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Abstract

Hydraulic modelling of floods allows to simulate flood propagation in natar@nnels and
floodplains, representing an important instrument for flood ltbassessment. In this projeasing

the software HECGRAS, four hydraulic models were constructed and compared through a case study
on Marano streanfRimini). The models includa onedimensional model, with extended cross
sections to represent the floodpl flow; a 1D model, wh floodplain representeds hydrostatic
Storage Aregsa coupled 1D/2D model, with a 1D representation of the main channel flow and a 2D
representationfahe flow within the floodplairanda fully 2D mode] with both main channeind
floodplainsrepresentedhrough a twedimensional hydrodynamic numerical scheme. Firstly, 1D
steady flow simulationg/ere performed to get a conservative estintd the maximum water levels
along the streanfor flood discharges with retn periods equal to 20, 50, 100, 200 ye@he results
enabled to identify the floedrone areas and ttest the hydraulic adequacy of the structures.
Secondly, unsteady flogimulations were performed with all four hydraulic modtsassess flood
peaks reductions associated to the flood wave royiing 20, 50, 100, 200 yeardjurthermore, the
floodplain inundation dynamics resulting from each moedaie comparedThe reslts of the steady

flow simulations showed that six bridges are inadequatarersd of the natural floodplains of the
stream are inundatguoportionally to thdlood dischargeonsidered. Concerning the unsteady flow
simulations, each model returned diffet results in terms of flood pea&ductionand floodplain
inundation dynmics. Hydrometric observations are needealsgess which of the four models return
the most reliable resultslowever, the 1D model with extended cross section resulted inaeémua
modeling channefloodplain interactions and floodplain inundation dynes The 1D model with
hydrostaticStorage Areasesulted to be suitable for assesdimg flood peak reduction induced by

the introduction of levees separating fleodplain from the main channeRegarding the coupled
1D/2D model, the results showedtltheelevation profile of the structuedupling 1D and 2D flow
areas haa large impact on model results. The 2D model returned the most detailed information
regading flood propagation in both main channel and floodglain



Sommario

La moctllazione idraulic er met t e di si mul are | a propagazi on
aree golenali, rappresentando un importante strumento per la \@ahetasl rischio di alluvione. In

questo studio, utilizzando il software HETAS, sono statsviluppati e confrontati quattro modelli
idraulici del torrente Marano (Rimini). | modelli utilizzati sono: un modello monodimensionglle

guale le sezioni trasvgali sono state allungate per rappresentare il flusso nelle aree golenali; un
modello momdimensionale, nel quale le aree golesaho state rappresentatame aree idrostatiche
(Storage Aregs; un model |l o quasi bi di meor statoorapprésentato n e |
in una dimensione e il flusso nelle aree golenali in due dim@ng un modello completamente
bidimensionale, nel quale entrambi i flussi sono stati rappresentati tramite uno schema numerico
bidimensionale. Innanzitutto, esegde le simulazioni 1D in moto stazionario, si sono stimati
conservativamente i massimidi idrici lungo il torrente, per tempi di ritorno di 20, 50 ,100 e 200
anni . Il risultati hanno permesso di zadraulicai f i c
dei manufatti. Successivamente, utilizzando tutti e quattro i modelli idrasiisono eseguite le
simulazioni in moto non stazionario per quantificare la laminazione di onde di piena di progetto (T =
20, 50, 100, 200 anni). Le simulazioni moto non stazionario sono inoltre servite per studiare le
diverse dinamiche di inondazie delle aree golenali associate ai quattro modelli considerati. |
risultati delle analisi in moto stazionario hanno mostrato che la maggior parte delle aree delenali
torrente vengono inondate proporzionalmentz @dirtata di pieneonsiderad; inoltre si sono rilevati

sei ponti inofficiosi. Per quanto riguarda le analisi in moto non stazionario, ciascun modello ha
restituito risultati differenti siainterminidia mi na z i on e ddeprobgeftoxmedhaernmdni pi e
di dinamiche di inondazione delle aree galie. Sono quindi necessarie osservazioni idrometriche al

fine di valutare quale modello restituisca i risultati piu attinenti al caso reale. Tuttavia, il modello 1D
con sezioni allungate, € risultato inadeguato per rappresentare le interazioni treaabeegaenali.

Si sottolinea invece come il modello 1D c8torage Areagpossa essere adatto per studiare la

l aminazione dell 6onda did apginiegalenali.iRigdacdd &l anodella | | 6
quasi2D, si e notato comé profilo altimetricodella strutturacollegantd 6 ar ea a f |l usso
a flusso 2D, influiscaignificativamentesui risultati del modello. Il modello completameg2ig ha

invece restituito i risultati piu dettagliati in termini di propagazione della piemasida | 6 al ve o ¢ h
aree golenali.
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1. Introduction

Floods are amongthe world most impacting natural hazards. An anease in floods as direct
consequence of climate aige, is expected in the fututtaly, with its peculiargeomorphology and
geographical locations likely to be strongly affected by the effedf climate changdndeed flood

events have been nunoesalready over the past fifty yeals Figure lis reported a mafrom the

Al stituto di Ri cerca per ilna RBpewtoieerodicorsd risthtbr o g €
posto alla Popolazione italianadafn e e | nondazi o n vents causihgoistimeiay t h e
missingfrom 1968 to 2018.

morti, dispersi e feriti
per Inondazione

Figure 1. Map of the flood events from 1968 t
2018 (IRPI, CNR)

So far, in Italy as in many other countries in the world, structural measures, as reshaping of river
beds, levees and weirs, have been widely adoBtgdas a matter of faabpserving the map perted

above, these measures did not contribmfevent floods from caugirvictims or missingTo reduce

the number of structural measures while also reducing the costs, promoting a sustainable development
of territories it mustbe understood that the security, availabilitgl deauty of a river basin depend

first and foremost otheuses to which is intended f(tEGAMBIENTE, 200)f

Data provided by ISPRARapporto Consumo Suolo, 2Q1show that artificial soil coverage has
increasedt national leveffrom 2.7%, estimatedfo t he 19506s, to 7, 75% (c
estmatedfor 2017.The level of soil sealing within 150 m from the wateriests 7.6% and11.6%

of the artificial soil coverages locatedat flood hazardareas with return periodsetween 100 and



200 years.Thesedataclearly indicate that the impropetand management anedxcessive urban
development and sprawlimgayincreasdlood risk dramatically

In this context, hydraulic modelling of floods is becomingreasingly importantsince allow to
simulate flood propagation innatual channels and in flaplainsg represenhg an important
instrument for flood hazard assessménparticular hydraulic modelgan provide flood inundation
maps which includéhe maximum inundation extent, flood depthtilition and flood velocyt
distribution. A more accuaite identification oflood proneareascharacterized by highisk levelcan
helpplannersand floodrisk managerso improve preparedness and design interventidoseover,

the European Floods Dir@ée¢ emphasizethe importance of flood risk communiaati with the
people involved stimulaing their involvement in the development of flood management plans. In
this respectietailed2D flood mapsmight allow norexpert public a first perception of id impact

Over the last decades, the performancesydfdulic models have improvedeagtly as a result of

more powerful computers and of the improved detail of the input data (e.g. land use, topography).
There are different ways to model river hydraulid® models represents the river and the
surrounding fbodplains by using cross sectgmalelling the flow in one dimension. These models
perform well when the flow is confined in a straight river even during flood event. For rivers, having
awinding patern and complex floodplasna twodimension flow repgsentation, showing the 2D

flow pathsand the locaVelocities during river flooding, is preferred.

This MasterThesisfocuses on the representatiofithe hydraulic behavior of the Marano stream,
water body whicHlows through the municipalities of Ciano, Rimini and Ricciondn particular,
the anasisconsiders the stretch of the stream between Ospedaletto (Riross,section 36)sand
thes t r emaontld Iscated in Riccione (Rimirgross setion 0).

We performedoth steady and unsteady flow silationsby using the software HeRas, developed
by the US Army Corps of EngineefdEC-RAS,Hydraulic Referencéanual, 201$. The steady
flow simulationswereused togeta conservative estimate thfe maximum watelevelsalong the
stream, for flood dicharges with return periods eqteaP0, 50, 100, 209Qears, provided by thRiver
Basin Authority within the river basing management pfaiP(i a n o d.iThe Beauttsvere @lso
used to dineateflood proneareasandtestthe hydraulic adequacy ofdlstructuresThe unsteady
flow simulatiors have enabled lhe assessment tie flood peals reductios and of the floodplain
inundation dynamicsinstead; the unsteady flow analysis consider the sataenrperiods of the
steady flow onesSince the Marancatchment is ungaugesle adopted a regionalization method
(Majone et al(2000a; 2000)) for identifying synthetic flood hydrographs (also referred to as design
hydrographs), which is illustraden chapter 8.1.

The hydraulic behavior of the streamasstudiedusingfour different models

1 A 1D model with extended cross sections to represent the floodplain flow;

1 A 1D mocel with floodplains representedas hydrostaticStorage Areas which are
hydraulicallyconnectedo the main channgl

1 A coupled 1D/2D modelwith a 1D representation dhe main channel flow and 2D
representation of the flow within ttilwodplain

1 A fully 2D model with both main chanhand floodplails representedhrough a twe
dimensionadhydrodynamic numerical scheme

In conclusion, @ompaison between the results of the four models is shown, explaining advantages
and disadvantages of each approach.



2. TheMarano stream

The Marano stram is a waterbodjowing into the Adriatic Segafter crossng the municipalities of
Montescudo, Coriano,iRini and RiccioneThe main channel is 27 km long, wibhurce located on
the Mount Ghelfg628 m a.s.l,)in the province of San Marin@and mout locatedin the town of
Riccione.The catchment of th Marano stream has a total are®®# km? andit is adjacent tahe
catchments of the MelandConcariverson the orographic right sidandof theMarecchisandAusa
rivers on the orographic leftide. The catchment areas for each crossed munigipaié shown in

Table 1.

Province Municipality Area (km?)

Rimini Coriano 17.60
Rimini 12.30

Montescudo 6.50

Riccione 3.10
San Marino 18.00
Pesaro Sassofeltrio 1.80
Montegrimano 1.10

Total 60.4

Tablel: Catchment areafr each crossed municipality

The first stretch of thetream is mainly straightith natural embankments, it is few dozen waohel

it hassignificant slopes until the town of Ospedalé®Rmini). Fromhere, the slopes decrease (<1%)
and he profile of the stream becomesinding creating large meanders alompich discontinuous
levees are present. The lakiwnstreanstretch is canalizedstill with discontinuous levee§he
streamflows into the Adriait Sea with a north oriented estuary.

The Maranos characterized by a tential hydrological regimeherefore during the summer period,
it hasmostlyzero discharges.

Along the stream there are many river banks collapsed, unclassified leveebngluiand
infrastructures aflood risk. The last dowstream stretclkian be considered as the on¢hathighest
flood risk, since, iftheleveesare breached, the urban aré&acioneis flooded.

The sediment transport is mainly in suspensgnce he catchment is mainly composed by clays,
silts and sads.Along the first stretch of the stream there aremydimestone, chalk and sandstones
outcropsDuring floods period, the stream path is constantly modifi¢de water erodes the levees
on one dile, depositing alluvial materials on the opposite aittkviceversaNevertheless, the bottom
sediment trasport is quantitatively limited.

The land use in the catchment éspectively: 35% arable lanti2% permanent crops, 6% pasture
and meadow, 5% wais, 11% other uses.



The present study focuses ontheandering stretch of the stream showed in Figyjunet considering
the first upstream stretch.

‘Gaiofana

*Eornace Marchesini

1
Marano stream
) 4

fCase del Molino

YOspedaletto

7 @Vie Piahe L% ¥ £

Figure 2: Stretch of the streamnalyzedin red the first upstreamrosssection(36.5)

Figure 3: Detall of the drainage area at the closing section of Ospetial



Table 2 illustrates the characteristics of thechment at the upstream section and at the mouth

Mean elevation Main
of the channel
Drainage Area catchment | Elevationatthe| length
Secion (km?) (m.a.s.l.) outlet (m.a.s.l.) (km)
Ospedalettc
(Coriano) 54.27 228.63 36.14 16.79
Mouth 60.4 209 -0.6 27

Table2: Catchment characterists




3. HEC-RAS Modeling system

TheHEC-RAS software was developed at thegdrologic engineering center by theSJ Army
Corps ofEnginees. This modeling system is designed togren onedimensionaltwo-
dimensionabr combined 1D ah 2D hydraulic calculations for a network of natural and
constructed channels, overbank and floodplagasor levee protected aseln this Master Thesis
two components dfIEC-RAS software(5.0.5)were usedFirstly, by means of 4D steady flow
simuléion, water surface profiles for steady gradually varied fle@recomputedusingtheresults
to evalude the flooded areaand the hydraulic adequacy of the structugecondly, thélood wave
propagation and thaatural flood peak reductiomereevaluaedby means of 1D, qua&D and 2D
unsteady flow simulations

3.1 Geometric data
The first step to deatop the hydraulic model is to enter geometric d#gy consist of:

1 Background map (optional)
1 Information on the connectivity of the stream system
1 Crosssection dataconsisting of altitude of the terraiain channel bank statiomeffective
flow area,ObstructionArea and_evee
Left, central and right cross sections distances;
Energeticlosc oef f i ci ent s ( Manni ng 0 sansignxoefii@ents and ¢
1 Hydraulic structures da{®ridge/Culvert, Inline Structures, Lateral Structurdey&ye Areas
and 2D Flow Areas).

= =4

3.2 Steady flow water surface profiles (1D)
For the steady flowomputation, the following assumptions are made:

1 The watedensity is assumed to be constant

1 Flow is steady;

1 Flow is gradually variedat each cross section theessure distribution is hydrostatioaking
an exception at hydraulic structures where the ftaw be rapidly varied, at this location the
momentum guation is used);

1 Fow is one dimensional€locity components in direction different from that of tteenlare
not considered);

1 River channels have slopes less than 1thé vertical pressure headapproximated as the
depth of the water measured pemtienlar to the channel bottom)

3.2.2Equations

The water surface profileare computedrom one cross sectioto the next solvingthe Energy
equationteratively:

Where:



@, ® are the elevation of the main channel inverts;
®, @ are the depth of water at cross sections;
W, w are the average velocities;

@, ® are the velocity weighting coefficisscomputed as:

. BOU
W 7
ovL
“Qis the gravitational acceleration;
"Q is the energy head loss
. KT . A
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Figure 4: Representation of the Energy equation

The equatia for the energy head loss includes thetifsn losses anthe contraction or expansion
losses and is written as follows:

o 0¥ 500 00
¢Q  ¢Q
Where:
0 is the discharge weightedachlength;
“Yis the fiction slopebetween two section;

0 is the expansion or contraction loss coefficient.

The discharge weighted reach length, L, is computed as:

Where:

0 ,0 ,0 arethe cross section reach lengths in the left overbank, main channel and right
overbank;



O ,0 ,0 arethe average flows between sections for theoleftbank, main channel
andright overbank

The friction slope ateachr oss section i s computed from the
slope between two cross section is given by:

nf

C-| Cn

Where:
0 ,0 arethe average flow ithetwo cross sectics)

0,0 are the conveyances in the two cross sestimmputed as follows:

Where:

¢is the Manningds roughness coefficient;
0 is the flow area;
Yis the hydraulic radius.

If in a section diffee n t values of Ma n n eénh &red presentothegdoftware s ¢
subdividesit as slown below:

KLoB=K1+K KroB=K3

KcH

Figure 5: Conveyancé&ubdivision
The computational procedure to determine the unknown water surface at aciiosssas follows:

1. Assume a water surfacelevation at the upstream creestion (for subcritical profile), or
downstream (for supercritical profile).

2. Determine the total conveyance and the velocity head at the corresponding cross section.

Compute'Y and'Q.

4. Compute WS2.

w



5. Compare WS2 with WS1 assumed at the first step, tépeasteps untithe difference is
within the defined tolerance (0.003m).

The iterative procedure to assume a water surface elevation is the following:

1 Thefirstwatergr f ace assumption is the projectior
surface det onto the cross sectiaf interest.

1 The second trial water surface elevation is computed as follows:
®YE QOOYOI | 60 aTBIMOYOE a6 OYHO &' QQ
T The foll owing trials are based on fiSecant o

®Y oY oY oY

@ @ W'Y W'Y W'Y W'Y

If the denominator becomes too small (less th@k-2), thesecant method falIn this case
a new guess is made computing the average of the assumed and computed water surfaces from
the previous iteration.

The program is limited by a maximum number of iterations. During the iterations, the program keeps
track ofthe water surface producing the minimum error between the assumed and the computed value.
If the maximum number of iterations is reached betoteanced water surface is computed, the
programcomputes the critical depth. After that, if the minimum & thifference between assumed

and computed water surfacesmaller than 0.1 m and thigater surfaces on the correct side of
critical depth, the mrgram ussthis watersurface as the final answer. Otherwise, if the minimum of
the difference between assad and computed water surface is greater than 0.1 m or the water surface
is on the wrong side of critical depth, the program uses the critical. dégullly, when the Energy
Equation cannot be balancetiere is an inadequate number of cross sectiobadicross section

data. Howeverthis can be due to an attempt of the program to compute a subcritical water surface
when the flow regime is supertcal.

Critical depth is the elevation for which the total energy head is a minimum. The total energy head
defined as:

O WY —
C
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Figure 6: Total Energy Head vs Water Surface Elevation
The program can compute the critical dept h wi

method.The parabolic method is the fastest, but it can individuate a single minemergy. Since

for most cross sections there is only one minimum on the energy curve, the parabolic me¢hod is

as the default method. The parabolic method determines three values of total energy head for the
corresponding values of water surfaeeenly spaced. e water srface that corresponds to the
minimum value of total energy hedd defined by the parabola passing through the three pmints

the H versus WS elevation plane and it is used for the next assumption of WS elevation. e iterat
procedure stapwhen thehange in WS elevation is smaller than 0.008nd the total energy head

has not changed more than 0.003 m.

Occasionally, there can be more than one minimum otothkenergy curveThis can occur at cross
section having bréa in the total eergy curvedue to levees, ineffective flow areas or very wide and

flat overbanks. In these cases is advisable to use the secant method. Thisoiethades the cross
section in 30 intervals and creates a table containing the WS efeeaaiti the totalreergy heador

each of these intervals. After that, the program searches the value in the table having a lower energy
in respect of the values above and below it, this interval is identified as a local minimum. Then, the
program keepseaching others lodaminimum (two is the maximum)n the table If the program

finds more than one local minimum, it chooses as final answer the WS elevation with the lowest
energy. If the local minimum is due to an interruption of the energy curve thprotiram identifis

as critcal depth the one associated to the next lowest value of energy. If the critical depth is located
at the top of the section, thisnet a critical depth. Thus, the program dositfe height of the section
extending vertical walls at the extresnef the sction and try again.

When the water surface passes through the critical depth is no more possible to apply the energy
equation. Indeed, the energy equation can be applied ogigdoally varied flow and the transition
through critical depth ia rapidlyvarying flow situation This isthe case of significant changes in
channels slope, bridge constrictions, drop structures, weirs and stream junction. At drop structures
and weirs mpirical equations are used, while in other situations the momesdquationis needed.

The momentum equation is derived from Newtonbo

10
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Applying the equation just written to a body of water located between two cross seabiocisange
in momentum over a unit time is written as follows:

0 0 w O 0" a

Where:
0 is the hydraulic pressure at sectiband 2;
w is the force exerted by the weight of water in the X direction;
"Ois the forcedue to external friction losses between section 2 and 1;
0 is the discharge;
" is the density of water;

ww is the change on velocity betweentsat 2 and 1, in the Mirection.

DATUM

Figure 7: Application of the momentum prinép

The force due to hydrostatic gmire in the X direction is:
0 | &é i
Where:
[ is the unit weight of water;
0 is the wetted area at the cross section;
wis the dstancebetween the water surface and the centroid of the cross section.

The weight of water force is:

11



Where
L is the distance between the cross sections along the X axis;
Y is the slope of the channel.

The force due to the external friction is:

Where:
tis the shear stress;
0 is the average wetted perimeter between the cross sections.
T 1YY
Where:
‘Yis the average hydraulic radius;
"Y is the friction slope

Therefore

YO

Knowing that:

Where:

I is the momentum coefficient that accounts for a varying velocity distribution in irregular
channels.

Substituting the terms listed above in the equation:
0 0 w O 0" a

The final momentum equation is obtained:

2

by .. 0 b iy 6 0 .., 01
—-—— O W U =
» C C QO
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3.2.3Boundaryconditions

Boundary conditions are neededestablish the startingater surface at the end of the river system.
Before startinghe simulationthe program needs to know which is the flow regime. The computation
starts at a cross section with known initial conditions and continues upstream for a subcritical flow
regime or downstream for a supercritical floegime, in case of mixed flow regime wwary
conditions must be entered at all the ends of the river system.

The program ha&four available types of boundary conditions:

1 Known water surface elevation;

1 Ciritical depth;

T Nor mal dept h, comput ed Ow i Ut'Yh ('Y dveragddlape of the g 0 s
energy gradeline)

1 Rating curve;

3.3 Unsteadyflow hydrodynamics (1D)

3.3.1Equations

The flow in a streansan be described by two dependable variables, flow discarmgevelocityV,
and water surface elevatian= z + h. These variables are invad in two partial differential
eguations that can be obtained from the principle of conservation of mass and momentum.

Considering the elementary volume shown in figure:

! ax !
— h(X,t) | QOUt(X,t)

CHANNEL BOTTOM

Figure 8: Elementary control volume

the total flow ared\rfor the control volume, is obtained summing the active &read the off
channel storage area S.

The unsteady flow equations, valid under the sagsimption made for the steady flow equation,
are the following:

13



1 Continuity Equation: for a control volumes the one shown in Figure 5, the net rate of flow
into the volume is equal to the rate of change of storage inside the volume. The rate of flow
entering the control volume is written as:

A
U e
T g
The rate of flowleavingthe control volumes
- 7T o
) T
T g
and the rate of change in storage
re |
—Ww
T o’

The change in mass in the control volume is obtained as:

JoO L s T . 1T e |,
—wWw U —_— U —_— U
T o T g T g
0 being the lateral iitow to the control volume ant the fluid density. Dividing byp ¢and
considering the water density constant in time, the final form of the continuity equation is
written as:
Te 10
To T o
Wheren is thelateral inflow pe unit length.

1 Momentum Equation: the net rate of momentum entering the volume (momentum flux) plus
the sum of all external forces acting on the volusmequal to the rate of accumulation of
momentumThe external forces considered are: pressure, grandyfriction.

Pressure force:

w
Gravitational force:
O " Q0 Qw7 Q%)a—ww
W
Where:
a is the invert elevation.
Friction force:
O B ORTAYN

The momentum flux entering the control volume is written as:

.. T lon
1 ®¢
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While the momentum flux leaving the control volume is written as:

” o ’ T 6 ("p (b
W —
T wg
Thus the net rate of momentuemteringcontrol volume is:

T

Lastly, the rate of accumulation of momentusrwritten as:

~

” (L)T‘ l:)
A fﬁ_c‘)
Now, is possible to writehe momentum equation
10 Tow

W& —ww " " Te—Qoooo " "QT“(? W " AYww
o TRRY TERY -

Knowing thatthe water surface elevatians equal tod  "Qdividing the expression by w @
and rearranging the terms, the final form of the momentum equation is obtained as follows:

— —— Q.. Y T

When the water in the rér risesabove the main channel banksniindaesthe floodplan and fills
the storage area. A further increase in the water tawedes floodplain to conveyaterdownstream

al ong a path short er.Adtlieaiver stage eecreessasmter nooves backéol 6 s
the main channel.

S ——

Xt

ji+1

Figure 9: Channel and Floodplain flows

Usually, since the main direction of flow is along the channel, dmerse Figure § can be
approximated by a ondimensional flow. A common approadbresees thathe flow in the
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floodplainis ignored, considering possible only the storage. Thisoagp is suitable for large leveed
river having floodplain highly vegetatex real storag areas. Another approaploposed by Fread
(1976) and Smith (19783 that of dividehe system in two different channels, writing the continuity
and momentum equati for both.The exchange of momentum between the channel and the
floodplain is neglectedassuming at each cross sections a horizontal water surface normal the flow
direction. Thereforghe dischargean be distributed according to conveyance:

Where:

(o]

is the flow in the channel;

(]

is the flow in the floodplain;

0 is the total flow;

is equal to

Where:
U is the conveyance in the channel;
0 is the conveyance ithe floodplain.
The continuity and momentum equation can now be written as follows:

rér 0 1 p 0
ro Tw T®

Tt

~ ~

‘T U‘JO T p ‘U 0 . T_‘OO N G T_‘Q( ny -
0 T T Tw Tw

—a

Where thesubscripts ¢ and f stand for channel and floodplain.

The program solves the two equat®approximated to finite differences for both channel and
floodplain.

1 Continuity equation:

30 30

0 30 |
30 30 3Y |,
- = n n

3 30 30
Where:
"Yis the storage from neconveying portions of cross section;
N is the average lateral infloper unit length of floodplain;
n ard ] are the exchangeof water between the channel and the floodplain.

Assuming:
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W 1 N ww

1 Momentum equation:

30 3 w0 - Yo S .
20 30 20

320 300 - Yo S )
20 30 20

Where:

0 andb are the momentum fluxes per unit distance exchahgedeen the channel
and the floodplainAssuming:

The friction forcedefined by the last two terms of the equation can be writtévilaw:
"GN BV e BT oo

Where:

ww is the equivalent flow path;

Y is the friction slope for the entire cesection;

6 ol of
The convective terms can be expressed as follows:

wi ®0 w00 Wl

Wherd is a velocity distribution factor defined as:

w0 @O
0 ®
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3.3.2Implicit finite differencescheme

The fourpoint implicit schemeor Preissmam scheme (Figure 7)s the most used and successful
method for solving the ordimensional unsteady flow equations

v

Figure 10: Preissmann scheme

Using this scheme, spa derivatives and function values assessed at a poirt 1 0, inside
the computational cell’herefore, values at  p wodare present into all terms in the equatidrie
program solves a system of simultaneous equatimmsolution of which is influenced from the entire
reach. As a consequentiee time step can kmgnificantly larger compared to the explicit numerical

scheme.

Being'Qa generic function:

r9 a0 B
o | wo P WO
L 9 0
o wo P WO

QNN np Q. p N NQ P p nQ
The stability of a numerical method indicates how evolve the errorsgdtlren computationin

paricular:

1 The method is unstable if the errors increase for any kiod ahdgx .
1 The method is unconditionally stable if the errors do not increase for any kipcoflcpx .
1 The method is conditionally stable if the errors doinorease for specific Waes ofqi and
o x The condition ofCourantFriedrichs-Lewymust be verified:
ww

WO ———
v xQ

Where:
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U is the flow mean velocity;

"3 s the small perturbationds propagati on

Von Neumann stability analyses (Fde@d974), Ligget and Cund&975), show that for® n

p8t the implicit scheme is unconditionally stable, while jor 1@ is conditionally stable and for

n 1@ is unstableThe same authors performed a convergence analysis showing tinetiaal
dumping increase whenfoo decreases, being the length of a wave in a hydraulic simulation.
Therefore, in simulation in which the length of a wave is long enough with respect to spatial distances,
convergence is not a problem.

Other practicafactors may contribute to the iastlity of the numerical method. Dramatic changes

in channel cross sections or in channel slope, flood wave characteristics and hydraulic structures as
levees, bridges, culverts and weirs. Usually the stability probleesnastly associated to these
practcal factors, overshadowing any considerations afjoufor this reasqgrthe accuracy and the
stability of any model application &to be tested by a sensitivity study with different time and space
intervals.

The continuity and momentum equations ara-linear. Solving a nofinear system of equatioity

means of implicit finite difference scheme slow and can experience convergence problems.
Therefore, a technique of linearization is applied to the equations (Ligget and Cunge, 1975; Chen,
1973).

Theassumptions for the linearization are the follogvin
T F'QOA w "Qw Qhenw "Qp"Q 1T
1 1f'Q "QOhy, thenw "@an be approximated by the first term of the Taylor Series:
— 1 Q. 1T Q,
WQ — w —, o
0 T U 0 T q (e
1 If wds small, then certain variablean be treated explicitly:
0 0

The second assumption is applied to the friction si§@ed AreaA. The third assumption is applied
to the velocityV; in the convective term; the velocity distribution factgrthe equivalent flow path,
Xe; and the flow distributionactor, .

3.3.3Initial andboundaryconditions

A river reach hadN computational nodes ar2N i 2 finite difference equationslwo additional
equations are needed, havidaly unknowns. The boundary conditions provide these equations. For
subcritical flow regime,the boundary condition for thegeometric variable must be known
downstream antbr cinematic variable upstrearwhile for supercriticaflow regime both variables
must be known upstream.

The upstream boundacpnditionfor the cinematic variabl€, is aflow hydrographWhereas, the
boundary condition for the geometric varialliemay be:

1 A stage hydrograpfcan be used as either an upstream or downstream boundary condition)
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1 A flow hydrograph(can be used as either an upstream or downstream bowodalition)

1 A sinde-valuedrating curve(can be used as a downstream boundary conylition
Being a single valued relationshapdnot reflecting any loop in the rating,may introduce
errors in the vicinity of the rating curv&hereforethe singlevalued rating curvehas to be
enteredsufficiently downstream with respect to tsteidy arean order to not introducing in
it any errors.

T Normal dept h f r o rcanvha unsediasndpwnstreeandoauadary amdition)
It counts the samassumption madenithe previous point. In facthe slope of the water
surface used in Manningds equation may be
hard to obtain ahead time.

To start the simulation the program needs an initial conditianistccomplish@ by fixing the initial
discharge at the beginning of the simulation. By doing this, the program can compute the starting
water elevation along theach assuming steady flow water conditions

3.3.4Solution of the system of linear equations

For each time stepa system of linear equations composed by the finite difference equations, the
external and internal boundary conditions and the storage area equations has to be solved:
b @
Where:
0 is the coefficient matrix;
wis the column vectorfainknowns;
wis the column vector of constants.

For a single channel without storage area, the coefficient matrix has a band width of five. This kind
of matrix is easily solved using a banded matrix solver. Unfortunately, for network problems, the
banded structure is stoyed by sparse terms associatetboundary conditionand storage areas.
Consequentlythe parse terms of systems with hundreds of cross sections and many reaches, represent
an important numerical problem to solve.
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X
L
L Reach 1
XX KX Reach 1
L
X X X
x X \ 4
EEEX
EHKX Reach 2
XAXX
AKX
X X
oo Reach 2 Reach 3
XXX
KEXMX Reach 3
KX ANX
KXAX
X X
£ XX Storage area
X X X
XAKX
XX¥XX Reach4
XXXEX
XXX Reach 4
XX

Figure 11. Example of matrix for a river system

HECRAS wuses a storage algorithm for sparse m:
advantage of the fact that in any sparsgrix the norzero element are located to the left of the
diagonal and in a column above the diagonal. Theseér t ed AL shapedo stru
vector, occupying a minimum amount of the tot
consi dered zer o, while the elements inside th
numbers. As a resullf this, the Skyline vector works as the original matrix.

3.4 Unsteady flow hydrodynamics (2D)

3.4.1Equations

For channel and flood modeling, the Navt&tokes equations are simplified in the Shallow Water
(SW) equationsThese equations are valid under the foilogvassumptions:

Incompressible flow;

Hydrostatic pressure;

Turbulent motion is approximated by eddy viscosity (equations are Reaadsged);

The vertical length scale much smaller than the horizontal length scale, the vertical velocity
is small andhe pressure is hydrostatic.

= =4 -4 -4

In some shallow flows the gravity teramd the bottom friction terms of the momentum equaton
predoninant in respect tansteady, advection and viscous tefdonsequently, this last three terms
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can be disregarded so thidie momentum equation becomes the-tioensional form of the
Diffusion Wave Approximation. The combination of this equation with theswonservation salts

in a one equation model named Diffusion Wave Approximation if the Shallow Water equations
(DSW).

1 Mass Conservation equation
T O1T™® 1O
ro 1o T o

n 1
Where:

'O afufd is the water surface elevation equal to the bottom surface elevation
& ot plus the water deptl@chudd ;

0 andu are the velocity components in th@nd y direction;
 is a source/sink flux term.

In vector form the equations becomes:

T"Orl:)'Qb'
T o nn

Where:

® Of is the velocity vector.

The integral form is written as follows:

L Q WX QYD T
T o

Where:

is the wlumetric region representing the thhdienensional space occupied by the
fluid;

“Yrepresents the side boundaries;

0 represents any flow crossing the bottom surface (infiltration) or the top water surface
(rain/evaporation).

Nowadays, airborne remote sérg can provide very higresolution topographic data but, often, the

data are too dense to run a simulation in a feasible Byesing a relatively new approach called
subgrid bathymetry it is possible to incorpordke fine resolution topography ithe computation,
keeping an acceptable computational timerefatively coarse computational grid and a high
resolution underlaying topography are used. The mass conservation equation is discretized with a
finite volume technige and the fine grid detailre accounted for by parameters which represent
multiple integrals over volumes and face areas. Following this approach, the mass conservation
equation takes into account the higisolution topography of each discrete cBlbme important
information of he fine bathymetry such as hydraulic radius, volume and-sext®nal area are

stored in the computational grid céllll the others fine topography details are lost but in many cases
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the water surface is smoother than théhpaetry therefore, a coarsegrid is a good representation
of the spatial variability of the free surface elevation.

Assuming thatthe triple integral of the mass conservation equation is a function of the water surface
elevationOandthe following discretization can be done:

) . O O
— Q -
T o wo

Assuming thatthe grid cells have a polygonal shape the double integithleofnass conservation
eqguation can be written as:

WwEQY wZF 0O O

Where:
w is the average Vecity at face’Q
¢ is the unit normal vector at fad®

0 'O is the area of fac&as a function of water surface elevation.

Face k

v

Ax

Figure 12: Cell face errain data and hydraulic property table

Substituting the last two terms in the integral form of the mass conservation egieltisrihe sub
grid bathymetry massonservation equation:

(® O

. OO O 0 ™
w0

If the cell volume and face area as functiori@®& r e unknowns, the classic
used computing 'O 0 JQandd O & JQwhereD is the cell area and the lengthof the
edge k (without any dependency of H).

1 Momentum conservation equation

23



—a —= —a —
o- C- o- O

Where:
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0 andu are the velocities in x and y direction;

"Qis the gravitational acceleration;

0 is the horizonteeddy viscosity;

@ is the bottom friction coefficient;

"Qs the Coriolis parameter.

"Qu

"Qo

On the left side of the equation are presentiteeleration termsvhile on the right side are

present the internal or external forces acting on the fluid.

The diferential vector form of the momentum equation is written as follows:

T

!

w
6 6
(0]

The terms of the equatiare

Q0O VN oo "QQ®

1 Acceleration The Eulerian acceleration can be written in the Lagrangian form

1 Gravity. When the flow surface is not horizontal a pressure gradient is produced by
the weight of the water columns having different heights.

Oow ! w
0o T o

WA W

Eddy viscosityTurbulent flow mixing is modeled as a gradiésatropic diffusion
process The edd viscosity coefficienhrepresents the diffusion rate and is written as

follows:

v O,

Where D is a nomlimensional empirical mixing coefficient ar@ is the shear
velocity, computed as:

0:

Where'Y is the hydraulic radius an&is the energy slap computed with Chézy

f or mul

a

and

t hen

simplified

Wi

t h

Manni

The empirical mixing coefficient variegith geometry and bottom/wall surface.
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D Mixing Intensity Geometry and

Surface
0.11t0 0.26 Little mixing Straight channel,
smoothsurface
0.30t0 0.77 Moderate mixing Gentle meanders,

moderate surface
irregularities

2.0t05.0 Strong mixing Strong meanders,
rough surface

Table3:Eddy Viscosity transverse mixing coa#its
! BottomFrictonUsi ng the Ch zy formula and furt]
equation, the bottom friction coefficient is obtained:
oY Y7

-

Where:
0 is the Chézy coefficient ariis the empirical roughness coefficient.

1 Coriolis Effect. The apparent horizontal force felt by any object on the Earth is
proportional to the Coriolis parameteritten as follows:

Q g i Q¢ -
Where:
1 TMIMNTYX ¢ W P p L Jivid tbers@eraplyangular velocity of the
Earth anc is the latitude.

As earlierintroducedin this chapterjn shallow frictional and gravity controlled flow, unsteady,
advection, turblence and Coriolis terms of the full momentum equation can be drsi&gjobtaining
a simplfied equation nameBiffusion-Wave form of the Momentum Equation

YO -

n"O

Dividing both sides of the equation by the square rodtef horm, the equation becomes:

YO 7 no
¢ 97

Therefore, thisquation can be used in place of the full momentum equatienthe velocitycan
be determined by a balance between barotropic pressure gradient and bottom fricies case,
the substitution of the last written equation in the mass conservatiotioeqyialds the differential
form of theDiffusion-Wave Approximation of the Shallow Water (DSW) equatipnsducing the
system of equations to:
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10 awo v
T o nor
Where:
Yo 7
EQCy7
If detailed bathymetry information is available, D#fusion Wave form of the momentum equation
can be substituted into the sghd bathymetry form of the continuity equation obtaining:

© © N0 0 T
o |
Where:
YO 6 O
| | F R OsT

3.4.2Numerical methods

The first step tosolve efficiently the equation by means of a numerical methotheisdomain
subdivisioninto norroverlapping polygons formg a grid HEG-RAS does not require a structured
or orthogonal grid butthe absence of orthogonality can affect the computatitmal speed. Each

grid cell must be convex and by default, a limit of 8 sides for each polygonal cell is set. The grid

definition is very important since the solution stability and accuracy depeunch on its
characteristics.

In addition to the regular gtj a dual grid must be defined. This is necesgargn the differential
form of the relationship between variables asidce in the equationghere are second order
derivativegerms The dual grid defines a correspondence between its nodes and thegedwells
and between regular grid nodes and dual grid eslisell

Figure 13: Regular grid and dual grid
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As shown above (Figure 9), the dual nodes are int@ome correspondence with the normal grid
cells and boundary edges. This is useful when defining boundary conditions as the boundary edges
are treated as pological artificial cells having no area.

The water surface elevation is computed at the grid cell center, the velocity perpendicular to the cell
face (driving the flow transfer across the face), and the velocity vector at the cell face points.

The progran uses a hybrid discretizatistheme in which finite differences and finite volumes are
combined taking advantage of orthogonality where this exists.

1 Finite Difference Approximations
This technique is used to discretize the volume derivative in tinalaw/é:
: 0 0

1o Yo
Finite differences are usedapproximatehe normalwater surfacelerivativeonly in

the case in which the grid is locally orthoggnahich means that the direction
¢ determined by the cell centewst be orthogaal to the face between the cells

Figure 14: Locally orthogonal grid

The approximation is written as follows
N0 o5 0
re \Z3
If the facebetween the cell is not orthogonal the normal water surfaceatieg is
split as the sum of finite difference afidite volumeapproximation

1 Finite Volume Approximations
The finite volume approximation is used to discretize the normal water derivative
when the grid is not locally orthogondhe approximation othie gradient term "Oat

agrid faceconsi sts in averaging i1its value o
divergence theorem the following formula is obtained:
B'0¢ QO
N0 ———
0
Where:

0 is the dual cells boundary;
0 is the area of the dual cells.
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Since tle dual cells are polygons, thed integral can be written as a sum over the
dual cel faces. The dual fac@goining dual nodesQand "Qgives a contributiono
the line integrakqualto:
e a 0O O
C

Where:
& is the length of the dual fad@e
¢ is the unit outwrd normal vector at dual fad@e
"0 and’O is the water elevation at cell cent@and’Q

Figure 15: Cell and dual cell final volume approximation

Thefinite volume approximation of the gradient can be writtea asm over all dual
nodes around the calculation face

n"o aYe)

Where:
"O is the water elevation at cell j;

& is a vector constant equal te

Therefore, the directional derivatives in an arbitrary direcliddan be computed with

the formula:
T 2 vooy @0
Ty
Where:
€ a ¢ a O
coee

@
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1 Hybrid Discretization
As already statedf the face between the cell is not orthogoriaé normal water
surface derivative is split as the sum of finite differe¢itst term on the righhand
side)and finite volume approximatioigse®nd term on the rightand side)
ro 170 5 10
T_‘S eEx F e JY —¥

—a

Where:
¢ is the direction normal to a face;
Y "Q ¢ is the direction orthogonal &
¢ is the direction determined by the cells centamn both side of the face;
"Y Q tais the direction orthogonal 0.

Following this approach, a linear formula on H is derived:

v 1O v
N0 — weO
T €
Where the coefficientsse combine the finite difference termspfY¢aand the ihite

volume termsiae

3.4.3Initial and Boundary Conditions

For a 2D flow area, different initial condition can be set:

1.
2.

3.

Dry Initial Condition

Single Water Surface Elevation:cells having a lower terrain elevation than the user
established water surfaceseation will be wet.

Restart File Option for Initial Condition: it contains a water surface elevation for every cell
and velocities for eachell face. This condition can be used if a previous run has been made
and the Awrite outssdect®lest art Fileo option
Ramp Up Option: it allows to run a model with a wartop period This option consists in
running a series of time steps with conssainflow, keeping all the boundary conditions
constant as they were at the beginning of the simulation.

In addition to initial conditionexternal boundary conditiomsust be set at all the edges of the domain
for each time step. In the program thare five available types of boundary condition

1. Flow Hydrograph: it can be used for putting flow into (positivalues) or taking flow out

(negative values) of a 2Bow area. For this type of boundary condition, it is needed the
energyslope. This is usetb compute, along the boundary condition line and for each time
step, thenormal depth.The program then compwa flow distribution in the cross section.

At each time step only the cells having a water surface elevation higher than their outer
boundaryface terrain will receive wateNevertheless, the cells can evenly receive water if
the computedormaldepth waer surface is higher than the boundary face elevation data along
the boundary condition line.
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2. Stage Hydrograph:it can be used fdrringing flow into a 2D flow area in the case the water
surface elevation of the stage hydrograph is higher than the awdl wurface elevation.
Otherwise, if the water surface elevation of the stage hydrograph istlavethe cell water
surface elevabn, flow will be taken outThe flow is computed on a per cell basis.

3. Normal Depth: it can be used only for taking flow baf a 2Dflow area. Along with normal
depth, itis required the definition of the friction slope for that,asbéch is usedinMami n g 6 s
eguation to compute a normal depth for each given fliow.computed on a per cell basis.

4. Rating Curve: it can beused only for taking out flow of a 2flow areaand is computed on
a per cell basis.

5. Precipitation: it can be usetb enter rainfalexcess (rainfall minus losses due to infiltration
or interception) into a 2D flow area. It is entered equally to all oélise 2D flow area.

3.4.4Numerical solver of DSW equations

As it has been described in the previous chapter, time derivatives of the eg8&tons are
discretized using finite differences, while for spatial derivatives discretization a hybrid approximation
technique is usedl'he contribution of variables at time stapandn+1 are weighted by means of

the generalized CrarNKicholson methd.

The sub-grid bathymetry form of the continuity equation can be rearrabgddking advantage of
the linear formula on H

O ® p RO QO Q
Where:
& are coefficients function of terio, ¢ae and| , remembering that | O
e T anddee combine the finite diffeence terms pfY&aand the finite volume
termscae

Q O YoU

The equation can be rewritten moving to the righmd side all the terms referred to time stepp
and grouping terms that refer to the same cell:

KO) n w0 Q p 0 w0

This equation is written for each cell in the domain, obtaining a system of equation that can be written
in the following compact vector notation:

0 [0 @
Where:
is the vector of all celolumes;
"Ois the vector of all cell water elevation at titne p;

is the coefficient matrix;
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wis the righthand side vector.

In case the coefficients are lagged, the bathymetric relationship cause nosinearity in the
system of equation. Anleer bathymetric relationship "O , representing the diagonal matrix of cell
wet surface areas, gives the Jacobian wifith respecto "O Knowing this information the system of
equation can be solved using the following iterative formula:

~

0 (o) 00 r (o) "o o
Whered is the iteration index.

The coefficient ¢ are a function of water surface elevation. Thaefsince it is used the Crank
Nicholson method, the coefficiends will be evaluated aime¢ 1,0 p [ O /O

This creates a circular dependency on the solution of the system of equations corrected through
iteration.

Thelinearizal scheme is unconditionally stablefad 1 p, itis second ordeaccurate in space
while time accuracy depends on thechosenty  p first order accurate)  T@® second order
accurate)Forn ™ it is obtained the Cranklicholson scheme (central differences in time and
spatial derivatives evaluad att @), which is stable if:

Yo p

Yo ¢ 1

While, forry  p the scheme is implicit and it corresponds to using backward differences in time
andevaluating the spatial derivatives at step1.

Solution Algorithm:

1. Preprocessing ofthe geometry along with local orthogonality and -guiol

bathymetry.

Solution starts with the initial conditic® .

For stegg 1 boundary conditionare implemented.

Initial guessO 0.

The solver omputes ther| -averaged waterelelean™© p n O [0 and

subgrid bathymetry quantities depending on it

6. The solver omputes the coefficientsd and create the system of equationsO
[0 ®

7. The system of equations is solved iteratively considehiadgoundary conditions and
a candidate solutio® is obtained.

8. Ifthe residual is largghanthe given tolerance (and the maximum numbeteotions
has not been reached) the solver goes back to step 5, differeothyinues with step
9.

9. Accepted™© , the solver computes the velocities  with the formulaw

o

7 taking advantage of the linear formula™@n

10.The ®lver proceeds with the next time step repeating the steps from step 3;
otherwse it ends.
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3.5 Modeld somputationakteps

3.5.1Geometrigore-processing

To speed the unsteady flow calculations, all the geometric data are processed into hydraulic tables
andrating curvessuch thathlie program, during the iterations, interpolates the hydraali@ables
from the tables avoiding trealculation of the variables at each iteration.

For each cross sectiptables of elevation versus area, conveyance and staragereated. The
hydraulic tables are created for both main channel and floodplaine Tha minimum (21) and a
maximum (100) number of points which can be stored in the hydraulic tdhiehermore, an
interval for spacing the points has to besswtis up to the user ensutteat thecombination of number
of points and spadaterval irclude all the possible stagescurringduring the simulation

The hydraulic structures are processed into families of rating curves (headwater versus flow and
tailwate versus flow). The user can define the number of points on thdldmeerating curve
(maximum 100 points), the number of submerged curves to be processed (maximum of 60) and the
limits on the extent of the curves.

3.5.2Unsteady flow simulation

The unsteady éiw simulation iscomposed by three steps. First, data are read fromBIER (Hee

Ras d#a storage system) and converted into the computational interval set by the user. Afterwards,
the program reads the hydraulic tables generated during the geomepiogassingogether with

the initial conditions,boundary conditiongnd the flow dataAt last, the program performs the
unsteady flow calculations, writing the stage and flow hydrographs for each specified node.

3.5.3Postprocessing

After the simulationjt is possible to run the pogtrocessoin order to compute detailed hydraulic
information fa user specified time lines during the simulation. By default, thegrostessoreturns
detailed output for thenaximum stage water profieccurred during the entirmulation ateach
Cross section.

3.6 Hydraulicmodeling of the structures

3.6.1Modeling bridges
Theflow energy losses caused &tyucture (bridges, culverts) are computed in three parts:

1 losses due to the expansion of flow occurring in the reacllgugistream from the
structure;

1 losses at the structure itself;

1 losses due to the contraction ofwilaccurringin the reachjust upstream of the
structure.

To compute the energy losses the program requires four cross sections defined bydbeersirg
other two cross sections inside of the bridge structure.
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Figure 16. Cross sections locations at a bridge

The first cross sectioshouldbe located downstreaaf the structure, at such a distance) fhat the
flow is not influenced by the structure (flow fulékpanded). The expansiogach length varies
depending on the magnitude of flow, the velocity of flow, the degree and shape of consTrictien
are tabulated values expansion ratios (ER), available for different degrees of constriction, different
slopes and different rasoof the overbank roughness to main channel roughness, which multiplied
by the average obstruction length (A to B and C to D) retarn L

The second cross sectimusuallylocated a short distance downstreaifithe bridge. Thex must be

enough space tallow flow expansion.

The third cross section should be locaseshort distance upstreashthe bridge such that there is
enough space for the abrupt acceleration and contraction of the flow occurring in the area close to the
opening. The distance vas with the size of the bridge opening.

At the second and third cross sections must be defined the ineffective flow areas at each side of the
bridge openingThis is accomplished in the cross section data editor.

The fourth crossectionis located upstrea from the bridge, where the flow lines are almost parallel
Generally, the distance along which flow contraction occurs is shorter that the distance for flow
expansion. It is suggested by the Corps of Engineers to locate thesection one times theerage

length of the side constriction caused by the structure abutif@eisge distance from A to B and

from C to D).

In HecRas the bridge geometry is defined by the bridge deck and roadway, sloping ahutments

necessaryand pers. Additionally it is required the distance f

cross sectiomas well asthe width of the deck.

Concerning the energy

osses

t he b framdhg epSteeant a c e

Ma n ni:ragvéightede q u at

friction slope is multiplied by weighted reach lengthtiaeeen the cross sectionsh@ expansion and
contraction losses are calculhteultiplying a coefficientby the absolute value of the change in

velocity head between subsequent cross sections.
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HecRas allowgo model low flow ¢lass A,B and C), high thw and combined flow.

3.6.1.1 Low flow computations

Low flow is defined by the open channel flow through the bridge opening. Firstly, the program
identifiestheclass of flow by means of the momentum equation, calculating the momertriticalt

depth inside théridge at the upstreammé downstream ends. The controlling section in the bridge
will be the end having the higher momentum. The class of flow is selected by comparing the
momentum of the controlling section with the momentunhefftow downstream of thieridge (for
subcritical profile) or with the momentum of the flow upstream of the bridge (for supercritical
profile).

Class A low flow:if the momentum downstrears greater than theritical depthmomentuminside

the bridge, thdlow is completely subctical and is considered as class A low flow. Energy losses
from cross sectiof3 to 4 and froml to 2 are computed in the same wayefriction losses summed

to the contraction loss€éBom cross section 3 to 4) or to the expansion losses (from crossnseicti
to 2).

To compute losses through the bridfferf cross section 2 to 3), there are four available methods:

1 Energy Equation: the lalge is treated as a cross section except for the fact that the area of the
bridge below the water surface is subtractexin the total area, increasing the wetted
perimeter where the water is in contact with the bridge.previously mentioned, two
additional cross section inside the bridgamed BD (Bridge Downstream) and BU (Bridge
Upstream) are automatically generatedhe program then computes the energy balance
between cross section 2 and BD, BD and BU, BU and 3.

2

3
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Figure 17: Additional cross sections near the bridge

1 Momentum Balance Methodhe program performs a momentum balance between the four
Cross sections as with teeegy equation.

1 Yarnell Equation: the program computes the change in water surface from section 2 to section
3 using an empirical equation based on 2600 lab experiments varying the shape of the piers,
the width, the length, the angle and the flow rate.

1 FHWA WSPRO Method: the program computes the water surface profile through the bridge
by solving the energy equation iteratively.
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Class B low flow:if the momentum downstream is less than the critical depth momentum at the
controlling section inside the bridgthe program assumes that the constriction causes the flow to
pass through critical depth so that a hydraulic jump occurs at a certain distance dowi3assuB.

low flow can exist foboth subcritical and supercritical profiles. In both cases thagmogses the
momentum equation to compute the upstream and downstream water surfaces, if the momentum
eguation does not converge on an answer, the program switches to arbasedjynethod.

Class C low flowif the water surface through the bridge is ctetgdy supercritical the flow is class
C. The program computes the water surface through the bridge by means of the energy equation or
the momentum equation.

3.6.1.2 High flow computations

The high flow occurs when the water comes into contact with the maximuehtod of the bridge
deck. The program computes high flows by the energy equation, following the same procedure used
for low flows; or by applying two separate equations for pressure or weir flow

Pressure flow:.when the flow comes to contact with the ugtream side of the bridge, the program
solves for orifice flow. If only the upstream side of the bridge is in contact with the water, the
following equation (FHWA, 1978) is used:

0 606 Q& - —
S ¢Q

Where:
0 is the total discharge througie bridge opening;
0 is the coefficient of discharge for pressure flow;
0 is the net area of the bridge opening at section BU;
@ is the hydraulic depth at section 3;

@is the vertical distance between thighest point of the low chord and the mean river bed
elevation at section BU.
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Figure 18: Pressure flow (upstream side)

When either theipstream and the downstream side of the bridge are in contact with the water surface,
the program uses the standard fulirMing orifice equation:

0 606¢Q0
Where:
0 is the coefficient of discharge for fully submerged pressure flow;

‘Ois the difference between the energy gradient elevation upstream and the water surface
elevation downstream;

0 is the net area of the bridge opening.
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Figure 19: Pressure flow (upstream and downstream sglgsnerged)
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Weir flow: when the water flows over the bridge the program uses the weir equation:
0 600
Where:
0 is the total flow over the weir;
0 is the coefficient of discharge for weir flow;
0 is the length of the weir;

"Ois the difference betvem energy upstream and road crest.
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Figure 20: Weir flow

3.6.1.3 Combination flow

If low flow or pressure flonoccur with weir flow, the program iteratéo determine the amount of
each flow type. The iteration stops when the low flow method (or pressure flow methoki¢ aveirt
flow method have the same energy upstream of the bridge at section 3. Flow comlsiatoputed
with the energy and Yarndbw flow method.

3.6.2Modeling culverts

Bridge modeling and culvert modeling are very similar in4Ras except that the FHW#andard
equations are used to compute inlet control losses at the structure. The layeutrosthsections,
the location of the ineffective flow areas and the loss coefficients selection are tresgarbadges

Flow in culverts can be divided into

Inlet control flow: it occurs when the flow capacity of the entrance is less than the dlpacity of

the culvert barrelin this case the control section of the culvert is located just inside the entrance of
the culvert. At this location or close tq the water surface passes through critical depth and
downstream the flow is supercritical

Outlet control flow: it occurs when the culvert flow capacity is constrained by downstream flow
condition or by the culvert barrel flow capacity
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The program compas the upstream energy needed to produce a given flow rate through the culvert,
for both inlé control flow and outlet control flow. The higher upstream energy controls the flow in
the culvert.For Inlet control flow, the program computes the upstreagnggrconsidering the culvert

inlet as a sluice gate or as a weir. For Outlet control floeptopute the upstream energy, an energy
balance between downstream and upstream cross section is performed. If the computed upstream
energy of inlet control flows higher than thepstream energy afutletcontrol flow, the program
checls, performing addibnal computations, if the inlet control flow energy can cause the
pressurization of the culvert barrel. If low flow is present through the entire length odilttest c
barrel, the inlet control flow is valid. If the flow pressurizes the culvert barrgjolnyg through a
hydraulic jump inside the barréhe program considers the upstream energy computed for the outlet
control flow (assuming a full flowing barrel).

3.6.3Modeling inlineand lateraktructures

In HecRasit is possible to model inline andteral structures such as gated spillwayd overflow
weirs The layout of the cross sections, the location of the ineffective flow areas and the loss
coefficients seleadn are the same as for bridges and culverts.

Inline gated spillways can be modelead radial gates, sluice gates, overfigates or using a family

of rating curves defined by the usBoth submerged and unsubmerged condition at the inlet and at
the outkt of the gates can be model. If the upstream water surfgceater or equal td.25 times

the height of the gate opening, the program uses the gate flow equations. If the upstream water surface
is between 1.0 and 1.25 time the gate opening, two upstneads are computed by the program,

one with weir flow equation and the other wghte flow equation. Next, the program computes a
linear weighted average of the two values. Otherwise, if the upstream water surface is equal or less
than 1.0 times the gabpening, the prograapplies the weir flowFurthermore, at the same cross
section the program can model overflow weir, which could represent the top of the structure (gate
openings) and embankment. In HRas, the overflow weir can be defined as broagsted, ogee
shaped or sharp crested and the standard weir equation is used tecthraglow.

HecRas is capable tmodel lateral wes, gated spillwaysnd alverts A minimum of two cross
sections, one upstream and one downstream of the structistebe definedGated spillways or
culvertsare modeled as described previously.model lateral weirwhen the water surface and the

weir segment are parallel, the program uses the standard weir equation. Otherwise, if the water surface
across the weiand/or the weir have a slope, it is used a general equation derived by intedpating t
standard weir equation between the sloping segments.

3.6.4Modelingstorageareas

Storage areas are regions in which water can be diverted into caribare represented@sygons
drawn by the user. Storage arems be located upstreaai a reachas an upstream boundary
condition, laterally to a reach, or downstream of a rea@downstream boundary condition. Storage
areas can be connected toivger by means of a latar structure otherwise storage areas can be
connected to each other by usingtarage area connection (weir, gated spillways, weir and gated
spillways or a weir and culvertsjo enter information about the volume of the storaga,atwo
option are avéable. The first optioms to entethe area of the storage and a minimum elevation, the
program then computes the volume by simply multiplying the layélae depth assuming the storage
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area to have the same area at all the elmw&flhe secon@nd besbption is to enter an elevation
versus volume curve

3.6.5Modeling 2D flow areas

HecRasis capabé of performng two-dimensional flow modeling and combined 1D and 2D flow
modeling. Firstly,in Ras MappeKa portion of HeeRas software inwhich GIS operations cabe
performed) a horizontal coordinate projection must be established. Secondly, a terrain model has to
be developed in order to compute and repre@Brilow. This is accomplished by importirigrrain

data in Ras Mapper. Next, from within the Geameditor,2D flow area polygors haveto be draw

and it is possible and recommended to draw break tinlstter represents any significant barrier to
flow (levees, natural embankments, roads, hydraulic structures).2D computational mesh is
developd on regular interval by means of the 2D Flow Area editor, assignindxaand dy cell
spacing.Cell dengty can be increased or decreased, by adding, moving or delating cell centers. In
HecRas,the mesh cabe structured or unstructured, if it is strueh the program takes advantage

of the orthogonality between cell faces during the numerical discretizhatithe case of a combined
1D/2D mode] it must be entered a connection between 1D elements and 2D flow(latessl
structure or inline structuyeAs for combined 1D/2D model, the program allows to connect 2D flow
areashy using a 2D flow area hydrbc connection (weir, gated spillways, weir and gated spillways
or a weir and culverts).
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4. Geometry definitiorfor the Marano stream

In apreviousstudyprojecton this streanfStambazzi, 20)7three geometric datasets, obtained from

three diferent field surveys (1996, 2003, 2016), were used to define the gedqoreBy sections and
hydraulic structures)f a 1D hydraulic modeh HecRas. Forthisst udy, t he AAgenzi
| a sicurezza territor i alicdarrelief(2008)with areselaion®flen ci v
x 1m, toallow 2D flow modelling as well as floodplains inundation mapping

It is necessary temphasie that the laser employed in Lidar survey is not able to penetrate water and
even if a green lasee£532nm, able to penetrate wataras employed, itwould not provide the
amount of details generated by field measuremé@ussequently, field measurementsre used to
represent thenain channegjeometry, wherease Lidarrelief to represenbverbank areas

In the following chapters the procedurediefine the geometry dhe four hydraulic modelssedis
illustrated.

4.1 1D hydraulic model

Firstly, terrain da& (Lidar) was importedn Ras Mappersetting the horizontal coordinate projection
Subsequentlythegeometry of the 1D hydraulic moddi§6cross sections, 11 bridges and 1 culvert),
createdby Stambazziwere imported in the new geometry fil@ross setionswere therinterpolated
maintaining a maximum distance of 50 meters

Usinga tool of Ras Mappethe cross sectiomeain channelWas interpolateéind mergeavith the
Lidar creating a combined channel amgerbankterrain model Afterwards, he crosssections and
the hydraulic structuresereassociated to the new terrain modgletlating theross sections attributes
(River Stations, Bank Stations, Reach leragttiElevation profil§ required by the prograrhevees
were added in order to ensure thatawvdibws out of the river section only when the water level rises
above the levee level.

Figure 21: Detail of the combinedhannel and overbank terrain model
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Where it was deemed necessary, cross seatiereextended to represent the floodplain flésgure
22 showsa stretch of the stream as an example.

DS
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Figure 22: 1D model with extended cr®sections (in light green tloeoss sections interpolate
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4.2 1D hydraulic model with storage areas

In the seconchydraulic mode| 38 Storage Areasvere entered in correspondence of floodplain
meanders. For ea@®torage Arean elevation versus volume relationship was computed, based on
the underlying terraiprofile. TheStorage Areasvere then connected to the main channel by means
of Lateral Structuresgefined by the elevations data of the levees, placed between the main channel
and the areas. The extended cross sections were truncated in corresponthenibeghning of the
Storag AreasFigure B shows a stretch of the stream as an example.

Figure 23: 1D model with Storage Areas
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4.3Coupled 1D/2D hydraulic model

In the thirdhydraulicmodel theStorage Areasvere turned int@D Flow Areas A computational
mesh was created forawarea on a regular interval of 10 meters in baodindy directions. The&D
Flow Areasare connected to the main channel by the daateral Structuresised in the model with
the Storage Areadrigure24 shows a stretch of the stream as an example.

'18.1499°

Figure 24: Coupled 1D/2D hydraulic model
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4.4 2D hydraulic model

A unique2D flow area polygomwasdrawn on thecombined channel anoverbank terrain modgl
making sure that the boundesof the polygon are not reached by the water. Thesaklineswere
drawnto align computational ¢is with the stream centerlindevees, natural embankments and
hydraulic structure In this way, cell faceare kept perpendicular to the main flow direction by also
taking account of théarriess to the flow.The computational meskasthen generated oregular
interval dx=10m anddy=10m), increasing cells densitylx=5m anddy=5m) in correspondence of
the break linesand ofthe hydraulic structuredn Figure25, a stretch of the stream is shown as an
example.

Figure 25: 2D Model

Sinceit is not possible taise HeeRas bridgemodelng capabilities in 2D hydraulic model, \was
decidedto model only the five critical bridges (the ones resulted inadequate from 1D steady and
unsteady flow simulations)n particular,2D flow area hydraulic camections(gates and weir or
culverts and weirdepending on the shape of the bridgeye usedieproducing the bridge geometry

as well as possiblélowever, tis underlined thagates and culvertsydraulic routines use a partially
different computatioamethod In Figure26, thetwo geometrical representations of the bridge of
Via Tortonaare showras an example.

Via Tortona

o ///k_
e

Saen 1 S )

Figure 26: Bridge of Via Tortona, as it is represented in the 1D model (bridge) on the left a
the 2Dmodel (culverts and weir) on the right
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To enter boundary conditions, twiboundary condition linesvere drawn, one upstream in
correspondence of the cross section 36.5 and one downstream in correspohttenmouth of the
stream.

Since HeeRas does not computiew ratesfor 2D hydraulic moded three2D flow area hydraulic
connectionsveredrawn in correspondence of three cross sections of the 1D hydraulic .nigydel
entering the terrain profile daita theEmbankment Station/Elevation Tabled selecting thormal

2D EquationasOverflow Computational MethoéiecRas is forced to use the 2D etjaas over the
terrain defined by the 2D connection line, considering it as a weir wiseadit is a nomal cross
section.At these cross sectionswill be possible to compare flow rates resulting from 1D and 2D
hydraulic simulations; sinceccordirg to the results of a trial 2D simulatioftiow resuls almost
entirely mono dimensional

Lastly, 2D Flow Areas Connectionsiere entered to obtain flow results in correspondence of the
Lateral Structureslefined in the previous models. These connectioaglafined by the elevations
data of the levees such as tlaeral Structuremnd can be modeled using eithveir flow equation

or 2D equations.

5. Roughness definition of the Marano stream

The Manni n g Oweredeteraninddvisaallyedaring field sweys and with the help of
satellites images from Google Earthking the values of Tabk(Chow, 1959 asa referenceThe
coefficients will be then calibrated comparing the results of steady flow simulations with the
hydrometric data collected duringetflood event occurred on 5 and 6 February 2015

Type of Channel and Description Minimum Normal Maximum
Natural streams
1. Main Channels
a. Clean, straight, full stage, no rifts or deep po 0.025 0.030 0.033
b. same as above, but more stoneswaedds 0.030 0.035 0.040
c. clean, winding, some pools and shoals 0.033 0.040 0.045
d. same as above, but some weeau$stones 0.035 0.045 0.050
e. same as above, lower stages, more ineffe¢  0.040 0.048 0.055
slopes and sections
f. same as fido with mor 0.045 0.050 0.060
g. sluggish reaches, weedy, deep pools 0.050 0.070 0.080
h. very weedy reaches, deep pools, @ofiways 0.075 0.100 0.150
with heavy stand dimber and underbrush

2. Mountain streams, no vegetation in channel, banks usually steep, trees and brush alq
banks submerged at high stages

a. bottom: gravel, cobbles, and few boulders 0.030 0.040 0.050
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b. bottom: cobbles with large boulders 0.040 0.050 0.070
3. Floodplains
a. Pasture, no brush
1. short grass 0.025 0.030 0.035
2. high grass 0.030 0.035 0.050
b. Cultivated areas
1. nocrop 0.020 0.030 0.040
2. mature row crops 0.025 0.035 0.045
3. mature fieldcrops 0.030 0.040 0.050
c. Brush
1. scattered brush, heavy weeds 0.035 0.050 0.070
2. light brush and trees, in winter 0.035 0.050 0.060
3. light brush and trees, in summer 0.040 0.060 0.080
4. medium to dense brush, in winter 0.045 0.070 0.110
5. medium to dense brush, in summer 0.070 0.100 0.160
d. Trees
1. dense willows, summer, straight 0.110 0.150 0.200
2. cleared land with tree stumps, no sprg  0.030 0.040 0.050
3. same as above, but with heavy growtlj  0.050 0.060 0.080
sprouts
4. heavy stand of timber, a few down tre{  0.080 0.100 0.120
little undergrowth, flood stage belo
branches
5. same as above, with flood stage reacli  0.100 0.120 0.160
branches

Table4: Manni ng6s

roughness

coef fici e

From themouth of the stream to the footbridge (section 2.ttf#®),main channel can be classified as

clean, straight, full stage and without pools; the banks are characterized by light brushes and trees
and the floodplains by scattered brush and heavy weeds. diegret | u e s
equal to 0.030.06 and 0.05 Y3 s were assigned respectively to the main charbsiksand

floodplains
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Flgure 27 Flrst stretch from the mouth to the footbrldge (sectlon 2.15)

For the second stretch, from the footbridge (section 2.15) to the first upstream @satimn 36.5),
the central main channel roughnesssincreased to 0.04 ¥, since the pattern become winding and
some pools and shoals are present. Moreover, libeddlain roughnesswas changedin
correspondence péight areas characterized by hgatand of timber (n=0.100 #7s), seven areas
characterizethy medium to dense brush (n=0.078/#s), two areasharacterizetby light brush and
trees (n=0.060 MH®s) and one cemented area (n=0.0%s).

Flgure 28: Picture taken at the brldge of the SP 31 (sec
stretch)
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Marano stream

Figure 29: Detail of a floodplain characterized by
heavy stand of timber
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6. Meteorologicalkvent of 5 and &ebruary 2015

As previously mentioned, there are mistoricalhydrometric dataf the Marano streanTherefore
thefield observations collected during tparticularly intenseneteorological evenbccurred on 5
and 6February 2015wereusedas a reference

From theearly morning of 5 February until 6 February afternoon the EsRidenagna regiowashit

by extensive and persistent precipitations, particularly fdus the eastern and central areas. The
province of Bologna, FoACesenaRavenna and Riminiverethe most affected, witl50 mmof
cumulated rainfalat the centrakastern river basins. Figu® shows the cumulated rainfall on the
region for mountain areas, since pluviometers do not record snowfall, the datebleecoujed with
snowfall maps.

Figure30: Cumulated rainfall on the milia-Romagna region during 5 and 6 February (ARP/

Hourly rainfall intensitiedid not exceed 25 mm/h, but the small sinéthe river basingauseda
quick response to the precipitation, producing flood wafaemarkable volurmse Because of the
different precipitation peak the flood wave are characterized by subsequent peaks whéasre
summed utthe downstreamver sections, generating the highesterstages ever recorded.

The highest peak discharges have been recorded at the small foothills rivesbelsasthe one of
theUso dream located north othe Marano stream.
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Figure 31: Stage hydrograplof Uso stream recorded at a downstrear
section

The three thresholds illustrated kigure 31 represent respectivelg norremarkable flood wave
(flow in the main channelin yellow, a flood wae with limited erosional and sedemt transport
phenomena (floodplagactivation)in orangeand lastly a remarkable flood wave with widespread
erosional and sediment transport phenon(ereder stages in proximity of the leveafety margin)

in red

As it is illustratedin Figure31, eventhoughthe two sibsequent peaks of the flood waassociated
with the tworainfall eventsremainedseparatedthe waterstages remained above ttea threshold
for 9 hours, witha very sbw recession considering thger basin dimension.

The extensive and pestent precipitatiorcaused widespread flooding of the secondary hydraulic
network of the region (urban sewage system, drainage channels and flooding of the underpasses),
aggravatedby the strong swellghich indu@d extensive backwater effeeti®ng the oastline

Figure32 shows sme pictures of the flood event taken at the most critical points along the Marano
stream

Figure 32 From the upper left comr clockwise: the bridge of via Torta, the bridge of the
railway line, flooded area at Coriano, the bridge of SS16 with viale Saluzzo underneat



7. Steady flow hydraulic analysis of the Marano stream

The steady flow hydraulic analysigasrun with the 1D hydraulic model. The awhthe analysiss
determinng the maximunwater levels fodesign flood with a return period of 20, 50, 100 and 200
years in order to assess the flopdoneareas and thbydraulicadequacy of the structuweresent
alongthe Marano stream.

The techreal legislation on the constructionTC 2008 states thafor the hydraulic aalysisof
bridgesit must be considereddesign floodwith a return periodhot lower than 200gars andt must
be ensure@ freeboat not lower than 0.5 times the energy grdide ornot lower than 1.5 nFor
not straight intradoshefreeboardnust be ensured f@/3 of the sparof the bridge and generaligr
40 min case ofkpansequal or longr than this value.

7.1 Design floo@ estmation

The fAutorita di Bacino Marecchi&€onca providedthe regionalizeddesignfloods associated to
four return periods (20, 50, 100, 20@ the upstream cross secti(86.5) of the streamlt is
underlined that the design floods were recently recailedlfurther to a mistake in the drainagea
at the closing section of Ospedaletto (Rimini).

The modified VA.PI. regionalization was usedestimate the design floadghis technique uses the
index flood U , which is the typical flood of a sectiavhose return period remained constanhismit

a homogeneous regioncharacterized byhomogeneous geomorphoclimatic and rainfall
characteristics)andthe growth curve) of the floodpeaks which follows a Gumbel probabilistic
distribution andexpressesthefloodsrelationship with the reta periods.

Thedesign flood is given by thellowing expression:
0°Y 0 O
where:

0 is the index flood;
B 6 —I1 TY,witho and are the model parameters.

If flood historicalmeasurementare avaiible, the index floods considered equal to the statistical
mean But if, as in this case, no floadeasurementare availablethe index flood can biadirectly
estimatedby means of anultiregression modeA multiple linear regression is a simple methio
statistically regionalize hydrological information as catchment attributes and flood gaidntileis
case, itcorrelates using linear or notinear equatios, the index flood which is the dependent
variade, with theexplanatory variablesvhichare thegeomorphoclimatic and rainfall characteristics
of the homogeneous area

| 10 6 o6 d v E 6 31 -
where:

0 are the model parameters;
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0 are the explaatory variables of the model;
- is the malel error.

The model parameters asstimatedoy means of a stepwise regression analysis, which consists in
testingthe dependent variable with each explanatory vari&ist asignificance leveis set,then

for each regression aymlue and a Rvalue are computed.?is a measure dhe performance of the
regression, while the-palue tests the null hypothegthe explanatory variablelsas correlationvith

the dependent variahlp-value lowe than the signi€ance level) with the alternative hypesis (the
explanatory variables has no correlation with the dependent variablue higher than the
significance level)All the one predictor modehre tested and the one returning the lowestlue

and the ighest Rvalueis chosen as first pretor. Then, all two predictors models, having the first
predictor fixed, are tested. The procedure goes on until there is no justifiable reason to enter or remove
anyotherpredictor. The model paraeters will be thentercept and the angular coefficieftloe best

multi predictor model.

In this case, the index flood is defined by two different expressions related to the extension of the
catchment ared hese expressions are function of the followiagables: lendt of the main channel,
catchment mean t#tlude with respect to the closing section, mean altitude with respect to the mean
sea level, mean annual precipitation averaged over the catchment, averaggeairlh24 hours

peaks rainfall aveiged over the cahment return periods of interest anadponents of the rainfall
depthdurationfrequency curves.

Concerning the growth curve definition, the Gumbel cumulative distribution function of a random
variables, is given by:

Ow ACPAGD ® 6 o T

where:

Ow U® o,whered & & isthe probability that the random variakés less than
or equal towy

| @ L , scale parameter of the distributjidanction of the mean squared erfow ;

0w ‘' w 18T Yy ™, position parametefunction of the meah w;

The cumulative distribution functio® is equal to— and in this caséis equal ta) , therefore
the inverse function is written as:

For'Y ¢ mQa@iaie— -, obtaining:
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which divided by the indeftood 0 , returns:

Where:
o0 —;
e | 0.

The growth curve of themodified VA.PI. regionalizationmethodfollows the Two Component
Extreme Value distributiofunction TCEV (Rossi et al., 1984 This distributiion function assumes
that the annual maximum flood quaasilcome from two different populations related to different
meteorological phenomenahis hypohesis is justified by the presence of one or more outliers in
many historical data se&s, making them seeheterogeneouwith respect to the other dafahe
cumulative distribution function of the TCEV model is composed of two comps(@opulations),
each of which is described by a Gumbel distribution:

Ow AZP_ Mo — _ Nwon— h o m
Where:
_are the parameters expressing the average number of independents events above a threshold

are the psition parameters of the distribution related totiie populations;

the subscripts 1 and 2 refer respectively to the most frequent events (baseamtingad to
the extreme events (extraordinary component).

By considering the standardized variatde — « £ , the cumulative distributioruhction can be
written as follows:

Ow AgbQund QXon -

where:

The TCEV distribution, with respect to the mogompnent distribution, better represents flood
peakstha are generated by different physical phenomena and it is able to account for most of the
characteristics of real flood data, as the large variabilith@fsample skewness coefficieBir(gh,

1998.
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7.2Boundaryconditions

Forthe steady flow simulation, aixed flow regimewvasimposedAs previously mentioned, the first
upstreanctrosssection(36.5) is located just upstream of Ospedaletto, locatiomfati ¢ h

t he

di B a c i n dtbe flocodpegbs with ¢he method described abovdeflow datawasentered at
the first upstream cross secti¢®6.5) and were assumed constant along the entire stre@ms

assumptionvas made,sincethe area of thedownstream intebasinis limited (10.3% of the total

drainage area)

Section

L
F

ojv

L
F

ojv

E

aOjv

F

Ojw

36.5

134

170

199

230

Table5: Flood discharges for the four return periofsutorita di Bacino Marecchi&€onca)

A normal depth, considerinty 1@t 1,land a constd water stage ob& wm (resulting from the
simultaneous effect of the flood wave and the tide with a return peribd péars Idroser, 1982)
was set respectively apstream and downstregmoundary conditios
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7.3 Steady flow simulatins results

Below, are presenteahd commentethe steady flow simulation resultsioving from downstream

to upstrear(in legend are shown the steady flow profiles associatéd t@d ,0 and0  with

a blue line of increasing thicknesad the velocitesdistributionrepresented by a yellow blurring to
bluewith increasing velocitiesn some casesueé to the change of flow regime, the profile associated
to lower discharges are higher than the ones &sdgolcto hgher discharggs

f In a stretch 100 m londpcated just beforthe pedestrian bridgé¢he discharg®  floods
the area on theght orographic sides.

e
y -
e

El
| S —

nnnnnnnnnnnnnnnnnnn (m 212.76, 4,17

Figure 33: Longitudinal profile of the stretch between the first
downstream bridge (section 1.05 BR) and the pgededridge (section
2.15BR)
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1 The stretch located betweé¢he pedestrian bridge (section 2.15 BR) and the bridge of the
railway line (section 3.15 BR) underwent a heighterwfithe levee®f circa 1 m, therefore,
discharge® ,0 and0 , which result flooding, would be contained.

L ———————— & | || Ground
P——— Right Levee
— % S S
1
—

. —

- V/‘/\/-
\ —
300 350 400 450 500

| Distance (m)

Figure 35: Longitudinal profile of the stretch between the pedestrian brid
(section 2.15 BR) and the bridge of théway line (section 3.15 BR)

1 Thepedestrian bridgdor discharg®)  , has a freeboard lower than 1.5 m

R&=215 BR

aaaaaa

nnnnnn

Station (m)

Figure 36. Cross section of the pedestrian bridge (section 2.15 BR)
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1 The bridge of the railway lingsection 3.15 BRjesults inadequatance the flow reaobsthe
intradosfor eachinvestigateddischargeThe resultwasconfirmed bythe 2015 event
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Figure 37: Cross section of the bridge of the railway line (section 3.15 BR)

Elevation (m}

,__//"7‘—\—\_\_\_\_\

2

480 485 480 485 500 505

Main Channel Distance (m)

Figure 38: Longitudinal profile of the bridge of the railway line (section 3.15 B
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f The bridge of the/iale Portofino(section 3.45 BR) results inadequate, discharged
reaches the intrados, whergias the other dischargegesults a freeboard lower than 1.5 m.
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Figure 39: Cross section of the bridge of Viale Portofino (section 3.4~
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Figure 40: Longitudinal profile of théoridge of Viale Portofingsection 3.4!
BR)
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§ The dischage0 floods a residential area just upstream of the bridg¥iafe Portofino
(section 3.45 BR)

Figure 41: Flooded residential area highlighted in red A%
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Figure 42: Cross section 4, upstream of the bridge of Viale Portofir
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1 Downstream of the bridge dhe SS 16section 5.45 BR)a goekart track located on the
orographic left side is floodddr discharge equal tod . On the orographic rigtside,the
discharge) floodsa productivearea

-9
v ¥

Figure 43. Flooded areas highlighted in red £69)

R§=51
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Station (m)

Figure 44: Rivercross sectiorat the goekart track
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RS=52

Elevation (m)

Station (m)

Figure 45: Cross sedbn in correspondence of the productive area

The bridge of the SS 1@ection 5.45 BR)esults vell dimensionedbut the street (Vie
Saluzz9 located below it, on the orographic left side, is flooftediischarges equal i

R8=5645 BR
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@
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Station (m}

Figure 46. Cross section of the bridge of the SS 16 (section 5.45 BR)
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1 A beveragewarehouse located downstreamtbé bridge of Via Tortona is floodedfor
discharge equato 0 . The resultwasconfirmed by the015 event

//m
) /
1050 1100 1150 1200

Distance (m} 108045, 7.73

Figure 48: Longitudinal profile of the stretch between the SS 16 bric
and the Via Tortona bridge
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1 The bridge of Via Tortonésection 6.35 BRis completely submergddr dischargegqual to
0 ,whilethedischarge) results reaching the intrados

R8S=635 BR
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Figure 49: Cross section of thieridge of \fa Tortona (section 6.35 BR)

1 The meanderingreabetween the bridge of Via Tortoffsection 6.35 BR) and the bridge of
Via San Lorenzo (section 11.65 BR)flooded The resulwas confirmedy the 2015 eent.

Figure 50: Flooded meandering area () between the bridge of \

Tortona(section 6.35 BR) and the bridge of Via San Lorenzo (section
BR)
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Figure51: Cross sectiory.1
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Figure52: Cross section 11.1

1 The bridgeof Via San Lorenzo (section 11.65) is completely submefge@ach of the
investigated dischargeshich furthermore flood tharea on therographic right sideThe
resultwasconfirmed by the 2015 event.
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Figure 53: Cross sectin of the bridge of Via San Lorenzo
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Figure 54: Longitudinal profile of the bridge of Via San Lorenzo

Figure 55: View of the flooded area ¢Q) in correspondence of the
bridge of ViaSan Lorenzo (section 11.65 BR)
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1 The meandering ardaetween the bridge of Via San Lorenzo (section 11.65 BR) and the
Highwaybridge (section 14.75 BR3 flooded, but no building is reached by the water.

& (- R
7. .

1"4

"///

g5

//m<
A\j&%,

Lorenzo (sectiol1.65 BR) ad the Highway bridge (section 14.75 BR)

1 A groupof buildingsat Case del Molindpcated on the orographic rightde between the
Highway bridge (section 14.75 BR) and the bridge of the provincial road 3io(s@6t45
BR), arefloodedfor discharges equal . The odd inundation map is due to the intrinsic

nature of the 1D modgs$ince the flow can overtopeHhevee at one cross section and remain
in the main channel at the next one.

Figure 57: Highlighted in red the buildings flooded |
the discharge @
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Figure 58: Cross section 18, schematepresentation of the buildings at risk, not to scale

1 Three buildingsat Case del Molino, located on theographic left side downstream of the
bridge of the provincial road 31 (section 20.45 BR)ragehed by the wateb ( ) flooding
at the crossesction 20.1.
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Figure 61: Cross section 2Qust downstream of the buildings
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Figure 60: Cross section 20,lipstream of the buildings
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1 Atthe bridge of the provincial road 31 (section 20.45 BR), each of the investigated discharges
flood, reacing a group of building located just downstream of the bridge, on the left
orographic side.
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Figure 63: Cross section 20.&chematic representatioof the budings at risk, not
to scale
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At the bridge ofthe provincial road 31 (section 20.45 BR)edischargel  reaches the
intrados, whilefor the other three dischag@vestigatedresults a freeboard lower than 1.5
m.

80 80 100 120 140

Station (m)

Figure 64: Cross section of the bridge of the provincial road 31 (section 20.45
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Figure 65: Longitudinal profile of the bridge of th@ovincial road 31 (setion 20.45
BR)
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1 A group of buildings located on the orographic left side just upstream of the bridge of the
provincial road 31 section20.49, is reached by the water flooding at the bri¢ige ).
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Figure 67: Cross section 21, schematic representation of the buildingskanot
to scale
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1 The meandering area between the bridge of the provincial ro@a&ion 20.45 BRand the
bridge of the provincial road 4@section 32.15 BR)is flooded.At Ospedalettothere isa
levee protected arezn the orographic left sidén which are locatedields of crops and a
group ofgreenhousesvhichis not flooded but its located at an altitude lower than the water
stage.
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Figure 68: Highlighted in red the area beyottide levee
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Figure 69: Cross section 31.2, schematic representation of the buildings b
the levee, not to scale
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1 At Ospedalettothere isa groupof buildings on the orographic left side jukiwnstream of
thebridge of the provincial road 4%ection 32.15 BR)whichis notfloodedbut it is located
at an altitude lower than the water stage.
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Figure 71. Cross section 32, schematic representation of the buildings b
the levee, not to scale
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At the bridge of the provincial road 4&ection 32.15 BRthedischargel  reaches the
intrados, vinile thefreeboards lower than 1.5 nfior theotherthreedesigndischarges

RS=3215 BR
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Figure 72: Cross section of thieridge of the provincial road 41 (section 32.1R)B

At the bridge of Via Marzabotto (section 32.45 BR), the dischargeeaches the intrados,
while for discharge) , it results a freeboard lower thars n.
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Figure 73. Cross section of the bridge of Via Marzabotto (section 32.45 B
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Figure 74: Longitudinal profile of the two bridges (section 32.45 BR and sec
32.15 BR)

1 At Ospedalettpthere is a building on the orographic left side upstream of the bridge of Via
Marzabotto (section 32.45 BR), which is not flooded but it is located at an altitudeth@amer
the water stage.

Figure 75: Highlighted in red the bilding beyond the levee
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1 The meander betwaehe bridge of Via Marzabottind the ford crossing with culverts of Via
Cella, is flooded; the resulvas confirmed by the 2015 evernin the area there are three
buildings, one is floodedor discharge equal tod , while the other two are at rishor
discharge)

1 The fordcrossing with culverts of Via Cella is completely submerged by any investigated
discharge.
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Figure 77: The ford crossing with culverts of Via Cella
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1 An eqgedrian centerlocated on the orographic left sjdgstream of the fordrossing with
culverts of Via Cella, is located at an altitude lower than the water, stagieis not flooded
by any of the investigated discharges.

Figure 78: Highlighted in red the equestrian centerybad the
levee

1 A group of buildingdocated on the orographic right side, upstream of the ford crossing with
culverts of Via Cella, is located at an altitude lower than the water stage, but it is not flooded
by any of the investigated discharges.

Figure 79: Highlighted in red the buildings beyond the lev
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Figure 80: Cross section 36.167, schematic representation of the builc
beyond the leee, not to scale

In conclusionpy analyzingthe steady flow simulation results, it can belsaatalongthe firststretch

of the streamfrom the first downstream bridge (section 1.05 Bd&{he bridge of Via Tortonésection
6.35BR), there are different areas at floogkiin correspondence of which the lesstould be
heightenedThe critical aresare the following the reglential area downstream of the pedestrian
bridge,the beverage warehoyske gekarttrackand the residential area just upstream of the bridge
of Viale Portofino.

Moving upstream, the floodplains located along the meandering stretch, between thefvidge
Tortona(section 6.35and the first upstream cross sectfsaction 36.5)are floodedDespite this, it

is important toemphasie that theflooding of these area contributes to reduce the flood risk at the
downstream urbanized area. Thereforgyauld be better to allow flood expansion where possible,
keeping and heightening only the levees which protect buildings or farming activities.

Coneerning the hgraulic infrastructureghe bridgesof Via Tortona (section 6.35 BR) and Via San
Lorenzo (seaebn 11.65 BR)are the most critical since result todmnpletely submerge@hereafter,

in order of decreasing criticality there aespectively: the bridge of the railway line (section 3.15
BR), in correspondence @fhich any of the investigated discha reachsthe intrados; the bridge of
Via Marzabotto (section 32.45 BRintrados reached for discharges equal to; the bridges bthe
provincial road 31 and 41 (sections 20.45 BR and 32.15 iBRados reached for discharges equal
tov
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Thelongitudinal profile of the stream, subdivided in stretches, is reported below.

A marano marano

Right Levee

Elewation (m)

] 1000 2000 3000 4000 5000
Wain Channel Distance (m)

Figure 81: Longitudinal profile of the streanndm cross section 0 to 14.15
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Figure 82: Longitudinal profile of the strearfnom cross sectiori4.15 to 23.3
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Figure 83: Longitudinal profile of the stream from cross section 23.3 to 36.5

Figures &-87 arepresentedheflood inundation mapsgenerated for each examingelak discharge
The maps can be used to update the flood hazard and risk maps of the Marano stream.

Figure 84: Flood inundation map (first downstream stretch)
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Figure 86. Flood inundation map (third stretch)
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Figure 87: Flood inundation map (fourth stretch)

8. Unsteady flow hydraulic analysis of the Marano stream

The aimof theunsteady flow hydraulic analysistisquantifythe flood peak reductioand to assess
the floodplains inundation dynamiesth all four hydraulic modelsTheresultsof each modebill
thenbe presented and compared to evaluate if and how mugHiffex from each otheiObviously,
measurements of retdod discharges will be needéalevaluatevhich model best fits the reality.

The next chaptetescribeshe procedre to determine the synthetic design hydrogréphthe return
periods of inteest (20,50, 100, 200), starting from flood dischasgdata and catchment
characteristics.

8.1 Definition of thedesignhydrograpls

The method proposed by Majone et al0OQ®a; 2000h)which generateshe synthetic design
hydrograph starting from the regiorgtimation of the flood reduction curve and of the peak position
for each durationis describedbelow.

The flood reduction curve is defined by the average flood fealsach duratiomssigned

~

5 iA@% 5 tQthon P

For gauged catchmexnttheflood reduction curve can beéerivedby the statistical analysis of the
average flood peakwith assigned durati@y extracted fromhistorical flood waves (Anual
MaximumSeries oPeaksOver Threshold. The durations must bedluded between 0 (instantaneous
discharge) and a valu® long enough to represent tfieod waveduration of thecatchment
studied Once the flood reduction curve obtained the synthetic design hydrograph is determined
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by imposing the average flood peaks for each assigned duration equal togloé tveeeduction
curve.The shape of the hydrograph is defined by a coeffitient 1t Ip , expressing the position of
the flood ak, computed as the ratio between the time interval before the peak and the @Quwétion
the related average flood pedhe value of is computed for each historical hydrograph and the
mean value of is then used to determine the synthetic bgdaph.

The synthetic design hydrograph is then defined by the following conditions:
0 tnyQt i 0 "YO 0 tNYyQt p i 0 YO

The expressions of the two branches of Hythetic design hydrograph are obtained by
differentiating the two equations with respect to the duration D:

&5 o
0 oY 5 ho 10 10 0 T
o' ©
. .Qﬂ.opiﬁ YO |
0 aTy o) ho p i O m o p 1 O
gqoP ' ©

For ungauged catenent,such as the one of the Marano, bdth Y andi can be determined by
means of regionalization techniques.

To estimatethe flood reduction curvet is convenientto link 0 “Y and0 by means of the
reduction ratio:

and:

consequently, thaverage flood peaks “Y, can be determined once that the functiomas been
identified. Generally, the reduction ratio is considered not dependent on timepextiod, whereas it
is dependent on the durati@hand on the catchment characteristics influencing the flood event.
literature there are many formulations for theed@ination of , the main ones are presented below:

1T - p ®©O
where:
P
q¢ "
0 is the lag timeof the catchment evaluated with the moments method;

@ p € "Y,with¢ "Y exponent of the monomial rainfall depdlurationfrequency
curve Slvagni, 1984.
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The formulation has been proposed by NERC (19853mapiricalderived, but can also be
derived conceptuall{Fiorentino, 1985%.

A similar expression is proposef£obgadbhe AP
- p OF®
where:
® @ g ,withed YBrandd T o Y
7 - - p Aob-
where:
0 p8ic AJER x (Fiorentinoe Margiotta, 1997

The expression has been proposed by Fiorer{li85), obtained under the assumptain
rainfall-runoff modes with linear reservoir. Its calibration and regionalizaticeeasier, since
it has one parameter (k).

T - w0 — ¢ Aopb— —p AP —

@ O is the variance function .@. the ratio between the nance of the process
aggregated to the scale D and the variance of the instantaneous process)

— 10 P W , expression proposed for the catchments of southern Bedyh(et al.,
1999

This formulation has been proposed by Bacchi e Brath (19@62d on the analysis of the
crossing properties of the two standardized processes with reference to a giveidhres

To computei the followingexpressions are available:

71 o — (Tanda, 200}
where:
QO m@ ¢ W ,obtained using a monomial formula
N o ® 8 w , where® is the generic coefficient and is the geneic
morphometric index, in this case the length of the main channel; the coefficients value
has been determined by means of the least square method based otirnoatbe of
k, obtained from historicdlood series recorded by 14 hydrometers of cemtoathern
Italy, with at least 20 years of observations;
& parameters to be determined with least square method.
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T i i ™ RaD -
wherel andQare parameters to be determined with least square method.

Once the reduction ratie and the coeffienti have beencomputed, the synthetic design
hydrograph can be determined by solving the differential equations written dibdkies casethe
software Matlab (script provided in the Appendix) was usediscretize and solve the differential
equations considering &emporal steyO  p hour andhe maximum durationf the evenD

X ¢hours, chosenccordimg to the characteristic meteorological events of the catchment.

The flood peak® are the same used for the steady flowraylic analysisThe redudbn ratio-

and the coefficient , were computed with two different methodéfterwards, the hydrographs
resulting from the two methodgerecomparedin order to choose the osbowingthe most similar
trendto the observed flood waves of the gauged catchmeeasthe Marano

The figures below showhe synthetic hydrographs (T=20, 50, 100, 200 yegeagrated byhetwo
different methods. In the first cagEigure 88), the reduction ratic were computed withthe
expressionof Bacchi e Brath (1990yhile the coefficienti with thesecond formuldisted above.
The values ofheparameters andQwerecalibrated with the least square method.

Synthetic design hydrographs
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Figure 88. Design hydrographs for T = 20, 50, 100, 200
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In the secondase(Figure89), the formulap r o p 0 s e dianb $traltidde Ba¢in® Marecchia
Conca was usedor the computation of ; and the formula proposed Bynda(2001), for the
computation ofi . As mentioned above, the panetersof the formula fori computationwere
calibrated using hterical flood series recorded by 14 hydrometers of centvethern Italy.

Synthetic design hydrographs
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Figure 89: Design hydrographs for T = 20, 50, 100, 200

Figure90showsa comparison between the synthetgsignhydrographs for £ 200 years, computed
with the two methods

Synthetic design hydrographs
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Figure 90: Synthetic desighydrographs comparisofor T= 200 years
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As it is possible tsee in Figuré0, the synthetidesignhydrograph determined with the second
method is more precautionary since iuresthe largest’olumes consequently, the second method
was chosen

Total volume (hmd®) for T=200
years

First Method 11.669

Second

Method 15.191

Table6: Comparison of the total volume stored

Table7 showsthe hydrographs votaes for each return period considered.

T=20 T=50 T=100 T=200
Section 36.5| 9.206hm* | 11.507hm3 | 13.319hm3 | 15.191hm3
Table7: Hydrographs volumes

8.2Initial and boundary conditions

The syntheticdesignflow hydrograpls (T=20, 50,100, 200 anda stage hydrograplequal for each
retum period) with aconstant stagef 1.49 m wereentered respectiveBsupstream andownstream
boundary conditios As previously mentioned,.49 mresults fromthe simultaneous edftts of the
flood wave andf the tide with a return period of 10 yeaféie boundary conditionsereset equals

in all the modelling schemek.is reminded that all the simulations were run on a time period of 72
hours.

The first value of the upstreanoW hydrographwasentered as flow initial condition, whereas the
stage intial condition at each cross sectiomas set by the programcomputing a steady flow
backwatemrun. The initial water stagesf the Sorage Areasand of the2D flow areas(second and
third modellingscheme)wereleft blank. In this way, if the initial sgge in the main channel is higher
than thelLateral Sructurethere will be water in the areas, otherwise they will start drythe fully

2D mode] thelnitial Condition Ramp Up Timeptionwasusedin order to havdélow through the2D
flow areabefore tle start of the simulatiohn particular, the program performs a warm up period of
five hours, increasing linearly the flow from zerahe first value of the hydrograpim this waythe

2D simuldion will start with the same conditions set in the otdels

To ensurethe best possibleomparisonbetween the resultall the simulationsvere run with a
computationatime interval of 4 seconds respecting the CoufamedrichsLewy condition.

8.3 Unstealy flow simulations results

In the following, the results for three stretches of the stream are shdwriirststretchgoes from
the upstream boundary cross section 36.5ctoss section 20,3located in the middle of the
meandering stretch; the secomdnh cross section 20.3 toass section 4.6 located downstream the
end of the meandering stretch; thed from cross section 4.6 to the mouth at cross section 0.

Stretch 1° 2° 3°

Sectiors| 36.520.3|20.34.6| 4.60
Table8: Stretches considered
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8.3.11D hydradic model

Thesimulation took 55 seconds, returning a mass balance error of G3apbs 1-6 showthe flood
peals reductions, for each stretch and for each retuingeonsidered.

Flood peak reduction for the first Flood peak reduction for the first
0 stretch (T=200) 70 stretch (T=100)
200 200
2 Z
150 , o3 150
E ———section 365 E ——section 36.5
S
_g 100 ——section 20.3 u_c’_ 100 section 20.3
" 50 50
0 0
0:00 1200 0:00 1200 000 12:00 000 12:00 0:00 1200 000 1200 000 1200 000 12:00
Time (h) Time (h)
Graph1: Flood peakreductian for the first stretch (T = 200 and 100 years)
Flood peak reduction for the first Flood peak reduction for the first
200 150 =
stretch (T=50) stretch (T=20)
150 _
< <100
m m
.g.loo —section 36.5 E —section 36.5
3 2
© ——section203 2 50 section 20.3
* 50
0 0
0:00 1200 0:00 1200 000 1200 0:00 12:00 0:00 12:00 0:00 1200 0:00 1200 0:00 12:00
Time (h) Time (h)
Graph?2: Flood peak reduction for the first stretch (156 and 20 years)
Flood peak reduction for the second Flood peak reduction for the second
180 stretch (T=200) 160 stretch (T=100)
160 140
140 120
g 170 o 100 section 20.3
= 100 section 20.3 £ 80
g 80 E 60 section 4.6
T 60 section 4.6 - 40
40
20
20
0 0
0:00 0:00 0:00 0:00 0:00 0:00 12:00 0:00 lZ:CfO 0:00 12:00 0:00 12:00
Time (h) Time (h)

Graph3: Flood peak reduction for theecoml stretch (T =200 and100 years)
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Flood peak reduction for the second

140 stretch (T=50)

8

—section 20.3

(=]
o

——section 4.6

Flow {m3/s)

-
o

120

100

80

60

40

Flow {m3/s)

Flood peak reduction for the second

stretch (T=20)

—gaction 20.3

section 4.6

20 20
0 0
0:00 12:00 0:00 12:00 0Q:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12200 0:00 12:00
Time (h) Time (h)
Graph4: Flood peak reduction for the second stretch (30=and20 years)
Flood peak reduction for the third Flood peak reduction for the third
180 stretch (T=200) 160 stretch (T=100)
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Graph5: Flood peak reduction for thimird stretch (T =200 and100 years)
Flood peak reduction for the third Flood peak reduction for the third
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Graph6: Flood peak reduction for thiwird stretch (T = 50 and 20 years)
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Figures 91-93 show a comparison between the maximum wdearels, at three critical bridge,
resulting from the steady and unsteady flow simulations. réhelts are consistent between each
other, evenfj thewater levels computeloly the unsteady flow simulian are loweras a result of the
natural floodpeak reluction

® RS=1185 BR

Sn o

Figure 92. Comparison between the maximum water leaethe bridge of Via Tortoneesulting
from the unsteady flow simulation ()edind steady flow simulation (right)

BRREEE

-

Figure 93 Comparison betwen the maximum water levelsthe bridge of the railway line
resulting from the unsteady flow simulation (left) and steady flow simulation (right)
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8.3.21D hydraulic modewith storage areas

The simulation took 1 hour and 3 minutes, returning a mass balance erre¥76b.@Graprs 712
showthe flood peaks reductions, feach stretch and for each return period considered.

Flood peak reduction for the first stretch Flood peak reduction for the first stretch
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Graph5: Flood peak reduction for the first stretch (T = 200 and 100 years)
Flood peak reduction for the first stretch Flood peak reduction for the first stretch
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Graph6: Flood peak reduction fortte first stretch (T = 50 and 20 years)

Flood peak reduction for the second stretch Flood peak reduction for the second stretch
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Graph7: Flood peak reduction for the second stretch (T = 200 and 100 years)
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Flood peak reduction for the second stretch Flood peak reduction for the second stretch
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Graph8: Flood peak reduction for the second stretch (T = 50 and 20 years)

Flood peak reduction for the third stretch Flood peak reduction for the third stretch
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Graph9: Flood peak reduction for thimird stretch (T =200 and100 years)
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Graph10: Flood peak reduction for the third stretch (T = 50 and 20 years)

Table9 showghe Storage Areastoring the largest volumdsr T=20years

ID number 32 31 35 17
Area (1000 n?) 64.89 | 454 | 41.23 | 22.32
Volume (1000 n) 61.96 | 36.81 | 3412 | 25.92
Volume at the end of the event (100

m?3) 3.46 0.02 0.01 0.01

Table9: Storage Areas storing the largest volumes
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The hydrographgresented in Grapth3 show the interd@n between the ain channel and the
Storage Are&1.

Storage Area 21
140

120

8

80

Flow at the upstream

cross section
60

Flow (m3/s)

Flow at the downstream
cross section

40

20

0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00
Time

Graph11: Hydrographs of the Latera&btrucure 20.15 associate
to StorageArea 21

The excessive flood peak redionn shown in Grapi3, is a result of a bypass phenomenon made
possible by the alignent ofthe Lateral Structure®f two consective Storage Areas

Lateral
Structures
alignment

Figure 94: Lateral Structures alignment

This phenorenonis widespread along the entire mdaring stréch. Therefore, it ionly possible to
guantify the flood peak reduction induced bsesies ofStorage Aresand not 1 a single one.
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8.3.3Coupled 1D/2Chydraulic model

The simulation took 2 hour and 42 mingtereturning a mass balance error o¥@a34Grapts 14-19
showthe flood peaks reductions, for each stretch and for each return period considered

Flood peak reduction for the first stretch (T=200) Flood peak reduction for the first stretch (T=100)
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Graph12 Flood peak reduction for the first stretch (T = 2&0d 100 years)
Flood peak reduction for the first stretch (T=50) Flood peak reduction for the first stretch (T=20)
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Graph13: Flood peak reduction for the first stretch (T = 50 and 20 years)

Graph14: Flood peak reduction for the second stretch (T = 200 and 100 years)
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