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Abstract (English version)

Nowadays, the frequencpf flood events and the associated risk in urban ammas
progressivelyincreasing and stimulating major concattra global scaldndeed, such events
can lead to significant sherand longterm economic, social and environmental negative
consequenced.herefoe, with the present predictions of worsening future scenarios, it is of
paramount importance to pursue integrated flood risk managenathbdsvhich encompass
flood modelling.In Europe, after the publication of the EU Flsdairective (2007/60/EC),
eachMember State has to identifreas of Potential Significant Flood Risk (APSFdd, for
each of them, prepafdood Risk Management Plans (FRMPs), whictistbe alsoupdated
every6 years

In this context, this thesis contributes to producing flood hazeos; these maps depict the
spatial distribution of both the water depth and velocity for scenarios with prescribed
probability, and are an important preliminary step in the preparatiofrBMP. This work is

focused on two rivers included in tASFRiiNorth of Milano : t he Gui sa and Ni
are two smalmedium sized watercourses characterized by a total length of, respectively, about
23 and 8 km and an average width of the riverbed of 4 m. The hazard maps have been produced
employing unsteady, twdimensional hydrodynamic modelling, with a spatial detail sufficient

to resolve the flow distribution around individual buildings (that are numerous in the strongly
urbanized area northern to Milafhe maps have been produced accortintpree different
probabilities of occurrence, corresponding to return periods equal to 10, 100 and 500 years. Use
has been made of geometric data (digital terrain model and a number of surveyed transverse
sections), land cover data, building footprint, and hydrologidal @evailable hydrographs and

peak flow rates). The maps produced in this thesis represent a significant update of those
released in 2019 by the Autorita di Bacino Distrettuale del fiumgABBPo), which resulted

from the application obnedimensional and zerdimensional approaches.

The hydrodynamic modelling has been performed using -RBS. Therefore, a detailed
analysis of some of the major critical aspects of the-dimmensional modelling with this
software has been carried out. Sfieally, careful consideration has been given to the
sensitivity of the results due to the roughness parameterization, the computational time step for
different sets of equations used, and the creation of the computational mesh. Based on the
outcome of he sensitivity analysis, it has been possible to conclude that the methods used for
the production of the updated hazard maps have been adequate for the purpose.



Abstract (Italian version)

Al giorno d'oggi, la frequenza degli eventi alluvionalli @nseguentaischionelle aree urbane
stanno progressivamente aumentando e stimolano una grande preoccupazione a livello globale
Infatti, tali eventi possono portare a significative conseguenze negatiaebreveche alungo
termine a livello economico,aciale e ambientale. Pertantiste anchée attuali previsioni di
peggioramento degli scenari futuri, € di fondamentale importanza perseguire imeipcat

di gestione del rischio di alluvione che comprendano la modellazidiee e®ndazioniln
Eurgpa, a seguito déd pubblicazionelella Direttiva Alluvioni UE (2007/60/CE)ogni Stato
membro deve identificare laree a potenziale rischio significativo di alluvione (Areas of
Potential Significant Flood RiskAPSFR)e, per ognuna di esse, preparapgani di gestione
delrischio dialluvione (Flood Risk Management PlanERMP), che devono essere aggiornati
ogni 6 anni.

A tale propositpquesta tesi contribuisce alla produzione di mappe di pericolosita da alluvione;
queste mappe raffigurano la distrtione spazialesia della profondita che della velocita
dell'acquaer scenari coprestabiliteprobabilita, e sono un importante passo preliminare nella
preparazioneidun FRMP. Questo lavore focalizzatasu due fiumi inclusi nellAPSFR "Nord

di Milano™: il Guisa e il Nirone,che sono due corsi d'acqua di dimensioni mgitgole
caratterizzati da una lunghezza totalspettivamentegi circa 23 e 8 km e da una larghezza
media dell'alveo di 4 mLe mappe di pericolosita sono state prodotte utilizzanda u
modellazione idrodinamica moto varidbidimensionale, con un dettaglio spaziale sufficiente

a risolvere la distribuzione del flusso intorno ai singoli edifici (che sono numerosi nell'area
fortemente urbanizzata a nord di Milano). Le mappe sono stadi®tpe secondo tre diverse
probabilita di accadimento, corrispondenteang di ritorno pari a 10, 100 e 500 anni. Sono
stati utilizzati dati geometrici (modello digitale del terreno e un certo numero di sezioni
trasversalirilevate), dati di copertura desuolo, impronta degli edifice dati idrologici
(idrogrammi disponibili e portate di picco). Le mappe prodotte in questa tesi rappresentano un
significativo aggiornamento di quelle rilasciate nel 2019 dall'Autorita di Bacino Distrettuale del
fiume Po(AdBPo0), che derivavano dall'applicazione di approcci monodimensionali e zero
dimensionali.

La modellazione idrodinamica e stata eseguita utilizzando-RES. Pertanto, e stata condotta
un‘analisi dettagliata di alcuni dei principali aspetti critici della elledione bidimensionale
con questo doware In particolare, éstata presa in considerazione la sensibilita dei risultati
dovuta alla parametrizzazione della scabrezza, al passo temporale di calcoldivessi
insiemidi equazioni utilizzate alla creazione della maglia di calcaBulla basedei risultati
dell'analisi di sensibilita¢ stato possibile concludere chaétodi utilizzati per la produzione
delle mappe di pericolosita aggiornate setaiiadeguati allo scopo.



Contents

F o [0V =T o =T 0 =T o I
Abstract (ENgliSh VEISION)..........oovviiiiiiiiiimre et erer e e e e e e e e e e e e anees e as i
ADBStract (Italian VEISION)........ooiii i e eeeee e eeme e e e e e et emmrnnnees iii
(O] 0] (=] | £ PP PPPPPPPPP PR \Y
LISt Of fIgUIES. .ttt e e ettt et e e e e e e e e e e e e e e s ammme e e e e e e e e e e e e aaanned Vi
S A ) =T o] =SSR X.
1. Introduction and ODJECHIVES......ccooii i 1
1.1. Relevance of flood modelling............c..uuuiiiiiiiieeeiiii e 1
1.2, Area Of INTEIESL.......ccoiiiiiiiiiiieetceee e erree e e e e e e e e e e e e e e e e s s nmnneeeee e
1.3, AVAIADIE AtA.....uuuiiiiiiiiiiiiiii e 10
O IO = 1=V T0 T U 3 1 4 = o L 10
1.3.2.  SECHONS AN tEITAIN.......uuuiiiiiiiiiiiiiiiieeeiieeeeeeere et e e e e e e e e e s s smme e e e e e e e e e e aaasaaannns 15
1.3.3. ROUGNNESS ...t seee e 15
1.3.4.  DISCRAIGE. ...ttt eerer ettt e e e e e e e e e e e e 15
1.4, AIM OF the WOTK... oo e e e eeennnnes 16
2. Flood mapping with a 2D modellinpproach............ccccooeiiiiiicc e 17
2.1. Two-dimensional flow modelling............ccccuuiiiiiiiiiee e 17
2.1.1. Mathematical background...............ccooiiiiieee i 17
F N C T =T o] o 0] {2 P 20
2.1.3. Spatial diSCretization...............oooviiiiiiiiccee s 20
2.1.4. Boundary CONAItIONS........ccoiiiiiiiiiiiiiiiemme et 20
2.2. Two-dimensional urban flood modelling...........oooiiiiiicn s 21
2.3. Two-dimensional numerical modelling with HERAS...............coooiiiiiiinennene 24
2.3.1. Embedded eqUALIONS. ........ccoeeiiiiiiii e 24
2.3.2. Creation of the model computational mesh............cccccoiiieee, 24
2.3.3. RoOUGhNESHEINIION.......ccciiiiiiiee e 26
2.3.4. Available boundary conditions and initial conditions....................c.vveeeen. 26
2.3.5. Time Step SEIECHQAN.......cociiiiiiii e 28

3. Hydraulic simulations towards updated flood hazard maps for the Guisa and.Nig&e
3.1, DaAta PrePrOCESSING.....ccicuuueurtrtrrrrrerearaesssssseeeseeeeeeeaaeeaeessaamteeeeeeaaaaaaeeasssssannninns 29
00 0t I I o >V | 29
0 I = Lo 0T ] 1= 35
3.1.3.  SHUCTUIES ...t e e e e e e e e e e e e e s rmmmeennnnas 35
3.1.4. Boundary conditions and lateral inletS..............coooviiiiie s 36

iv



3.2. Modelling IN HEC-RAS ...t 39

3.2.1. Model SUDAIVISION.......coiiiiiiiiiiiiiiitime e e e e e e e e e 39
3.2.2. Model implementation................uuuuuiiiiiccceeeeieiisne e e e emrmnnne e eeee 42
3.3, RESUILS ... 57
3.4, CritiCal AISCUSSION.....ciiiiiiiiiiiiiiie et ieeeit bbbttt e e e e e e eret e e e e e e e e e e e e e e e e e e e s s s rmmn s 83
4. Critical aspects of the 2D modelling approach.................ovvvviiccceiieieeeice, 92
4.1. Sensitiviy analysis for the roughness definitian..............cooooeevvieeeeee e, 94
g O R | 1 0 T (3o o] PP 94
O L= | SR 98

4.2. Sensitivity analysis of time step and different equatians...............ccccvveeeeennns 120
4.3. Influence of the grid size definition...............ouvviiiiiccce e, 134
O B 1Yo 11 [0 PP PRSP 141
ST 0 o1 0153 (o] LS PP P T TP URUPPUPPRP 143
=] ] [oTe ] =1 o] o )Y/ SRR 146



List of figures

Figure 1.1: Number of flood events for each continent..................oovvieeeieeeeeeeeeiiiiinnnns 1
Figure 1.2: Number of flood events with respect to the area of the continent............... 2
Figure 1.3: Number of flood events in Europe based on their severity............ccc.cceeeeee. 3
Figure 1.4: Administrative limits of the District Basin AUthOrties...............evvvvviiieecnnnnn 4
Figure 1.5: APSFR North of Milan............ooooiiii e 5
Figure 1.6: Guisa and NIFONE MVEIS.......ccccciiiiiiiiiiiieeeiiiebre e e e e e e e e e esemree e e e reeeaeaaaeeeeas 6
Figure 1.7: Guisa and Nirone rivers with the lateral inlets and the detention.ponds.....7
Figure 1.8: Guisa NVErEXamPIe L. ieee e eeer e e e e e e 8
Figure 1.9: GUISa NVEIEXAMPIE 2......coi it eee e eeer e e e e e e 8
Figure 1.10: Guisa NVErEXample 3.........oo e 9
Figure 1.11: Guisa riverExample 4 (CSNQ)........ccoiioiiiiiiiiiiiieeeeiiee e eeeeeneee 9
Figure 1.12: Guisa NVerEXample 5..........oo e 10
Figure 1.13: Guisa NVErEXamPle B..........ooooiiiiiiiiiiiiee e 10
Figure 1.14: Guisa andirone, scenario H.............ooooiiiiiiiiiccci i 12
Figure 1.15: Guisa and Nirone, SCenario.M.............oooviiiiiiimemreiiiiieeceeee s 13
Figure 1.16: Guisa and NIrone, SCENArO.L.............ouuuiuiiiiicccrieeeeeeiiiie e e eeerenennnans 14
Figure 2.1: Components of the SWE..............coooiiiiiieeei e 19
Figure 2.2: General structure of the outer perimeter of the computational domain.....21

Figure 2.3:
Figure 2.4:
Figure 2.5:

Figure 2.6:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:

Examples of the visualization considering buildings as impervious .block2?2
Examples of buildings representation when considered as ground eleva@n

Example of a group of buildings in which friction is represented: a) As a full zone

with increased friction; b) As localized spots of high friction...............cccoiceereeeieeiinns 23
Computational mesh terminology in HRBS 2D........cccccoevveiiiieiiiiiiieeeeeen. 25
Zoom on the four detention PONAS..........coovii e 29
Corretion of the third detention PONd..........cooviiiiiiiiiiiiec e 30
Correction of the fourth detention pond...........ccccoooiiiiicc s 30
Example of information available for section GUZ3...........cccccoviiiiceevnnnnnns 31
Example of the section moved on the right...............ooooiiiccc s 32
Example of the section where the riverbed changed the shape................ 33
Example of section moved on the.left.............cueiiiiieeeiiiii e 33
Example of a bridge SECHOMN............uuvuieiiiiireeeer e 33

Figure 3.8:
Figure 3.9:

Figure 3.21:

Example of the DTM correction to correctly represent the riverbed bathyBetry
Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17:
Figure 3.18:
Figure 3.19:
Figure 3.20:

Example of the DTM correction to restore the original elevation at culveS#s

Example of adding the buildings to the DTM.........ccccoooiiiiiiiicecicccieeee e 35
Hydrograph section GUBS............coooiiiiiiiiccciiii e 36
Hydrograph SN NI27 .......cooomiiiiieii e 37
Hydrograph section GU23...........cooiiiiiiiiece e 37
Hydrograph seCtion NIL2..........coiiiiiiiiiiiiccceiie e 37
Rating curve section GUDL.............coiiiiiiiiieccrie e eeme e 38
Peak diSCharge GUISA...........uuuiiiiiiiiieececcce e eeene e 40
Peak discharge NIrQNE..........ccooiiiiiiiii e e 40
Model SUDBAIVISIONL.......ccooieiiiei e 41

................................................................................................................... 42
Example of refinement region representation (Guisa downstream)........ 43

Vi

Example of terrain and computational mesh representation (Guisa downstream)



Figure 3.22: Example of Land Cover layer (Guisa UPStreamy)...........ccccuvvvimmeneenennnnnns 44
Figure 3.23: Bridge 72RAS MaAPPEL.......uuuuiiiiiiiiiiiiiiiieeeeiiiee et srmmme e 45
Figure 3.24: Bridge 72 GE0METINY ....coiiiiiiiiieee e ee e 45
Figure 3.25: Bridge 67 RAS MaAPPEL.......uuuuiiiiiiiiiiiiiiiieeeeiieeee et e e ssimmme e 46
Figure 3.26: Bridge 67 GEOIMBLIY ......cciiiiiiiiieie e ee e 46
Figure 3.27: Culvert 4RAS MaPPEL........cooiiieiiiiiiiiiiireesiiivernneeeeeee e eeeernneeneeeeeeeee s AT
Figure 3.28: CUIVEIt 4 GEOMEINY......uuiiiiiiiieiiiiiee e eeeee ettt e e 47
Figure 3.29: First detention pond in the RAS Mapper........coooiiiiiiiimmmn e 48
Figure 3.30: Second detention pond in the RAS Mapper...........ouuvvivvviicereeeeevnnniinnnnns 48
Figure 3.31: Third detention pond in the RAS Mapper.............covvvuveimreeeeeeeniiinn 49
Figure 3.32: Fourth detention pond in the RAS Mapper..........cceeeeviiiieeeiieii e 49
Figure 3.33: Guisa upstreamateral INletS...........cccoeveeeiiiiiiiieeei e 50
Figure 3.34: Guisa upstreampstream BCS.............oooeiviiiiiiiimeee e emenenend 51
Figure 3.35: Guisa upstreanDownstream BC................oooviiiiiiiieeme e ececeeeeeee e 51
Figure 3.36: Guisa downstrearmpstream BCS...........ccoooiiiiiiiiiiieeee e 52
Figure 3.37: Guisdownstream Downstream BC...............ocooeiiiiiiiieeen e 52
Figure 3.38: Nirone upstrearpstream BCS...........cciiiiiiiiiecccceeiiiicee e eeeaeeee s 53
Figure 3.39: Nirone upstrearmDownstream BC..............uuiiiiiiiiiicccciiiiiiee e 53
Figure 3.40: Nirone downstreanpstream BCs...........cccuuiiiiiiiiiieeeiiiiiiiiiieeeeeeeee e 54
Figure 3.41: Nirone downstreanbbownstream BC...............cccciiiiiimmmnniniiiiieeeeeeee 54
Figure 3.42: Upstream BCRAS Mapper (Guisa doOwNStrearm)...........ueuveeeeeeeeeeeeervnnnne 55
Figure 3.43: Lateral inletRAS Mapper (Guisa downstream)............cc.eveveeeeveeeecevvnnnnnne 55
Figure 3.44: Downstream BCRAS Mapper (Guisa downstream)...........coeeeeevevviiieennn. 56
Figure 3.45: Guisa upstream10- Depth.......ccoooiiiiiiiiiiiiiiierer e 58
Figure 3.46: Guisa upstream100- Depth.........ccevviiiiiiiiiiiiici e 59
Figure 3.47: Guisa upstreatm500- DePth.........cccviiiiiiiiiiiiiiicieeee 60
Figure 3.48: Guisa upstream10- VElOCItY .........coooiiiiiiiiiiiiiiieeeiiii e 61
Figure 3.49: Guisa upstream100- VEIOCILY ......cooeereiiiiiiiiiiieeee e 62
Figure 3.50: Guisa upstreaim500- VEIOCILY ......ccoevieiiiiiiiiiieeee e 63
Figure 3.51: Guisa downstream10- Depth............cccciiiiiiiiieeee e, 64
Figure 3.52: Guisa denstreant T100- Depth...........ovuviiiiiiiiii i eeee, 65
Figure 3.53: Guisa downstreaM500- Depth............uuuiiiiiiiiiii i eeee, 66
Figure 3.54: Guisa downstrear10- VElOCitY..........ccuuiiiiiiiiiiiiiceeici e 67
Figure 3.55: Guisa downstrear100- VelOCItY..........cccoviiiiiiiiieiiiieeee e eaeen 68
Figure 3.56: Guisa downstrear’500- VelOCItY..........cccoiiiiiiiiiiiiiiieeee e eeees 69
Figure 3.57: Nirone upstam- T10-Depth............coooiiiiiiiiiie i eeseeeee e L O
Figure 3.58: Nirone upstreanT100- Depth..........uiiiiiiiiiiii e 71
Figure 3.59: Nirone upstreanT500- DepPth..........uiiiiiiiiiiiii e 72
Figure 3.60: Nirone upstreanT 10- VelOCItY.......cocooviiiiiiii i eeveemeea 73
Figure 3.61: Nirone upstreanT100- VelOCity...........cccouuiiiiiiiiiiieeeiiiiiiiieeeeee e 74
Figure 3.62Nirone upstream T500- VElOCIty...........ccccuiiiiiiiiiiiieeeiiiiiieeeee e 75
Figure 3.63: Nirone downstreanT10- Depth..........cooooiiiiiiiiiiiiemn e 76
Figure 3.64: Nirone downstreainT 100- Depthi.........cceuviiiiiiiiiiiiiieereee e, 77
Figure 3.65: Nirone downstreaT500- Depth..........ccceeeeiiiiiiiiiiieeee e 78
Figure 3.66Nirone downstream T10- VEIOCItY..........oevvviuriiiiiiiiisieicee e 79
Figure 3.67: Nirone downstreaT 100- VElOCItY........ccoviiiieieeeiiiiiiiieeen e e 80
Figure 3.68: Nirone downstreaT500- VElOCItY........coeiiiiieeeeeiiiiiiiieees e eeeeeeeeeeeaiiiiinne 81

vii



Figure 3.69: Comparison of flooded aredsl0- T100- T500...........ccccvvreeiiiirrrinenieeeeennn 82

Figure 3.70: Compared cross sections (iN.ted)..........coooviiiiiiimennee e 84
Figure 3.71: Comp@on of crosssections 2002018...........cccovveveeriiimmmiineeeee e 85

Figure 3.72: Comparison of a transversal cisesstion wherghere is a bridge (1D vs 2D86
Figure 3.73: Comparison of a cressction (seen from the top) e#e there is a bridge (1D vs

725 ) PSSP 86
Figure 3.74: Peak flow rates comparison (1D VS.2D)......cccooeiiiiiiiiiiicciiiieeeeeed 87
Figure 3.75: Position of the cresections where it is performed a comparison between the
)0 [0 To =T o] =PRSS 38

Figure 3.76
Figure 3.77
Figure 3.78
Figure 3.79

: Comparison section 57 (1D VS 2D)......uuuciiiiiiiiiie e, 89
: Comparison section 52 (1D VS 2D).......uuciiiiiiiiiie e, 89
Comparison section 41 (1D VS 2D).....uuuuiiiiiiiiiie e eeeeeeeeen, 90
: Comparison section 38 (1D VS 2D).......uciiiiiiiiiei e, 90

Figure 3.80: Comparison semti 36.1 (1D VS 2D)......cccceeeiiiiiiiiieeieeee e 91
Figure 4.1: Area selected for the sensitivity analySiS..............uvuiiicccrieeeiiiii 93
Figure 4.2: Input hydrograph for the sensitivity analyses.............ccccoiccevveveeviviinnnnnn. 94
Figure 4.3: Rating curve for the sensitivity analySes..............uuuuviiiccseeeeeiiiiiinnnnn 94
Figure 4.4: Different considered representations of the roughness............ccccovveeeennnnd 95
Figure 4.5: Land Cover layerin HERAS wi t h Manni ngds <coef
..................................................................................................................................... 97
Figure 4.6: Flooded areas Simulation 0 vs Simulation.L............ccccoviiieemiiiiiiiiinnneeeen. Q9
Figure 4.7: Flooded areas Simulation 0 vs Simulation.2.............cccccvvieemiiiiieiiinnnnenn. 100
Figure 4.8: Flooded areas Simulation 0 vs Simulation.5............cccccoiiieemiiiiiiiinnnnnn. 101
Figure 4.9: MINUS dePth L. men s 103
Figure 4.10: MINUS VEIOCITY L.......ccciiiiiiiiiiiiiiiieeeiiit e eeess e et e e e e e e e e eeeeas 104
Figure 4.11: MiNUS depth.2. ... e e e 105
Figure 4.12: MINUS VEIOCITY 2.......ccoiiiiiiiiiiiiiieieee ittt eeess e e e e e e e e e e e e 106
Figure 4.13: MiNUS depth.3.. ..o 107
Figure 4.14: MINUS VEIOCITY 3.......coiiiiiiiiiiiiteieee et eeess e e e e e e e e e e e eeeeas 108
Figure 4.15: MinUS depth.d........ccooi oo e 109
Figure 4.16: MiNUS VEIOCILY 4.......uiiiiiiiie e 110
Figure 4.17: MinuS depth.B.......cccoiiiii e e 111
Figure 4.18: MINUS VEIOCILY B.......uuiiiiiiiiie oo eeeee e 112
Figure 4.19: Velocity vectors in Simulation.Q.............ccooooiiiiiiccciiie e eeeveeeeens 113
Figure 4.20: Velocity vectors in Simulation.2............ccoooiiiiiiiicciie e eeeveeeeens 114
Figure 4.21: Cumulative MinuS depthl............ooiiiiiiiii e 115
Figure 4.22: Cumulative MiNUS VEIOCILY...........uiiiiiiiiiiic e vmmme e 115
Figure 4.23: Sections for hydrographs............uuiiiiiiiiieecrecs e 117
Figure 4.24: HydrographsSSecCtion 56...........ccoouvuiiiiiiiiiieecrics e eeee e 118
Figure 4.25: HydrographSSECHION 47.........uuuuiiiiiiiiiiiiii et srmmme e 118
Figure 4.26: HydrographsDownstream flooded area.............cccevvvviiiieeciiiiniiininiinnnnnn. 119
Figure 4.27: HydrographsSSeCHioN 40..........uuuueiiiiiiiiiiii et srmmme e 119
Figure 4.28: HydrographsSSeCtion 38..........uuuiiiiiiiiiiiiii ittt 120
Figure 4.29: Flooded areag seconds DWE vs SWE/ELM.........ccccoovveiiiiiiiicecccceeeennn. 123
Figure 4.30: Flooded areag second DWE vs SWE/ELM..............oovvviviiiiiccneeeeennnnnnns 124
Figure 4.31: Flooded are®.5 second DWE vs SWE/ELM.........ccccooeveiiiiiiiiceecieeeeen. 125
Figure 4.32: Minus depth 2 SECONAS...........cvvuiuiiiiiimreeeeeeeier e eere s 127



Figure 4.33:
Figure 4.34:
Figure 4.35:
Figure 4.36:
Figure 4.37:
Figure 4.38:
Figure 4.39:
Figure 4.40:
Figure 4.41.:
Figure 4.42:
Figure 4.43:
Figure 4.44:
Figure 4.45:
Figure 4.46:
Figure 4.47:
Figure 4.48:
Figure 4.49:
Figure 4.50:
Figure 4.51:
Figure 4.52:
Figure 4.53:
Figure 4.54:
Figure 4.55:
Figure 4.56:
Figure 4.57:
Figure 4.58:

MINUS VEIOCItY 2 SECONMS.......ccoiiiiiiiiiiiiiieeee ettt 128

Minus depth 1 SECONM........coooiiiiiiii e 129
MINUS VEIOCItY ECONM.......coiiiiiiiiiiie e 130
Minus depth 0.5 SECONMS..........cooiiiiiii e 131
Minus velocCity 0.5 SECONAS..........uuuuuiiiiiiieeeeir e eere s 132
Cumulative MINUS AePLL........covviiiiiiiii e 133
Cumulative MiNUS VEIOCITY ......uuieiieeee e 134
Section 1€ft) and Section 3 (Mght).......eveeeeiiiir e 135
Terrain of the synthetic Model...........cccoooiiii i ccec e 135
INput hydrograph...........oooeiiiii e 136
e 01V o o) 1= P 136
Output hydrograph.............ouiini e 137
Cell SIZE 7 MELELS.....ci i ittt ee e eneesb bbb eeeeaaaaeeeas 137
Cell SIZE 6 MELELS.....cci ittt eres s eeeensb bbb eeaeeaeaeaeas 137
Cell SIZE 5 MELELS.....cii ittt re e eeees bbb eeeeaaeaeeeas 137
Cell SIZE 3 MELELS.....ci ittt rres b ee s r e e e e e e e e e as 138
Cell SIZE 2 MELELS. ..o ittt ee e eeenr bbb eeeeaaaaeeeas 138
Cell SiZe 0.7 MELRIS....coi ittt iee e eeer e e e aaeaeeeeas 138
Cell SIZEe 0.5 MELBIS ..o oot 138
Terrain and WSE in a wrongly interpreted result insh&ped crossection139
Irregular mesh (DIg)......cooo oo e 139
Irregular mesh (SMall)..........ooooiiie e 139

Simulation at time O (left) and simulation after 4 min and 30 sec (right}140
Simulation after 4 min and 30 sec with the division of the problematic. gl
Cell size 3 meters with break line............ooovviiiieer e 141
Cell size 2 meters with break line............ooovviiiieee e 141



List of tables

Table 2.1: BCs in 2D models depending on the flow regime..............cccoccivccvvveevvinnnns 20
Table 3.1: Example of bridges and culverts data..............ccoe oo eeeeeiiiiiiie e, 35
Table 3.2: Discharge information in SAF document of 2003..........cccoooviiiiiccciiiiiieeeeenn. 38
Table 3.3: Relation diSChargliISE.............oooiiiiiiiiiiiieeei e 39
Table 3.4: Discharge information in Paoletti document of 2017..............coovvviieeeeeennen. 39
Table 3.5: Usage of the available information for defining the BCs and the lateral.inl&3
Table 36: Length of the PartS.............eeiiii e 42
Table 3.7: Mesh and refinement region SIZe...........ccccceeiiiiecciieeee 0 A3
Table 3.8: Information about the number of structures..............oooovvieee i, 50
Table 3.9: Computational time interval and error............oovvvvviviicceeeeeeeeeee e 56
Table 3.10: Organization of the representation of the results................cccooceeiiiiiinns 57
Table 4.1: Characteristics of the different SImulations.............ccccov e a5

Table 4.2: Manningds coefficient..v.al.u¥s acco
Table43 Manningés coefficient val ues..acB80rding

Table 4.4: Comparison of the values of the flooded areas..............cccovveeeeiiee 98
Table 4.5 DeSCriPtioN MINUS.........uuuiiiiiiieie e ceeeiies e e e e e e e e e e e eees e e e e e e e aeeeeeeeeeaeaaannae 102
Table 4.6: Organization of the representation of the results.............cccovveeee 102
Table 4.7: Percentage of error and running time based on different time steps and equations
................................................................................................................................... 121
Table 48: Flooded areas with different time steps and equations...................cceeeuunn. 121
Table 4.9: Organization of the representation of the results.............cccovveeee 126



1.Introduction and objectives

1.1. Relevance of flood modelling

A flood is an overflow ofwater that covers the surrounding land where there is normally no
water. Floods are often caused by heavy rainfall, rapid snowmelt, or [dfpr@enerally, the
consequencesboth positive and negativespf floods depend on the depth of water, the
velocity, thespeed,and theduration[2]. When consideringnegatives imgacts, he resulting
damagesrom floodscan be diregtdue to thephysicalpresence of watemdirect,whenthey

are characterized by a time lag or when they are outside the inundatethregéze,if the
damage to assets canrbenetized with a market pri@nd intangible, ifnsteadthe damaged
assetgt cannotbe measurd in economicterms[3]. The damages carauseboth shortterm
(e.g.: temporary closure of a road due to the presence of)watetongterm problems The
latter can usualliead to moreatastrophisocial, economic, and environmental consequences
both to individuals and communiti¢8]. One of the mostritical potential consequensef
floodsisthesec a | | e d Nudtaral Blazdrds Trijgering Technological Accidéhtsvhich

can occur whem flood impacts industrial siteand consequentlyhazadous substancese
released into the environmg#i.

All over the world betweertheyeard 998 and 2017, t herteatcausede 361
economic losses f@56 billion ofUS§ af fected al most 2 billion
them[5]. Figurel.1, considering always the aforementioned inteofalears showshow flood
events are divided for each continem addition,Figure 1.2 providesinformation about the
number of eventdivided by the surface dhe continents (in k1) [6].
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Figure 1.1: Number of flood eventsr each continent
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Figure 1.2: Number of flood events with respect to the area of the continent

From Figure 1.1 and Figure 1.2 it can be noticed that Europe is probably the nadfgcted

continentFor this reasorand also because Europe is the continent in which the asahztle
during this thesis arefocusedon, furtherinvestigationsbout this continentere made, taking
advantage of data frothe EuropeainvironmentalAgency (EEA)

Specifically, he analysis conducted biiet EEA takes into consideratiora period of time
including the yeardetween 1980 and 2018nd the data collected ambout the numér of
flood events and their characteristjg$. Among all thecharacteristics he mostrelevantone
is the severity(Figure 1.3), which can be moderate, high or very hidapending on the
following classification8]:

1 Moderate severityWhen anevent caused significant damages to structures or
agricultureandbr when it hasa return period includeletweenl0-20 years

1 High severity:When an eventfeected a large geographic regidargerthan 5000
km?) andbr when itsreturn periods bigger than 20 years but less than 100 years

1 Very high severityWhen an event hasreturn period bigger than 100 years
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Figure 1.3: Number of flood eventa Europebased on theiseveity

FromFigurel.3 it can be noticed thahetotal number of flood evenis clearlyincreasng over

the yearsand the same is true ftine nunber of highseverity events, which are the most
dangerous for pgde and gooddndeed,it is expected that in Europe the annual flood losses
will increase by 5 times by 2050 and by 17 times by 2080 (with respect to the curref8pnes)
Therefore,correctly modelling flood events (or, in other words, accurately predicting the
extension of the flooded area and the distribution of water depth and velocity for anigvent)
of paramount importance to produtazardmapswhich can be very useful to bettstudy tte
problem. Imdeed hazard mapsre the basis forproducing risk mapswhich describe the
potential consequences (i.e.: expected damages) considering also aspects related to the exposure
and the vulnerability of an are@hese mapare fundamentalof the implementation of some
mitigation strategieswhich can be either structural (e.g.: detention bastcheck dams,
artificial levees, etc.) or nestructural (e.g.: spatial planning, communication, ety that
have the aim ofeduéng what would be the real impact pbtentialevents.

Therefore, ® face the problem of flood events, the European Commigsiblished in 2007

the Flood Directive [9] which has the aim of managing the risk related to flood events and
redwcing the adverse consequences for human health, the environment, cultural heritage, and
economic activies According to this directiveeachMemberStatehasto prepare Flood Risk
Management Plans (FRMPRsW¥hich requireto be updated every 6 yeaithe FRMPs are
obtainedafterapreliminary flood risk assessmeantd the production dfood hazard maps and

flood risk mapsThe plansare defined according ttifferent probabiliies of occurrencélow,

medium, and highwhich are related to the severity thie flood event.

The Directive also requisghat eachMemberState of the European Union identifiye areas
prone to flood risk, the scalled Areas of Potential Significant Flood Risk (APSFR). In ltaly,
the APSFR are defined bigve hydrographic distdats (PoRiver, Eastern Alps, Northern



ApenninesCentralApenninesand SoutherApennine¥and by thdkegions Sicily and Sardinia
(Figurel.4) [10], [11].
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Figure 1.4: Administrative limits bthe District Basin Authorities

1.2. Area of interest

The focus othis thesisis on a partof the Po River districfwhich is the one in red iRigure
1.4), which isthe APSFR North of MilarfFigure1.5). This APSFR lasan extension of about
110 knf and ircludes the metropolitan city of Milan and the provinces of MeB@anza,
Como, Leccol.odi, and Varese.

The main riversincluded in his region are(Figure 1.5): Lambro, Olona, Seveso, Lura,
Bozzente, and the group of rivers of the Groane (adisg Nirone Pudiga and Garbogera)
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Figure 1.5: APSFRNorth of Milan

All the riversincluded within the APSFR North of Milaare strongly interconnectesihce
almost allof themare crossed by two channels: the Canale Scolmatore di Nord Ovest (CSNO)
and the Canale Villoresi. The lattey an important irrigation channel, while the CSNO is
designedo collect the overflowing watesf the rivers, so that when strong events are occurring
it can significantly reduce the amount of water that resitte ¢ty of Milan. Additionally, the
APSFR is characterizedby the presence ofeveral urbanized areas, industrial areas,
infrastructure andproductive and agricultural activitid3ue to high urbanizatigra significant
portion ofthe watercourseas channelied in culvert@and many bridgearepresentMoreover,

due to progressive urban developmewer the years, the sewage networlalso becoming
larger and larger, thusresulting ina rise of the discharge of water in the rszéMitigation
measures are strongly necessary to reduce the effects of fidodssare also worsened biye
increasing frequency of heavy st@mue toclimate changeBesides discharge diversion
(already mentioned above), a structural interventmmsiss in building detentionbasinsalong

the river this measure has been appliedis under design for sevenafatecourses of the
APSFR



This thesis is focusedn two rivers of the Groanpark the Guisa andhe Nirone that is a
tributary of the former Together, these two rivegoss 9 municipaliés Misinto, Cogliate,
Ceriano Laghetto, Solar@;esate Garbagnate Milanese, Arese, Bollate and Mil@figure
1.6). The two streams crosgbanand ruralareas in the upper pa#nd densely urbanized areas
with many industrial sitegn the lower partFor this reason, in the lower part the rivers are
channelized.
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Figure 1.6: Guisa and Nirone rivey

The Guisa river starts from the municipality Blisinto and has &otal length ofabout 23km.
Theconfluence with the Nirongver is reached after almost 16 km froine starting point. On
the otherhand, theNirone river starts from the Cesate municipality and hasad length of
about 8km. Bothriverbeds have an average width of 4Atong the rivers, many bridges and
culverts are preseri80 bridges and 1 culvertsfor the Guisawhile 7 bridges and 3 culverts
for the Nirone)



The discharge of the Guisa rivelindluencedby the presence dbur detention pondandfour
major concentrated lateral inlets, which are due to urban drains and urban sewage. systems
Their locations can be seanFigurel.7.
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Figure 1.7: Guisa and Nirone rivexwith thelateral inletsand thedetention ponds

Some inages representirtpe two rivers can be apprecidtie Figurel.8, Figurel1.9, Figure
1.10, Figurel.11, Figurel.12 andFigurel.13.



Figure 1.9: Guisa river- Example 2



Figure 1.11: Guisa river- Example 4CSNO)
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Figure 1.13: Guisa river- Example 6

1.3. Available data

1.3.1. Previousmaps

The hazard map®r the previous version of the FRM#ereobtained fronthe results obne
dimensional ID) unsteady flowmodeling [12]. The contour of the flooded area was
determined by expert judgement considering the locations wher®thmedel predicted water
elevations exceeding the banks (and these contours were already present in the 2015 version of
the FRMP). Furthermore, the water elevations computed at eacksexiss were used for a

spatial interpolation, determining a twdimensional (2D) water surface whose extent was
clipped at the boundary of the flooded area delimited as mentioned b&foce= he

10



information about thevater elevation wasobtained byan interpolationand no hydraulic
conditions were calculated could besaid that actually aerodimensional QD) methodwas
used tadeterminethe height of water in the floodplaisee, for detailg13]). This method is
alsocalledsubjacency method since it evaluates the depth of \matbe difference between
theelevation of thdree surface anthat ofthe terrain. Theemaps wereommissioned by the
Autorita di Bacino Distrettuale del fiume RPAdBPo)andwereproducedor all the rivers of
the APSFRNorth of Milanin 2019[14]. The abovedescribednodelwasnotapplied aer the
entire lengthof the rivers since the starting point wakosendepending on the firgurveyed
crosssectionavailable In detail the Guisa rivewas analged only from the municipality of
Ceriano Laghettowhile the Nirone riverwas analysed only downstream of theCanale
Villoresi. Therefore,in this context the Guisa river ha a length ofabout13 km until the
confluencewith theNirone river, and theit proceedgor almost2.5 km, while theNironeriver
has a length ofabout5.5 km[12].

The analysisvas madeconsideringthree return pericgl(i.e.: three different scenarios)O
yearswhich corresponsito ahigh probability of occurrenggd); 100 years, which correspand

to a medium probability of occurrence (M); and 500 years, which corresponds to a low
probability of occurrence (L)I'heobtained resultsf the aforementioned analysian be seen

in Figurel.14, Figurel.15andFigurel.16. It is important to highlight thahese mapmay be
affected by some errors due itgerpolation problemgor both thewater surface elevian
(WSE) and theterrain(the bathymetry of the river channels was reconstruttedigh awo-
dimensional interpolation following a linear interpolation of the section thalweg pdius)
these reasond some pointsnegative valuesf water deptharepresenti(i.e.: elevation of the
terrainwrongly abovethe WSE).

Forthe Guisa river are also provided ttie modeldevelopedn HEC-RAS, as well as further
informationincludedint h e d o éttivitager la definizione dioglie di attenzioneallerta

- allarme pluviometriche e idrometriche lungo l'asta del torrente Guisao f Maj one St
[15]).

11
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1.3.2. Sections and érrain

Severalcrosssections along the rivers are availabfest of themarenear structures, such as
bridges and culverts, or critical areas, sucthaseclose tchydrometerskurthermoresections
are recordedas perpendiculéy as possibldo the riverbed These sections were detected
commissioned byAdBPo, betweernthe years 2002 and 200Georeferencing is available with
reference tahesystem European Datum 19@0D50).

FurthermoreDigital TerrainModek (DTM) areavailable The most detailed one was provided

bytheMi ni st ero del |l 6Ambi ent e eMATAM)TThis BTMhasde |l T«
a high resolutionequal tol m andit was obtainedthrough aLiDAR sensor[16]. Sincethe

surveyof theDTM was made between 2008 and 200% important to acknowledge that it
couldhavesomediscrepancies with respect to the curgttation A more recent DTM is that

provided by Regione Lombardia in 2015, but it has a much lower resolution than the former,

its raster cell being equal to 5 m. None of the D BMailableincludethe water detentioponds

that were built recently along the rivevrhich insteadare desche d i n t h eSerdzioc u me n t
di aggiornamento analisi idrologic@rauliche del torrente Guisa o f of StddioPaoletti

[17].

Finally, information about the footprint of the buildsig available fronthefiGeoportaledella
Regiond_ombardia [18]. This datais important sincét is necessary ttake into consideration
the presence dhe buildingsas obstacketo the flux of water.

1.3.3. Roughness

In generalmany different sourcgsrovide an estimation of theughnes®f different types of
surfacesParticularly relevant for # analysis carriedut has beethe information about the

Manni ng0s oftche evelied coritamedtn Sthde difattibilitd della sistemazione
idraulica dei cor si ddbacqua natwurali e artif
Lambro- Olonad ( Sd F) [12].fIn tlEsOdd®@mentthe recommended value dhe
roughnesslepend®n the type of the riverbg@.g.:for naturalchannelst is suggested to use

aMa n n i coeffidiet betwee.025 and 0.035/m*3).

Instead,as far as thareasaroundthe riverbed are concernetthe valus of the Manningd s
coefficient can be defined usirlge land usénformation that is povided for public usdy
Regione LombardifL9]. For each type of land use also provide@ detailed description which
can be usetb properlyassign a Mnning soefficient baseéon tablepresent in the HERAS
Manual[20], [21].

1.3.4. Discharge
Information about river discharge for some return periods comes frorSdk&ocumentof
2003[12] and from thedocunentprovided byStudio Paolettiof 2017[17].

The first study(SdF defines the discharge using the MIKE 11 model by the Danish Hydraulic
Institute (DHI). This modelsolves the hydrodynamic problem with an efficient numerical
solution that has a limitedomputational timeThe model can based with three different
approachegwhich can be applied in branched water systems and in hydraulic nets with closed
meshek kinematic wave, diffusive wave and dynamic walethe SdFthe dynamic wave
approachwas usedconsidering &omplete motion @uation to model fast transierji2].
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The PaolettBtudio alsousedthe MIKE 11 model, butonsideringhat most of the area of the
basin is wbanized As a consequenca, iINAM-URBANOO approachwas usedwhich is
characterized by a greater detail of hydrolagydraulic modelling[17]. The resulting
dischargevaluesare differentfrom thoseobtainedin the study of 2003This is truenot anly
because twdalifferent modelling approaes were usedput alsobecausan that time frame
somedetentionbasinswere adde@long the rivers.

1.4. Aim of the work

Themost importanaim of thepresentwork is to update the hazard mapesducedn the year
2019 for the Guisa and Nironeivers, using a 2D modaig approachTo this aim the HEG
RAS software[22], which is released by the U.S. Army Corps of Engineers Hydrologic
Engineering Centeis used Among the manydvantages of thisumeical solver, particularly
relevant ighe fact that bridges and culverts carvbey easilymodelled in &D unsteady flow
calculationwith the software that also automaticatlymputes thie resultingenergy losses

The technical objective is accompanied by methodological ones. The thesis will also propose
an approach for the production of hazard maps, as well as investigate with care the response of
the used tool to the intervention of the ug@r. the former, keyspect are related to tleesation

of a model geometry, to modelling singularities and to merging the results from different model
runs for consecutive computational reaches. For the latter, the sensitivity of the results returned
by the modeldue to the paameterization of roughnesalso based oithe descriptionof

buildings (impervious blocks or roughness tunjng)the relationship between geometry and
mesh sizend to the effect of thehosermathematical formulation aramputationatime step

will be documented. It is envisagéthtthe methodology proposed in the present thesis can be
suitable for other river studies.

16



2.Flood mapping with a 2D modelling approach

This chapter airm to present the mathematical formulations that can be usk$d¢abe flood
propagation, focusing more on the 2iban flood modelling and on the numerical software
which has been used in this thesis, which is HEAS.

2.1. Two-dimensionalflow modelling

2.1.1. Mathematical background

From a mathematical point of view, thepagation of floods over the Eadtisurface is a three
dimensional (3D) time&lependentand incompressiblefluid dynamics problem23]. The
equations which describe the flow propagation, considering just the wat@egtecting the
sediment transport processes, are theadled NavierStokes (NS) equations. These equations
consistof three momentum equations (one for each direction of the Cartesian coordinates x, y
and z), which reflect the equilibrium of the foreegolved, and one continuity equation, which
reflects the conservation of the mass principle. However, in general, it is practically impossible
to solve them for turbulent flosvin a relatively long river reaciherefore, in order to overcome

the problenof turbulence, the NS equations can be simplified by averaging them if2dine
obtaining the Reyndk-Averaged NavielStokes (RANS) equations. The RANS equations are
widely used in industrial aerodynamics and fluid mechanics, usuially, they are still too
complex and computationally demanding to describe flood problems in urbaf2®eas

In order to simplify the mathematical description, it is possible to reduce the dimensionality of
the model. In some cases, 1D approaches can be used. In this context, the e¢hqattestsibe

the flow propagation are the-salled SairdVenant Equations (SVE), which are composéd

one momentum equation (inestreamwise direction) and one continuity equation. Also in this
context some further simplifications can be applied. Indeed, the experience coming from the
monitoring of rivers during floods highlights the fact that typically, in many cases, the
acceleration terms are smallidgran the others andtherefore they can be neglected. This
simplification leads to the definition of two possible simplified medet descriling flood

wave propagation: the parabolic model and the kinematic model (in which also the term related
to the pressure is neglected). Nevertheless, in some situations 1D modelling has some
limitations that can also prevenfiibm beingrepresentative & process to be modelleBome
examples of these critical situations are:

1 1D modelsare based othe hypothesis of having a single bulk value of velocity for each
section (witha direction perpendicular to the sectibself), which however is not true
in reality, since the sections are characterized by some vethsitijpoutions(sincethe
velocity is zero at the interface between the water and the boundaries and then it
increases goingfarther from the walls). In additionthis assumption leads to
inconsistencies ithe case of complex section shape.g.: compound sections), in
which it is usually accepted to have different velocities in the parts of the section.

1 The abovementioned hypothesis can also result in the irsipdgy to account for
complex flow distributions, that may instead be relevant for some purposes (e.g.: impact
on structures, pollutant transport, dogdraulics, recirculation, etc.).

1 The 1D framework considers the flow direction as given. Neverthalasgjlirection
can also vary in peak conditions or over time, thus creating prelsieice the cross
sections should be as perpendicular as possible to the streamwise direction.
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Therefore, since 3D models are usually too complex and computationally degrade 1D

models are affected by many limitations, frequently the best-bHde represented by 2D
models. In factfia model should be composed as simply as possible but as complex as
necessany[25]. In general, the formulation behind the 2D models can be obthjnietbosing

a force balance faa specific control volume appropriately chosen (typically a prism of water
with vertical walls extending from the ground to the water surface), or by reducing the
dimension of the NS equations by a depth averaging procedure (based on the idea that a river
domain is much more extended in planar dimensions rather than in the vertical one). The final
product which is obtaineds the secalled Shallow Water Equations (SWE), which are
composeaf two momentum equations directions x and y of the Cartesian odinateg(2.1)
and(2.2)) and one continuity equati@®.3). It is important to acknowledge that the assumptions
behind the SWEre:

1 Water shallownessneaningthat the river domain is much more extended in planar
dimensions rather than in the vertical one (so that the river width and length are typically
much larger than the water depth). Therefore, the model is able to rephesemtion
of water along the Cartesian direction x and y, while direction z is skipped (and therefore
the vertical velocities are neglected)

1 Hydrostatic pressure distribution

1 Incompressible fluid

1 The sinus of the angle can be approximated tauigge itself since the bottom slope of
the river is assumed to be very small

1 Turbulent flow

1 Negligible Earth rotation effect

The final representation of the SWE is reported below:

LOOo R T 00 Ryl 2y o Ploay Pl ooy
ro Tw T ow ! T o T

TOQ 60 Q0 Q
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T w T w T o

i B (2.3)

Where:

water depth
velocity along direction x
velocity along direction y
gravitational acceleration
i longitudinal (bed) slopan the ith direction
S friction slopein the ith direction
J water density
T T turbulent streséor lateral stress)

=4 =4 =4 -4 45
g)@ < C O

To better interpret the SWEjgure2.1 showsthe meaning of the different terms
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Figure 2.1: Components of the/$E

TheSWEcontainsome additional unknowns that can be computed only with the help of closure
equations. While for 1D models only one closure equasioreededt$ determinethe friction
slopg, 2D models require also an additional closure equatideéomirethe turbulent (lateral)
stressTo evaluate the friction slopassually the equatior(2.4) and(2.5), which are a function

of the Mannimaelused.coef fi ci ent

Y SR (2.4)
Q

¢ OMe 0 25)
o

Furthermore the evaluation of the lateral stress is usually achieved through the usage of a
turbulence model, whicimay berepresented by the s@lled Eddyviscosity model. The
resulting equatioli2.6) is the following (where; is the turbulent viscosiy

16 10 (2.6)

Finally, also the 2D flood models can be simplified. Specifically, one possible approximation
can be derived by considering only the forces related to gravity (weight), bed friction and
pressure (and therefore the terms related to acceleration and satesaks are neglected),
obtaining the saalled Diffusion Wave Equations (DWE). Of course, being the latter equations
a simplification, there are some situations in which a¢bmpleteSWE should be used, for
example26]:

1 Highly dynamic flood waves: In this cased.: when simulating a dam breaching or a
flash flood), the flood wave will evolve very quickly. Therefore, since the change in
acceleration, both in space and in time, will be dramatic, those terms (local and
convective accelerations) should be presenlté set of equations used to simulate the
phenomenon.

1 Abrupt contractions and expansions: In this context, SWE can capture more accurately
the forces associatetith these processes (in particular, it is important to include the
convective acceleration term).

1 Flat sloping river systems: For very flat rivers gravity and bed friction might not be the
dominant forces. Therefore, the forces associatéial acceleration tens should be
included.

1 Tidally influenced conditions: When modelling a bay, an estuary, or a river which is
tidally influenced, in order to better model the propagation of wave, the full momentum
equation set should be used.

19



1 General wave propagation moldaj: It is better to use SWE to model wave propagation
(that may be due to activation of gated structures, or waveipuaround general
structures).

1 Super elevation around bends: The complete set of equations should be used if one
wants to detect any sapelevation of water externally of tight bends.

1 Detailed velocities and water surface elevations at structures: Of course, the full
momentum equation set should be used in order to obtain more detailed velocity
distribution or water depth at or near tadhgulic structures (such as bridges, culverts,
gates, etc.).

1 Mixed flow regime: SWE should be used to better model changes in the flow regime
(from supercritical to subcritical or vice versa).

2.1.2. Geometry

As far as the geometry is concernedhile in 1D moded its definition is made througtross
sectionsjn 2D modeldt can be defineth two ways: througla georeferencegoint cloud ora
DTM.

2.1.3. Spatial discretization

Thespatial discretization mustwaysbe defined in compliance with the model which is used.
Oncea description of the ground surface is availabl@emputational domaimust be defined.
This should include the whole area of interastlis composedby computational cells wise
size and shapean vary a lot depending also on different numerical modelling approaches.

2.1.4. Boundary conditions

The SWE are a system of three partial differential equati@,((2.2) and(2.3)) with three
unknown variables: the water dept) &nd the two velocity componentsgndv). Therefore,

in order to solve the problem, thréeundary conditions (BCs) are needed. In geners,
needgo define three upstream BCs for supercritical flows (characterized by a Froude number
Fr larger thanl) or two upstream BCs and one downstream BC for subcritical flows
(characterized b¥r smaller thanl).

Flow BCs upstream | BCs downstream
Supercritical
(Fr>1) 3 0
Subcritical
(Fr<1) 2 !

Table2.1: BCs in 2D models depending on the flow regime

As it can be noticed also frofrable2.1, independently on the type of flow, there are always
two upstream BCs, which typically are given by the velocity components in dirextaond y.
Therefore, the type of flow affects only tpesition of the last BCthatis the water depth,
which must be defined upstream in case of supercritical flow and downstream if the flow is
subcritical. However, the location of upstream and downstream BCs, differently from 1D
models, in 2D modelsnot so straightforward to be defined. Indeed, in general in 2D models
what is defined, through an additional effort to identify them, are an inflow region and an
outflow region along the global perimeter of the computational doriragare?2.2).
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Figure 2.2: General structue of the outer perimeter of the computational domain

Therefore, in principle both theslocity components and the water depth should not be defined
just in a single point, but for each cell which interséoé computational domain in the inflow
and outflow regions. Nevertheless, since all this information is usually not available, typicall
some drastic simplifications are introduced:

1 Same wateelevationfor all the cells embedded either in the inflow region or in the
outflow region (depending on the type of flow), so that the profile of the free surface
along the boundary lineill be hoiizontal.

1 Inthe upstream region, instead of providing the two velocity componeatsl(), just
a value of the flow rateQ) is defined. Then, typically the solver useil redistribute
the flow rate byassigning a zero value to the transversal velocity component and
redistributing the horizontal component based oridbal water depth

In conclusion, also given the significant simplifications that usually are applied, it is important
to highlight thefact that it is always suggested to put the BCs far from the area of interest (where
the flood phenomenon is studied) so that their influence on the results is reduced

2.2. Two-dimensionalurban flood modelling

Several modelling strategies can be employegirtaulate opetiield flood propagation in urban
environmentsWith regardto this a very critical aspect igpresented bghe choice bhow to
represent the buildings eanumerical model. In general, depending on the available data and
on thepurpose of the simulation, it is possible to distinguish between three main possible
methods to represent buildings.

The first method consists in incorporating buildings as impervious blocks, so excluding them
from the computational space by raising wallsng their perimetersigure 2.3). This choice

is typically the most accurate that can be obtained from a SWE simyR&p@and it is quite

easy to be implemented and thus recommended if a layer with all the buildings, represented as
polygons, is already available on a GIS platform.
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Figure 2.3: Examples oftievisualization considering buildings as impervious blocks

Alternatively, buildings can be represented as ground elevdtignré 2.4). This technique
consists in rigig the grid points that fall within a building area by a certain ameumth can

be for example a prdefined value or the rooftop elevation. The main problem of this method
is that, even if buildings generally rise up vertically from the ground, thezetiés slope is
extremely steep and deperwh the cell size. Specifically, with a coarse discretization (mesh
size comparable with the building height) the slgpeommonly of order 1, while ithe case

of very fine discretization (buildinglevation much greater théhe mesh size), the slope can
also reach several orders of magnit{2i. Nevertheless, although this violates the mild slope
assumption of the SWE, the model cannot be considered invatiduse in this context
buildings are acting as internal boundaries causing the stagnation of the fluid, and thus water
around buildings can still be considered shall2@].

R
\
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Figure 2.4: Examples of buildingsepresentation when considered as ground elevation

The two aboveanentioned methods can be considered very similar. Indeed, on the one hand
they both represent correctly the fact that in urban environment watersnn the free spaces

(so it basically follovg the streets), bubn the other handhey set to zero the amount of water
that can be stored in a flooded building (white general if water enters into buildingthe

flood volume that proceedtownstream is reduced

Finally, the last method consists in representing the buildings as areas with an increased
roughness value, in order to better capture local flow ef(éasre2.5, b)). Depending on the
scale of the problem and the resolution needed, the last method can also be simplified so that
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the whole urban area (or a group of close buildings) is considered as a unique region with an
increased friction aefficient (Figure 2.5, a)). This approach better reflects the fact that if a
building is flooded it will contain some water, but it returns wrong results in ternedaxfities

and directions.

Of course, the three possible methods will always lead to different results, which means that
the spatial and temporal evolution of the water depth and the velocity at different places will
depend, among other things, also onrttethod selected to represent the buildings.

Figure 2.5: Example ofa group of buildingsn which friction is represented: a) A= full zone with
increased friction; b) As localized spots of hightion

However, in a urban context, in addition to buildings, there are also many othes &ind
obstacles which influence the roughness that should be used, such as streets, squares, and so
on. Therefore, a comprehensive model should ideally includecsle elements (by attributing

to them different roughness values) to, at least from a theoretical point of view, reduce the gap
between the results of numerical simulations and what could happen during a real flood event.

Nevertheless, there are sonssues which usually prevent the user to be able to use such
comprehensive models. First, an important difficulty stands in the determination of appropriate
roughness coefficient values. I ndeed, even i
coefiicient value according to different land cover units, the great heterogeneity and dynamism

of urban settings make it very difficult the process of allocation of friction coefficients to all

the elements. For example, in gengtla¢ friction of buildings dpends on their density, the

scale of the flooded area and the ratio between the flow depth and the height of the building
considered23]. Therefore, al so different buildings
coefficient values. Another example that can be mentioned is on how streets can be treated. In
fact, usually streets are very smooth and flat and therefore a very small roughness value should
be more appropriate. Nevertheless, on the roads there arstsdimer dynamic elements, such

as road signs, dumpsters, sidewalks, cars, and so on, which, if considered, should increase the
Manningés coefficient to be assigned. I n ad
determination onappropriatefriction coefficient is a problem which concerns not only urban
settings, but also rural ones and the river itself. With respect to this lastqm@oéan highlight

t hat an average value of the Manningébés <coef
However, the morphology of rivers, especially when they are very long, can also vary a lot in
different sections and therefore also the friction altmg river may change significantly.

Second, there is an issue related to the dimension of the problem. Indéext;ase of very

limited areasit could be reasonable to try to consider all the elements which are present within

23



the model, while if darge area has to be modelled some simplifications must be necessarily
introduced.

To sum up, by merging together the aboventioned issues, it is possible to understand that in
the case of models which include a very limited area, the most challengingiptinassign

proper roughness values to all the included elements; while for models which cover a very large
area, the most difficult part lies in clustey together different elements and assigning to the
resulting classes appropriate averaged valugseabughness. Of course, the roughness effects
are not independent from the selected mesh size, since the latter plays an impoitahbvole
different objects, if visible, are represented in the model. In conclusi®possible to highlight

the fact that, since every solver has limited capabilities and beyond them the model will crash,
there is always a mismatch between the level of detail that the user would like to put in the
model and the level of the detail that can be really put on that.

2.3. Two-dimensionalnumerical modelling with HEC-RAS

Nowadays many 2D numerical softwgrackagesre available on the marketome of them

are free while others are subjected to charge. Of course, different solvers can lead to different
numerical solutions (of th set of differential equationsgenerally depending onhe
discretization strategy, the mesh employed and the numerical scheme ex28litethe
software which was usad this thesiss HEC-RAS (Hydrologic Enginering Center's River
Analysis Systery) which will be describeah a bit more detaih the following always referring

to the information included in the official documentatjgf].

2.3.1. Embedded equations

2D unsteady flow simulations in HERAS can be performed using eithtbe SWE or the
DWE. Specifically, the user can select among three possildefseguations: the original
Shallow Water Equations (also called SIEM: Shallow Water Eqations, Eulerian
Lagrangian Method); new Shallow WatEguations solution whickare more momentum
conservative (also called SVAEM: Shallow Water Equations, Eulerian Method); and the
Diffusion Wave Equations (DWEWsing theSWE provides also the possibjlifor modelling
turbulence and Coriolis effectaut is obviously more computationally demanding than using
the DWE

2.3.2. Creation of the model @omputational mesh

Oncea geometric description of the terramthe area of interes availableand inported ino
HEC-RAS, the first step is to create the computational doma@s can be very easily
performed in the RS Mapper, simply by drawing the perimeter of the 2D flow area using the
dedicated function. It is important to point out that the onlytétion is that the computational
domain must be drawn within the limits of the terrain model surface being used for the study.
Then, the subsequent step is to create the computational mesh. With respect to this, in general,
there are three main standagmpeoaches to perforiie spatial discretization of a numerical
model: Finite Difference, Finite Volume and Finite Element metH@8% HECGRAS 2D
modelling uses a Finite Volume solution scheme, which in generaldeswan increased
stability and robustness compared to the other two possible techniques. HRAE e
computational grid can be a mixture e$i8led, 4sided, etc. up to-8ided computational cells,
having the following three properties (look alsd-agure2.6):
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1 Cell Centre: This is the computational centre of the cell (which does not necessarily
correspond to the exact cell centroid), and it is where the water surface elevation is
computed for the cell.

1 Cell Faces: These are the cell boundary faces, which dignam straight lines, but
they can also be mugoint lines (such as the outer boundary of the 2D flow area).

1 Cell Face Points: The cell Face Points (FP) represent the ends of the cell faces. The FP
numbers for the outer boundary of the computationalado are used to attach the 2D
flow area to a 1D elements and boundary conditions.

-

\ / T

Cell Face Points ™~

™.
™y
44— Cell Faces \
. . ‘ Y
A
!
\\
kY
A
\\
® ®

Cell Center

/ \

¢ ? +
Figure 2.6: Computational mesh terminology in BERAS 2D

Even if the computation cells may be manually introduced, tygith#ly are automatically

built by HEGRAS (by following the Delaunay Triangulation technique and the construction of

a Vorona diagram) after the user siaelected the desired nominal grid resolution to be used.
The definition of the computation mesh ispaframount importase since this is what controls

the movement of water in the 2D flow area. Specifically, when a simulation is running, at each
time step one water surface elevation is computed for each cell centre and the cell faces control
the flow movenent between neighbouring cells. In addition, within HEAS, the
computational mesh and the underlying terrain argppreessed to develop two main aspects:
detailed elevatiotvolume relationships for each gelhd detailed hydraulic property curves for

each cell face (relating the elevation to the wetted perimeter, area and roughness). All this
information is also stored in dedicated hydraulic property tables, and the final effect is that the
details of the underlying terrain are still examined in thegew storage and conveyance,
independently from the computational cell size. However, there are still some suggestions about
the optimal cell size to be used, knowing that this depends on the slope of the water surface in
a given area, as well as on thegence of barriers to flow within the terrain. Specifically, it is
recommended to:

1 Use larger grid cell sizes when the water surface slope is flat and not changing rapidly
1 Use smaller grid cell sizes in case of steeper slopes or when there are locabzed a
where the water surface elevation and slope change more rapidly.
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In HEC-RAS the computational mesh can be edited either by using simple functions that allow
for example to move, add or delete points or by using more complex tools, such as break lines
and refinement regions. Some characteristics and functions of these two tools are reported
below:

1 Break lines: The user can add brdiales at any time (also before the creation of the
computational mesh).hese linedorce the computational celte alignalong them,
which is very important to be done for areas that are barriers to flow (e.g.: levees, roads,
etc.) in order to properly detect ground elevation along the cell faces.

1 Mesh refinement regions: This toolaks the user to refine or coarsen a zone of the
mesh. Therefore, refinement regions can be used either to densify a region where more
detailedresults are desired (e.g.: due to quick changes in terrain or water surface
elevation), or to simplify a peripha region (e.g.: in cases in which the water surface
elevation does not change a lot). In order to do that, a polygeds to be created to
define the boundaries of the refinement region area. This polygon is characterized by an
external perimeter whichct as a break line and an interior patierea cell spacing
must be defined (exactly as it was done for defining the computational mesh).

2.3.3. Roughness definition

Once the geometr description of the moddlas been defined, also the roughressds tde

introducel. In HEC-RAS the usecan importmultiple land use information in both rastend

polygon (shapefile) format$n addition, it is also possible to defiaepriority scalgthe file at

the top of the list has the highest priority, and sqg en)thatif in one areawo layersare

overl|l apping each otherds, the oneOneedlltthe a hi
desired layers are imported, the saftey creates singleland usecovemlgelayer and stores it

as a GeoTIFF file

Finally, roughness valuefer 2D flow areas and 1D river reachesn bedefinedin the Land
Coverlayebyfilinga t abl e of Land CaefMoentvavesitisimpprtaMa nni n ¢
to highlight that wherghe values are not defined, the softwassigis a default valueof the

Manni ngds c o e fof06 9t Additionally, mdnén the wser intends tose
precipitation and infiltration features within HERAS, it can also be defined Percent

Impervious for each Land Cover Classification type.

2.3.4. Available boundary conditions and initial conditions

As far as the BCs are concerned, HEEBS has a wideange of conditions that can be added

to a model (using either the RAS Mapper or the Geometric Data editor and then the Unsteady
Flow Data editor). A useran add botlexternal and internal BCs. Th@merare applied along

the perimeter of the computataimmesh, and there are four types of them:

1 Flow hydrograph: This type of BC consists in inputting a time series of discharges and
is generally used tomject flow into the model. However, if negative flow values are
inserted then flow will bevithdrawnfrom the 2D area.

1 Stage hydrograph: This consists in enter a time series of stages (i.e.. water surface
elevations). Also this BC type can be used eithémjext flow (if the stages are higher
than the ground or the water surface in a 2D flow area) avitbdraw it(if the water
surface elevation in the stage hydrograph is lower than the water surface in a 2D flow
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area) of the model. Instead, the flow will h&t createdf a cell is dry and the stage BC
is lower than the 2D flow area cell minimum elevation

1 Normal depth: This BC is based on the assumption that the river flows under normal
flow (uniform flow) conditions at the downstream boundary of the model and therefore
can be used onlipr downstream boundarie¥he only input needed in this case is the
friction slope for the outflow area.

1 Rating curve: This consists in inputting a relation between stages and stream flows (i.e.:
discharges). Also this BC can be used only in locations where the flows ldeeve
computational mesh.

The internal BCs can beet for exampleto model lateral inletand they can be distinguished
among two possible types:

1 Flow hydrograph: This BC consists in entering exactly the same kind of information
described in the case of exterflalv hydrographs.

1 Precipitation: This BCan be directly applied to any modelasme series of rainfall
excesses (rainfall minus losses caused by interception and/or infiltration).

In addition, HEGRAS also give the possibility to enter global BCs, which are conditions
directly applied to the entire model (currently there are three types of them: precipitation,
evapotranspiration and wind).

Finally, to complete the modelling part and be able to run a simulatgmthe initial conditions
(ICs) must be defined within the model. HIRAS provides several ways in which the user can
set the ICs:

1 Dry initial conditions: This ishe default option.

1 Single water surface elevation: In this gaskthe cells having alver terrain elevation
than the useestablished water surface will be wet, while the other cells will be dry.

1 Restart file: This can be used to set ICs for an entire simulation, thanks to the
information (water surface elevation for every cell in the njode previously run
simulations.

1 Interpolation from previously computed results: In this cdbe ICs are set by
interpolating the results coming from an existing result file for a specific Plan, date and
time.

1 2D flow area initial conditions rampp opton: HEGRAS provides always an option
to run a modefor awarmup time, which allows the model to establish water surface
elevations and flows which are consistent with the applied unsteady flow equations. In
addition, for 2D modellingthere is an addito n a | option called #dl

Up Ti medo, which must be turned on edn case

to a 1D element (which exchanges flow with the 2D model) in order to establish ICs
before the start of the simulation.

1 Initial conditions points: This function consigh defining ICs points witlta specified
water surface.

1 Flow per unit width computation procedure: This procedure to establish ICs can be used
in the RAS Mapper and is based on several assumptions (such ae thatrhal depth
is achievable given the chosen geometry and that a Manning equation is appropriate and
that the widechannel assumption is valid) to give a unit flow width equation. Then,
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using this equation in an iterative procedure, HEAS is able to cmpute a reasonable
starting water surface for the 2D model.

2.3.5. Time stepselection

Defining an appropriateomputational time step is anotliendamental elememd obtainng a
successful result in HERAS. Indeed, it is very important thitte chosen computational time
step is neithetoo large which can lead to very coarse results, norstmall which increases a
lot the computational effartvith simulationspossiblylasing for very alongtime. In addition,
in the worst caseshe sdver can crashvhen a ursuitable time step iselected

In HEC-RAS there arethree different approachesfor selecting and controlling the
computational time step

1 Fixed time step (basic methodihis is the default methoah which the users simply
select the wanted time step.

1 Adjust time step based o@ourant: This method is basedn monitoring Courant
numbers (or residence time within a cell).

1 Adjusttime stepbased onime series of divisors: This methatlowstheuserdo define
a table of dates and time step divisors.

The last two methodsre also calledariable time stepptions, andn general theycan be used
to improvethe model stabilityandthereforeto reducethe computational timegven ifnot all
themodels will be faster with the use of the variable time sptipns).
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3.Hydraulic simulations towards updated flood

hazard mapsfor the Guisa and Nirone

3.1. Data pre-processing

3.1.1. Terrain

To perform 2D simulations antbrrectly understand the behaviour of a riviee, bed elevation

in each cells needed. lorder toachievehatamount of informatiopuse was made afDigital
Terrain Model (DTM) provided btheMi ni st er o del | 6 Ambi ente e
Mare (MATTM) . This DTM, which is characterized by spatialresolution equal to 1 meter
resulted from asurveytakenbetween the years 2008 and 2009. This Dk produced
following the law n°179/2002vhich foresaw the allocation of funds for the implementation of
an extraordinary higkprecision remote sensing plaamed at thessessmergnd monitoring

of areagharacterized biigh hydrogeological riskL6].

However, throughouhe yearsand especially before Expo 2015, tAeisa and Nirone rivers
have been the object nfanyrestoratios works Particularly relevantor the 2D modding is
the fact thaffour detention ponslwere addedlong the Guisa riverHgure 3.1). Therefore,
recent data about thepondswereused to manually correat/hen necessaryhroughthehelp
of thePixel editortool embedded in ArcGIS Pro softwatieg DTM.

Guisa-Nirone .

o 0 05 1 Kilometers A
E)

: Legend
— River
~—— Channel
82 (] Municipality
Detention ponds

Figure 3.1: Zoom on the foudetention ponsl
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Starting from the upstreanthe first two ponds are connected to the mainstream through
culverts (look also afigure 3.29 andFigure3.30). The DTM in this case was not modified
since the area was naturally set up to host both detention bksitead,with the help of
planimetric information and of some cressctions [16]the DTM was manually modified in
order to add the last two detention bas®secifically, it has been necessary both to lower the
ground elevation in the ponds and to introduce some walls (identifying the outer borders of the
basins) in the DTMFigure 3.2 and Figure 3.3) addition, it is important to point out that the
third detention pondan befilled througha spillway andcan be emptietoththrough another
spillway and aulvert connecting its lower part to the riegok also afigure3.31). The last
detention basin is instead characterized by the preséacecondary pond, which can be filled
by waterthrough a spillway connecty it to the main basiflook also aFigure3.32).

DTM MATTM [DTM with third detention basin| Legend
— GU-NIriver
DTM
242.71
e 131.184

A

0 0.04 0.07Km

B anthsta
247 N

|
Figure 3.2: Correction of thelird detention pond
DTM MATTM [DTM with fourth detention basin | Legend
—— GU-NIriver
DTM
- 24271
b 131.184

A

0 0.05 0.1 Km

Figure 3.3: Correction of the fourth etention pond

Since the DTM was made witihe Laser Scanning LIDAR (Light Detection and Ranging),
which measureshe distance between a tar§et.: the water surfacahd the sensatself, the
correctelevationof the riverbed is not detected. Therefore, some sections along the river are
neededSpecifically, for the case study under investigation, 91 esestons are available for
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the Guisa river and 47 for the Nirone river. These esessions wereletectedbetween the
years2002 and 2003 and they are providdzbth in GIS format(as shapefileandin Excel

format(an example is reported igure3.4). In addition, furtheinformationis availablesuch

as:

1 Who commissioadthe survey and who did it, as well abemandwherethe survey
was made.

1 Kilometric progressive.

1 Coordinates of theerticesof the sectiosand their reference systemhich is mainly
ED50-UTM 32.

1 Type of sectior{so if it corresponds to an artefact or land

1 How they weredetectedmostly with GP$.

1 Not only information about the riverbed, but admutits floodplains.

Rilievo. 2002 Waza | asePo | cuotn |
Corso d'acqua 1044002011 GUISA [0
Pragressiva chilometrica 2070 CTF125.000
Coord. ¥ertici Sezione (ED 50-UTM 32) 50642994 | 505333903 | 506343.I7 | 605393669 |
Coord. ¥ertici Sezione [WGS 84-UTH 32) | |
Coord. Intersezione Asse Fluviale (ED 50-UTM 32) 60635468 5053937.81
Coord. ione Asse Fluviale (WGS 84-UTM 32)
Caposaldi Sezione Nome GU-73-5 GU-73-0 |
Coord. Caposaldi Sezione [ED50-UTM 32) 50842278 | 505034064 | G0BG246 | 05393868 |
Coord. Caposaldi Sezione [WGS 84-UTH 32)
Sistema Riferi Rilievo ED 50 m=m.
i GPS STAZ TOTALE| ECOSCAND,
Toll_ altimetrica punti (cm_) =30
Larghezza impalcato (m) (profonditi) Le
Angal direzi i 6} 320
1 plinto (m) (profonditd)
Forma pl RETTANGOLARE CIRCOLARE FRISMATICA COMPOSTA
Larghezza pila (m) (profonditd)
Form. RETTANGOLARE CIRCOLARE PRISMATICA COMPOSTA
Altezza parapetto [m) 0.80
Tipologia parapetto(TIPO 1impermeabile, TIPO 2 permeabil __TIPOZ
Dati Rilievo Sezione Sub CODFP_| PROGR. |G TERREND| CODFP|PROGR] 21 | CODFPROGR] 72 | [COD FPROGR] 73
GU73 LOTS 0.00 222,00
, 0.00 2197
25 Locs 735 22195
223.00 2475 22175
233 50 SPsz 43,05 22160 4305 | 20120
43.05 21935 43.05 | 21935 4305 | ze120| | SPsz | 4805 | 22160
g=w — S — TH 4530 2837 TH | s530 | ewar 4530 | 2ziee 4530 | 2e1ee
& 22150 4758 e 4755 | 21939 4755 | 22123 | | SPds | 4755 | 2m63
E 23100 —x SPdx 4755 22163 4768 | 20123
] = Loco 6750 22175
% 220.50 - 8680 2193
220.00 LoTD 2620 223,00
218.50 =
218.00 T T T T
0.00 20.00 40.00 0.00 80.00 100.00
PROGRESSIVA {m}

Figure 3.4: Example of information available for section GU73

In order to reconstruct the riverbed of the two rivers, a comparison between theentisss

of 2003 and the corresponding sections extracted from the DTM has beempdrfSince the

two surveys were carried out in different years, the main problem detected has been that the
two sources oinformation present many discrepancies. Indeed, frequently it turned out that the
riverbed had different positions, widths, and sisdpetween the two surveys. Therefore, some
geometric adjustments to the crasstions, to better describe the riverbed, have been
necessary. In order to do that, some characteristics of the riverbed were defined as follow:

1 Width and position: Thewere déined mainly by using the base map (satellite imagery)
available in ArcGIS Pro, since this is for sure the latest information available about the
river path. This analysis highlighted the fact thswally, the position of the river in the
basemap was matchinthe one coming from the DTM of the MATTMhile usually
the position of the crossections detected in the year 2008sshifted byevenseveral
meterg(Figure3.5 andFigure3.7).
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1 ShapeThis aspect was defined mairdgsed on therosssections survesdin the year
2003. This approachwas followed since, as previously mentioned, the sections
extracted from the DTM usually presentedrong shape since the points represented
either the water surface (e.figure3.6) or a structure preseatrosshe riverbed (in
this extreme case the riverbed is not recognizable at all, as it can be seé&ginoen
3.8, which represesta section where a bridgs located).

Once the new crossections of the riverbed were defindbin Figure 3.5 to Figure3.8 they

are called AnASection for MATLABO) , they wer
developedspecifically for this purposky students and professors of the Politecnico di Milano

This codethrough databoutthe coordinates of the river axdadthe endpoints of the sections,

and data abouthe station and elevation of theverbed points allows the sections to be
interpolated by a chosen distance. The resiitihe interpolatiorare two point clouds. The first

one describes the contour of the riverbed and each point is described through the Cartesian
coordinates x and y. In a secondpstihis point cloud was transformedo apolygonusing the

Point toline and therfFeature to polygoecommand embedded in ArcGIS Prdhe second one
represents the riverbed aedch point has it8D coordinates, x, y and z. ®point cloud was

then transformed into a raster using Bwent to rastecommandn the GIS software.

Subsequentlyto get a complete description of fleodplainsas well, the raster of the riverbed

was overlaidvith the DTM of the MATTM Then, to checkhe correctness of the interpolation,

the new data about the station and elevation of the -eexg®ns were extracted and then
compared with the previous ones. From this analysis, as it can be seéiguoe3.5 to Figure

3.8, it has been possible to conclude that the results obtained after the interpolation were
coherent wih the sections defined for the MATLAB code and the DTM defined by MATTM,
therefore a final fionRuré3doFituesd.8), iviNca also DAulies

the riverbed of the river, has been obtained.

Section GW¥0

219 New DTM

DTM MATTM
218 Surveyed

Section for MATLAB
217
216
215
214
213

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Figure 3.5: Example of the sectionawed on the right
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Section G441

183 — New DTM

182 ——DTM MATTM
Surveyed

181 = Section for MATLAB

180 \ \_I— ———

179 —

178

177

176

32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Figure 3.6: Example of the section where the riverbed chdrbe shape

Section N18
167 ——DTM MATTM
166 Surveyed
165 = Section for MATLAB
164 ——New DTM
163
162 | ‘Laq
160
159

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

Figure 3.7: Example of section moved on the left

Section Nb

156 ——DTM MATTM
155 Surveyed

= Section for MATLAB
154 ——New DTM

153
152
151
150
149

148
55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80

Figure 3.8: Example ofa bridge section

In Figure 3.9 it can be noticed how the DTM has changed after the application tieall
aforementioned correctiong the picture on the right, the riverbed is clearly visible while it
was wrong in the original DTM.
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Legend

—— GU-NI river
DTM
24271
f—

e 131.184
N

A

0 0.01 0.03Km
A

DTM MATTM New DTM with excavated riverbed

Figure 3.9: Example of th®TM correctionto correctly representheriverbedbathymetry

However, the fact of having excavated the riverbed also where culverts are located iepresent

a problem that must be fixed. Indeed, coherently with the reality, irRIEE it is required to

have the elevation of the terrain in corresgemce otheculverts. Therefore, in those locations

the original terrain elevation from DTM of the MATTM must be restofadyre3.10).

DTM MATTM New DTM with excavated riverbed New DTM corrected at culvert location

Legend

—— GU-NI river
DT™M
235,659
—

ey 131.184

N

A

0 0.03 0.06 Km
—t—

Figure 3.10: Example othe DTMcorrectionto restore the original elevation atilverts

Finally, it has been necessary to modify the DTM also for taking into account the buildings,
which in this case were considered as groelegation. In order to do that, a shapefile of the
footprint of the bGeoportdledellyg Regiondamdardiaa[18], was f r o m
downloaded. Subsequently, the DTM was atigpwhere the buildings are present, and that
portion was raisetly 10 meters. Finally, this final raster file containing only the buildings and

the previous DTM were overlapped, obtaining a final reabaltcan be seem Figure3.11.
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Legend

—— GU-NI river
DTM

B 242.71
—

e 131.184

0.1

0.2 Km

Figure 3.11: Exampleof adding thebuildingsto the DTM

After this modification, the final DTMo be used for the 2D modelling in HERAS is
obtained.

3.1.2. Roughness

Over the whole modelling process, the

roughr

coefficient. Specifically, it has been decided to define just one value for the riverbed and a

unigue average value also for the remainiag pf the model.

A value for river roughness was imposed witkiie polygon created from the point cloud
describing the contour of the riverbed obtained from the MATLAB code. Then, the roughness

value for the riverbed was defined consideringSdé& docment where it was mentionetiat
for natural channelthe coefficient can vary between 0.025 and 0 98%: an average value
equal to 0.03/m"® wasused[12].

As far as the remaining area is concerned, since the buildergalready considered as ground
elevaton with a height equal to 10 m above the underlying terrammimrm Manni ng 6 s

coefficient equal to 0.06/m“® wasused[20].

3.1.3. Structures

To have a completeedcription of the riverthe structuresalong itmust bealsoaddedto the
model With respect to this,@ne informatiorabout the bridgepansand the culvert openisg
is available As can be noticed frorhable3.1, which shows an example of thgailabledatg

for each structure the number of the crssstionwhereit is locatedis known together with
the type of structure (P stands &doridge whike T fora culvett), andthe width andise ofits

opening.

73P
4.5x1.85
72P
3.55x 2.64
71P
5.62 x 2.15
70T
3.15x4.15

Table3.1: Example of bridgeand culvers data

In addition, also informationbamut thebridgesintrados and extradas available[12].
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3.1.4. Boundary conditionsand lateral inlets

Toruna 2D modelinformation aboutheboundary conditions (B andthelateral inletsalso
need to be providd As said inChapter 13.4, the main sourceof informationabout the
dischargefor all the return periods consideré@dve beerthe SdF document of 20082] and
the Paoletti study of 201[17].

The SdFdocumentprovided data abouhe shapeof the hydrograpls of the upstream BCs
(detected at sections GU65 and NI27) and just upstream of the intersection with the CSNO
(sections GU23 and NI12) for both the rivers, as shivaim Figure3.12 to Figure3.15. This
document also provides the rating curve defining the outflow region at the end of the Guisa
river (Figure3.16). These graphs have been successively digitized, and the hydrographs have
been interpolated to get discharge information every 30 misutes HEGRAS requires equal

time intervals data for successively run a simulation. In addition, also information about the
peak discharges of the Nirone river after the CSNO (respectively equafte nT10, 3 s

for T100 and 4 rfis for T500)and the peak flow rates coming from the lateral inlEeble3.2)

are available in the SdF studince only information about the peak dischargeaslable for

the lateral inlets, it is important to point out that it has been assumed that the shape of their
hydrographss the same as that corresponding to the upper BCs. Finally, the SdF document
provided also a table putting in relation the dischage the WSE in some cressctions
(Table3.3). All the downstream BCs have been defined by interpolating the data contained in
Table 3.3 (apart from the outflow region of the Guisa river, in which the rating curve is
available).

Torrente Guisa
Sez. GUBS - Solaro

—Tr=10 anni

——Tr =100 anni
——Tr =500 anni

Q [me/s]
hi
=

000 T T
010102 0.00 01/01/026.00 01/01/02 12.00 0101402 18.00 02/01/02 0.00

Figure 3.12 Hydrograph section GU65
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Q [mess]

Q [mc/s]

Q [mcis]

6.00

Torrente Nirone
Sez. NI27 - Canale Villoresi

5.00 4

4.00 4

3.00 4

2.00 4

1.00

——Tr=10anni

——Tr=100 anni
——Tt =500 anni

0.00

01/01/020.00

01/01/02 6.00 01/01/0212.00 01/01/02 18.00

Figure 3.13: Hydrograph section NI27

Torrente Guisa
Sez. GU23 - CSNO

02/01/02 0.00

15.00 4

10.00 4

5.00 4

0.00

—Tr="10anni
——Tr=100 anni
——Tr= 500 anni

010102

0.00 010102 6.00 01/01/02 12.00 010102 18.00

Figure 3.14: Hydrograph section GU23

Torrente Nirone
Sez. NI12 - CSNO

02/01/02 0.00

800

7.00 4

6.00 4

5,00 4

4.00 4

3.00 4

200 4

1.00 4

——Tr=10anni
——Tr=100 anni
——Tr =500 anni

0,00

01/01/02 0.00

T T T
01/01/02 6.00 01/01/02 12.00 01/01/02 18.00

Figure 3.15: Hydrograph section NI12

02/01/02 0.00
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Scala di deflusso

sezione GUO1-ingresso tombino

2004

Q [me/s]

15.0 4

10.0 4

5.0 4

i}

0.00

0.50

1.00

b [m]

250

300

Figure 3.16: Rating curve section GUO1

Nome bacino AREA | Imm. Immissione Q 5 Q 100 Q 500
[KMQ]| conc. distribuita [mc/s] | [me/s] | [mc/s]
GU10 1511 | GU_73 14.91 | 25.38 | 38.33
GU09 3.72 GU_73-GU 65 | 245 [ 435 | 7.12
S$1G - Solaro 2.00 [ GU_65 910 [ 9.10 | 9.10
GU08 0.90 GU_65 - GU_60 1.03 | 210 | 2.93
GU07 2.43 GU 60-GU 56 | 207 [ 433 | 574
GU06 0.46 GU 56-GU 49 | 030 [ 057 | 090
S2G - Cesate 1.90 |GU_49bis 950 [ 9.50 | 9.50
GU05 1.44 GU_49 - GU_39 169 | 359 | 4.95
GU04 0.80 GU_39-GU_32 146 | 247 | 395
S3G - Garbagnate | 2.00 | GU_35 12.35 | 12.35 | 12.35
GU03 2.02 GU_32-GU_ 23 | 238 [ 492 | 640
S4G - Garbagnate [ 1.70 | GU_31 545 | 545 | 545
GU02 0.26 GU 23-GU_15 | 056 [ 1.08 | 1.68
GUO1 1.78 GU_15-GU_1 243 | 517 | 797
S5G - Bollate 250 [ GU_6 676 | 6.76 | 6.76
NI4 27 | NI_27 161 | 3.16 | 4.86
S1N - Garbagnate | (.1 NI_27 1.00 | 1.00 | 1.00
NI3 1.05 NI_27 — NI_13-1 078 [ 164 | 2.15
NI2 0.1 NI_13-1 — NI_06 013 [ 0.27 | 0.39
S2N - Bollate 0.1 NI_06 1.00 | 1.00 | 1.00
NI1 0.001 NI_06 — NI_01 0.00 [ 0.00 | 0.00

Table3.2: Dischargeinformation inSdF document 02003
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T10 T 100 T 500
Sezione Descrizione Livello | Portata | Livello | Portata | Livello| Portata
(m) (mcl/s) (m) (mclis) (m) (mcis)
GUB5 Solaro — P.te Via Varese 207 84 19.0 209 42 323 210.06 448
GU55 Cesate — P.te Via dei Martiri 196.47 16.1 196.55 20.2 196.63 28.2
GU38 Sifone Canale Villoresi 174.18 19.2 174.67 225 176.42 26.2
GuU23 Sfioratore CSNO 15742 264 157.52 333 157.55 342
GU01 Milano — Sottopasso FS Rho-MI| 135.94 152 136.72 242 137.03 26.7
NI27 Sifone Canale Villoresi 171.27 1.6 171.54 34 171.76 52
NI12 Sfioratore CSNO 15696 23 157.25 4.6 157.49 6.8
NI03 Bollate — P.te S.S. Varesina 146.19 25 147.01 4.6 147.07 53
CSNO-GUISA | Sfioratore CSNO 157.42 7.1 157.52 8.4 157.55 8.8
CSNO-NIRONE | Sfioratore CSNO 156.96 0.1 157.25 1.1 157.49 2.7

Table3.3: Relation dischargdVSE

Instead, the Paoletti document of 2017 has been useful since it provides updated values, which
consider also the presence of the detention ponds, of tkeligeharge of the Guisa river both
in correspondence of the upstream BCs and after the CBalie@.4).

Bacino Corso Sezione Superficie Q10 Q100 Qs00
d'acqua |Progr.(km)| Cod. [Denomin. km? ms m’/s m'ls
Lambro Guisa 2.88 GU 73  [Coghate 15 8 10 14
Lambro Guisa 5.042 GUBS |Solaro 21 8 10 13
Lambro Guisa 7.576 GU S5 |Cesate 26 9 11 15
Lambro Guisa 10.784 GU 38 [ponte canale Villoresi 35 11 14 16
Lambro Guisa 13.787 GU 24  |monte presa CSNO 40 9 11 14
Lambro Guisa 14.223 GU 22  |valle presa CSNO 40 3 3 3
Lambro Guisa 18.346 GU 1 |Miano (ingr. Tombinatura) =4 8 9 11

Table3.4: Dischargeinformation inPaoletti documentf 2017

To sum upall the available information, considering both the rivers,be®en used ashown
in Table3.5:

Guisariver Nironeriver
Hydrograph shape SdF[12]
Upstream BCs Peak discharge Paoletti[17]
Discharge after Hydrograph shape SdF[12] SdF[12]
CSNO Peak discharge Paoletti[17]
Downstream BCs
Lateral inlets SdF[12]

Table3.5: Usageof theavailable information for defining the BCs and thteral inlets

3.2. Modelling in HEC-RAS
3.2.1. Model subdivision

Since the two considered rivers (in particular the Guisa river) are quite long, it was decided to
apply two models for each river. Specifically, since the CSNO retains part of the discharge thus
resuling in an important decrease of this value, it was decided to use its location as a breaking
point between the two models for each rividris aspect can be better appreciated fraguare

3.17 and Figure 3.18, showing the progressive variation of the peak discharge computed
summing the vales at the upstream end of a river and the lateral inflomsose location is
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also indicatell It is important to highlight thathese graphs do not represent the actual
discharge that will flowin the riverssince in reality, the discharge peaks do notreetly
overlap due to the timing of the inflows and the dynamic propagation of flood waves

It is important to highlighthatthe Nirone river hasnly one lateral inlewvhich, however, being
located in correspondence of tindow region of the model, has been directly included in the
upstream BC

60.00
S1G S2G S3G S4G CSNO Nirone

50.00

N
o
o
o

30.00

Discharge [i#Is]

N
o
o
o

10.00

0.00

2000.00 4000.00 6000.00 8000.00 10000.00 12000.00 14000.00 16000.00 18000.00
Kilometric progressive [m]
—T10 T100 = T500

Figure 3.17: Peak discharge Guisa

CSNO

a1

Discharge [ris]
w ESN

N

1

0
2700.00 3700.00 4700.00 5700.00 6700.00 7700.00 8700.00

Kilometric progressive [m]
—T10 T100 =—T500

Figure 3.18: Peak discharge Nirone
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Splitting the rivers into two parts for the numerical modelling also led to some advantages, such

as the fact that the computational time can be reduced afitier mesh can be defined, thus
increasing the precision and the accuracy of the simulafidvedinal subdivision can be seen

in Figure3.19 and te four river reageeswill henceforthbec al | ed A Gui sa wupstr
downstreamo, fANirone up s tTakdedtmepors thellengti\oftheo ne d
four defined rivereaches.

Guisa-Nirone

B 0 0.5 1 Kilometers
. Pt A

i Legend
.‘-\ == (Guisa upstream
WS« Guisa downstream
y Nirone upstream
4| === Nirone downstream

Figure 3.19: Model subdivision
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It is important to point out thasince both the available cressctions andhe DTM were
defined some years ago, the part of the Guisa river within the &gz which underwent
many changes in the last few years (in particular between 2010 and 2015), is restchtiady
to the absence of updated information

Guisa river Nirone river
Upstream Downstream Upstream Downstream

| Length [km] 11.1 3.2 2.6 2.7
Table3.6: Length of the parts

3.2.2. Model implementation
In this chapter althe steps thattaking advantage of all the data and actions mentioned in
Chapter 3.1lhavebeenmade in HEGRAS in order to run a 2D modailill be presented.

First,the model of the terrain was added in the RA&pperand also the computational doima

was definedln addition, also a refinement regianound the rivewas addedusing the close
polygon created from the point cloud describing the contour of the riverbed obtained from the
MATLAB code, to better describe and modais critical zone. An exampleof how all these
elements look in the software can be apprecigt€&agure3.20 andFigure3.21.

Figure 3.20: Exampleof terrain and computational mesapresentationfGuisa downstream)
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Figure 3.21: Exampleof refinement regiomepresentatiorf{Guisa downstream)

The mesh and the refinement region sizes have not been defined in the same way in the four
models. This choice was made based ordahgth of the different parts and on the quality of

the results, which in some cases was still acceptable using coarseizeslTable 3.7
summarizesll the differentcharacteristics defined for the four river reaches

Guisa river Nirone river
Upstream Downstream Upstream Downstream
Mesh size [m] 10 10 5 10
R_eﬂne_ment 3 1 3 1
region size [m]

Table3.7: Mesh and refineent region size

AManni ngos vaueot thef enticeimedelequal to 0.06/m"®) wassimply input by

specifying itin the description of the computational meshen,the roughness of the riverbed

was specifiedby adding a Land Cover layéFigure 3.22), which in this case was the same

close polygon used tefinethe refinement regigrandassigningo itthed e si r ed Manni r
coefficientvalue (equato 0.03s/m?).
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Figure 3.22: Exampleof Land Cover laye(Guisa upstream)

The structure§.e.: bridges and culvertajong the riversreadded likeSA/2D connectiotool.

It is important to point out that the structusee alway traced (in the RAS Mapper) from the
hydrographic left to the hydrographic rightowever sometimest was not possible tdefine
the structuresising the exact data available ($&®apter 3.1.8sincethar height and/or width
werenot compatible witithe geometry of théerrain In thesecasespoth the width and the
height of the structuresexe slightly changedo makethem consistent with théerrain but
awaystrying topreservehearea of the openinggromFigure3.23to Figure3.28 one can see
some examplesf the structuredefined in HECRAS.
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Figure 3.23: Bridge 72- RASMapper

Figure 3.24: Bridge 72- Geometry
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