut out, showinganareacontaining insidéhe Municipality of
Lodiand that the latterare demonstration resul only, with no reference in terms afepresented
parameters and chromatic scale
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