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Abstract

Riverine floods endanger lives and cause heaggonomic losses. In addition to economic and
social damage, floods can have severe environmental consequences, for example when
installations holding large quantities of toxic chemicals are inundated or wetland areas are
destroyed. Flood impacts may be radgced by appropriate measures, whose design needs to be

supported by appropriate assessment of the spatial distribution of hazard and risk.

The legislation of the European Union includes the Directive 2007/60/EC on the assessment
and management of flood riks, entered into force on 26 November 2007. In Italy the Directive
2007/60/EC has been adopted with D.Lgs. 49/2010 and with the operative tool PGRA
Piano di Gestione del Rischio Alluvioni, whose use is required by the Italian law to
characterize and plarthe necessary actions aimed at reducing the negative consequences of
flood events on human health, territory, goods, environment, cultural heritage and the

economic and social activities.

The present work is framed in tharea prone to flood risk calledMi | ano Nor ddé, and
consists in defining a methodology for a full Zlimensional unsteadymodelling at the river
scale, for two of the streams in tharea:the Seveso and the Bozzente. The numerical model

adopted in this case is embodied in the codeAFRFL OOD of the oUniversit?’

Par mao ( UnelinBuR Jlata for the hydrodynamic simulations have been produced
merging different pieces of information (hydrological/hydraulic data from past reports,
topographic data from digital terrain moded and ground surveys of river sections, soil use
databases)The proposed approach has been used to produce flood hazard mégisowing
maximum values of water depth and velocity within a design evenfr the return periods of
10, 100,and 500 years.

The final maps have been compared with the results from the previous flood hazard
assessmentflast update of the flood maps was performed in 2019 with OD model&) order

to highlight the major differencesbetween the results obtained witlthe two approachesA
critical analysis of the procedure and of the resulpsoduced in this thesidias been carried oyt
highlighting several limitationsof the performed work (probable overestimation of the flood
hazard, possible geometric misrepresentations due to the large scale of the models, lack of
building block inclusion); some further developmentsare thus proposed to overcome such

limitations and produce more reliable inundation maps



Abstract (Italian version)

Le inondazioni fluviali mettono in pericolo vite umane e causano pesanti perdite economiche.
Oltre ai danni economici e sociali, le inondazioni possono avere gravi conseguenze
ambientali, per esempio quando vengono inondatstabilimenti che contengono grandi
quantita di sostanze chimiche tossiche quando vengono distrutti ecosistempaludosi. Gli
impatti delle inondazioni possono essere ridotti con misure appropriate, la cui progettazione
deve essere supportata da un‘adeguata valutazione della distribuzione spaziale del pericolo e

del rischio.

La legislazione dell'Unione Europea include la Direttiva 2007/60/CE sulla valutazione e
gestione dei rischi d alluvione, entrata in vigore il 26 novenbre 2007. In Italia la Direttiva
2007/60/CE e stata adottata con il D.Lgs. 49/2010 e con lo strumento operativo PGRA
Piano di Gestione del Rischio Alluvioni, il cui utilizzo e previsto dalla normativa italiana per
caratterizzare e pianificare le azionhecessarie volte a ridurre le conseguenze negative degli
eventi alluvionali sulla salute umana, sul territorio, sui beni, sullambiente, sul patrimonio

culturale e sulle attivita economiche e sociali.

Il presente lavoro e inquadrato nell'area a rischidi alluvione denominata "Milano Nord", e

il suo scopo consiste nel definire una metodologia per una modellaziome moto vario
bidimensionale a scala fluviale, per due dei torrenti della zona: il Seveso e il Bozzente. Il
modello numerico adottato in questo cas € incorporato nel codice PARFLOOD
dell'Universita degli Studi di Parma (UNIPR). | dati di input per le simulazioni idrodinamiche
sono stati prodotti utilizzando diverse informazioni (dati idrologici/idraulici da relazioni
precedentj dati topografici da modelli digitali del terreno e rilievi in sito delle sezioni del
fiume, database sull'uso del suolo). L'approccio proposto e stato usato per produrre mappe di
pericolo di inondazione (che mostrano i valori massimi daltezzae velocita dell'acqua in un

evento di progetto) per i periodi di ritorno di 10, 100 e 500 anni.

Le mappe finali sono state confrontate con i risultati delle precedenti valutazioni della
pericolositd da inondazione (l'ultimo aggiornamento delle mappe di inondazione e stato
eseguito nel2019 con modelli OD), al fine di evidenziare le principali differenze tra i risultati
ottenuti con i due approcci. E stata effettuata un'analisi critica della procedura e dei risultati
prodotti in questa tesi, evidenziando diversi limiti del lavoro svolt{probabile sovrastima della
pericolosita alluvionale, possibili travisamenti geometrici dovuti alla grande scala dei modelli,
mancata inclusione dgli edifici); vengono quindi proposti alcuni ulteriori sviluppi per

superare tali limiti e produrre mappe dinondazione piu affidabili.
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1. Introduction and objectives

1.1 The European Floods Directive and the PGRA in the Po district of
Italy

Riverine floods endanger lives and cause heavy economic lossesddition to economic and
social damage, floods can have severe environmental conseqres; for example when
installations holding large quantities of toxic chemicals are inundated or wetland areae
destroyed.Between 1998 and 2009, Europe suffered over 213 major damaging floaslsich

have caused some 1126 deaths, the displacement of @hmalf a million people and at least
052 Dbillion in insured economic | osses. Over
increased over the last few decades in Europe. Evidence suggests that increases in population
and wealth in the affected areas arhe main factors contributing to the increase in losses.
Additionally, improvements in data collection in recent decades could bias trends over time
[European Environmental Agency (EEA), 2010]. Although the share of losses attributable to
climate change is currently impossible to determine accurately, it is likely to increase in the
future, since the frequency and intensity of extreme weather events are projéctegrow. On

the other hand, food impactsmay be reduced by appropriate measures, whose design needs
to be supported by appropriate assessment of the spatial distribution of hazard and risk.

The legislation of the European Union (EU henceforth) includeghe Directive 2007/60/EC
on the assessment and management of flood risks, entered into force on 26 November 2007.
This Directive requiresthe Member States to assegbe flood risk for all their water courses
and coast lines, to map thexpectedflood extent, to identify and listassets and humans at risk
in these areasand to take adequate and coordinated measures to redube flood risk. This
Directive also aims at reinforcingthe rights of the public to access informatigrand to adopt
a participatory approachin the planning process.The Floods Directive indicates spatial
planning as a suitable mean to achieve its objectives; the related waskcarried out in
coordination with that for the Water Framework Directive(issued in 2002)becauseflood risk
management plans and river basin management plamsed to be integrated

In Italy the Directive 2007/60/EC has beenadopted with D.Lgs. 49/2010 andit represents
an opportunity to re.examine, upgrade and improve the actions for the flood ksnanagement,
already definedin any PAI (Piano di Assetto Idrogeologico) in force, taking in account the
need to adapt to climate change and to increase the lew¢lresilience towards disastersA

plan for the flood risk management (PGRA:- Piano di Gestone del RischioAlluvion i), is the


https://www.eea.europa.eu/highlights/natural-hazards-and-technological-accidents

operative toolwhose use is requiredby the Italian law to characterize and plan the necessary
actions aimed at reducing the negative consequences of flood events on human health,
territory, goods, environment, cultural leritage and the economic and social activitie®(Lgs.
49/ 2010. Such a plan, that is arirremissible part of the accomplishmentto the EU Floods

Directive, is prepared af river basin district scale and iheeds to baupdated every 6 years.

BELLUNO-

PORDENONE*

IMPERIA-

[ Limite el Distretto del Fiume Po = Principali citta
:l Limiti regionali - Corpi idrici lacuali, di transizione e marino-costieri
""" Confine nazionale Corpi idrici fluviali LIVORNG.-!

Figurel.l: Sub basins included in BeRiveDistrict

The present thesis is related to rivers within the basin district of the Po river, located in
northern Italy (Figure 1.1 The district interests the territories of the regions Liguria, Piemonte,
Val | e ,dBEniia-Rotmagna, Toscana, Lombardia, Provincia Autonoma di Trento,
Marche, Veneto and it alsancludessomeareas in France and Switzerlan@Figure 1.2 The
district areais 86,859 Km?2 (82,788 Km?2 in Italy). The local River Basin District Authority
(Autorita di Bacino Distrettuale del Fiume Po, AdBPo in the following) is the public agency
in charge of preparing and updating the PGRA for the entire district considerirgl the
watercourses, from the source tthe outlet into either the Po orthe sea. The first PGRA
(PGRA 2015) was adopted by AdBPo in December 2015 andwvas definitely approved on
October 2016. Theupdate process is underway and will lead to the implementation of the
PGRA 2021in December 2021.


https://www.gazzettaufficiale.it/eli/id/2017/02/06/17A00829/sg
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1.2 Area of interest

The AdBPo has identified 21 areas with potential significant flood risk (APSFR) within the
Po district. These APSFRs may correspond to a river (for example, this is the case of the Po
with its delta) or to a town (for example, the town &Brescia with some rivers flowing in its
surroundings). Given the large size of the river districts that includes territories with different
morphologies and levels of urbanization, the characteristics of the APSFRs may be quite

different from one another
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Figure 1.2: Territories included in the Po river District

The present wor KAPSFR Mf I a me d Ngune d.B Ibhiécludes all the
municipalities of the ManagementUnit named o L a miOl @ n a 6 camprtheridsthe
flood-prone areas related to the watercourséiewing around Milan (particularly at the North

of the city). In particular, the area covers 111 municipalities in Lombardia Region, belonging
to the Metropolitan City of Milan and to the Provinces of Monza-Brianza, Como, Lecco and
Varese. The extent of the flood prone areas related to the main netwarkthe APSFR is
around 110 kn?. The overall network includes around 420 km of river stretche$he APSFR

mainly follows two main axes, orthogonal to each otér, because the rivers mostly have a



Southward direction while irrigation and flood diversion channels have Eastard or West
ward direction. The involved natural watercoursegfrom East to West)are the Lambro (until
the confluence withthe Cavo Redefosy, Seveso, torrenti delle Groane (Garbogera, Pudiga

Cisnara Nirone and Guisa), Lura, Bozzente, Olona.

Figure 1.3: APSFR Milano Nord, with the main watercourses (in blue), the irrigation channels (in
yellow), the artificighannels for the flood management in (orange)

All the mentionedreaches are strongly interconnected from the functional point of viewhe
numerous natural waterways in the area convergeato the urban area of thecity and its
hinterland. In the city area all the streams except theambro flow in culverts and completely
channelised riverbeds which, for several kilometres, cross the city centre underground. The
undergroundculvertsrepresent a sort of calibrated mouth, which strongly limits the flow rate
that can be conveyedin fact, all the waterways of the network, with the exception of the

Lambro, have a consolidated conformation with progressively decreasing flow capacity from



upstream to downstreamThe whole network, from a functional point of view,can essentially
be considered asa single river system that flows into the Lambro rivedlownstream of Milan.
This system has a specifically arranged sgp that makes it a unique case in the Po basit.is

the result, in fact, of a centurie®ld human acivity intended to supply water to a city that,
from Roman times until the period of the first industrialization, has become more and more
water demanding, due toits progressive developmentCivil and industrial settlementshave
led to the creation of newsewer networks and, together with the transformed conditions of
land use, an increase in the volume of water discharged into rivers and streams. Moreover, a
reduction in the time of concentration is another direct consequenoéurbanization that gives
rise to significant increases irflood volumes and peak dischargedhis situation is further
worsered by the development over time of interfering works, which decrease the discharge
capacity, triggering large and frequent floods of the main waterways and consequent flooding
of highly urbanized areas. This leads to great amount of damage and severe incorermces

to the resident population, together with long interruptions in traffic and public transport

services.

1.3 Starting situation for the present work

1.3.1 Previous studies and models

The hydrologic analysis and the hydraulic mode
performed in previousstudies, by hydraulicconsultancycompaniesor by municipalities which

issued specific interventions on the streamthe latteris the case othe severaflood retention

basins realised in the APFSR. Fthermore, onthe website of the Municipalities crossed by

the watercourses of the network, a local hydraulic analysis could be found in the context of

the PGT (Piano di Governo del Territorio), an urban planning tool at the municipal level with

the purpose of defining the set up of the entire municipal areamong all, the most extensive,

referred to the entire APFSRare represented byStudio di fattibilita della sistemazione idraulica
deicor si ddacqua natural. e artifici adOlona@dal | di nt
These have been performed in 2003 by the company Lotti & Associati and commissioned by

the Po basin District Authority. The aim of these studies is the agsssment of the water network

design which guarantees the achievement of safety conditions in such a densely inhabited
territory around the metropolitan city of Milan. This has been pursued through a mono

dimensional modelling of unsteady flow, for assiged return period, for all the watercourses



in Table 1.1It is worth noticing that not the entire length of the rivers has been surveyed and
so characterized by measured cross sections, so the modelled length for each river is reported

as well inTable 1.1

River Olona | Bozzente| Lura | Guisa | Nirone | Pudiga | Garbogera| Seveso| Lambro
Length of the 70 39 47 22 8 23 24 48 140
stream [km]

Length of the 56 19 21 16 6 12 14 35 60

model [km]

Table 1.1: Length of the natural watercourses in ffie KMit&1o Nord

Figure 1.4rovides an example of the results coming from the mono dimensional modelling in

a subsection of the Seveso stream:
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Figurel 4: Flooded area upstream the culvert at the entrance of Milan, for different re(@@®periods
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1.3.2 Updating of the mapsfrom 2019

On December 2019 the activities in support of the update of the hazard maps have led to new
developments: to produce maps for the flood scenarios with high (H), medium (M) and low
(L) probability of occurrence, simplified methods have been followed, assessing the
distribution of water surface elevation starting from the results of a 1D model, where possible,

and from the perimeter of the flooded areavhere no results were available.

Reconstruction of the water surface from the 1D model results

The first method is called TIRANTI and it is implemented considering as input the results of
a onedimensional hydrodynamic modelling: in particular here the results come from the

above mentionedd St udi o di fattibilit™o6.

TIRANTI is a GIS -based tool which defines the water surface through three subsequent

operations, here briefly described:

- First, the value of water surface elevation coming from the 1D model is assigned to all
the points of the respective cross sectign
- Second, two-dimensional interpolation of the water surface elevations performed
through Natural Neighbor method
- Finally, the results of the interpolation are clipped with the boundaries of the flooded
area
The need of results ’m a hydraulic mono-dimensional modelling has limited the extension
of the modell ed area to the same reactds char :
di fattibilit”™ (2003)6.

Reconstruction of the water surface from the perimeter of the flooded area

The second method is called RAPIDE (RAPid GIS tool for Inundation Depth Estimation). It
can be applied where there is no availability of results from a previous 1D hydrodynamic
modelling, so the only starting piece of information is represented by thenmeter of the
flooded area. The latter is defined as the locus of points where the water surface elevation

coincides with the terrain elevation. Also RAPIDE requires three operations to be performed:

- First, the auxiliary lines, perpendicular to the wateourse, are defined between the
two points belonging to the aforementioned perimeter of the flooded area

- Second, through the Natural Neighbor interpolation, the water surface is generated



- Finally, the results of the interpolation are clipped with the handaries of the flooded
area
The method RAPIDE is less accurate than the previously described TIRANTI. Nevertheless,
it allows to get results even in reaches where no results are available from a previous mono

dimensional modelling.

Here below, some examplesf mapscoming from the just described simplified methods are
illustrated:
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Figure 15: Water depth maps for Bozzente (left) and Seveso (right), 2019 version

1.4 Aim and structure of the work

With the PGRA 2021the AdBPo intendsto redefine the boundaries of the flooghrone areas
in the context of the APSFR North of Milan, shifting from the maps produced with the
simplified methods in 2019 to an extensivetwo-dimensional modelling of all the main
waterways included in thenetwork of the Metropolitan City of Milan. The present thesis work
is thus motivated by a generaheed for defining a methodology suitable for a full -2
dimensional flood modelling on a large scalehat represents a majoupdateto the previous
PGRA 2015 and the additional maps produced in 2019.



The numerical model adopted in this case is embodied in the coRARFLOOD of the
oUniversit”™ degli SPARFLOODIis a BRUremhanéed {inlteNoIumB )
SWE solver for fast flood simulations, firstly deelopedby Vacondio et al.[2014]. The use of

a numerical solver executable on specific hardware is beneficial (compared to using a solver
that runs on normal PCs) when one has to model rivers along large distances maintaining a

fine spatial resolution.

Figure 16: Modelled reaches of Bozzente and Seveso st



The presenthesis isfocused on two of the main waterways in the ABFR, the Bozzente and

the Seveso, whose modelled reaches are representedrigure 1.6These two streams have
been chosen because their different characteristics pose multiple challenges to a numerical
solver and its operator.

The Bozzente originates inside the Pineta park near @ate Comasco, a municipalityof the
Como province, and flows into the Olona river in Rho after about 39Km. The watercourse

is fed by two main discharge sources: a natural one, resulting from the runoff of rainwater,
and an artificial one, resulting fromthe discharges of urban drainage and purification systems.
The average width of the riverbed is around 5 m, buin many cases, it results drastically
reduced up to 23 meters by the presence of interfering works; indeed, moving from upstream
to the downstream more urbanized area, the number of transversal structures increases, in
addition to the presence of some culverts in the neighbourhood and inside the town of Rho.

In 1960 the stream wagliverted into the Olona river, canalising its waters from Orig@ to
Rho. Moreover, the woods surrounding the Bozzente not only represent a precious ecological
resource for the territory, but also a strategic area for the mitigation of alluvial events, as they
allow the natural attenuation of the flood wave. The hydralic risk, however, is not the only
problem of this stream: in factthe quality of the water results quite poor, due both to the high
polluting inflows converging into the basin, and to the poor diluting capability, as a
consequence of the small flow rate low water conditions.

The Seveso originates in the province of Como near the border with the Canton Ticino, at
about 490 meters.s.l It crossesvarious towns in the Brianza area and enters Milan until it
flows into the Naviglio della Martesana, in tle center of Milan. The average width of the
stream ranges from 1612 m, in the upstream region where the riverbed is flanked by
floodplains, to 56 m, mainly downstream, in correspondence of the urbanized areas. As all
the other rivers in theAPSFR, the Seveso is affected by heavy flow limitations, coming from

a consolidated conformation of the riverbed, developed over timihe arrangement includes

set of constraints posed by the reduced size of the riverbed, the uninterrupted succession of
bridges and the discontinuity of thelefensive system in crossing the urbanized areasflood
situations, the Seveso is partially drained by the artificiahca n n e | e $cQraatoee ldi Nord
Ovest 6 (CSNO). The CSNOKnhandderveslthe fiogdtwateroffom a b o u't
the Seveso stream in the Municipality of Paderno Dugnano to deliver them to the Olona
deviator and, in exceptional cases, to the Ticindver. The Seveso reaches Milan anthen
flows in culverts, whose "bottlenecks" are one of the contributing causes tbé periodic

inundations of the city (2.6 per year in average).
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In addition to the already mentioned® GRA 20215 and od&3ellagisiemazidne f at t i
idraulicabd, the reports related to previous s
rivers purposes of the present work. In particular, for the Bozzente, among the available in
literature, the following reports have been condered:
- Agenzia Interregionale per il Po (AIPO)d Approfondimenti idrologici relativi alla
realizzazione della vasca di laminazione lungo il Torrente Bozzente in comune di
Nerviano (Ml) [March 2011
- Comune di Uboldo 6 Aggiornamento a seguito dei pareri d& Provincia di Varese e
del | 0 aRPArAMento di Varese[April 2014].
For the Seveso, th reports at issue are:
- AIPO 0 Studio idraulico del Torrente Seves@June 201]
- ADBPo ¢ Relazione Tecnica T. Sevesplune 2016
- Autorita di Bacino Distrettuale del Fiume PodRel azi one sul |l daggi or 1
analisi idrologiche e idrauliche del Torrente Seveg®dlovember 2017

- Comune di Milano 9 Area di laminazione del Torrente SevespApril 2019].

This thesis is structured as followsChapter Zontains an overview of thetheoretical basis
supporting the 2dimensional flood modelling performed through the PARFLOOD code; in
Chapter3, a description of the methodology defined and followed during the thesis work is
presented Chapter 4lustrates the results in terms of maps for the streams under study, Seveso
and Bozzente; finally,Chapter Bffers a critical discussion about #several issues that revolve

around the flood modelling work, followed by the conclusions irfChapter 6
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2. Hazard Mapping with 2D hydraulic
simulations

Flood propagation modelling can be defined asthe art of quantitatively describing the
characteristics and evolution of the flow that is set up when a large amount of water moves
along the Earth surface in an uncontrolled way [Alcrudo, 2004]. This chapter describes the
mathematical approach followed in this thesiso describe the flood propagation ithe areas

of study.

2.1 Two-dimensional flow modelling

Mathematically, the flow propagation over the Earth surface is a threalimensional time
dependent, incompressible, fluid dynamics problem [Alcrudo, 2004]. The equations that describe
the dynamics of the flood propagationare the NavierStokes (NS) equations However,
unfortunately, in the case ofturbulent flow with large(in both space and timefomputational
domain, the attempts to solve thesame equationscan be compromised. To overcome the
problem of the turbulent flow, the NS equations can be averaged in time [Spurk, 1997],
obtaining the Reynold Averaged NavieiStokes (RANS) equations that describe théme-
mean flow.

The RANS are widely used in industrial fluid mechanics and aerodynamics fields, but they
are still too complex to describe flood propagatiaifor large areas. In order to simplify the
mathematical problem, the NS equations are averaged over the depth, obtaghthe Shallow
Water equations(SWE) [Bengue et al., 1982]. The depth-averagingproceduresimplifies the free
surface location problem which is now placed aas unique value of waterdepth above the
terrain surface. Thisset of equations can also be derived frothe momentum conservation and
the continuity equation in the plane of motion [Cunge, 2003] anthey are widely used for flood
modelling, inundation, and dambreaks, among others. The depthveraged representation of
the equationsreduces the 3D problem to a 2D oneyhere the depth of the water layer plays the
role of the pressure [Landawand Lifshitz, 1959]. These equations can be written in vectorial
representationas shownin Equation 2.1), whereU is the vector of the unknownsF and G are
the convective flux vectors in the xdirection and the ydirection respectively (in the plane of
movement), andFq and G4 are the diffusive flux vectors in the xdirection and the ydirection
respectively. At thesame time,H is the friction and| the slope source term vectoiThe full

vectors are shown irEquationsZ.2), (2.3) and (2.4).
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Here, his the water depthu and vare thedepth-averaged velocitiegn turbulent flow [Alcrudo,
2004], respectively in the xdirection and y-direction; gis the acceleration of gravity. The diffusive
fluxes are indicated byr as the kinematic viscosity coefficient, that comprises the fluid
kinematic viscosity, the turbulent eddy viscosity and the apparent viscosity due to velocity
variations in the vertical direction.Syand Sy, are the bed slopes along the two cartesian directions,
with zthe bottom surface. S« and Sy are the friction slopes, representetthrough the empirical

formula with the Manningds coefficients

_ 9z, _4a
SOx_ dx’ %y d (25)
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S, = %; S, :% (2.6)
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It is important to acknowledge that the SWE approach is based on the following
approximations:
1. vertical velocities are neglected;
2. hydrostatic pressure is assumed;
3. the slope of the river is small enough sat the sine of the slope can be approximated
with the value of the angle;

4. the friction approach is taken from the uniform flow conditions.

2.1.1 Boundary Conditions

Obviously, to solve 3 partial differentials equations one needs of 3 initladundary conditions
(BCs) for the three unknowns: depth and velocities. In function of the type of the flowt must
be necessaryo define 3 upstream conditions to describe superitical flow or 2 upstream and
1 downstreamBC for defining sub-critical flow. In particular, in addition to an initial water
depth value, the upstreanBC can be defined as the flow rate that can be constant over time
and will therefore be referred to as permanent flgwor as a hydrograph if modelled under
conditions of varied flow. The downstream condition instead can be a rating curve or a
constant water level over time. It is important to specify that im 2D model it should be
required a differentBC for each cell that intersecs the computational domain at upstream or
downstream, but to simplify the problem, the BCs can be assumedalid for all cellsat issue,
introducing the following assumptions:

- at the downstream section there is no cross slope of the fre@&face and therefore

the flow can be considered ondimensional
- orthogonality between upstream section andectors ofvelocity.

2.2 Numerical model

The numerical solution of differential equations, like the SWE, is defined by the space and time
discretization strategy, the used mesh configuration and the numerical scheemaployed The
spatial discretization can be performed with the Finite Dfierences, the Finite Volume, or the
Finite Element Method. The Finite Volume formulation has a flexible geometrical treatment
and it is, conceptually, a simple method: this makeis the most widespread flood modelling
strategy [Alcrudo, 2004]. Moreover this procedure ensures the conservation ehass and
momentum. The studied domain is divided into non overlapping finite volumes over which

the integral form of the SWE is applied.
14



The numerical model adopted in this thesis is implemented in the already mentioned
PARFLOOD code, provided byUniversita degli Studi di Parma (UNIPR). Further details
about thePARFLOOD code user guidecan be found inAppendix AThis model is capable to
solve, in a finite volume framework, the integral form of the SWE presented Bquation 2.7)
coming from the work of Toro [200] and modified according to the study ofLiang and
Borthwick [2009]. The main advantage of thenodified version of the SWEs repoed in Equation
(2.7) is that it guarantees the capability of preserving still water at rest [Vazqu@endon, 1999],
regardless of the adopted discretization form of th@ope source termThis modification is the
adapiation for wet-dry interfaces ofthe derived algebraic modification performed bRogers et al
[2003] thatwere able to balance the hyperbolic system of equations regardless ofathepted
numerical scheme. From the original formulation described in the previouparagraphs, the
modified entities are the vectorsU into U6 F into FO G into G6 and t he
representation shown irEquation2.10. HereT is the tensor of fluxes described i(2.9), s = h
+ zis the free surface elevation above daturA,is the area of the integration elemenCis the

element boundary n is the outward unit vector normal toC.

gﬂJ'dA+ TPdC =5 fstd (2.7)
th C A
an
U =%hu (2.8)
gﬁv
a uh vh 0
T=2h 0.59¢° 2/m) uvh g(:F, G) (2.9)
& uvh Vh+0.590% -2h2) @
a
® 0
o az
S*S 9 99 (2.10)
= az
& gh—= +gh

The partial differential Equation 2.7) is solved on a Cartesian grid. Both first order and a second

order accurate (in space and time) Finite Volume (FV) numerical approximation of the SWEs
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have been implemented [Vacondio et al., 2014]. For the first order approximation, the vector

of the canserved physical quantitied);; is updated in time as follows inEquation 2.17).

Uir,]j+1 :Uir,]j E(F 1 (-i;'j- ) TESDS) @11

N
|

The superscriptn represents the time level, the subscriptsj a n dx, yeare the cell position and
the grid sizeinxandydi recti ons respecti vetliythe ti@nstep he ot
calculated accordingly to theCourant-Friedrichs-Lewy stability condition as described irfequation

(2.12 for each time level [Dazzi et al., 2018], where th€ris the Courant number QO 1).

), tD min( t, 0§ (2.12)

1)

Dt . -—-%Crmin(
2

DX D
u;+yoh; Ty, %/

The second order of accuracy in time is obtained by a second order Rukgdta method as
exhibited in Equation 2.13), where it is present the operatoDi(U;;) that is defined according

to Equation 2.14), while U™*2 can be obtainedrom Equation 2.15).
utt=u" 95t UT) Dy *?) (2.13)

F.I - F1 G 1 'Gl
Di(Ui,j): 2 2 = :

| L
2

~ T (2.14)

ui“;l’z =y +ttDU?) (2.15)

To avoid the arising of high velocities and instabilities, if the water depthi;is lower than a
small thresholdh, the cell is dried b = 0). The PARFLOOD code has been used in several

cases of study testing its capacities in different scenarios such as in Vacondio et al. [2016],
Dazzi et al. [2018] and Dazzi et al. [2019].

2.2.1 Internal Boundary Condition

Internal Boundary Conditions (IBC) are needed to solve the structures along the reach. In the

present section, the algorithm adopted to introduce the internal boundary conditions in the
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PARFLOOD solver are described briefly. As explained by Dazzi et al. [2020] the planimetric

position of ahydraulic structure is identified by means of a line or polyline, which is discretized

through a number of cell edges at the pgarocessing stage-igure 2.1 Cells facing at least one

of these internal edges ar e t hoern Oiddoewnntsitfrieeadmoa
cells. The input data must include the bridge geometriigure 2.® in particular the low chord

el evations: a oO0ceilingdé elevation for pressuri
geometries like single or multiple archetbridges can be described adequately. An overtopping

elevation isalso provided. Abutments and piers can be either handled as holes in the mesh or
included in the bridge geometry akigure 2.1sketch of IBC elements for a bridge (orthoimage

in background. In the same picture, the bridge is identified by the dashed blue line, which the

model discretizes as IBC cell edges (red). Upstream and downstream IBC cells are colored in
yell ow and cyan, respectively. The 0zero openi

a cross (se for example the ones circled in green).

direction

Figure 2.1: ExampleRrfidgescheme

~ L overtopped o
Z v,
AN z Ifully high

Z o, marx /——-\ N / press. | flow

\ \ partially
o pressurized

— low flow
\ ‘_.’..’é Listtom

Figure 2.2: Example dBridge geometry and different flow conditions
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The basic idea is to compute the average water level upstream and downstream the
bridge/structure, and to compare it with the minimum and maximum ceiling elevations, to
distinguish different flow conditions low flow, partially pressurized, fully pressurized,
overtopped Figure 2.2 These values are then used for estimating tfiew rate through the
bridge by adopting a discharge formula. Thénvolved parameters are Ziw,min and Ziow,max,
respectively the minimum and maximum elevations of the bridge low chordZ, , the
elevation of the top chord Zuewom , the minimum bottom elevation along thebridge section

the mean levels upstream-{ ) and downstream (- ) of the bridge and total heads (hHand

Hp) . So,accordingto the flow condition the discharge will bedifferently evaluated:

1. For low flow conditions (no interaction with the deck), IBCs are not activated, and all

cells behave as ordinary inner cells.

2. For a partially pressurized only a subset of IBC cells interacts with the bridge deck.
This partial obstruction is considered by reducing the normal specific dischargeim

the upstreamcells whose water surface elevation exceeds the local ceiling as follows:

m :(qA)1<Z|OW'k—-Zk

if h, >~
hk -4

(2.16)

low k

here qu coincides with uh or vh dependingon the IBC edge inclination (both components are

modified if the cell shares two IBC edges). Then, the same specific discharge (overlined) is
assigned to the corresponding downstream IBC cell. Note that the specific discharge in all IBC
cellswith—<Z,wr emai ns unchanged, while the specific ¢

with Z owx O « Yis zeroed.

3. If the bridge is fully pressurized, two possible flow conditions, namely frélow and
submerged flow, can occur. In the former case, the disclgar Q passing through the

bridge is evaluated as follows:

Q=Cy AJ29(H, -0.5(Zoymax  Zhotom) (2.17)

For submerged flow, on the other hand, the pressure flow equation is used:
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Q=C, Aj29(H, #1) (2.18)

In Egs. (2.17) and 2.18), A represents the totahrea of the bridge opening, while €and Cq
are discharge coefficients for the two flow conditions. Typical values used in the practice are
0.5 and 0.8 [Bradley, 1978].

4. If the bridge is overtopped, compared to the previous case, the discharge is increased
according to the weir equation:

Q=GC,L2g(H, -Z,)" (2.19)
where L is the bridge length normal to flow, and & is a weir coefficient.

Conversely, for high flow conditions the (specific) discharge is imposed in upstream IBC sell

It is worth pointing out that the water level is not modified in any cell, so that mass is neither
added nor subtracted to the domain. The same specific discharge assigned to each upstream
IBC cell is replicated in its companion downstream IBC cell. Themodel assumes that the flow

is normal to the IBC edge, hence the specific discharge in the tangential direction is set equal
to zero. This hypothesis may induce directionality to flow, which can be particularly
noticeable in the case of skewed bridges, toun the meantime it guarantees that mass is
conserved through the IBC edge. Moreover, this effect is expected to affect the flow field only
locally, while the overall prediction of flood propagation and backwater should not be much

influenced.

2.3 Flood modelling in urban context

In an urban context, one of the key points for representative modelling is the choice of how to
fit the buildings into the model. It is well known that the highly urbanized fabric has a
significant influence on the flood wateiflow. Depending on the scale of th modelled reach,
the available information and the modelling purpose, the buildings can be considered with 4
different methods

The first method consists in adcal friction-based representation of buildings in a 2D approach,
in which the spacecontaining the urban fabric isconsidered as area with increased friction
coefficient, to capture the energy losses due to the impact against buildiflggure 23). This

method can be implemented when the scale of the case study is large enough that kféatts
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and a detailed local description of the physical effect of buildings could be neglected. Local
friction is treated as another field variablethus one of the difficulties of this method is the
determination of the correct roughness coefficient tbe assigned. Several tables provide
Manningds values according to different | and
because friction coefficients may depend on building density, scale of the flooded area and

ratio of flow depth to buildings heght.

Legend
riverbed man=0.035
vegetation man=0.06
urban area man=0.4

Figure 23:Repr esent ati on of the Mann
computationadomain

Another method consistsin excluding buildings from the computational space by creating

voids (Figure 2.1 This choice is the most accurate for describingnaurban fabric but is

4

Figure 2.4Example of void method [Alcrudo, 2004]
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recommended if the scale of the case study is not very large, unless a complete dataset of all
buildings represented by polygons is already available in Gé&vironment

A similar concept for building representation isd use the bottom elevation technique,
increasing the elevation of grid points that fall withirthe footprint area ofa building. The main
problem of this method is the representation of the slope between the higher point and the
ground point, which can beof order 1 if the discretization is coarse (mesh size similar to
building elevation) or reach several orders of magnitude if thigscretizationis fine (mesh size
much smaller than building elevation). This fact violates the mild slope assumption of the
SWE. However, the model does not fail because buildings act as interbalundariescausing
water stagnation and water around buildings is stillonsidered shallow. As in the previous

case this method is most used in small to mediustale models.

Figure 2.5Examples of bottom elevation techniques on a coarse mesh (
and on a finer mesh (on the right) [Alcrudo, 2004]

Lastly, an additional method for representing buildings in twedimensional modelscould
consist in asigringa o p o r ote the uyban fabric. This method is used to take into account
the volume of water that can be stored in the buildings and that, therefore, no longer

participates in the surface flood.
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3. Method for hydraulic simulations
using available data

Quantitative flood hazard assessment iscnallengingtask given the complexity of the natural
and territorial systems at stake. During the modelling process, assumptions and simplifications
are unavoidableln this chapter, a description of the methodology defined and followed during
the thesis work is presented. The devised modelling procedure combines and exploits the data
that were available in terms of river geometry (river cross sections, floodplain elggns from
digital terrain models), flow rates (peak values and design hydrographs), soil cover. First, the
procedure to create the input files for thEARFLOOD code is illustrated, regarding both the
digital terrain model and the roughness modelling. The a need to divide a river model into

a number of reach models is stated, in relation with the availability and structure of input data
for flow rate distribution. Furthermore, the approach to define the required downstream
boundary conditions is describé. Finally, an overview of the steps followed to assess the

guality and the physical consistency of the results is presented.

3.1 Terrain geometry representation

To perform a 2D flood simulation a Digital Terrain Model (DTM) is necessary as input. In
the case of the present work, different DTMs have been combined to obtain a river and
floodplain geometry as a suitable input for the modelling. In particular, the 3 following
datasets where necessary to have the final, complete and corrected terrain model:

1. 6OM5x5-Model |l o digitale del ter rGeoportal¢delth. 201

Lombardiawhich covers the area of the whole Lombardia with a resolution of 5 meters;
2. DTM 1x1 from OMATTM, Mi ni stero dell ' ambi
mar e (ed. 2008) 6: it has a resolution of

(determined in the previous studies for the highest return period) plus a ifituffer.

3.Cross sections of the rivers and i nterfer.i

fattibi | it del l a sistemazione idraulicadé (200

around 400 m between each other along the direction of the watercourses.
The cross sections of the river are enough for a edemensional modelling but are evidently
not enough to create a 2D bathymetry of the main channel. Therefore, the cross sections are

converted into a raster of the riverbed limited to the main channel. A DTM 1x1 is obtained
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through aMATLAB code, developed ad hoc for the present work. The code takaesm@put the
point cloud with the coordinates of the surveyed cross sections and returns the bed bathymetry
in the form of a third raster (after the Regione Lombardia and MATTM ones). Further details
about the code and the procedure for the creation of tlexcavated DTM for the riverbed are
available in AppendixB. For convenience, in the following, the three raster datasets will be

referred to asmumber 1number 2nd number 3respectively.
The main reasons why a combination of those three DTMs is necesg are:

1 The fact that the original datasetsnumber land number 2contain the information
about the highest elevation value in correspondence of that cell: this implies that, first,
the value of the raster along the river is referred to water surfacewtion and not to
the dry riverbed, second, that in the case of intersection between the watercourse and
a raised structure (e.g. bridges), the elevation of the DTM is referred to the latter, thus
the stream results interrupted as a wall is present insidie riverbed.

1 The need of increasing the resolution in correspondence of the riverbed and the
immediate vicinity; indeed, rasternumber Icovers the entire area interested by the
model, but the resolution of 5 meters is not representative of the dimensmfrthe rivers
under analyses, which width ranges from approximately 3 to 10 meters. Thus, the
DTM 1x1 which covers a stripe of terrain around the waterway has been superposed
to the former to increase the level of detail in the riverbed.

In the next pagean illustrative example is reported to clarify the concept:
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Figure 3.1: DTM correction procedure

In Figure 3.1 @&the three raster datasets are displayed in the same area at the intersection

between the river Bozzente (Nortfsouth) and an artificial channel (EasWest). The elevation

of the latter is above that of the river. The DTMs&wumber IFigure 3.1)pand numbeg (Figure

3.1.1 describe this fact in agreement with the satellite imageiyigure 3.1)eThis creates a step

in elevation, thus a fictitious obstacle in the water course. To correct this inconsistency, the

ODTM 1x1 f or Figlre3.ljdiasbeen dupgegased to recreate the actual geometry

of the bed.
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The final DTM representing the input for the model is shown inFigure 3.1.dit has been
obtained superposing the three raster datasets in order from 1 to 3, with raster number 3 on

top.

It is worth noticing that not only in correspondence of the riverbed it has been necessary to
correct the DTM and to restore the actual terrain elevation; indeed, in the case of the Seveso
in the Municipality of Barlassina, the absence othe underpass in the oginal DTM,
obstructed by the elevation of the above roads, heavily influences the actual physical behaviour
of the water in the surrounding floodplains. FronFigure 3.4t is possible to understand that

here the effect of the road (East/est axis) is macrgcopic.

Legend
Max Depth ﬂ o Legend o | O -
[m] Max Depth
. 11.70 -
- 70
9 -0
[ overpass to correct [Joverpess to correct

Figure 3.2: Flood extension in correspondence of the underpass inbBévlasdety
and after (right) the correction of the DTM

Such operations have not been performed for minor cases, where the effect of thsefering
structures could be considered negligible with respect to the flooding phenomenon

development.

3.2 Roughness modelling

In the case of the present study, two datasets have been compared in order to choose the one
which better represents the udnized areas and, so, it could be suitable to define the roughness

distribution:

- the open datasetUso e copertura del suolo 2018 (DUSAF tBead)is provided by

Lombardia Region and it can be free downloaded frorseoportale della Lombardia
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contains information about land use and cover with a resolution of 20 m, integrated
with hedges and rows with a minimum length of 40 m at the ground level. Each
polygon of the dataset represents a specific area on the ground surface and its identity
is expressed throgh a code and a brief description in terms of use and land cover.

- The opensource Open Street Map (OSM): it provides free data that can be
downloaded through a query in order to select the specific subset the user needs (here

buildings footprint).

Legend
I Seveso River
[] Buildings OSM

Legend
[ Seveso River
Urban Fabric Dusaf 6.0

Figure 3.3: Urbanized area representation from OSM (left) and Dusaf 6

For the aim of this work the Dusaf 6.0 has been chosen because it provides a complete and
extensive data coverage, so it results suitable for the aim of mapping a vast area a3 the
APFSR is. Indeed, as one can see froRigure 3.3where the Seveso in the municipality of
Paderno Dugnano is represented, the footprint, at a scale of the single building, from OSM
database is not available for all the buildings in the interestacea.
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Moreover, the values of the roughness, expressed in terms of Manning vatéave been set

to:

n = 0.035 for the riverbed,

n = 0.4 for the urbanized areas,

n = 0.08 for the remaining areas.

To define the regions to be considered as urbanized, the dataset Dusaf 6.0 has been filtered

out according to the ID code related to each item of the collection. In particular, ifable 3.1

t he

The application of this classification can be seen Kigure 3.4in which the river reach polygon

areas consideredizad 6b ell @aB.dgparewapdrttth nt=h e

ID code

Description

1111

Dense residential area

1112

Discontinuous residential area

1121

Continuous and averagely dense residential areal

1122

Sparse residential area

1123

Scattered residential buildings

11231

Farmsteads

12111

Commercial, artisanal, industrial settlements

12112

Agricultural productive settlements

12121

Hospitals

12122

Private and public services plants

12123

Technological plants

12125

Military areas

12124

Graveyards

Table 3.1: ID codes of éhneas classified as urbanized

our ba

of the Bozzente is highlighted with respect to the urbanized area and the background, in order

to assign the aforementiong values ofn accordingly.
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Figure 3.4: Polygons for Manning coefficient distribution

3.3 Division of a river into modelling reaches

The flow rate along a river is not uniformly distributed but rather subjected to either local or
diffused variations, according to the hydrologic and hydraulic conditions characterizing the
neighbourhood of the same river. For exampld-{gure 3.} the flow rate may grow as a result

of the diffused contribution coming from the inflowing sukbasins and becausef the presence

of punctual inflows, such as urban drains or tributaries, or it may decrease either because of
the action of water intake works or effluents, or because of the loss of volumes involved in the
flooding phenomenon. Therefore, 2D flood modellig cannot be implemented with unique
upstream and downstream boundary conditions (BSJ. In the present work, the main courses

of the rivers under consideration have been divided into shorter reaches according to the

hydraulic inputs available for the modding.
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Peak flow rate

Progressive distance from upstream

Figure 3.5: Longitudinal distribution of the peak flow rate along the r

Figure 3.@lescribes the division procedure with reference to ideal discharge data in terms of a
continuous variability of the flow rate and of local values as those one can find in a table of

any hydraulic study (Cfr. Sections 4.1dnd 4.2.]). These data can be t@n as a reference to

move from a continuous distribution to a fini
upstream BC of the river suksections, the distribution of Q can be discretized as shown

other words, one considers that, in each stgecton of the stream, the actual distribution of

the discharge [Figure 3.bis quite uniform and, as a consequence, it can be represented by a

constant value of the peak flow rate.

Peak flow rate

Progressive distance from upstream

Figure 3.6: Discretization of the distribution
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The presence of physical idcontinuities (e.g. tributaries, water intake works) represents
hydraulic disconnectiors, in the sense that they require a change in BC to follow the behaviour
of the flow rate distribution. Such a discretization obviously discards progressive variabdgi

but it has been considereduitable for the modelling purposes of the present thesis.

It is important to point out that a hydrograph to be considered as upstream BC for the defined
subreaches is not available for all of them (the discharge data usedhis thesis come from

the o0Studio di fattibilit?® del l a sistemazi one
associated hydrographs at some cross sections, from the PGRA that provides peak values of

the discharge at some sections, generallyinagreeme wi t h t he o0Studio di f
any other hydrological/hydraulic report available). Therefore, at the entry section of the
modelled subdivisions, the actual reference hydrograph coming from previous hydrological

studies can be applied where aiable. For the remaining sections, the hydrograph
corresponding to the immediately upstream suteach should be adapted by scaling the values

with respect to the reference peak discharge corresponding to the steps already showigure

3.6

A final remark is needed about the fact that, all the process above described, has to be repeated
for each discharge distribution corresponding to the three different return periods T, here
considered, which are T=10years(frequent events), T=100years(events with intermediate

frequency) and T=500years(rare events).

3.4 Downstream boundary conditions

Downstream the previously described partitions of the main watercourse, a boundary
condition (BC) is required as well. Asituation analogous to that of the upstream BC occurs,
in the sense that not for all the subeaches a specific dataset that describes the particular BC
is available.

In the case of the present work, rating curves have been applied to the closure sedtfdhe
aforementioned reaches, where the data was already available. In all the other cases, to
describe the variation of water surface elevation as a function of the flow rate, a rating curve
has been built, interpolating the known values coming from PGR2015. More specifically,

the values of maximum water surface elevation have been combined with the peak flow rates
for every return period T, through the interpolation function that best fits the data (and

imposing a zero depth for zero flow rate). In te cases where the distribution of the three
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measured points can be described by a power law, the results is analogous as the one displayed
in Figure 3.7.an the other cases, a linear trend has been considered suitable to interpolate the
data (Figure 3.h)
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Figure 3.7.a and 3.7.b: Rating curves defined by potential and linear function res
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3.5 Input files for PARFLOOD code

To solve the SWEPARFLOOD requires the definition of the terrain model and the roughness
of the modelled area, as well as initial and boundary conditions. So, to run a hydraulic
simulation on this code, some ad hoc input files need to be prepared. Moreover, they should
be named cherently with the name of the modelled reach, then specialized to their function

by adding the following file extensions:
1. .BTM: GRID file describing the terrain model;

2. .MAN: GRID file describing the roughness of the terrain expressed through Manning

coefficient;
3. .BLN: definition of the computational domain and related external boundary conditions;

4. .BCC: external boundary conditions (specialization of the file .BLN)n detail, the typology
of BC, set for each segment of the polygon delimiting é¢hcomputational domain, is indicated
by means of a specific number:

21Y hydrograph: for the upstream BC

1 1Y wall: to indicate that the segment of the domain acts as a wall so it cannot
be crossed by water

1 4Y far field: the water can cross the segment as if there was a flat, indefinite

and free of obstacles terrain
3Y level: a specific value of water level is imposed along the segment

5Y rating curve: for the downstream BC

5. .INH: GRID file defining the initial conditions, to ensure the presence of wetted cells at the

inflow section of the computational domain;
6. .ILN: definition of the coordinates of the extremities of the internal dbundary conditions;
7. .IBC: internal boundary conditions (specialization of the file .ILN);

8. .PTS: list of the points for the multresolution computational grid.

3.6 Output files from PARFLOOD code

Once the simulation has successfully completed thegréred modelling time, some operations

of decoding of the results are necessary to obtain the files representing the output. In particular,
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through a scriptspeciallymade for the solver running with PARFLOOD code, the so called
oDecode Si mupbssille tommadually select thesoutput files and physical quantities
to extract from the solver itself. There are three basic types of data that can be obtained by

decoding the output files:

1. Maps of physical quantities (water surface elevation, water ml¢ h |, velocities,

distribution in a specific instant of the simulation or as maximum values;
2. Flow rate in correspondence of control sections;
3. Water depth in control points.

To visualize the results map, it has to be converted from binary ta$er's .grd. The available

output formats are Surfer 6 Text Grid and Surfer 6 Binary Grid. Moreover, the user can choose
whether to extract the whole map containing outputs related to the entire duration of the flood
event (i.e. the duration of the inputiydrograph), or to select a specific range both in space and

time.

To assess the quality and the physical coherence of the so obtained output, some checks are

required, as explained in the following.

3.7 Result check and representation

To evaluate the sacess of the simulation and to have a quantitative description of the outputs,

in support to understanding the results, the following operations are carried out:

1. Control section for the flow rate distribution

2. Cumulated frequency distribution of water degt and velocity

3. Comparison with/without bridges

4. Comparison with previous resultsTIRANTI/RAPIDE )
It is important to point out that these operations are carried out with different perspectives, in
the sense that they target specific aspects of theults evaluation. More specifically, points 1.
and 2. refer to quality checks, in the sense that they provide a guide to point out possible
anomalies which could be due to numerical issues, thus they are not in agreement with the
physics of the phenomenn. Point 3. represents a procedure which aim is to give an idea about
the influence on the final map, of the presence of interfering structures along the reach.
Finally, the comparison mentioned in point 4. is necessary to understand how far the updated

maps are from the previous version from 2019.
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3.7.1 Control sections for the flow rate distribution

The first verification to be performed is that the flow input is consistent with the upstream

boundary condition defined in the.BCC and .BLN files. To do this, a control section is

inserted nearby the upstream segment of the computational domain, as showrFigure 3

with ocontrol section 16. To verify the cons
sections can be inserted along the modelled reaes shown in the figure belowwhere a reach

from the Seveso is taken as example.

Control | — | T
section 1

Control

//' section 2

Control
section 3

— Control

~— / section 4

Figure 3.8: Contreections distribution

Thanks to the control sections it is possible to record tteend of the related flow rate, passing
through them over time, as shown inFigure 3.9 In fact, comparing the hydrographs
extrapolated from these sections, one of the phenomena that can be observed is a delay of the
wave, expected to occur in the downstream ones. Tlentrol sectionsinserted to check the
flood wave propagationmust be crossed not only by the water present in the riverbed but also

by the overflown water, for this reason thepave tobe sufficiently wide.
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Figure 3.9: Input Hydrograph atigdrographs at different control sections

3.7.2 Cumulated Frequency Distribution (CFD) of water depth and velocity

The second check is useful for verifying the distribution of results in terms of both water and
velocity. Indeed, due to numerical instability, it can happen that abnormal resultgise in
correspondence of the boundary conditions, so that the simulatioowd stop running before
completing the required time. In case the simulation completes the set duration of the event,
still it is likely that numerical instabilities have led to anomalous values of water depth or
velocity. The cumulative frequency distrilition makes it possible to understand how much
weight the different values have in the distribution. An example is shown Figure 3.1@here

it is possible to observe that the maximum value of water depth is greater than 14 metres, but
from the cumulative distributed frequenciesKigure 3.1)llvalues greater than 3 metres do not

affect the realism of the model given the very low frequency of high values.
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Figure 3.11: CFD of Water Depth

36



3.7.3 Comparison with Vs without bridges

To observe the influence of the bridges in the modelled stretches, it is useful to compare:

1 Water depth and velocity distribution

I Extension of theflooded area

Water depth and velocity distribution

To obtain results froma flood modelling which does not take ito account the presence of
bridges, it is enough to run the simulation without the input files which are strictly related to
internal boundary conditions (i.e.. INL and .IBC). Once the maps of the differenceg&igure

3.12 and 3.13 have been produced, it is useful to evaluate the cumulative frequency

distribution (Figure 3.14nd 3.19 to assess the weight of the peak values in the range of data.

Depth with/without Bridges
[m]

B -15<

-1.5--0.5
=1-0.5--0.05
[1-0.05-0.05

B O0.05-15

15

=== Computational Domain
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Figure 3.13: Difference between velocity BlidBadges
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Figure 3.14: CFD Depth BriddesBridges
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Figure 3.15: CFD Velocity BridiyesBridges
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CFD helps to interpret towhich extent the bridges affect the results, in the sense that, the
distributions which move away the most from the verticality of the curve in correspondence

of the y-axis, are characterized by a more evident influence of the bridges on the final flood

map.

Extension of the flooded area
After the calculation of the flooded area for both simulationst is convenientto compare them
to understand if a series of bridges affects the result or not in terms of extension of interested

area. It is useful to observe the overlap of the layers as showrFigure 3.16.

In this case, for example, it is possible to observe an iament of the flooded area due to the
presence of bridges, hence bridges interacting with the flow in the riverbed generate the
backwater phenomenon(Figure 3.1)/that causes the water level to rise and thus the flooded

area to increase.

Legend

Without bridges With bridges

Max Depth [m] Max Depth [m]
4

| i -

0 Lo

Computational domain
@ Bridges

Figure 3.16: @vlap of the flooded areas
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Figure 3.17Detail of the flooded area without (left) and with (ri
the presence of the bridge (in red)

3.7.4 Comparison with previous results (2019 perimeter)

A comparison in terms of flooding areas has been carried out, between the perimeters defined
by the previous PGRA and those of the updated modelling illustrated in the present work. It
is useful to highlight those areas where the differences are more pronced and therefore

where more intensive updating may be required. IRigure 3.18here is an example.

41



= Computational domain
= 2019 Perimeter

Kilometers

Figure 3.18: Comparison between PARFLOOD results and 2019 peri
one of the reaches of the Seveso

One canobserve that, in some areas, the contours defined in 2019 are very similar to those in
the updated maps, such as in the upper part of the reach showrFigure 3.18while in others
it is not possible to find a matching between them, like in the downstmeapart of the same

figure.
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4. Setup of the modebk and results

In this chapter an overview of the setup of the models, in terms of partition of the whole river

in subreaches and relative boundary conditions, and the results obtained from the #&od
simulations of the Seveso and Bozzente are presented. First, the partition of the rivers in sub
reaches is shown as a consequence of the longitudinal peak flow rate distribution. Second, a
focus on the boundary conditions applied to the single subach is illustrated by means of
maps, hydrographs and rating curves. Then, the procedurgendedto monitor the evolution

of the flow rate through the control sections is described. Eventually, the maps with the results
in terms of water depth and velocityare plotted.

First, the results for the modelling of the stream Seveso will be illustrated, followed by those
related to the Bozzente. The results obtained during the present thesis cannot be considered

the final ones, due to several shortcomings that acgitically considered inChaptel.

4.1 Seveso

4.1.1 Longitudinal peak flow rate distribution and its discretization

As described inSection3.1, the longitudinal distribution of the peak flow rate along the
watercourse, for a given return period, haseen discretized with a finite number of steps,
representing the reference value @ set for the corresponding reach. lirigure 4.1the three

distributions for the Seveso corresponding to T = 10, 100 and 500 years are graphed.
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Figure4.1 Peak flowate distribution for the Seveso

The graph above displays data coming from two sources, namely the PGRA 2015 and the
0Studi o di Fattibilit”™ (2003)6. This has been
from both sourcesare present, the values are the same, so no ambiguity has resulted from their
interpretation. I n particular the 0Studio di
increases in flow rate given by the intake of the Rio Acquanegra at section SV84 amat tof

the Serenza at section SV68. The peak flow rate distribution determined the subdivision of the

Seveso in 6 separate sukaches:

1) From section SV97 to section SV84 due to the presence of the Rio Acquanegra.

2) From section SV84 to section SV77 duto the input of the Val Sant'/Antonio stream.

3) From section SV77 to section SV68 due to the confluence with Serenza river.

4) From section SV68 to section SV40 due to confluence with Certesa river.

5) From section SV40 to section SV24 because oftheairtk e wor k f or the o0Cana
diNord-Ovest (CSNO)O.

6) From section SV24 to section SV2.1 at the culvert at the entrance of the city of Milan

The reach between SV99 and SV97 has been excluded from the model because of the lack of

information necesary to model the entry section of the culvert at SV99. However, the fluvial
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channel has been split according to the change in upstream boundary condition. Thus, the 6
reaches of the Seveso, representedrigure 4.2have been modelled independently froraach
other. The following pages present the complete description of the boundary conditions

applied at the single sulbeaches of the Seveso.

N0 2 10
NN B <ilometers

Figured.2 Subdivision of the Seveso
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4.1.2 Boundary conditions

Figure 4.3hows all the hydrographs appdid at the upstream section of the swuieaches, for
each return period (10, 100 and 500 y). As one can notice, they describe an event which lasts
36 hours.

Q [n/s] T=10
90
80 —_— SV 99
SV 84
70 SV 77
— SV 68
60 e— SV 40
50 — SV 22
40
30
20
10
0
0 5 10 15 20 25 30 35 40
Time [hours]
a
Q [m¥/s] T=100
180
—_— SV 99
160
SV 84
140 SV 77
120 — S\ 68
100 e S\ 40
— SV 22
80
60
40
20 /\
0
0 5 10 15 20 25 30 35 40
Time [hours]
b

46
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Figure4.3 ac Hydroghraphs set as upstream BCs for the Seveso for T-
500 years respectively

In the following, an overview of the boundary conditions per each suteach of the Seveso is

illustrated. Beside the map of the reach, the upstream BCs (i.e. hydrographs) for the three

return periods are plotted, together with tb respective downstream BC which (apart from

reach 6) is represented by a rating curve. In particular, the rating curves for the Seveso have

been obtained by a power law, having as known values the water elevations coming from the

PGRA 2015 (Cfr. Section .3).

The numbers 1, 3, 4, 5, 21 on the following maps refer to the typology of BC imposed on the
segment , respectively owall o6, OHh yedred @Ch. pohf éa r f
Section 3)5
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