Breaching of river levees: analytical flow modelling

and experimental hydro-morphodynamic investigations

Dissertation

submitted to and approved by the

Faculty of Architecture, Civil Engineering and Eronmental Sciences

University of Braunschweig — Institute of Technolog

and the

Faculty of Engineering

University of Florence

in candidacy for the degree of a
Doktor-Ingenieur (Dr.-Ing.) /
Dottore di Ricerca in Mitigation of Risk due to Natural Hazards on

Structures and Infrastructures”

by
Giovanni Michelazzo
Born 16 April 1983
from Florence, Italy

Submitted on 16 September 2013
Oral examination on 7 November 2013
Professorial advisors Prof. Hocine Oumeraci

Prof. Enio Paris

2014

*) Either the German or the Italian form of théetimay be used.






To Laura






Preface

Working on a scientific research project is not @asy task. Several qualities from the
candidate and surrounding conditions are requiredorder to perform a research project
that is worth.

Attitude to the scientific research implies thatedmas a good basic knowledge of the
subjects that will be studied, the capacity of gsmlg new topics, the determination and
patience in looking for the aim of the study, thdity to propose solutions and to foresee
likely problems and drawbacks.

A sound research originates from a good idea tlsabased on the knowledge of the
international literature about the proposed objeStientific research makes sense only if it
brings novelties with respect to the current knalgke

The initial idea has to be formulated in an overathmework: a kind of roadmap is
necessary in order to avoid to get lost in the imseeland of the science.

Moreover, one of the most important thing, whenlidgawith physical phenomenon, is to
be able to understand which parts of the phenomemeractually relevant according to the
main purpose of the project, and how, where andwvbebserve them.

Final achievements of a research are always thalted the efforts of a working group. A
team of people has been involved in the three-ya@ject of the present PhD and my thanks
are for all of them.

Prof. E. Paris and Prof. H. Oumeraci have been astant and fundamental guide during
all the phases: from the initial literature reviewp the definition and update of the
methodology, from the full support of the laborgtanvestigations to the analysis and
interpretation of the results. They have pursuedaonard an interesting and valid project.

| am also grateful to Prof. Luca Solari and Dr. Aeds Kortenhaus, who often gave me
useful hints to solve problems and to improve ntkwo

A special thanks to Prof. L. Nagy, who offered heegossibility to collect data about real
breaching events at the University of TechniqueBuafapest.

Both the Department of Civil and Environmental Exegring of Florence (DICEA) and of
Leichtweil3-Institute of Braunschweig (LWI) suppdrtee in many steps of this path.
| feel grateful to: the colleagues for the scidaantibut not only, discussions; the workshop
people (Mauro and Muzio in Florence; Jochen, BermRhiner, Bernd and Uwe in
Braunschweig) for the prompt and accurate work he tab; the secretaries (Serena and
Gabi) for the support in administrative and orgaatisnal issues.
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Abstract

Breaching of river levees often causes catastroghimages to the hinterland which is
supposed to be protected by the levees. The breaphbcess has been studied during the last
decades mainly with reference to the case of dardssaa dikes, while specific knowledge
and modelling tools are missing to address the cbseer levees.

A new process-oriented approach was developedeiptésent study in order to advance
the knowledge about the processes associated hathbteaching of river levees and to
investigate the physical conditions that determan@nal configuration of the breach. The
interaction between breach development and rivdrdinorphodynamics was considered to
be the key to understand the levee breaching poces

The river-breach system has been analysed by mefarsvo series of laboratory
experiments and an analytical model of the rivaswfl which give complementary
descriptions about the breaching process. Resolts the fixed bed laboratory investigations
highlight the hydrodynamic processes that takeepliaca channel when a lateral outflow
occurs (as in case of a levee breach). The movuaanvestigations provide one of the few
existing laboratory experiments reproducing a nohnesive levee breach together with the
river flow until an equilibrium stage is achieved simple overall picture of the
hydrodynamic processes and a new interpretatidheobreaching at the equilibrium stage are
given by the analytical flow model.

This research provides the necessary knowledgetaheubreaching process of river
levees in order to support more process-orientgdoaghes for the assessment of the breach
features that can develop in a river levee. Thdiedmn of the results to real case data shows
that the research direction is appropriate andshps toward future research studies.



Sommario

Il collasso di argini fluviali durante eventi digria € causa di frequenti inondazioni dei
territori circostanti la cui protezione si basaio sull’'affidabilita dei rilevati arginali. Il
processo di formazione e sviluppo di una brecciaurnargine lgreachingin letteratura
scientifica) e stato oggetto di studi negli ultidgécenni. D’altronde, le conoscenze e i modelli
finora sviluppati si sono concentrati sulle caslsti di dighe di invasi e di dighe costiere,
mentre scarsi sono i contributi riguardanti il capecifico di argini fluviali.

Il presente lavoro di ricerca ha sviluppato un rmapproccio di studio finalizzato ad una
piu profonda comprensione dei processi fisici aisgioallo sviluppo di una breccia fluviale
fino al raggiungimento di uno stato di equilibri@lmprocesso di rottura. Il punto chiave
focalizzato dalla ricerca riguarda l'interaziona ko sviluppo della rotta e i meccanismi idro-
morfodinamici del corso d’acqua.

L’approccio del lavoro e stato di natura sia speritale che modellistica. In particolare, lo
svolgimento di due campagne sperimentali in cataatitlaboratorio in condizioni di fondo
fisso e fondo mobile e I'implementazione di un mmeanalitico unidimensionale hanno
fornito degli elementi per un’analisi integrata gebcesso di breccia. Gli esperimenti di
laboratorio a fondo fisso hanno fornito una chiavecomprensione dell'idrodinamica del
campo di moto in presenza di uno sfioro lateralgalitata (rappresentativo della breccia
arginale), mentre gli esperimenti a fondo mobil@rwriprodotto la rottura di un argine in
materiale sciolto a scala di laboratorio fino afjgangimento di uno stato di equilibrio
dell'intero sistema fisico. Questi ultimi sono trpochi esperimenti esistenti, nella letteratura
scientifica internazionale, riguardanti lo studiobdecce fluviali in condizioni di equilibrio
stazionario e fondo mobile. Infine, 'impiego di amodello unidimensionale semplificato ha
consentito di simulare i principali aspetti idroaimici del problema ed ha fornito una prima
interpretazione teorica sull’'esistenza di un ey nel sistema breccia-fiume.

La presente ricerca fornisce una solida base peoriascenza e lo studio del processo di
formazione e sviluppo di una breccia in un argloeiéle in materiale sciolto. | dati, le analisi
e gli strumenti forniti potranno essere utilizzadime base di partenza per sviluppare nuovi e
sempre piu realistici approcci di valutazione deleatteristiche finali di una breccia arginale,
informazioni, queste, fondamentali per la stimdedpbtenziali conseguenze avverse in caso
di scenari d’esondazione. L'applicazione dei resiltad alcuni casi reali mostra come
I'approccio sia appropriato per fornire delle vakioni realistiche e incoraggia futuri lavori di
ricerca.



Kurzfassung

Der Bruch von Flussdeichen ist oft mit dramatisclr@igen verbunden. Die bisherigen
Untersuchungen tber den Deichbruch erfolgten vayend im Seedeich- und Dammbau, so
dass heute die wissenschaftlichen Grundlagen undeN&oflir die Beschreibung des Bruches
von Flussdeichen nicht im ausreichenden Mal3e gatieln dieser Studie wurde ein neues
Verfahren entwickelt, das dazu beitragt, das Grageihwissen hinsichtlich der beteiligten
Prozesse wesentlich zu erweitern und die Bedingurdje den Endzustand des Deichbruches
entscheidend bestimmen, genauer zu untersucheri @l davon ausgegangen, dass der
Schlissel zum Verstandnis der hierfir verantwdrdic Prozesse in eine genaue
Untersuchung der Interaktion zwischen Deichbruchd uhydro-morphodynamischen
Verédnderungen im Fluss selbst besteht. Deshalbendad “Fluss-Deichbruch-System” durch
zwei verschiedene Laborexperimente (Modell mitedesohle und Modell mit beweglicher
Sohle) und ein analytisches Stromungsmodell untbtsudie sich zur Beschreibung des
Deichbruchprozesses ideal erganzen.

Das analytische Stromungsmodell, zusammen mit ddyolergebnissen, ermdglicht die
Bestimmung eines vereinfachten Gesamtbildes degiliggén hydrodynamischen Prozesse
sowie eine neue Interpretation des Deichbruchas B&reichen des Gleichgewichtzustands
zwischen Fluss und Deichbruch.

Die Ergebnisse dieser Studie stellen einen wesbgtii Beitrag zu den wissenschatftlichen
Grundlagen Uber die Prozesse beim Bruch von Flugsele dar, die fur kinftige detailliertere
und mehr prozessbasierte Verfahren und Vorhersadgiedenétigt werden. Die praktische
Anwendung der Ergebnisse fur einige reale Fallstudaus friheren Deichbrichen
unterstreicht die Richtigkeit der hier verwendekamschungsansatze und die Notwendigkeit
fur weitere Studien in diese Richtung.
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1 Introduction

1.1 Problem definition and motivations

Flooding is a natural hazard which probably hashilglest occurrence in time and space
across the world, causing every year a consideahtaint of damages in terms of loss of life
and property (Jonkman and Vrijling, 2008; EC, 20ERC/RC, 2010).

Flood levees are among the most ancient and wigkdyl defence structures against river
flooding in the world. Levees are water barriem@rilgen dikes or embankments) built on the
banks of a river in order to prevent the river flbwm flooding the lateral areas. Several most
important European and lItalian rivers are embanHRéis is a structural system for flood
defence aimed to reduce the areas that a riverdv@atlurally flood, so that extensive portions
of alluvial plains become available for human att#g. However, the construction of levees
has two main consequences on the flood risk:

(i) it increases the flooding hazard by reducing ther#h flood storage and hence the
river capability of lamination of the flood wave;

(i) the amount of potential damages induced by floo@ndramatically increased in the
flood prone areas mainly occupied by vulnerablenelets (human lives, buildings,
infrastructures, activities).

Moreover, it is commonly agreed that flood riskrising worldwide because of climate
changes (i.e. increase of flood hazard due to aghanthe frequency of high flows) and of the
continuous increase in the expected damages dbe ttevelopment of floodplain areas.

Therefore, although the probability of flooding mlag lower because a levee exists, the
consequences are much higher when the levee bseache

Flooding from embanked rivers may occur when thecstral defence fails in containing
the water flow inside the river banks, so that davater passes over the levee or through it,
leading to a hole or breach in the structure.

Levee collapse may have disastrous consequencesy btauntries in the world have
experienced extensive and frequent losses of tifepaioperty over the last decades (Jonkman
and Vrijling, 2008; Loat, 2009). The problem ofenflooding is becoming increasingly more
severe due to human intervention in the floodpédian ever increasing scale.

Flood mapping is a methodology aimed to evaluagefthod extent and assess human
activities at risk in the flood areas in order &ke adequate and coordinated measures to
reduce flood risk. Assessment of flood risk is #fere becoming a vital component of
appropriate management strategies for protectinginmanities and reducing damages.
Unfortunately, the present knowledge of the rivewele vulnerability is rather poor.
Nowadays, the assessment of flood risk considels thie overflowing of the river levees
without collapse: given a probability of flood oceence, the potential flooding scenario
(flood hazard map) is simulated by analysing theoamh of water overflowing levees and
spreading it in the floodplain, while the flood kisnap shows the potential adverse
consequences to human activities associated vattfltod event.

On the other hand, the analysis of possibility edfele failures is advisable (EXCIMAP,
2007) but usually it is not performed and finds sideration in a scanty number of studies,
primarily in the form of scenarios at a local riveach scale (Vorogushyn, 2008). The levee
breaching is not usually taken into account becadsthe complexity of the process, the
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difficulty in assessing some key parameters, sictha final length of the breach, and the
lack of adequate and reliable models to be impleeteat a basin scale.

The current knowledge about the breaching processloped during the last decades is
mainly focused on the erosion mechanisms whichlievdam embankments and sea dikes.
The river levee case is often analysed by meanmaaufels developed for the case of dam
breaching, while specific tools are missing. Adyalhe hydro-morphodynamic conditions
prevailing on a river levee are completely diffarsom the case of static water behind a dam.
The river flow field governs the breaching processl the breach flow in turn induces
changes in the river hydro-morphodynamics. Thisagiyics causes important modifications
in the flow field and in the morphology of the nvbed, which evolve together with the
breaching process. Such an interaction betweee tiaasparts of the system “river-breach” is
not completely understood at the current knowledge] it is neglected by the available
models, which therefore can address only partialéy prediction of the breach features of a
river levee during the breaching process untiiitale stage.

The significance of such knowledge gap is even mergent if one considers that most of
rivers are embanked with earthen levees for hursdoé#ilometres and that the breaching is a
frequent phenomenon during a flooding. It followstt there is an urgent need to better
investigate this problem in order to take adequatasures to mitigate flood risk from rivers.

1.2 Obijectives

The primary and overall objective is to improve tkowledge about the processes
associated with the breaching of river levees anthvtestigate the physical conditions that
determine a final configuration of the levee breach

The research therefore attempts to be processtediemd to focus on the development of
a new approach for the understanding of the breackution in river levees by taking into
account the interaction between breach developruedtriver hydro-morphodynamics. The
breaching process is investigated without strosgimptions about the physical mechanisms,
by considering not just the processes affecting tiver levee but also the hydro-
morphodynamics of the river flow. A detailed studfythe dynamic relationship between
breach development and river hydro-morphodynamscscansidered to be the key for
advancing the knowledge about the behaviour ovedeaffected by a breach during a flood
event.

The proposed approach analyses the river-breadensyby means of two series of
experimental investigations and an analytical madéhe river flow.

The final goal is to define a stage of equilibritmthe mechanisms that govern the physics
of the breach and of the river flow.

1.3 Methodology

The research methodology adopted in this studyefkeated by the working phases
described in the following chapters of this report.

In Chapter 2, a thorough review of the current kieolge is performed about breaching of
flood embankments whenever it is relevant for rilemees. Available studies, knowledge,
models and experiments about breaching are anafysddompared. The present research is
planned on the basis of this review: the gaps e dhrrent knowledge and modelling are
identified in order to develop new approaches ® phoblem and, hence, to improve the
present understanding associated with the entgaching process of river levees.



Chapter 1 Introduction

In Chapter 3, experimental investigations conducaiadside weir flows in a fixed bed
laboratory flume (University of Florence) as wedlthe main results are addressed. The main
objective of these experiments is to investigagepthrely hydrodynamic processes of the flow
in a channel when a lateral outflow takes placén @ase of a levee breach.

In Chapter 4, experimental investigations on theabhing process of a river levee
conducted at a laboratory scale (University of Bsalweig) as well as the main results are
reported. The main objective of these experimestshe collection of experimental data
concerning the processes of breach formation aoligtan due to an overtopping flow on an
earthen river levee built in a flume with movabkdbThe primary outcome of this working
phase is the investigation of the evolution andldgium stage of the breaching process and
the collection of a consistent and rare data-b&sxmerimental tests regarding the breaching
mechanisms as well as the hydro-morphodynamidseofiver flow.

In Chapter 5, a simple analytical model is presgmeorder to analyse the hydrodynamics
of the stream flow in a river when a lateral ouifltakes place on one of its side. The model
is based on the theory of side weir flow for sutical steady flow and fixed bed conditions.
An overall picture and understanding of the hydraiyic processes are given and the model
is applied to the results of the laboratory test$ t® some real case data.

Finally, the results of the laboratory tests witfixed bed in Chapter 3 and with a movable
bed in Chapter 4 as well as by the analytical mod@&hapter 5 are integrated into Chapter 6.
As a result, an overall description and interpretatare provided of the hydro-
morphodynamic processes taking place during a texexe breaching with a particular focus
on the evolution of the river hydro-morphodynamassthe main relevant issue to advance the
current knowledge on river levee breaching.






2  Levee breaching processes and modelling: state-dfe-art
review and specification of objectives and methodody

“Failure” of a levee can be defined as the “Indapilio achieve a defined performance
threshold (response given loading)”, as suggesye@duldby and Samuels (2009, definition
in the “Language of Risk” adopted in the framehad EU-project FLOODsite).

In the context of breach modelling, levee failuseconsidered to be the situation where
erosion or structural failure of the embankmentseailood water to pass over or through it in
an increasingly uncontrolled manner.

Breach can occur anywhere in the structure use@tton water. The breaching process
might relate to any stage of erosion or failure, from an initial critical seepage to the
complete collapse of the structure. However, braggically implies that failure has occurred
leading to a hole or gap in the flood defence stimec

Numerous researchers have analysed the breachotglepr and attempted to define
distinct stages of the entire breach developmenoheNof these definitions has been agreed
upon for general use, perhaps due to confusiomgrfsom the differences in the processes
that occur through breaching of different typesnadterial and structures (i.e. head cut or
surface erosion processes as a function of sod &yl state). Moreover, different processes
take place according to which kind of dike is cdesed (sea dike, dam, river levee). The
focus of the present work is on earthen river ditkeat is aleveg and on the river flow
processes that govern the breach evolution.

In the next Sections, the following aspects arestigated:

* Analysis of causes of breach initiation by speaifythe hydraulic/morphological
boundary conditions and the initial conditions (8et2.1);

* Review of the parameters defining the breachinggss (Section 2.2);
* Analysis of the breaching processes that may resalievee failure (Section 2.3);
* Analysis of the hydrodynamic processes of a leveadh (Section 2.4);

* Review of the sediment transport models availaloe the breaching process
(Section 2.5);

» Classification and discussion of available breagimodels (Section 2.6).

This Chapter will critically review/analyse the oemt knowledge of the state-of-the-art in
order to identify the gaps in understanding and eliod) levee breaching processes. As a
final result, the objectives and methodology of phesent study are defined more precisely in
Section 2.7.

2.1 Causes of breach initiation

Breach initiation and breach growth are associatdgth complex processes and
interactions between water, soil and structure.ddem large range of factors from different
types will affect the rate and size of breach fdrama Two primary factors are the type of
structure and the type of hydraulic loading, bsbahe quality of the construction, the type
and properties of the material used can all hasmgy@ificant effect on both breach initiation
and breach progression. These features are analySasttion 2.1.1, while the most common
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hydraulic flow conditions that can trigger a breaghprocess will be discussed in Section
2.1.2, namely overtopping and seepage flow.

2.1.1 Morphological and hydraulic boundary conditions

The breaching of a river levee is determined by twpes of boundary conditions:
morphological boundary conditions (structure) andirhulic boundary conditions (river
flow). The structure is essentially defined by getmcal and material parameters. The river
state is represented primarily by the flood wageel and its temporal duration.

There are two main aspects that particularly neethet considered when dealing with
breach formation through structures.

First, the breach formation process is very comg@ed can thus be affected in diverse
manners by different design parameters. Signifiecdr@nges in the breaching process can
simply result from the use of differeabnstruction materiatsnon cohesive fill, cohesive fill
and rock fill materials lead to different erosiorechanisms (Morris, 2009b). The “ideal”
material for levee construction is commonly congdea silty clay. Also the conditions of the
dike materials are important: Hanson and Hunt (20i03hlighted the importance of both the
soil compaction and the moisture content on thd ewmdibility. Moreover, a surface
protection layer can play a relevant role, sinceait delay breach initiation by protecting
against surface erosion, or if poorly maintainedn @rovide a focal point for initiating
erosion. Specific studies about the role of grassec during the breaching process of sea
dikes can be found in D’Eliso (2007), Stanczak @08nd Mous (2010). The breaching
process, from breach initiation to the total cadlapf the structure, might depend sequentially
upon a number of different design features, makiiegprediction of the actual failure process
extremely complex and difficult.

Second, the current ability to predict breach ghoitterms of soil erosion is really limited
to quite simple structures (e.g., homogeneous ekmbant covered by grass). Even the design
of a simple flood embankment can differ signifidganfrom country to country: flood
embankment in the UK, Hungary or France are tyjyidalilt from locally excavated saill,
which ranges from clayey silts to sandy soils andgome situations, a more cohesive, clayey
core is included to limit seepage.

Figure 2.1 illustrates a typical geometry of a ever primary flood protection used to
channelize major river systems. The geometriesoofdf protection levees vary considerably,
based on the level of intended protection and lagleriences with successful levee
construction. Usually, a river levee is about 3-6high and its crest is 3-4.5 m wide. The
cross section has commonly a trapezoidal shapé, siite slopes defined by 3-4 units of
horizontal distance every 1 unit of vertical riselevee is typically constructed by compacted
earth drawn from locally available sources. Thetredrtore is usually built of a clay or silty
clay, which has a high degree of workability angpexmeability that guarantees a good
protection against seepage.

A levee provides a separation between the floodepigle community on the “protected
side” of the levee (the floodplain or polder) ahe tising floodwaters on the “flood side” of
the levee (the river). A breach in the levee wikn provide a pathway between the risk-
source and the risk-receptors (Figure 2.2), linkilvgctly flood and protected side (Morris,
2009Db).
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Figure 2.1:  Definitions of terms associated witrerilevees.
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Figure 2.2:  Levee breach as pathway between riskeeand risk-receptors.

The type ofhydraulic loading acting on a levee significantly affects the wayihich a
breach might occur. A river levee might be subjédte prolonged wet or dry periods, and
subsequently progressive or rapidly varying floedels. The “flooding source” is in that case
defined by the water levels on the flood side efldvee and by the volume of water available
to flood the protected land (Saucier et al., 2008hen a flood source rises to overflow its
banks (a “flood stage”), the flood side of the kevexperiences a change in total stresses
induced by the rising flood waters acting on theete face. These stresses vary with time,
according to the stage of the flooding source. Bo¢htotal volume of water available to flow
through the breach and the rate at which the wgstneater level drops as the breach grows
will affect the nature of erosion within the breaid hence the rate and extent of the overall
breach growth.

The hydraulic conditions will depend upon catchmeizie and type, river reach and
scheme design (Morris, 2009b). Additional loadsrfra variety of sources can take place: for
example the presence of a bend in the river reasthifies the flow distribution, inducing
secondary flows normal to the channel centre Iwhjch may lead to increased flow
velocities adjacent to the bank of the channehst toe of the bank is eroded and likelihood
of levee failure is increased.
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2.1.2 Initial conditions: overtopping and seepage flow

Several causes can start the breaching procesewéa Figure 2.3 lists the more common
failure modes.

slide circle inside slope -’V}Z;;HL_ stide circle outside slope
piping m m

micro-instabifity 50T I:Eﬂln o erosion fareland

Figure 2.3:  Common failure mechanisms of the brewmrhf a flood embankment (Morris et al., 2007).

Although all these mechanisms can contribute tadrea dike, the experience shows that
some of them are predominant and more frequentttieathers.

According to Foster et al. (2000), the major of di@ifures are triggered by overtopping
(48.4%) and piping (46.1%).

Nagy (2006) and Nagy and To6th (2005) carried ostualy in the EU-IMPACT Project
about breaching events regarding river levees irp&hian basins from 1802 up to 2004.
From 506 analysed breach data, 87% are attribotedertopping, piping and loss of levee
slope stability, whose majority were due to ovepiog & 70%) which has reduced in favour
of piping and slope instability over the last fiffyears due to the continuous raising and
reinforcement of the levees.

Horlacher et al. (2005) analysed 84 levee failameshe Elbe catchment in Saxony during
the August 2002 flood: overtopping, piping as vealslope stability were the primary failure
modes and overtopping had the main percentage.

In Sections 2.1.2.1 and 2.1.2.2 some charactezisfithe two primary failure modes will
be specified, namely overtopping and seepage fldve. detailed erosion processes will be
discussed in Section 2.3.

2.1.2.10vertopping

Overtopping occurs when the water level in therrieeceeds the crest of the levee and
water spills over the levee. Because of the radftigteep landside slopes of the levees, the
water moves rapidly down the landside and theni@mos initiated in locally weak spots
where the flow tends to concentrate the erosiveefo(Saucier et al., 2009).

2.1.2.25eepage

Seepage of water through and beneath a levee duinmgs of flood is a natural
phenomenon. Seepage becomes a matter of concetimrefeafety of a levee when piping or
heaving occur, since they are related to erosiospdfparticles from the internal core of the
levee (piping) or from the foundation layer (heayinThe internal erosion damages the levee
and/or its foundation resulting in settlementsatapses (Ozkan, 2003).

8
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2.1.2.3Effect of weak spots and other factors

Initiation of the breaching process by seepage \@rtopping flow is not yet fully
understood. Usually, a breach starts from a weakt pothe levee and weak points can not be
visible or clearly detectable. Specific factors magaken the dike and thus contribute to
trigger breaches, such as:

» Surcharge loadingsn bank protection;
* Vandalismof the dike;

* Presence of trees or shrulzm a levee, which may affect the stability of the
structure, although their potential impact is complThe presence of root systems
may increase the strength of the soil and henceease soil stability, while the
presence of shrubs and particularly trees may @geoa surcharge loading to the
system and hence reduce stability;

* Burrowing animalsmay precipitate a piping failure of a levee by meaf their
dens.

2.1.3 Implications for the present study

The process that results in a breach through a fexeee is very complex because of
manifold interactions between water, soil and stne The process can be easily influenced
by different design parameters: embankment typsigdeconditions, construction material
and hydraulic loadings that control the breachimgcess. The final development of a breach
will be the result of the boundary and initial ca@rmhs affecting the levee.

A model, that would aspire to analyse and reprodbeedevelopment of a breach, should
take into account the actual morphological and aylfic conditions of the levee in the most
appropriate way as possible. Since the breachingegs comprises a complex interaction
between hydraulic, geotechnical, biological anducttrral processes, a combination of
knowledge and skills cutting across these diffetestiplines is therefore required in order to
develop reliable models for breach prediction.

2.2 Review of breaching parameters

The two primary tasks in the analysis of risk ingdidy levee breaching are the prediction
of the outflow hydrograph and the routing of thatltograph through the alluvial plains.

Predicting the outflow hydrograph can be furthebdivided into predicting the breach
characteristics (e.g. shape, depth, length, ratbredch formation) and routing the inflow
through the breach. The routing tasks, throughbiteach and through the floodplains, are
handled in most of the widely used computer mosets various one-dimensional routing
methods (Wahl, 1998). However, the breach moddferdividely in their treatment of the
breach simulation process. Many models do not dyrsanulate the breach formation itself;
rather, the user determines the breach charaaterisidependently and provides that
information as input to the routing model. The daling defines the parameters concerning
breach geometry and temporal development that imapertance for handling the breach
problem.

In general, the flow through a levee breach mayatbected by more than a dozen of
factors, as shown in Table 2.1 (Saucier et al.,9200he large number of variables
influencing the breach geometry illustrates the glexity of the breach development problem
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and the unique nature of each breach. Each of dnanpeters identified as an influencing
factor may, in turn, be affected by its own setioiquely varying parameters.

In addition, the variables may affect each otherthat the final breach configuration is
governed by the evolution of all the interdependeariables. Ongoing researches seek to
clearly define the roles of these various pararmsatedetermining the final breach, but these
roles are poorly understood at present.

Table 2.1:  Factors influencing flow through a leveeach (modified from Saucier et al., 2009).

FACTOR INFLUENCE

Greater flood height increases flow through breaGmeater
Flood wave height velocities of flow associated with higher flood veawneight
contribute to greater rates of levee erosion

Flood duration Longer flood wave increases flovotlgh breach
Stream discharge Greater stream discharge perraiiseg flow through breach
Elapsed time Greater elapsed time (measured from breach imitiatpermits

greater flow through breach

Breach size Longer breach permits greater flow thinahe breach

Greater sediment concentration in breach dischiargfeought to
decrease the rate at which the eroded levee matenay be
transported, thereby decreasing flow through theadin (still
poorly understood)

Sediment concentration

Slope of breach Greater slopes through the bresxchase flow through it

Larger levee sections reduce the rate at whictbthach grows

Levee geometry thereby reducing flow through the breach

Greater levee strength (e.g., presence of vegejatémuces the

Levee strength rate of levee erosion, reducing breach flow

Tail water height Greater tail water heights reduft@w through the breach

Smaller floodplain areas are flooded more rapidtythat breach

Floodplain area development is reduced

Gently sloping floodplains cause the generationtaif water

Floodplain topography effects, thereby reducing the flow through the bhea

2.2.1 Geometrical parameters

Levee breaches have a typical shape that has lmteedin several cases regardless the
location (country, river) of the breach (Nagy, 2p0Bigures 2.4 shows a real breach, while
Figures 2.5, 2.6 and 2.7 depict a developed braadketch in plan, cross-section and frontal
view.

10
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Figure 2.4:
X
width B o
Ongoing flow Qd
Figure 2.5: Plan view (plane xy) of a breach depetbupon a river levee.

The remaining levee stubs are generally almosticadrt Their direction is either
perpendicular to the longitudinal axis of the le\®&g or the opening narrows towards the
protected side at a slight degree of inclinatiome Tnclination of the plane of the levee stub is
usually 0-25°.

The breach flow may dig a hole in the landside zaadled “scour pit”. Nevertheless, a

small piece of earth (called “bar”) normally rengmt the water side levee toe, which acts as
a weir, thus reducing the height of overflow aswher falls over it (Figures 2.6).

A levee fails at a single point. Practical obseorat suggest that the vertical wall of earth
that forms at the edge of a breach at the levde@ays a key role in lengthening the breach.

11
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The water flowing by the edge of the opening erdtlesdevee toe and the dike above it falls
to form a vertical wall again. The greater the eélpof the flow, the faster the flowing water
will wear the edge of the levee stub away and #stef process of repeated wall formation
will be. If the material of the levee toe is sudiatt even flows of lower velocity can
disintegrate it, the breach in the failed dike wi#velop. Such soil types may include erosive
soils, poorly compacted soils and disperse soils.

The breach discharge,@s driven by a change in total hedsh) from the water surface on
the flood side (f) to the water surface on the protected side\{taier height, §).

The breach discharge occurs through an area ddfinétke “breach lengthl’,, (a distance
along the levee centre line) and the “breach depth”(a depth at the apparent centre of the
breach). The variabley, indicates that portion of the levee cross-sectidnich has been
eroded by the breach, it is the “transversal waftthe breach” and usually it equals the levee
width. The erosion may extend below the levee sectind into the foundation soils, as
indicated by the scour depdla. It is worth to note that the main dimension of threach (L)
is usually referred asreach lengthn the context of levee breaching (since it depglalong
the main direction of the river), while it is indied asbreach widthdealing with dam
breaches.

The Figures 2.6 and 2.7 depict the terms assoortedevee breaches.

~— RiverwidthB —— ~_

River water level Original levee

Flow line _ ._ __ section
F Breach flow -~ -
z M Qbre—">" Breach depth Dbr - Tailwater
y _ - | Width bor
// %%/ ////////
/ Scour
4 Scour p|t ds zone

_

Figure 2.6:  Definition of terms associated withdebreaches (section view yz).
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Levee crest
Water level . Qor
Dor =
Breach
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Figure 2.7:  Definition of terms associated withdewbreaches (frontal view xz).
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The majority of the studies found that the fullywd®ped breach assumed a trapezoidal
shape, for which:

* The breach lengthggenerally varies from 0.5 to 10 times the deptthefbreach;

* The side slopes of the breach afea, and dnaw typically vary from essentially
vertical to 1V:1H ¢p = 45°), with the most common slope correspondiog t
approximately 2V:1Hd¢y, = 60°).

The breach length 4 is the most important geometrical parameter: duan event of
levee breaching, assuming the source of flooding a@ntinue indefinitely, shorter breach
lengths would presumably prevent or minimize deépendation of the protected community
and would permit the removal of floodwaters frone tfiooded community at the greatest
possible rate.

Nagy (2006) defined the following factors that detme the breach length:

Lor = Lor (hr, G, Riv, S, Q, Act, t) (2.1)
Where ke head acting on the breach
G: dimensions and geotechnical properties of thede
Riv: river flow conditions in the vicinity of theelee breach
S: topographic conditions on the protected levde si
Q: discharge of the river
Act:  flood emergency activity

t: time
Regarding the hydraulic parameters, it is undetstibat the height of the overflowing
water governs the breach outflow by means of the feemula. Moreover, the boundary
shear stress of the water over the breach sidedaited to the height of overflow. The river
discharge plays a major role, since higher disehasfya river will increase the breach
discharge, the spill volume and the final breacatgie. Nagy and Téth (2005) highlight that
this relation betweengand Q is quite evident for both small and largerns.

In flood hazard assessment of river levees, sea@@oaches were adopted to handle the
breach morphology.

Rather often, the breach length Wwas considered based on scenarios, derived fr@n pa
observations or from assumptions of physically pilale range. In several cases simple
empirical models are used to estimate the breamhthr which were most of the time derived
for dam breaches (MacDonald and Langridge-Monoddi&4; Pugh, 1985; Von Thun and
Gillette, 1990). One of the few contribution deyed for the case of levee breach was
developed by Verheij (2002) for compacted clay sawld levees.

Few authors tried to propose relations for estingathe maximum breach lengthnds
MacDonald and Langridge-Monopoli (1984) and Von fikand Gillette (1990) developed
formulas on dam breaches, while Nagy (2006) prop@stormulation for Tisza River levees
made by compacted clay. The maximum breach lengthese formulas depends primarily
on the water height in front of the leveg h

Other authors tried to correlate the final bre th with different parameters, as the
dam erodibility and theeservoir shape coefficienV,,'"*h., where \;, is the water volume
retained by the dam (Froehlich, 2008; Xu and Zh20§9).

13
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2.2.2 Temporal parameters

Levee breaching is a time-dependent process thatajes according to two main phases:

« Breach initiation time t;: the failure itself develops from the first indicas of
breach initiation to the time at which the breashfully developed via direct
connection with the flood source (Wahl, 1998);

» Breach development timety: the levee breach grows across its width and then
expands along the levee alignment.

The total time of the breaching process is the ggm:t + .

To date, the majority of formulas employed to chtedze breach timing have been
developed from observations of dam failures (Maciddrand Langridge-Monopolis, 1984;
Von Thun and Gillette, 1990; Froehlich, 2008) ahdyt focus on the breach development
time. Examples of empirical relationships for biteatevelopment time are given by Von
Thun and Gillette (1990), Froehlich (2008), Xu attthng (2009).

The breach development time for dams is typicakgtwieen 0.1 and 1.0 hour. The
initiation of downstream erosion of embankment ¢atsed of compacted clay may occur
for 10 to 20 hours prior to breaching (Gilbert avidler, 1989). The dam studies found that
the rate of breach development for poorly compactederials may be two or more times
faster than well compacted materials.

The failure process is time-dependent becausedghamic evolution of the breach. Since
most breaches have been observed to erode boticallgrtdown to the base and
longitudinally, the temporal development of a bte# usually described by means of two
parameters:

« The vertical erosion rate g, = dDy/dt, that describes the evolution of the
deepening of the breach;

* The longitudinal erosion rate k, = dLy/dt, that describes the evolution of the
lengthening of the breach.

Breach growth appears to be non-linear: the erositen depends on the erosion process
and on the material type. The deepening and lengtgeof a breach differ in case of
overtopping or seepage flow and cohesive or norsioh materials.

The current knowledge of erosion rates is mainbuged on overtopping breaching, while
few studies are available about progression ofmalesrosion and piping (Fell et al., 2003).

Typically, the detachment process of sediment isressed by the excess shear stress
equation (Hanson et al., 2001; Hanson and Hunf/P@€itten in the general formulation:

ebr = a'l:u(d(’tb - Tcr)b’ fOf tb > Tcr (22)

in which: &r erosion rate in volume per unit area per unietim/s]
Kqg detachment soil-dependent erodibility coefficipnt/(N-s)]
T bed shear stress [Nfm
Ter critical stress required to initiate detachmenttfie material [N/rfi
a coefficient [N'"® -m?®)
b dimensionless exponent [-]

The coefficient a gets the dimensions accordinght® value of the exponent b: a is
dimensionless in the commonly used case of b =drebVer, eq. 2.2 is defined for values of
b > Tcr, While the erosion rate,eis zero when the bed shear stress is less thaaoritical
stress (i.e., whet, < 1¢).

14



Chapter 2 Levee breaching processes and modeltatg:af-the-art and specification

Some authors modelled the head cut migration asnportant erosion phenomenon for
cohesive material (Temple, 1992; Hanson et al.1p@@at was experimentally investigated
by Hahn et al. (2000).

The longitudinal erosion rate is proposed to bateel with the vertical rate for sand-dikes
by Visser (1998) and for clay-dikes by Zhu (2006).

Experiments carried on by researchers like Brit(Bnitton et al., 2004) and Hanson
(Hanson et al., 2003a and 2003b; Hanson et al.5)20ighlighted the influence of
compaction moisture content over rates of lengtigerthey observed that a 5% point change
in water content could result in a 100-fold chaimgkengthening rate.

The rate of breach growth varies dramatically, ediog to the experiments of Hahn et al.
(2000) as much as 60-fold, depending on the dikeemah ranging from sandy and silty to
clayey soils.

In the large-scale embankment failure tests, actiehgul in the IMPACT project
(IMPACT, 2001), typical durations for developmeffitioe approximately 30 m long breaches
range between 5-10 minutes for rock fill dams twor for clayey dams.

The reviewed studies indicate a strong variatiobrefich development rates, which makes
the modelling of breach growth a highly complexktabhere is lack of essential experience
regarding how the length of a levee breach chaimgésie in the early stages of a developing
failure. Only moderate progress has been achiewedecning sound simulation of breach
development in fluvial levees over the past decades

2.2.3 Breach initiation

Interaction between the structure and the watezldegenerates hydrodynamic and hydro-
geotechnical processes and erosion mechanisms wiaghead to the initiation of a breach.
Possible causes of breach initiation are wave oppihg and seepage flow. Once initiated,
breaching develops as a complex 3D morphologicatgss that may lead to collapse of the
levee and thus to flooding.

Little quantitative information is available abotlte breach initiation processes for
overtopping or piping failure (Mohamed et al., 2DMRifferent parameters can significantly
affect the timing and rate of breach initiation gmdwth, such as the presence of a protection
layer (Stanczak, 2008).

Breach initiation is often neglected in the currergach models, assuming an initial breach
location and weak spots in the levee in arbitranignner.

2.2.4 Breach location

The location of the failure is normally influencegt a combination of several causes or
factors, although some of these may be dominant. IMPACT project (2004) classified
these factors as:

» Internal factors concerning the geotechnical properties and sfiiee levee core
» External factorsconcerning the surface of embankment
* Environmental factorsconcerning the physical elements surrounding erkiant
* Human factorsconcerning human actions and events (e.g., lhokaintenance)
Besides this general list, there are also spefafitors affecting the breach location. For
instance, the presence of special stratificatiotheffoundation soil (permeable layers, coarser
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layers) can lead to hydraulic subsoil failure (Namd Toth, 2005). Moreover, that kind of
stratification is more likely to occur where thadk of the levee intersects ancient river beds.
This topic was also reported as possible reasoa @cent breach event of Serchio River
(Tuscany - Italy) in December 2009 (Bonanni et2010).

As for breach initiation, also the location of theeach is not reproduced by the current
breach models.

2.2.5 Implications for the present study

The accurate prediction of breach parameters i&dlgeo make reliable estimates of peak
outflow and resulting downstream inundation in elpsoximity to the levee.

The most used models for prediction of breach agraent follow an empirical approach.

The majority of the purely empirical equations u$edestimating breaching parameters
involve failures of embankment dams, while rivertlean levees are expected to fail by
different mechanisms. The main differences concern:

* The construction materials;
* The water volume available to the breach developmen

* The flow hydrodynamics in river case compared wathtic conditions of dam
reservoir;

» The erodibility of the substratum.

Most of the current predicting equations are nd¢ & reproduce breaching characteristics
in a river levee. This limits highly the developrmei integrated flood risk plans, which
should include the breaching process in order tdistecally evaluate the potential flood
damages.

Specific tools to understand, analyse and predetcbnditions of a levee breach in a river
during a flood event are urgently needed, partitplzoncerning its geometrical and temporal
parameters. Exemplary is the necessity of a betiderstanding of the factors and variables
governing the breach lengthening and the breacthaige. The final breach length and
discharge are among the most important parametassassing the consequences of a levee
failure, but they are still characterized by sigraht uncertainties and knowledge gaps.

2.3 Breaching processes

As mentioned in Section 2.1, erosion and mass bilgyaprocesses leading to breach
differ by various factors, between which the madevant are: the embankment conditions
(materials), the hydraulic load and the erosiotiahcauses.

In the following, the details of the two primaryosion and breaching processes will be
presented based on an extensive literature revnamely the external erosion induced by
overtopping (Section 2.3.1) and the internal em&luced by seepage (Section 2.3.2).

2.3.1 Breaching induced by overtopping

On the basis of the physical observations, sevessdarchers (Visser, 1998; Hahn et al.,
2000; Hanson et al, 2003a; Hanson et al, 2005; Z06) developed a system to describe the
stages of breach development associated with @mrtg of embankments and subsequent
erosion of the section (see Figure 2.8):
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Stage 1downstream face is eroded until the protected sicthe levee crown due
to high shear stresses caused by high flow vedsc(trigure 2.8b and c);

Stage 2 erosion progresses toward the levee crest dimgtoflow velocities and
momentum changes associated with slope transionsater jets (Zhu, 2006)
falling into the levee section over its crest.Histstage, factors as vegetation or soil
treatments on the downstream face of the leveeld@FE2007; Mous, 2010), soll
compaction, wetting front migration, and soil sant{Hanson et al., 2005; Hanson
and Hunt, 2007) can play important roles (Figugs}.

Stage 3 levee crest is completely eroded so that thedflsource is directly
connected with the protected side (Figure 2.8el Breaching process is then
accelerated and the breach lengthens quite quitkdyeover, particle erosion is
supplemented by significant contributions from masasting processes. The nature
of the temporal development of the breach lengitigpth ratio has not been
clearly captured and described to date;

Stage 4levee section is completely eroded and breacgthers increasing, while
the deepening process may form the “scour pithatlandside toe (Figure 2.8f).
Sometimes, a small portion of the levee section nesyain near the levee flood
side toe as “bar” (Nagy, 2006). The lengtheningatygits involves mass-erosion
mechanisms from the levee sections and their suksédransportation through the
breach (Hassan et al., 2004; Morris, 2009a; Mor2¥)9c; Silva-Araya et al.,
2010). The shape of the eroded levee section gest8 and 4 has led to the
common characterization of the breach dischargerims of weir equation, since
the flow pattern resembles that of the flow ovesrompound, broad-crested weir
(Saucier et al., 2009). The breach lengthens maimiyne downstream direction,
with respect to the river flow direction, as showy full-scale experiments in
Chiyoda channel (Shimada and Yokoyama, 2011) ansintgll-scale experiments
by Islam (2012). Stage 4 ends when the breach mysiehieves a final
configuration of equilibrium, at which a quasi resate is reached in the breach
lengthening (Nagy and Toth, 2005).
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Stages of breach growth initiated bgrmpping: a) initial levee; b) start of stage 1ead of
stage 1; d) stage 2; e) stage 3; f) stage 4.
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Breaching process by overtopping flow will signéitly differ depending on the
embankment materials (cohesive or non cohesive)oandther factors, as soil compaction
conditions and moisture contents (Hanson and H@007). Basically, the breaching
mechanism concerr@ogressive surface erosidor non-cohesive materials bead cutting
for cohesive materials (Morris, 2009b).

2.3.1.1Breaching through non-cohesive material induceawsrtopping

Specific features or processes may be identifiedofeaching of erodible (typically low
cohesive as sand) embankment material (grain sezeay than 6Qim).

In this case, initial surface erosion creates dygtie slope of the gully steepens and it
cuts back at a set angle towards the landwarddbttee embankment (Visser, 1998; Andrews
et al., 1999; Coleman et al., 2002; Hassan e2@04). The angle that the eroding face might
adopt can not be predicted to date. Figure 2.9 shib@ non-cohesive breaching behaviour
during the laboratory tests made by Hassan e2@04).

C) Material slumping D) Upstream face erosion

Figure 2.9: Breaching processes in laboratory tedtamogeneous non-cohesive embankment (Hassan et
al., 2004).

2.3.1.2Breaching through cohesive material induced by tygring

Erosion and breach growth in stronger, less eredsbils (typically, but not necessarily,
cohesive, as clay) show different behaviour byfthienation of head cuts (grain size smaller
than 60um).

In this case, the initial overtopping flow resuhissheet and rill erosion with one or more
master rills developing into a series of cascadingr falls that join into a large head cut (or
step). The head cut moves upstream through the levéorm a breach (Hahn et al., 2000;
Hassan et al., 2004; Hanson et al., 2005; Zhu, 20Bgure 2.10 shows the cohesive
breaching behaviour during the laboratory testseriadHassan et al. (2004).

Various factors can influence the process, suayrading, compaction, water content and
geometry (Hassan et al, 2004).
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C) Ma'l-:eria‘_i slmping D) Upstream erosion

Figure 2.10: Breaching processes observed for cohesaterial (Hassan et al., 2004).

2.3.2 Breaching induced by seepage

Whenever a levee is subjected to a differentiatbstatic head of water as a result of river
stages higher than the surrounding land, seepagesehe pervious substratum through the
bed of the river and through the riverside levee] and this creates an artesian head and
hydraulic gradient in the sand stratum under asugh the levee. This gradient causes a flow
of seepage which can weaken the levee structuteeiseepage flow reaches the protected
side. In that case, the hydrostatic pressure aatepiping of the landward slope or heaving
in the pervious substratum landward which resulinkernal erosion and mass instabilities.
Figure 2.11 provides a sketch.

The amount of seepage and hydrostatic pressuremnimatdevelop landward of a levee is
related to the river stage, location of seepagearoe, thickness and permeability of the
substratum and of the landside top stratum, undergt storage, and geological features
(Ozkan, 2003).

Figure 2.11: Schematic representation of seepagje@aerseepage flow.

The analysis of the seepage zone below hydraulictstes is described by groundwater
flow field, and the critical conditions for the imgtion of the erosion processes is given in
terms of critical idraulic gradient & herif/Lseep Where Lseepis the seepage length. The heaving
is analysed in terms of equilibrium of forces ie #voil (Terzaghi, 1929), the piping is studied
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in terms of global gradient (Bligh, 1927; Lane, %93herard et al., 1963; Van Zyl and Harr,
1981; Khilar et al., 1985).

Soil type, rate of head increase and the flow dondiare the main factors for modes of
seepage erosion failure.

The soil typecontrols whether heave is followed by a quick ¢tond as in clean sand or
whether heave leads to crack formation, concemtréitev and piping. Heave, leading to
cracks, concentrated flow and piping, appears tonbee common in granular soils with a
large percentage of fines. Of course, the valughefpermeability is critical for the piping
process (Ojha et al., 2001).

A rapid increase in headnay result in heave of the surface, leading taiakgcondition
(Van Zyl and Harr, 1981). This can be a typicaluia condition on the downstream side of a
water retention structure being filled rapidly.

Van Zyl and Harr (1981) also pointed out the imaonde offlow conditionsin piping
problems. According to the field observations, asaiurated soil fails at lower gradients than
the critical gradient of the soil. The first fillpof a reservoir may induce this type of failure.

Cumulative effects of seepage under levees (suclorasrd erosion during flood and
backward erosion after flood) can compromise lesadety (Ozkan, 2003).

As for breaching induced by overtopping, similaaggs of breach evolution may also be
identified in breaches initiated by under-seepagimugh-seepage, as shown in Figure 2.12
(Foster et al., 2000; Mohamed et al., 2002; Fedll 2003 and 2005; Saucier et al., 2009):

» Stage 1first observation of piping on the protected kesde until material starts
being removed from the levee or foundation (Figlidea);

» Stage 2the erosion progresses toward the river sideheflévee, pipe becomes
directly connected with the flood source and seirothe pipe is vulnerable to
collapse (Figure 2.12b);

» Stage 3the soil over pipe collapses and levee secti@ifectively eroded down to
the foundation. The flow through the breach is navwimpeded and it is able to
increase the breach dimensions by a way simil#ng@reviously described stages
of overflow breaching (Figure 2.12c);

» Stage 4the breach forms completely by lengthening phasel, vertical erosion
can form the so called “scour pit”, until it reash&n equilibrium statéNagy and
Toth, 2005) at its final configuration (Figure 2d)2
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Figure 2.12: Stages of breach growth initiated ipjng: a) stage 1; b) stage 2; c) stage 3; d) sdage

20



Chapter 2 Levee breaching processes and modeltatg:af-the-art and specification

2.3.3 Implications for the present study

The major causes that initiate a breach in a rlegee are overtopping and seepage.
Overtopping occurs when the water level in therrmeceeds the crest of the levee and water
erodes the landside layer. Seepage occurs wherr wdilerates into the levee until the
landside and seeping water erodes the soil patwsshing them away through a pipe. Each
of these processes has specific mechanisms, iefhgpfactors and evolution stages, but also
some general characteristics, such as the twstagés which have similar features.

Analysis of breaching process by overtopping omage flow is a very difficult task
involving the interaction between fluvial hydragjcembankment stability and sediment
transport.

The study of such a phenomenon should then compriseiltidisciplinary approach, to
simulate the physical processes that cause thetbr€&are should be taken in representing
each stage of evolution: breach initiation, formatiprogression and final stage of the breach.

The current knowledge about the initiation and dgwaent of a breach is not yet well-
developed. It is limited to the general stages.tHa last years, some researchers have
attempted to investigate specific factors affecting evolution of the breaching event, like
the role of grass cover layer during the breaclmigation, the erodibility characteristics of
the embankment soil, the flow conditions over aootigh the dike.

Although the main processes have already been sewlyhe complexity of the problem
and the variability of factors that can take platake the current knowledge quite lacking or
limited to specific study-cases.

If recent analyses have been performed regardiegitbach initiation and progress until
the second stage, it is as well true that therenapertant gaps of knowledge about the third
ad fourth stages of the process, which are the mygsirtant ones for the consequences of the
breach event. The third stage concerns the dir@ehection of the breach with the flood
source: a detailed analysis of which mechanisme mice from that time on both for the
breach morphology (development of the breach letwtltepth ratio) and for the flood source
dynamics is still missing. This maybe is not sadewit for the case of dam breach, but it is
particularly true for a river levee, where thereaismore strong and complex interaction
between the breach channel and the river flow field

The fourth stage should describe how the breacresses until its final configuration and
it should analyse which conditions both in the bhreahannel and in the river occur at the
achieving of the final equilibrium. Nowadays, thesai configuration of equilibrium is mainly
supposed, but it is scarcely analysed. Some caoiitiis are given for the case of dam
breach, while the breaching dynamics of a riveeé®and its evolution until an equilibrium
stage is lacking. Moreover, no significant studiese been found about the analyses of an
equilibrium that can develop without external coaisits (as the flood wave attenuation, the
tailwater raising, or unerodible sections of theek).

Specific investigations should be carried out adbminant processes during a breaching
event in relation with the environmental and bougdeonditions. That is particularly
important when dealing with river levee, sincesithe river itself (with its levels, velocities
and morphology) that determines the conditionshgabn the levee.

The link between levee and river has not beenaefftly addressed to date. The concepts,
schemes and models developed do not consider adyokiinteraction among the evolution
of the breach and the watercourse behaviour, évempbrtant amounts of water spills from
the breach influencing the flow of the river itsah fact, the current knowledge and analysis
approach to the problem are usually limited to @snfbankments.
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A new study about river levee breaching should take account the geotechnical
processes of erosion and instability of the leveewell as the hydro-morphodynamic
evolution in the river during the flood event. Demvestigating this dynamic relationship
may substantially advance the understanding ob#teaviour of a river levee affected by a
breach.

2.4 Hydrodynamic processes

As explained in Sections 2.1-2.2-2.3, the hydraolading and the river flow conditions in
the vicinity of the breach are relevant during themation and the final configuration of the
breach itself. In order to study the system riviexdgh, it is then important to characterize the
hydraulic behaviour of the stream through and akbiegevee breach.

The flow patterns through a breach are briefly dbed in Section 2.4.1, while the main
focus of this Section is the characterization of flow in the river when an outflow
discharges laterally through a breach of one déitse (Section 2.4.2).

2.4.1 Hydrodynamics of flow through the breach

When a levee is overtopped by the river flow antr@ach develops according to the
mechanisms described in Section 2.3, different fleegions develop. Several authors
investigated the flow patterns over an overtoppetbankment during stage 2 of the
breaching process (Powledge et al., 1989; FritzHamgkr, 1998; Chinnarasri et al., 2003).

Chinnarasri et al. (2003) carried out experimenta irectangular flume with a sand dike
and observed flow regimes and dike damages dueeidopping flow. Four flow zones were
noticed:

1. Subcritical flowupstream dike crest: small energy slope and flelwaities, Fr < 1,
2. Critical flow at dike crest: critical depth at the middle of bHogizontal dike crest;
3. Supercritical flowon downstream side: steep slope of the dike seyrfhmgh flow

velocities, Fr> 1;

4, Subcritical flowat the downstream dike toe: low hydraulic forcasall energy slope,
small flow velocities. Supercritical water profijeins with the subcritical tailwater
flow by means of a hydraulic jump, where the flosv turbulent and water and
sediment are strongly mixed.

The flow over the dike is rapidly varied, usuallgsdribed by the weir flow theory, with
particular reference to broad-crested weirs (florgamlines parallel to the crest, hydrostatic
pressure distribution above the crest, criticavfiiepth on the weir crest).

The discharge equation for a broad-crested weders/ed considering the passage of the
flow through the critical depth over the weir crest

Q,=¢Cc,m, M, 4/2gH, (2.3)
With: Q, flow discharge over the weir fits]

Lw length of the weir [m]
H, total head over the weir [m]
Cy discharge coefficient [-]

The dimensionless coefficienty®@as been found to be a function of weir geometny a
flow conditions (Chanson, 2004). Dingman (2009)c¢ates that ¢ranges from 0.33 to 0.41.
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2.4.2 Hydrodynamics of flow along the breach

The situation of river levee breach resembles #se of open channel flow with a side
weir, in which the discharge decreases along the direction.

As observed by Saucier et al. (2009), the flowgratthrough a levee during the breaching
progress closely resembles that of the flow ovawsrapound, broad-crested weir.

This is a typical case of spatially (gradually) iedr flow, where flow depth varies
gradually along the length of the channel becadsgater running out of the river (Chow,
1959).

The diminution of water causes disturbance in thergy and momentum content of the
flow and, as a result, the hydraulic behavioutheffiow is complex.

As the discharge in the river decreases along #ig the water depth varies depending on
the flow regime in the channel: in subcritical flatve water depth increases in the flow
direction, while supercritical flow will make watefepth to decrease downstream (Chow,
1959; Montes, 1998; Borghei et al., 1999; May et aD03; Rosier, 2007). Subcritical
situation is the most common one.

2.4.2.1Side weir equation

The rate of change of the water depth along the wem be predicted by applying the
continuity condition coupled with the energy or mertum equation, under the main
assumption of one-dimensional steady flow. Morepw@eclassical weir equation is usually
employed in order to describe the flow that spller the side weir.

Many authors (Subramanya and Awasthy, 1972; Borghal., 1999; Muslu, 2001; Rosier
et al., 2008) adopted the De Marchi hypothesis4)83at considers the specific energy head
of the flow to be approximately constant along $ide weir. Such an assumption leads to a
system of first order differential equations foe tprediction of the flow features (flow depth
and discharge) along the side weir, which has aehdigie coefficient g and the Coriolis
coefficienta as parameters. De Marchi (1934) derived an awalysiolution of the side weir
problem.

Several studies about the discharge coefficigph&ve been conducted in order to propose
reliable formulations based on experimental teéStdbb(amanya et Awasthy, 1972; Ranga Raju
et al., 1979; Hager, 1987; Singh et al., 1994]iJalid Borghei, 1996; Borghei et al., 1999;
Muslu, 2001).

The kinetic Coriolis coefficiento takes into account the non-uniformity of velocity
distribution in the channel section, and it is fkgreater than unity in case of side weir (El-
Khashab et al., 1976; May et al., 2003).

The Boussinesq coefficienB (Chow, 1959) is the equivalent coefficient intoe th
momentum formulation, where also the outflow an§l@lays an important role for the
overflow phenomenon (Hager, 1987; Montes, 1998jdR@g al., 2008).

2.4.2.2Validity of De Marchi hypothesis

The De Marchi hypothesis of constancy of specifiergy head along a side weir is often
used.

Experimental confirmation of this assumption may dmight in several experimental
works (El-Khashab and Smith, 1976; Ranga Raju.etllr9; Montes, 1998; Borghei et al.,
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1999). The hypothesis has been proved also forveaieflows acting on movable bed (Paris
et al., 2012).

2.4.2.3Complexity and non-uniformity of flow along theeswdeir

The presence of a side weir along one side ofea mduces an asymmetry of the flow and
endows it with a complex, three dimensional charaict front of the weir (Montes, 1998). At
the beginning of the weir, the outflow is drawnnfradhe upper strata of the channel, while
further down, the discharge is collected from thedr strata, with the streamlines following a
spiraling trajectory. The flow along the oppositgesof the channel is less strongly affected
by the lateral outflow and continues within the @nd/channel (May et al., 2003).

Moreover, the flow direction over the side flow wes no longer at normal angle to the
weir plate, like in frontal weir, but it assumesgiaale angle®, more acute at the beginning
and closer to 90° at the end of the weir. In fa, deflection angle depends upon the relative
velocity of the flow approaching the weir: the heglthis velocity, the more oblique the angle.
Also, the angle will tend to vary along the lengftthe weir as the mean velocity of the flow
remaining in the channel decreases in the dowmstrdamection, at least in subcritical
conditions (May et al., 2003).

Finally the water level in the main channel changlesg the weir depending on the flow
conditions in the channel, so that the head aatimghe side weir varies with distance and
causes a change in the rate of outflow per ungtlenf weir.

All these conditions endow the flow with a comptaree-dimensional behaviour and with
a non-uniform velocity distribution.

Helpful information concerning the flow patternside weir channels can be derived from
studies concerning lateral intake structures arehatannel diversions or river bifurcations:
in those situations, the transverse pressure gradiethe vicinity of the intake induces
regions of mean flow velocity gradients, depth wagy surfaces of flow division and
separation, vortices, zones of flow reversal amhlicediment deposition (Rosier, 2007).
Hager and Volkert (1986) investigated flow condigoin distribution channels, which are
open channels where steady, gradually varied floaurs with decreasing discharge in the
flow direction. Different flow zones along a lateraeir have been analysed by other
researchers (Hager and Volkert, 1986; Neary etl@B9; Hsu et al., 2002; Kamrath et al.,
2006; Rosier, 2007).

2.4.2.4Movable bed effects along the side weir

The presence of a movable bed in the main chamuzves the system river-breach with
one more degree of freedom. When a lateral outflor to levee breach occurs, both the
hydrodynamics and the bed morphology are subjetictethanges. Rosier (2007) and Bechi
(2008) studied the interaction between side weertbow with bed morphology changes by
means of numerical models and experimental invatstigs: they observed erosion
(upstream) and deposition (downstream) mechanisriigeimain channel along the side weir.

Faeh (2007) modelled numerically the breach erosibra river embankment and he
indicates the presence of bed morphology modibecatdue to a reduced transport capability
in the river, that his model could not take inte@mt.

An experience of laboratory investigation regardihg situation of levee breach in
mobile-bed conditions was found in Fujita and Tamni987). The investigations were
focused on analysing the lengthening process anfirthl topography of the breach in case of
presence/absence of river flow. Most of the avéglapace of the facility was dedicated to the
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alluvial plain, in order to simulate the sand def@s and the scour hole formation due to the
breach flow. Few information and focus were dirdcteward the river part. Similar
experiments were performed by Islam et al. (1994l analysed by Islam (2012).

2.4.3 Implications for the present study

The hydrodynamics of the flow around the breacthés driving action of the breaching
process. The flow field in the vicinity of the bobais quite complex and two main sections
can be detected, regarding the flow through thadirehannel and the features of the flow in
the river along the levee breach.

The flow through the breach has been analysed bwgraleauthors, while few ones have
focussed on the river flow. More works about latenatflows have been found dealing with
side weirs.

A complete approach to the river levee breach prabkither in the direction of numerical
modelling or for experimental investigations, stibcbnsider the river flow dynamics starting
from the description of the physical mechanismsegowmg the outflow and the hydro-
morphodynamics of the river flow. Knowledge given diher researches dealing with open-
channel flows affected by lateral outflows are im@ant to detect the features of the flow field
and to assess a consistent tool for a realistilysisa

Particularly, the complexity and non-uniformity @bw along the breach has to be
considered, together with the three-dimensionalfea of the flow and their effects in terms
of riverbed modifications. All these mechanismsénay be analysed with particular reference
to the levee breach situation. To date, none cfelpdhenomena are highlighted in the current
breach modelling.

2.5 Sediment transport processes and models

The soil of the levee eroded by the flow actiorwsshed away from the breach by the
sediment transport capacity of the flow, as bedsarsgphended load.

This Section deals with sediment transport processel models available in order to
understand and simulate the morphodynamic procéssles breach channel.

The sediment transport processes associated wkighkaeaching are generally out of the
applicability ranges of available sediment transpupdels, thus limiting their capability
when applied in breach models. However, the sinaratf such a process is important since
the sediment transport capability of the flow ie tireach governs the progress of erosion.

2.5.1 Sediment transport processes

The progress of erosion under breaching conditisngletermined by the sediment
transport capacity of the flow.

Sediment transport (also callegdiment loadis defined as the mass-rate of material
transport (weight per unit time; [F) and it has two principal constituents:

* Wash load very fine particles (clay or fine silt) transpedtin suspension by the
water, which are not present in the channel bed;

* Bed-material load: material present in the channel bed and bankshnikisubject
to entrainment, transport, and deposition, dependm hydraulic conditions. Bed-
material load consists of two components (Bor, 2008

25



Breaching of river levees G. Michelazzo

0 Bed load transport of soil particles in the wave boundamser in close contact
with the bed through rolling (gravel-size partiglesd sliding (sand particles).
The bed load is determined in relation with thesetifze shear stresp acting
on the grain surface;

0 Suspended loadtransport in suspension without continuous cdntdth the
bed. It is related to the total bed shear stress the sum of the skin friction
(effective shear stregs) and the bedform pressure friction (form-relatbdeas
stressty).

The total sediment transpogt is then obtained as the sum of the bed logag)(and
suspended load{ ) transport rates (Liu, 2001; Chanson, 2004).

The transport of material is governed by the baddmetween the total erosive force acting
on a particle to the gravitational force resistmgvement: the ratio between them is called
dimensionless shear strees Shield’s particle mobility parametds, (Shields, 1936). The
critical value for motion inceptio®s,* is a function of the boundary Reynolds number
(Dingman, 2009).

Dealing with a breach channel some important gérespects have to be taken into
account:

* The bed load determines the bottom evolution, while suspended load is
responsible for the erosion of breach sides (S&#HQ@008);

e The flow is unsteady, usually super-critical withokde number Fr =5 and
Shields parametds, = 0.3-100;

* The slopes of the levee protected sjgeand of the breach sidg, are steep, with
values ofp, = 30° andpy,, > internal friction € 32°);

* The water properties, especially viscosity, ar@mgly influenced by the high
sediment concentration resulting in viscosity lartp@n that of pure water;

* Non-equilibrium sediment transport conditions pie(disser, 1998).

Under such severe conditions, the flow dynamicsoigxtreme that little is known about
the response of the sediments. Anyway, these &spkatacterize the sediment transport in a
breach channel and have to be considered wheniagalgy sediment transport equation.

2.5.2 Sediment transport models

The simulation of the erosion and the transpodesfiment through the breach can include
both equilibrium sediment transport equati¢sisch as Yang, Bagnold-Visser and Smart) and
erosion equationsuch as Hanson, in Hanson et al., 2005).

Sediment transport equations are typically based upon steady state equilibrium
conditions and are designed for use in establisluing term sediment behaviour. This is not
consistent with the conditions found during breaukiation and growth. Even for breach
initiation, where flow is relatively small and eros less aggressive, the physical length of
erosion is typically small (i.e. the levee crestdéience insufficient to allow equilibrium
sediment conditions to develop.

The selection of a sediment transport equationetauged in any mobile bed problem is
difficult and is typically based on professionad@gement, previous experience, or even
personal preference. When considering the breacpingess, the problem becomes even
more difficult. Most existing sediment transportuatjions were derived for steady state
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subcritical flow conditions, equilibrium sedimeransport, specific types of sediment, and for
a certain range of sediment diameters.

These conditions are likely to be violated during breaching process since conditions are
typically unsteady, supercritical flow, and withwade variety of soil types used for levee
construction.

Research in the area of the unsteady non-unifoiimsat transport is still in its early
stages and more work is required in order to aehreliable results that could be used for
simulation of problems such as breach formatioorm&aesearches deal with dam-break
induced geomorphic flows and morphology modificasian the downstream valley (Paquier,
2002; Zech et al., 2004), while an experimentabgtwas found regarding the material
sedimentation over the floodplain due to a riveekebreach (Islam et al., 1994).

However, in the absence of any other method toigirékde sediment transport, careful
selection from the existing sediment transport fdas might be undertaken. The following
might be taken into consideration when selectimg¢hformulas:

* Their applicability to flow on steep slopes and $apercritical flow;
» Their derivation (are they based on dam breachrerpatal data?).

A list of equilibrium sediment transport equatiara be found in Visser (1995 and 1998)
and Bor (2008). The equations can be classifiedrdatg to:

* The reproduced sediment transport type: bed, sdspeor total load;

* The equation structure: critical discharge, shéass, regression analysis, steady
equilibrium, stream power or energy approach;

* The applicability range: sediment properties (a,sspecific gravity), channel
geometry (slope), flow field (mean velocity, Froudember, Shields number).

The review of the sediment transport formulas amel comparison with experimental
results made by Visser (1995), confirm that nonthefpresent equations have been set-up for
and tested to the extreme hydraulic conditionsygaiuring a breaching process. The validity
ranges of the formulas (when it is known) are welteeded in breach tests, especially
regarding the mobility paramete®s, the slope anglesp and the depth-averaged
concentration. Generally speaking, most of theetestediment transport formulas predict
transport rates much larger than the experimeatakr Moreover these conclusions hold for
the first stages of the breach erosion processnwhe flow is supercritical, while more
investigations have to be studied for the lastegageally important in determining the final
dimensions of the breach.

The alternative to the sediment transport equatisn® use arquation based upon rate
of soil erosion which would appear to be more consistent with tiheserved physical
processes. These empirical equations predict teeofadetachment of material per unit time
depending upon an erodibility coefficient, a catishear stress (both are properties of the
soil), and the effective shear stress (propertthefflow), as already discussed in Section 2.2
(equation 2.2).

The use of such an erosion equation has two bigradges: firstly, the equation reflects a
dynamic erosion process and is not based uponystate equilibrium conditions which
clearly do not apply; secondly, the erodibility siaeter, k can be used to reflect variations
in erosion as a function of soil state which hasnbieentified as an important issue for breach
modelling.
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The drawback to using an equation based upon afibdity coefficient, such asfis the
need to define a value for that parameter andhfertwvo coefficients (a and b). To date this
has been undertaken through laboratory or fieltiniggHanson et al., 2005) but there are a
number of different methods by which this mightdme and results are not yet consistent
between approaches (Regazzoni et al., 2008, Waihl, &008b).

The principal approaches to measure, calculatstonate the soil erodibility are:

» Database of soils, with measures of erodibility &or increasing number of soil
types and states;

» Closer analysis and comparison of erosion testpagemt (such as the JET and
HET tests);

* Guidance on parameters to measure ‘in the field’ docurate assessment of
erodibility.

Simple guidance on the likely range of erodibility a given soil and state are available,
but they need to be refined in order to enhancadbrenodelling accuracy. Nevertheless, it
should be recognized that the accuracy of breaduigifon offered by this approach
(predictive breach modelling based upon erosionaggus) is far more accurate than
application of simplistic peak discharge equatiand offers a better long term solution for
model development than use of traditional sediregoitions (Morris, 2009c).

2.5.3 Implications for the present study

The morphological evolution of the breach chanseluled by the erosion and sediment
transport capacity of the flow. A sediment transpopdel for cohesive and non-cohesive
materials in the context of the both discrete amttiouous erosion is then required in order to
describe the sediment transport processes assbuidtethe breaching of river levees.

A number of sediment transport models are availdduie none of them is capable to
describe properly the process that occurs durinvgelebreaching, as they are based on
assumptions which are not strictly valid under bheag conditions:

» The available models are derived for steady subatitiows, equilibrium sediment
transport and mild slopes, while during levee bngax the flow is generally
supercritical, non-equilibrium transport conditiopsevail, and the slopes are
relatively steep;

* The bed transport is described with the mediamggiae, i.e. single grain size, then
most of existing multiple-grain size functions cahrproperly reproduce bed
gradation and the extensions of single-grain sigections to multiple-grain size
functions may produce unreliable results.

Nowadays there are no sediment transport modeiscémabe directly incorporated in the
prospective breaching model. A new breach modelt imgtude a set of sediment transport
models to be selected depending on the specitiatin.

2.6 Available breach models

Several breach models were developed over thelémstdes in the attempt of reproducing
realistically the breaching process and hence thadh outflow hydrograph.

Modelling the breaching process means simulatiegetolution of the breach and hence
the temporal trend of the flow outing from the keoklevee. The outflow hydrograph is
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related to the breaching process, so that diffelmporal stages are defined as for the levee
erosion process (see Section 2.3):

* The.nitial stageconcerns a starting seepage through or flow dweetmbankment,
whose current modelling ability is limited and tgalincertain because of the
uncertainty about the breach initiation processitntime development;

* During the_development stagihe outflow discharge increases until reaching th
peak value @ max Whose behaviour depends on the deepening of thack
channel and successive longitudinal erosion;

* The final stageshows the decreasing of the breach discharge dejggeon the
available flood water (the flood hydrograph in theer), the levee design and
condition, the breach sizes and the rapid repaiksvo

A recent breaching model review is found in the WM and FLOODSite Projects
(particularly Morris, 2009b and 2009c).

The current ability in modelling the peak dischargenoderate (£ 30%), while it is still
poor in predicting the growth rate and the ultimateach dimensions.

2.6.1 Classification of available breach models

Breach models are typically described as one ofdl@ving main kinds of models:
* Purely empirical models;
* Semi-physically based, analytical and parametridet®
* Physically based models.

2.6.1.1Purely empirical models (Morris, 2009b and 2009c)

Purely empirical models are usually based upon daltacted from a series of documented
breach events and which are not necessarily orogkpbhysically based. Breach parameters
(e.g., peak discharge, breach length, etc.) amnastd from predictor equations, derived as
best fit to the available data. The primary advgataf these equations is their simplicity and
the small amount of required input parameters agpened to more complicated methods. In
such a way, they can provide some useful insightis ievee breach geometries and the
associated time to develop the breach.

However, this simplicity also represents one oirtheain weaknesses, as the prediction
may be associated with considerable uncertaintyadditional limitation is that in general
only integral quantities are predicted by the equat thus ignoring the temporal
development of the variables.

Wahl (1998 and 2004) proposes a review of the ptiedj breach parameters (e.g., breach
geometry, time of breach formation, peak of brelagtirograph) for earth dams, while only
few empirical equations were found for the caserieér levee breaching (Nagy, 2006).
Empirical equations developed for dam breachesiaitigl consider the fact that the dam
retains a finite volume of water which is exhaustedaing flow through the breach (flux
boundary condition for the solution of the boundamjue problem of breach growth).

This approach conflicts with the conditions preseating major flood events in rivers.
During these events, the volume of water availabldlow through the breach may be
essentially unbounded (at least for major flootis}his case, the breach geometry and breach
development time may indeed be considered as imdiepé variables. Solution of the
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boundary value problem for levee breaches relies @ntirely different boundary conditions,
so that the particular solution for a levee brestobuld not be expected to be the same as that
one obtained for a dam breach.

Furthermore, the empirical equations developed fdam breach observations typically
limit the progression of erosion so that breachsdoet proceed into the foundation soils
beneath the dam. In the case of major levee failweour of the foundation soils may give a
significant contribution to increase the area tigftowhich water may flow into the floodplain.

The application of empirical equations to a giveedeh may be inappropriate if the
characteristics of the breach (e.g., the materiathe levee) and the mechanisms of its
development do not conform to those for which tmpieical equations were developed.

For these reasons, a strong motivation exists denstand the basic properties influencing
breach growth and the specific mechanisms goverhnegch erosion and growth. One or
more of these mechanisms may be at work at anyngivee, and a breach model would
ideally uncover which mechanisms dominate eachestddgreach development and identify
bifurcation points at which the relative influenaafsvarious mechanisms are changed. This
sophisticated characterization of the breach siz# @evelopment represents the goal of
breach growth models (Wahl et al., 2008a).

2.6.1.2Semi-physically based, analytical and parametricais

The large range of uncertainty associated withnibie-physically based methods on one
hand and the complexity of the physically basedhodd on the other hand, prompted
researchers to develop models based on an improwerstanding of the physical processes
involved, but with simplified assumptions to modle failure of dikes. The purpose of these
models is to improve the prediction capability lodimg some of the mechanisms involved in
the entire breaching process without complicatirgessively the computation procedure.
The breach growth is often simulated by using atfyesimplified set of physical rules in
combination with certain empirical observations. isThapproach is employed in the
simulations developed from BREACH, BEED, and DEI®Hnodels (Saucier et al., 2009).

The following assumptions are usually made in sucdels:
* A weir equation can adequately represent the flegr the embankment;
» Critical flow conditions exists on the embankmeretst;

* An initial breach is typically selected before ttime dependent breach growth
process starts.

Based mainly on the above assumptions, a modebeadeveloped to simulate breach
growth as a time-dependent process and computetbtgalrograph by using the principles
of hydraulics.

Typically, like described in Saucier et al. (2008 modelled mechanisms are:

* Assumed an initial breach, the hydraulic conditionghe vicinity of the breach are
commonly defined to fit the assumptions of a broegsted weir equation;

* The rate at which the levee is removed, and alsodte at which the breach grows,
is governed by the rate at which soil is shearedyafrom the exposed surface of
the levee or by the rate at which the flow throdlgé breach is able to transport
materials away from the breach;

 The average flow velocity through the breach isdute estimate the rate of
mobilising shear stresses acting on the exposee Isurfaces;
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* The erosion rate of the flow through the breaclesimated from an equation
employing the “excess shear stress ratge™();

» Several breach models (e.g. BREACH model) supplénienvolumetric erosion
rate through investigating mass wasting mechanisneh as the collapse of the
side walls of the breach, by means of geotechemasiderations;

* The volumetric transport rate of the water flowittgough the breach is also
considered, and it may be calculated from a conwealt sediment transport
equation;

* The rate at which material is removed from the déesection is taken as the larger
of the values of the volumetric erosion rate aredwblumetric transport rate;

e Several alternative empirical geometric constraoristhe breach geometry (e.g.,
the breach length is maintained proportional to tireach depth) are also
commonly assumed.

Some typical models describing the evolution ofdaen breach channel are given by, for
instance, Macchione and Rino (1999) and CovellD@0while few studies are given for the
specific case of river levees (Fujita and Tamu@87).

This type of breach models is widely used in poagtias they give some account of the
physical mechanisms governing breach growth wletaining computational simplicity by
empirically-justified constraints.

In spite of the simplicity of these methods, thégio require the model user to provide an
erosion rate for the breach growth or the final efisions of the breach shape and time of
failure of the embankment. The model simply predagrowth pattern to fit these parameters
and hence produces a flood hydrograph. Howeversethgarameters cannot be easily
identified and they can differ significantly froom® case to another. Hence, whilst these
models appear to provide a more accurate predicfidhe flood hydrograph, as compared to
empirical equations, they simply reflect the datavgled by the user and hence can also
include a large degree of uncertainty within these.

2.6.1.3Physically based models

Physically based numerical models simulate theurfailof embankments based on the
observed processes, such as the flow regimesparasd instability processes. Principles of
hydraulics, sediment transport, and soil mechaaiesised (e.g., NWS-BREACH).

Assuming the flow field through the breach may equately characterized at a particular
instant during the levee breach development, aipdljys based model considers where the
levee is being eroded by the fluid flow, by compgrestimates of the mobilising shear stress
rate imposed by the flow to erosion rates of thé ebtained from laboratory testing
performed at various mobilising stress rates. Tasparison may be done at every point
along the levee and local ground surface at theambsn time for which the flow conditions
have been characterized.

Based upon the field of local erosion rates, theime of soil eroded during a small
increment of time may then be calculated, so thateintire topography of the ground surface
Is altered. The revised ground surface is therbfezk into a redefined hydrodynamic model
to update estimates of the fluid flow field.

Physically based models can be further subdividéal @mpirical and theoretical models,
based upon the degree of use of empirical reldtipaswithin the model versus theoretical
processes. For example, SIMBA model (Hanson e2@05; Temple et al., 2005) predicts the
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growth and progression of head cut advance thraodjesive material, the stages of breach
formation, flood hydrograph and breach dimensidme model is based around the use of an
erodibility coefficient for the embankment soil, @de value is determined experimentally.

Other models (as FIREBIRD and HR BREACH) use thiwakrelationships to simulate
the physical processes. However, there is alwaydegree of empirical relationships
embedded within the models, as modelling “factoos”coefficients (e.g. weir discharge
coefficient).

In the last decades many models have been develtpesimulate the failure of
embankments. From the models review proposed byis/&009b), it results that only Fujita
and Tamura (1987) performed numerical simulatiothecontext of river levees.

Faeh (2007) modelled numerically the breach erosfom river levee without taking into
account the sediment transport in the river.

A recent model (RIC-Nays) was developed as a twiwedsional numerical model for
flood flow and morphology and it was applied to siate the breaching of an earthen levee
(Islam and Tsujimoto, 2011 and 2012). Islam (20&@plied this model to experimental
investigations of river levee breaches performedstam et al. (1994) and Zenno et al. (2011)
used it in order to simulate the full-scale expenms in Chiyoda channel.

Like the others approaches, physically based nwalemodels have advantages and
weaknesses.

The advantages of using physically based modelsheapummarised as follows:

« The breach growth processes are simulated by nmoglebbserved physical
processes, generally incorporating aspects of lidsa sediment transport, soil
mechanics and structural behaviour;

* A real estimate of the outflow hydrograph and bhegowth process is predicted,
without (in more recent models) predefining or ¢oaising the predicted growth
process;

* Uncertainties within individual processes or partareemay be included within the
model.

The limitations of physically based models may bearised as follows:
» Computer codes are required,;

* Model runtimes can become quite long as the sinamabf processes becomes
more complex and not justified when limited data available for model
calibration;

e Current computing power means that 1D/pseudo2D feodecorporating
hydraulics, sediments, soil mechanics and structstability are feasible;
2D/pseudo3D models incorporating all of these el@mare being considered and
developed, but are not yet practical in terms oflehoun time or validated in terms
of improved performance (relative to the fasterrhbdels).
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2.6.2 Limitations and uncertainties of available breach nodels

To date most of breach modelling has focussed tipomevelopment of a generic breach
model that can be applied to any situation. In megears there has been recognition of
fundamental differences in processes as a resutiarphological and hydraulic boundary
conditions.

For instance, it is recognized that there are sulbsily different hydraulic load conditions
between coastal, fluvial and reservoir embankmeants these may alter the way in which
breach initiates and grows. A breach growth throaigiver flood levee will be affected by the
flow field and the hydro-morphodynamic evolution ihe river channel, which defines
boundary conditions completely different from thandbreach case, where approach flow
conditions are static. Hence, there is a needvesiigate different hydraulic load conditions
that embankments may be exposed to and identifyldreach initiation and growth processes
are affected by these variations.

In general, most of the available numerical damatinemodels rely on bed-load type
erosion formulas that imply assumptions of graguadiried flow and relatively large flow
depth in comparison to the size of roughness el&snehhese formulations may be
appropriate for some stages of the breaching pspcdest are not consistent with the
mechanisms of much of the breaching processessasvaal in the field and laboratory tests.

Analysis of field and laboratory tests confirms ttependence of breach growth processes
on the soil properties and hence on their erothbilihis suggests that breach models should
utilize erosion equations rather than sedimentsjrart equations. A majority of (fluvial and
dam) modellers to date have used sediment equatiodsattempted to maintain sediment
continuity through the model.

Use of erosion equations includes the representatiosoil properties by an erodibility
coefficient and hence allows for simulation of g8&mne soils with varying erodibility arising
from different soil states. Such an approach is pmisible by using sediment transport
equations. Accepting a rate of erosion calculatrather than conservation of sediment mass,
also allows for the soil wasting processes refeatsalve.

Further limitations of the existing breach modeksyrbe summarised as follows:

e The simulation of breach location and initiationuisually assumed as an initial
arbitrary breach;

e Infiltration processes are scarcely considered ha available models (some
examples have been found in D’Eliso, 2007 and S&2008), although seepage
influences erosion and induces mass instability;

» Discrete erosion is another gap in modelling, amdgeaolved with continuous
averaged models;

« Embankment base erosion is usually neglected, wdthois important in
determining the final breach dimensions;

» Backwater effects are neglected or simplified, lhe shape of the outflow
hydrograph is strongly affected by the water leyrelwth in the inundated area,;

« Laboratory and field tests on real river flood emtaents are not available and
hence validation data sets are limited.
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2.6.3 Implications for the present study

Modelling the entire breaching process of a floesteke means simulating the breach
growth at each stage of the process and the coasequtflow discharge hydrograph. This
means also predicting breach initiation and locapbysically derived from the prevailing
initial and boundary conditions.

At present, several breach models exist with deffier grades of approximation-
sophistication and thus with different capabilitiées reproduce the actual physical
mechanisms and the entire breaching process. Ysubhlee types of models are
distinguished:

* Purely empirical models;
» Semi-physically based, analytical and parametridets)
* Physically based models.

Even the most advanced physical based models negdere important aspects of the
breaching process and anyone deals with the spewi#fse of flood river levee without
introducing strong approximations. The availabledeis usually applied to the levee case
focus on a breaching process which is governed $tatic volume of water stored upstream
the levee, while when a breach develops in a leweemplex flow field takes place and there
is a mutual relationship between breach evolutind Aver hydro-morphodynamics. As a
matter of fact, the river flow dynamics and morggy influence the breach evolution.

An advance in the research field of river leveeabhéng is then possible only if this
complex dynamics of the river is taken into accamd coupled with the breaching process.

Investigating such an interaction can be achievedy through a process-oriented approach
(both by means of analytical/numerical models ah@>gerimental investigations), which
analyses the involved phenomena without strongnagans about the physics of the
problem and which considers not just the proceaffesting the levee but also the dynamics
of the flow and the evolution of the bed in theeriv

2.7 Specification of objectives and methodology

A thorough review of the state-of-the-art aboutasieng of embankments has provided an
analysis of available studies, knowledge, modetsexperiments of river levees. Particularly,
the existing kinds of breach models have been comdpaighlighting both performances and
weaknesses. An important conclusion is that moshefcurrent knowledge is based on the
specific case of dam breach, which can not appbllyoto the case of river levee breaching
that is expected to have important differencesndigg the involved physical processes.

The present research has been planned on thedb@sis review, in the sense that the gaps
into the existing knowledge and modelling were tdesd in order to develop new
approaches to the problem and, hence, to impra@tbsent understanding associated with
the entire breaching process of river levees.

The following objectives and methodology were dediyor the present study.

2.7.1 Objectives

The process that leads a flood river levee to lhrégcovertopping or seepage flow is very
complex because it involves mutually dependentraateons between fluvial hydraulics,
embankment stability and sediment transport argdsitill scarcely understood.
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The most used models for the prediction of breaehkelbpment follow an empirical
approach, in which the predicting equations are able to reproduce the breaching
characteristics in a river levee, since they asemtally developed for dam embankments,
whose conditions (static water basin) greatly difiem those prevailing in river levees
(dynamic flow field).

Hence, the main goal of this research is the deweémt of a new approach for the
understanding of the breach evolution in river &sjewhich should be possibly process-
oriented. The proposed approach will investigate Hreaching process without strong
assumptions about the physical mechanisms, anill tamsider both the erosion of the levee
and the hydro-morphodynamics of the river flow.

A detailed study of the dynamic relationship betwbesach development and river hydro-
morphodynamics may substantially advance the krabydeabout the behaviour of a levee
affected by a breach during a flood event and lit pvovide useful insights on the involved
phenomena: the understanding of such processekelplito develop future breaching models
for the specific case of river levee.

2.7.2 Methodology and procedure

The research develops according to a new approaaiich the breaching process is split
up two main phases:

* A “transitory” phase, which takes into account finst three stages of the general
breaching process (see Section 2.3) in which theadbr forms and develops
according to the interaction between hydraulic @omas in the river and the
geotechnical characteristics of the levee material,

* A “regime” phase, in which the breach reachesiital fdimensions (related to the
fourth stage of the general breaching processyastdady equilibrium is supposed
to be achieved as asymptotic trend of the breadhri@er hydro-morphodynamic
variables.

Both the phases involve an interaction between dbredevelopment and river flow.
Particularly, the main focus is on the hydro-mombhr@amics of the stream flow, since the
river determines the conditions acting on the bieddevee.

The study is conducted according to three diffest@ps, which focused on and analysed
the river hydro-morphodynamics as governing medmruring the breaching process:

1) Fixed bed hydrodynamic investigations

The first step is to perform a series of experirakmvestigations regarding lateral
outflows in order to understand the hydrodynamidke process.

An experimental work is conducted on side weir #own a fixed bed water-
recirculating flume with rectangular cross section.

The main objective of the experiments is to inggge the hydraulic regime of a
channel when a lateral outflow takes place on dde sf the channel in steady
conditions, with a subcritical flow as initial rege. A side weir represents a breach that
has gained its final configuration and which isnthumder stationary conditions.

The rectangular side weir had zero height crestdiffierent values of the length: the
final aim is to simulate the flow outing from aeivwhen a breach occurs on one of its
levee and various lengths of the breach are iryetst.
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The main result of such experimental activity ihtghlight the purely hydrodynamic
processes which take place inside a channel duaintateral outflow without
considering the mobility of the materials.

2) Movable bed morphodynamic investigations

The second step is to perform a series of expetah@ivestigations regarding a levee
breaching process at a laboratory scale.

The main objective of these experiments is theectihn of experimental data
concerning the processes of breach formation aaligen due to an overtopping flow

on an earthen river levee built in a flume with rable bed.

In order to analyse both the breach evolution &ediver morphodynamics, a movable
bed flume filled with sand was used with a sandydetof the levee as a lateral
boundary. Steady flow conditions were set during thsts. In such a way, the
“transitory” phase of breach evolution was monitbrentil an equilibrium of breach

and/or hydraulic variables was assumed to be aetliat’the “regime” phase.

The primary outcome of this step is to collect asistent (and usually not available)
data-base of experimental tests in which the biegcprocess of a river levee is
investigated together with the hydro-morphodynaroicthe river flow.

3) Analytical flow modelling

During the third step, the hydrodynamics of theatn flow is analysed by means of a
1D analytical model that is able to reproduce ttennfieatures of the flow field in the
river channel when a lateral outflow takes plac®oe of its side.

The flow in the river is analysed with referencethie theory of the side weir flow in
the most common case of subcritical regime. Theastrflow is analysed for a steady
flow and a fixed bed (non-erodible) geometry, f@. a given configuration of the
levee breach.

The primary outcome of this step is to get an oesvvof the river response to the
outflow in terms of flow depth, flow velocity andsdharge. The “regime” phase is
investigated within this step by considering the@egaing equations of conservation of
mass and energy of a one-dimensional flow. An divereture and understanding of
hydrodynamic processes are given. The model isieppgio the results of the
experimental tests and to some real case data.

The descriptions given by these three tools amgnated each other, in order to give an
overall explanation of which processes take plasend a river levee breaching with a
particular focus on the river part, which is theilmgoverning action.
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3  Fixed bed laboratory investigations

The laboratory investigations on fixed bed condsiohave been carried out at the
Environmental and Civil Engineering Laboratory dbriénce during May-November 2011
and were supervised by Prof. E. Paris.

The main objective of these experiments was tostigate the hydraulic regime of a
channel with a fixed bed in subcritical regime, wizelateral outflow takes place on one side
of the channel, as in case of levee breach ina.riWhen a breach occurs in a river levee, a
lateral flow discharges out of the river: this ation resembles the overflow through a side
weir (Kamrath et al., 2006; Saucier et al., 2008rtél et al., 2011) and the levee breach can
be then considered as a side weir. The hydrauliiaiMas were observed in different
scenarios: a side weir was placed on one sideeothiannel with the height crest at bottom
level of the main channel (zero height crest) aaweral values of the length. The crest height
was set to zero in order to simulate a breach gardtion where the entire levee section is
eroded vertically until the river bed and the brehas achieved different lengths.

The main result of such experimental activity ishighlight the purely hydrodynamic
processes which take place in the main channehgl@ilateral outflow without considering
the mobility of the materials: the bed layer of ttfeannel was not erodible as well as the
lateral weir that simulates the levee breach. Hettoe side weir is aimed to represent a
breach that has gained its final configuration adith is under stationary conditions: steady
flow conditions during a breaching process arerreteto the last stage of the process, in
which the breach is assumed to do not lengthen randethe outflow discharge to get a
constant value.

3.1 Experimental set-up

3.1.1 Experimental facilities

The experimental investigations were carried ow i m long, 0.435 m wide and 0.3 m
deep glass-walled water-recirculating tilting flumvgh rectangular cross section. Figures 3.1-
3.2 show the plan and cross view of the apparatdssame pictures are given in Figures 3.3-
3.5.

The flume was subdivided longitudinally into twopaeated channels by a vertical 0.3 m
high glass wall. The main channel represented theahtesting facility where the incoming
liquid discharge was put in. It was 0.3 m wide @t m deep, since its bottom was raised
by a new plexiglass layer. The second channel,50mM2vide and 0.3 m deep, constituted a
lateral channel which allowed to evacuate the dieedischarge. At about 2 m from the
flume entrance section on the left side, a 0.16empdwindow was inserted on the vertical
separation wall, which could reach a length of aloh m: it worked as side weir in order to
spill the lateral outflow. The main and the latethbnnels were separated each other by the
glass wall and the lateral channel upstream endales®d toward the inflow basin, so that
water could flow in the lateral channel only thrauge side weir.

The bottom of the lateral channel was lower tham tain channel in order to avoid
backwater effects from the outflow toward the nmftomv.

At the downstream end of the main channel a slgate was set to control the downstream
boundary condition, while the lateral channel endegr the storage basin.
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A fixed roughness composed by granular gravel @il = 6.8 mm was stuck down to
the bottom of the main channel in order to provadealistic resistance to the flow: the Chézy
coefficient resulted in the order of,€ 10. The gravel was coloured with black spray i th
central region, where the side weir is placed,roteoto get more evident images during the
cam acquisitions.

The flume had an inclinationy$ 0.1%, that was checked by simulating the dataectdt
during the first tests with the hydraulic numerinaddel Hec-Ras.

The recirculating water discharge was regulate@ balve and measured by means of an
electromagnetic flow-meter (IDM).

The carriage moving along the flume was used faaisueement of water surface and flow
velocity as described in Section 3.1.2.

The goal of the experimental activity was not tals& singular case of study, but it was to
investigate a process without reproducing a reatopype. Nevertheless, it is important to
check the main properties of the physical modeadriter to verify that a realistic process is
reproduced. Fluvial hydraulic systems are mainlyegoed by gravity action, so that the
Froude number gets high importance. According te typical values of the variables
recorded during a test with the median length efdiide weir (L= 23 cm, see Table 3.2 for
numerical values), it is calculated Er0.57, which is a realistic value for a real rivar
subcritical flood regime. The Reynolds number ialeated in the order of Re310%, which,
for a relative roughness of about 10, is referred to a fully turbulent flow that is aistent
with conditions found in real rivers. Moreover, aspible order of magnitude for the length
scale of the investigated phenomena cak bel:1F, which would give the following values
of the variables referred to a river prototype:

* River width = 30 m;

» Side weir length =23 m;

* Flow velocity = 4.8 m/s;

+ Flow discharge = 1000 s.
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Figure 3.3:  Aerial picture of the flume.

Figure 3.4:  View of the flume from the main chanmel the left, the side weir.

Figure 3.5: View of the flume: zoom on the sidewei
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3.1.2 Measuring techniques and observations

Within this Section the instruments used to meatheevariables during the experimental
tests are described into different paragraphs.cahtgj the hydrodynamics of the flow was
observed by means of measures of water levels, diseharge values, vertical profiles of
velocity and superficial flow field.

3.1.2.1Water surface profile

The water level was recorded by means of ultrassemsors (USs) Honeywell series 943-
F4V-2D-1C0-330E. All the sensors recorded the wheeel with a frequency of 4 Hz and a
maximum error ot 1 mm. Water level data were elaborated as averalyes over a time
window of 60 seconds. All the gauges were fixeth® flume structure or to the carriage by
means of metal frames and they recorded the disthetween the probe and the water
surface. The recorded levels were then transfonmida distance referred to the bottom of
the main or of the lateral channel, depending oare/tthe measure was taken.

The fixed USs working in the main channel were usegheasure the water depth at some
sections along the central alignment, while thesserattached to the carriage was moved
along and crosswise the flume to record the wateiase profile. Finally, the water level
recorded by the US in the lateral channel was tseain the outflow discharge, as explained
in the next Section.

The data recorded by the ultrasonic sensors werexlsand managed into a PC by means
of the software LabView.

3.1.2.2Flow discharge

The inflow discharge () was delivered from a basin by the use of a rataton system
where a pump fed one pipe controlled by an elecgmatic flow meter (IDM). A steady
flow rate could therefore be easily set and manetiaccurately throughout the duration of
each test.

The lateral outflow discharge {Qvas determined by using the water level meashyesh
ultrasonic gauge: Qwas calculated by means of the rating curve of ltteral channel
previously calibrated. As a further control, thesafiarge flowing in the main channel
downstream the side weiryQvas also calculated by using the rating curvehat last
downstream US in the main channel.

The inflow discharge was acquired into the PC bymseof LabView software.

3.1.2.3Velocity profiles

Vertical velocity profiles were measured by mearisan acoustic doppler profiler
DOP1000.

The profiler gave a 1D-velocity profile along tHevi depth where it was submerged. The
probe had an emitting frequency of 2 MHz and eaPhpfofile was the result of 600
acquisitions with a spatial resolution of one pamery 0.7 mm of distance along the beam
alignment. Velocity profiles were elaborated asrage values over a time interval of about
60 seconds for each profile acquisition. The peofivas tilted with an angle of 70° with
respect to the flow direction in order to catchgay the velocity profile and to be not too
far from the vertical axis: the sample volume Iéngt the flow direction depended on the
flow depth and it was less than 7 cm. The probesea®n an iron frame fixed to the carriage
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and it was necessary to submerge it enough to aaioi@ntrainment: therefore, the first
acquisition channel was about 15 mm below the waidace.

Velocity profiles were acquired both in the streasavand crosswise directions, as
explained in Section 3.3 at the description of édashseries.

3.1.2.4Particle Tracking Velocimetry — PTV

Surface flow field was acquired through a Parti@lecking Velocimetry technique.
Streamlines were recorded by means of tracerdritpat the flow and video-cam hung on the
ceiling (see Figures 3.6-3.7). The tracers wereidoms beads lighted by two Wood's UV
lights placed at the plexiglass vertical walls bé tchannel (see Figure 3.8): the tracers
became fluorescent when lighted by the UV lightsngcon dark background so that their
passage was recorded by a PixelFly VGA cam witla@yuisition frequency of 19.2 frames
per second. Some black sheets were used to covenekal frame of the flume in order to
reduce the noise on the images. Moreover, the btayer at the bottom of the flume was
coloured with a black paint spray.

Even if it was not possible to use this PTV techei@t other flow depths, a qualitative
visualization of the flow in the lower, near bealyér was also performed with heavier tracers.

Tracers were trapped at the end of the flume byns)@h a net placed over the storage
basin.

The procedure used to perform the PTV acquisitowell as the data elaboration methods
are explained in Sections 3.2 and 3.3.

Figure 3.6: Tracers used in PTV technique: heaywitd light (b) beads.

42



Chapter 3 Fixed bed laboratory investigations

Figure 3.7: CAM used in PTV technique from the ogjli

Figure 3.8: UV lights used in PTV technique.
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3.1.2.5Experimental errors

The ultrasonic sensors acquired data with a patisi + 1 mm. This means that the
percentage experimental error ranges between ammaxivalue, where the minimum flow
depth is measured, and a minimum value, where thgimum flow depth is gained.
Therefore, a maximum error &f3.3% can be predicted when the flow depth is nreasat
the side weir alignment, while a minimum error 8f0.8% is foreseen regarding the
downstream flow depth.

The error over flow depth also gives an error oa thlculation of the flow discharge
through the use of the rating curves at the dowastrsection of the main and lateral channel.
An error of£ 1 mm on the measure of the flow depth in the nchiznnel results in an error
less thant 1% over the computed downstream discharges. Bgdhee way, an error af 1
mm on the measure of the flow depth at the ultr@sgauge in the lateral channel results in a
maximum error ot 4.4% over the outflow discharge computed by mexrtke rating curve
of the lateral channel.

3.2 Testing programme and test procedure

In order to analyse the influence of the breacHigaration on the river flow, the side weir
length Ls was chosen as main test parameter. The laterdowirin the model set-up was set
to different lengths by means of regulating plexgg wall so that the upstream section
remained fixed while the downstream varied frontest to another, whereas the height of the
side weir was always at the level of the main clehrbottom (i.e. zero height crest, as
depicted in Figure 3.2 of Section 3.1.1), sinceembh usually erodes vertically until or under
the levee toe. This choice was made in an attempintulate the lengthening process in the
more realistic way (lengthening mainly downstreasymobile bed experiments will show).

A constant value of the inflow discharge, @as chosen and kept in steady condition
throughout the duration of the test.

The opening height of the downstream sluice gajgsYa very important task, since it
controlled the downstream boundary condition whités great influence on physical
processes in subcritical flow. This condition wdsgen in order to have subcritical flow
along the channel or at least for the part dowastréhe breach, since this is the most
common hydraulic situation found in real casesryuflood events of embanked rivers. The
flow conditions at the downstream sluice gate warecked by coupling measures of flow
rate and water depth at a section close to the thetse data are presented in Section 3.3.

3.2.1 Test series

Three main series of tests were performed, whosdittons are summarized in Table 3.1.

The code of each test is composed by a string afacers which identifies the main
features of the test, as explained by the follovaketch.

Opening of sluice gate

T {_/‘L-’alue of Yz [cm]

10,0 Y 2.0
Q10.0 Y,

Inflow discharge

L

o
P 23
Side weir length I

Walue of L [cm]

Value of O [1'5]
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Tests of series A concern conditions without ldtetdflow: the side weir was closed and
different inflow discharge and downstream boundaopditions were imposed. The aim of
these tests was to collect data to check the ratinges and to provide a reference case that
could be compared with the next lateral outflowieser Water surface was measured as
longitudinal profile along the flume.

The largest number of tests was performed for sdsiean inflow discharge (& 10 I/s
and a downstream sluice gate openigg=2.0 cm were set and ten different lengthsfL.the
side weir were imposed, ranging from 3 to 47 cnrg¥ecm. This sluice gate opening was
set in order to have subcritical flow, as it wik shown in Section 3.3.2. Among series B,
three side weir lengths were analysed by investigahe flow field and the velocity profiles
in a more detailed way. Particularly, velocity pief in longitudinal direction were
investigated for every test, while velocity prosilelso in transversal direction were measured
for the detailed tests only (tests B7, B11 and BMgreover, a detailed survey of the water
level surface was collected at the side weir siteliese three tests, whereas, during the other
ones, water surface profile was acquired only atdéntral alignment of the main channel.
Anyway, water levels, velocity profiles streamwes®l flow field were recorded for every test
of series B.

Series C is the last series of data, for which dbenstream boundary condition was
changed to ¥ = 3.4 cm in order to investigate the influenceaoflifferent downstream
condition on the lateral outflow, while the infladvscharge kept the steady valug €10 I/s.
Only longitudinal water surface profiles were acqdifor this series of tests, while no direct
velocity measurement was taken.
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Table 3.1:

Summary of conditions and measuredtgipts for the performed test series.

Side weir | Side weir Inflow Sluice gate Water surface measurement Vertical velocity profils
Series| Test| Run Code length height discharge | opening Point Longitudinal | Side weir o PTV
Ls[cm] ps [cm] Qu [I/s] Y4 [cm] measurement profile site survey Longitudinal | Transversal
1 | L0O0Q3.00Yg2.0 0 0 3.0 2.0 No Yes No No No
2 | LO0Q4.50Yg2.0 0 0 45 2.0 No Yes No No No
A 3 | L00Q6.50Yg2.0 0 0 6.5 2.0 No Yes No No No
4 | L0O0Q6.50Yg3.4 0 0 6.5 3.4 No Yes No No No
5 | L00Q8.00Yg3.4 0 0 8.0 3.4 No Yes No No No
6 | L00Q10.0Yg3.4 0 0 10.0 3.4 No Yes No No No
7 | L03Q9.52Yg2.0 3 0 9.5 2.0 Yes Yes Yes Yes Yes
8 | L08Q10.1Yg2.0 8 0 10.1 2.0 Yes Yes No Yes No
9 | L13Q10.0Yg2.0 13 0 10.0 2.0 Yes Yes No Yes No
10 | L18Q10.1Yg2.G 18 0 10.1 20 Yes Yes No Yes No
B 11 | L23Q10.0Yg2.Q 23 0 10.0 2.0 Yes Yes Yes Yes Yes
12 | L28Q10.1Yg2.q 28 0 10.1 2.0 Yes Yes No Yes No
13 | L33Q10.1Yg2.G 33 0 10.1 2.0 Yes Yes No Yes No
14 | L38Q10.1Yg2.G 38 0 10.1 20 Yes Yes No Yes No
15 | L43Q10.1Yg2.q 43 0 10.1 2.0 Yes Yes No Yes No
16 | L47Q10.1Yg2.Q 47 0 10.1 2.0 Yes Yes Yes Yes Yes
17 | LO3Q9.70Yg3.4 3 0 9.7 3.4 No Yes No No No
18 | L08Q10.0Yg3.4 8 0 10.0 3.4 No Yes No No No
19 | L13Q10.1Yg3.4 13 0 10.1 3.4 No Yes No No No
20 | L18Q10.0Yg3.4 18 0 10.0 3.4 No Yes No No No
21 | L23Q10.0Yg3.4 23 0 10.0 3.4 No Yes No No No
¢ 22 | L28Q10.0Yg3.4 28 0 10.0 3.4 No Yes No No No
23 | L33Q10.0Yg3.4 33 0 10.0 3.4 No Yes No No No
24 | L38Q10.0Yg3.4 38 0 10.0 3.4 No Yes No No No
25 | L430Q10.0Yg3.4 43 0 10.0 3.4 No Yes No No No
26 | L47Q10.0Yg3.4 47 0 10.0 3.4 No Yes No No No

Z ZZ2 222 Z 22 2|4 << <LK ¢<X<X=<X<g|\Z22ZZZZZ
D
(]

O 0O O O 0O O 0O 0
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3.2.2 Test procedure

Each test was performed following a specified pdoce for the data collection according
to each series. Anyway, some features were comorogaich test.

Before starting a test, every device was checkeédotaced in the right location.

The downstream sluice gate was set to the predefirght and the side weir was opened
until the tested length. Then the pump was switcbadand the inflow discharge was
regulated by means of the valve up to the desitprevadhe physical model took about 15 min
to achieve stationary conditions. Steady flow cbads were checked by acquiring water
surface levels and inflow discharge values. Measarg operations started after about 30 min
from the beginning of the test and they needecewdfit time slots according to the chosen
measurements.

Point measures of the water surface in fixed csesgions were taken during a single
acquisition of 60 s. Longitudinal water surfacefieovas recorded by means of an ultrasonic
sensor fixed to the carriage at the centrelindefrhain channel width. Detailed water surface
around the side weir was acquired by moving the dSthe carriage in the transversal
direction and by driving the carriage along therfeu The spatial area investigated by such a
detailed survey was chosen with reference to theweir length L a distance of {upstream
the side weir and[Rs downstream it was investigated by several longiidstrips each one
having a spatial resolution of one point evegiQ in front of the weir.

Velocity profiles were acquired by setting the \aitip profiler on the carriage at the
designed position (in the spatial reference offthme) and direction (x or y). The profiler
was submerged of some mm in order to avoid air kesbéntrance and the depth had to be set
for each different cross section. The submergempthdwas measured manually each time.
Velocity profile measurements were taken at fixedtisns and/or at some sections where it
seemed important to catch the flow features (astherthree detailed tests of series B).
Regarding the detailed tests, the sections inwegstigwere located in function of the side weir
length Lg at various distances:slupstream from the beginning of the weir, at thetigam,
middle and downstream sections of the side weignd 2ILs downstream from the end of the
side weir. At each of these sections, the operhtat to perform a sufficient number of
longitudinal velocity profiles in order to descrities flow field, while a predefined number of
72 velocity profiles were acquired in the transaedsrection.

Surface flow field was recorded by means of PT\htégue: light tracers were put one by
one in the flume upstream at different transvemmitions of the cross section to get the
streamlines of the flow over the entire width of thain channel. Heavier tracers were put all
in a one in the flume and the overall behaviouthefflow in the lower strata was highlighted.

3.3 Measured data and experimental results

Within this Section, the main features of dataexitd during experimental investigations
are presented. Detailed results regarding eaclriexpatal test are presented into an internal
report (Michelazzo, 2013).

Before describing the results of each test, iteisessary to define the spatial reference that
is used for the following elaborations. The vargblsed to describe the physical model,
measured during the tests or calculated in the-postessing, are listed into the previously
defined list of symbols.
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3.3.1 Spatial reference system

The spatial reference used to locate the measutemethe flume is a 3D Cartesian
coordinate system in which:

» The origin is located on the bottom of the mainrcted, at the beginning of the side
weir and at the right side (opposite to the side)we

* The x-axis is fixed to the glass wall, directed dsweam as the flow direction;

* The y-axis is the cross section axis, directed tdwhe side of the main channel
where the side weir is located;

* The z-axis is the vertical axis, directed towarel tibp.
Figures 3.1-3.2 show the coordinate system useadgltire experimental investigations.

During the next elaboration of the data, a dimanis&s coordinate system is sometimes
used, in which:

The dimensionless x-axis is x* = x/B;
The dimensionless y-axis is y* = y/B;

The dimensionless z-axis is z* = zl¥%n where Ynean= mean flow depth in the

Cross section.

Regarding the dimensionless system, the side wedefined between the coordinates
(0,1,0) and (LB, 1, 0) as depicted in Figure 3.9.

0,1,0)  (Ls/B, 1,0)

/'side weit /", (Ls/B, 0.5, 0)

Vi

Flm == — 1= == —1— — = —|— — —

T P - =
: xt

d L L L L L L
S S N S

\ \ \
(1,0,0) (0,0,0)

——

(Ls/B, 0, 0) (9\.\48, 0,0)

Figure 3.9: Plan view of the dimensionless coordirsystem (format: x*, y*, z*).

3.3.2 Measured data post-processing

Post-processing of collected data was necessamgéte a consistent data base which was
used to analyse the investigated phenomena.

Experimental data were collected during a limitedet window, since the inflow was
steady and time invariant conditions were assuroedhie flow field. A time interval of 60
seconds was considered long enough to make the fleearield constant in time at every
Cross section.

Water level data were collected by means of thestinic sensors which recorded the
water surface at fixed cross sections and alondfltime by means of a sensor set on the
carriage. Since they were calibrated with the zevel set at the bottom of the channel, the
water levels recorded by the probes were direatiyverted in flow depths. Regarding the
detailed water depth survey performed at the sidar wite for some tests, a spatial
interpolation was made in order to fit the realevaturface with a cell size of 1 mm.

Inflow rate was acquired by the IDM installed a¢ thflow pipe. Inflow discharge values
were recorded by the operator as visual recordilgoy the PC acquisition system in order to
check that the recirculated discharge was constdirhe.
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The lateral outflow through the side weir was chltad from the water depth recorded by
an US installed in the lateral channel 0.695 nmfriam the flume outlet and by the use of the
channel rating curve. The lateral channel downstreaction ended directly over the water
basin with an ogee-shaped bottom. Several measiiiefiow discharge and flow depth at
the US were taken in order to calibrate the ratingve of the lateral channel at the US
section. The side weir was opened while the dowastrsluice gate was closed in order to
divert all the inflow discharge toward the latechlannel through the side weir. Figure 3.10
plots the measured data and the regression lawhvetiowed to know the spill discharge. It
was then possible to calculate the downstream digehas in equation 3.1:

Qi =Q, -Qs (3.1)
9.00
Qs = 0.1785.yL6e24
7.00 R?=0.9993 4
6.00
4
— 500 o
—~
S a0 o
1
3.00 &
2.00 //e;’/
1.00 o
0.00
2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00  10.00
Y[cm]

Figure 3.10: Rating curve at downstream sectiomatefal channel.

The water depth-flow rate relationship was analyleedhe downstream part of the main
channel as well in order to have another equatordiculating Q and, consequently, QAN
ultrasonic gauge 0.695 m far from the flume outles set in the main channel and coupled
measures of water depth and flow discharge weenteggide weir was closed at this stage and
sluice gate was raised at an opening @=Y2.0 cm. These data were useful to analyse the
flow regime at the downstream part in comparisothvein uniform flow condition and to
check the discharge flowing downstream in the nehiannel. The resulting rating curve is
plotted in Figure 3.11, where the regression lawspéit up three different reaches: the
presence of the sluice gate gives this inconstaha@our which is also compared with the
uniform flow condition. Figure 3.12 shows that thewnstream condition imposed to the
system results in a flow which was always subaiti@ his analysis was performed only for
the Yy = 2.0 cm configuration, which was the main oneestigated.
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Figure 3.11: Rating curve at downstream sectionahmhannel for sluice gate a} ¥ 2 cm.
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Figure 3.12: Flow regime at downstream section afnnchannel for sluice gate ag ¥ 2 cm.

Flow velocity was analysed by means of three difiémethods.

Mean flow velocity on the cross sections was cal@d by means of discharge and water
depth measures. Since inflow discharge was knovehlateral outflow was calculated, the
discharge in the main channel upstream and dovamsttée side weir could be used, while
along the side weir it was not possible to meaguiéhe water depth measured at the central
alignment of the main channel was assumed to bentan water level in that cross section.
The mean flow velocity at an x-section was theregitby:

_ Q)
U mean(x) a B D(|Y*=0-5(X) (32)

Local velocity of the flow field was acquired by ams of DOP1000. It gave the velocity
profile along the flow depth U(z) in the directi@fi the beam. The profiler was oriented
toward the main flow direction (x-axis) and, foetthree detailed tests, toward the transversal
direction (y-axis) too. Velocity was assumed topositive in the main direction of the flow
(as the positive x-axis) and toward the side was the positive y-axis). The probe was
inclined of 20° on the vertical axis in both casesl it was necessary to submerge it under
water: the first acquisition channel was then auad5 mm from the water surface. Each
acquisition counted for 600 velocity profiles (witime acquisition channel every 0.7 mm of
depth) and it took about 60 seconds. Parameteamspification level of the signal, maximum
detectable distance, maximum velocity were setreedach acquisition. The raw data had to
be elaborated: the time average velocity profiles iaken over the 60 seconds and the
velocity profile was completed for the first 15 nainove the probe (i.e., the part of the profile
close to the water surface) with a constant velogtiue equal to the first recorded channel.
The lower part of the profile was cut at the leskthe corresponding water depth measured
by the US, and, consequently, the conventional tdinvet of the velocity profile at the flume
bottom was detected.

The velocity profiles along the longitudinal axiem referred to the vertical axis in each
section U(z), while the transversal profiles datg(t) were combined in order to be assigned
to the correct position in the cross section, sieaeh transversal profile had its axis in the
plane of the transversal section. Moreover, trarssateprofiles, which partially overlapped
each other, were compared each other and they wade consistent by means of filtering
operations.

Velocity data were then interpolated in order téagba continuous spatial distribution of
the velocity field W(z) and Y(z) on the cross section. Border values were asdigit the
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limits of the cross section: zero velocity valudsttee bottom and at the glass walls and
maximum velocity at the vertical surface correspogdo the side weir.

Surface flow field was completed by using the PTé¢hnique on the water surface
acquired around the side weir site by means of BCYnique.

Singular luminous tracers position along the waterface was detected by means of a
system of Wood lights and a CAM which recorded issmwith a frequency of 19.2 frames
per second. Raw data were elaborated one imagetlaftether by a Matlab routine which:
smoothed the images and subtracted the backgrd@indemtified the tracers as white blobs
on dark background, located the blobs in the spedfarence, linked particle locations from
different images to form trajectories. Specifictefis were created in order to reduce
background light noise and to avoid wrong linksnestn streamlines of different tracers. The
streamlines of the superficial flow field were thamalysed and elaborations, as 2D velocity
vectors computation, were performed.

Heavier tracers were employed to visualize the bedrflow pattern. It was not possible to
perform a detailed streamline analysis in this daseause of the interaction between the
particles and the bottom. Anyway, a qualitativeusigzation of the flow patterns in the lower
strata of the flow was achieved.

3.3.3 Experimental results for each test series

In the following Section some of the more releviggults are shown, whereas all details
are given in an internal report (Michelazzo, 2013).

3.3.3.1Series A data

The tests of series A were performed without lateu¢flow: the side weir was kept closed
and different inflow discharges and downstream lbdamy conditions were set (see Table 3.1).
Water surface profile Y(x) was recorded along teateline of the main channel. Figures
3.13-3.14 plot the flow depth longitudinal profilékhis series represents preliminary tests to
be used as reference case.
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Figure 3.13: Water surface profiles of series Awdt, = 2 cm.
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Figure 3.14: Water surface profiles of series Awt, = 3.4 cm.

3.3.3.2Series B data

Tests of series B were performed with the side wpgned at different lengths and the
same setting of inflow discharge (© 10 I/s) and downstream boundary condition (whieee
sluice gate was kept raised at an height of 2 cm).

Series B is made of two different kinds of testse tstandard” ones and the “detailed”
ones.

Regarding the “standard” tests, four ultrasonicssesniwere placed in fixed positions along
the central alignment of the main channel: twohofse were set upstream the side weir, while
two other downstream it. The fifth sensor was ledah the lateral channel at the downstream
end. The recorded level was referred to the bottbthe main channel for US1, US2, US3,
US4 and of the lateral channel for US5. Verticabfies of longitudinal component of
velocity were taken at six cross sections (CS)hadse sections were in fixed positions during
all the tests, aside from the forth one which wetsas the downstream section of the side weir
(that changed for each test). Six velocity profilesre recorded for each cross section at
regular transverse distances: they are marked ldslibes in the following 3D plots. Water
depth at sections 3 and 4 was measured by visnaysand by an hydrometric rod.

The location of the measurement cross sectiongdiocity profiles is explained in Figure
3.15.
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Figure 3.15: Plan view of the flume: measuremensisections for tests of series B.

Water profile all along the flume was measured leans of an US attached to the carriage
and set at the centreline of the main channel.

The PTV technique allowed to visualize and pro¢kssstreamlines of the flow field at the
water surface, whereas only visual analysis wasiplasfor the lowest strata. In the Figures
showing the PTV analysis, the side weir is depi@sdcoloured horizontal line starting at
(x*=0,y*=1).

Three “detailed” tests (B7, B11 and B16) of seiiesvere investigated more deeply in
terms of velocity profiles and water depths. Tramsal component of velocity profiles was
taken and the longitudinal profiles were recordedpecific locations for each test. Moreover,
a detailed water depth survey was conducted ctoteetside weir site.

The main hydrodynamic features of the system are Hescribed, whereas the detailed
results for each test are reported in Michelazfd 82.

The flow depth profile of one exemplary test istf@d in Figure 3.16: the flow field was
accelerated toward the side weir site. It is adgpdrawdown subcritical profile with flow
depth decreasing downstream as the flow is accelgradnce the upstream end of the side
weir is reached, the water depth generally tendedntrease downstream in subcritical
conditions. In the downstream zone, the hydrodynamias governed by the downstream
sluice gate.
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Figure 3.16: Flow depth profile for test B10 (L18QI0g2.0).
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In order to provide a comparison, the longitudivater surface profiles of tests of series B
are all plotted in Figure 3.17. The water profies plotted as lines for a better view.

It can be noticed that the upstream water profdereéased more for greater values of the
side weir length, because a greater lateral outlimeharges out. The upstream water profile
was always above the calculated critical depth Which means that the approaching flow
was subcritical. Anyway, the flow depth along tieeesveir was not always increasing: a first
decreasing part was observed for the tests hakimgphgest side weirs and this may indicate

that a first supercritical zone occurred for thtesds.
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Figure 3.17: Water surface profiles of series Be latots.

The drop of the water depth was more evident irptiegimity to the side weir, as detailed

survey of water surface showed for the “detailestiste(see Figure 3.18).
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Figure 3.18: Water surface at side weir site fet BEl1 (L23Q10.0Yg2.0).
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The mean flow velocity in the main channel incrsageing toward the upstream end of
the side weir and then the flow slows down towae downstream end because the discharge
decreases and the flow depth increases (see RBdl8g The side weir zone is not covered by
data because no direct measurements of flow digehaere available within that part.
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S S A L43Q10.1Yg2.0 |
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1S
-

‘ Lsincreasing

x* [

Figure 3.19: Mean velocity along the flume for serB.

The flow field was moreover investigated by meatislomgitudinal and transversal
velocity profiles and the PTV technique.

The longitudinal velocity profiles show the influmn of the side weir on the velocity
distribution, which is distorted and deflected toavéhe weir itself. The longitudinal velocity
distribution is almost uniform in the up- and dowaam zone of the flume (see Figure 3.20),
while it gets a non-uniform shape at the side vwsie (see Figures 3.21-3.22). In the
following Figures (3.20-3.22), the flow velocity i®rmalized by the mean flow velocity at
each cross-section.

Particularly, the velocity distribution is more luénced in the zone closer to the side weir:
it is accelerated at the cross section CS3 (abélginning of the lateral weir), whereas at the
cross section CS4 (at the end of the lateral weis) accelerated in the left and central part
and it is decelerated in the lower strata, wherevarse flow likely occurs and the flow is
again attracted through the side weir.

All these data showed that the flow gets three-dsranal features when an important
lateral outflow takes place: several three-dimamsi@ones were detected by means of the
velocity profiles and the PTV technique and they described in Section 3.5.
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Figure 3.22: Flow velocity distribution for test BI018Q10.1Yg2.0) at cross section CS4.

The PTV analysis shows clearly how the surfaceastfimes are deflected toward the side

weir (see Figure 3.23) and the different behavaiuhe two components of the flow velocity:
the longitudinal velocity Y decreases along the side weir (Figure 3.24), asm# already

(3.3)

tan™

found by means of the analysis of the flow depttl aelocity profiles, while the transversal

velocity U, increases downstream in front of the weir (Fig8r25). U seems to get a
maximum value around the downstream corner of tee, where also the flow angl€sare

greater (Figure 3.26). The flow andles called “deflection angle” and it is defined as:

Yy
U
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Figure 3.23: Streamlines of flow field at waterfage for test B10 (L18Q10.1Yg2.0).
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Figure 3.24: Contours of lat water surface for test B10 (L18Q10.1Yg2.0).
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Figure 3.25: Contours of Lat water surface for test B10 (L18Q10.1Yg2.0).
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The contours of velocity, derived from the transarvelocity profiles, show the
acceleration of the flow field in the transverseediion (Figure 3.27).

1 0.8 0.8 0.7 o0.e 0.5 0.4 0.3 0.2 0.1 0
¥y [l
Figure 3.27: Contoursf U,/Ucanverticalprofilesfor testB11(L23Q10.0Yg2.0) at cross section %0.383.

3.3.3.3Series C data

Tests of series C were performed to check the enfte of the downstream boundary
condition on the behaviour of the physical syst&ie sluice gate was set to a level gf=Y
3.4 cm, in order to get an initial water depth elés that one of the uniform flow. The inflow
discharge was maintained equal to 10 I/s and thaliféerent lengths of the side weir were
tested again. The water depth profile along thdrekme of the main channel was acquired
and plotted in Figures 3.28: the general behaviduhe flow depth profile is similar to that
one of series B which was discussed in the prev&action.

The mean velocity was calculated along the upstraagndownstream part of the channel,
and the profile along the flume is plotted in Fig®.29. As it was already observed for series
B, the mean flow velocity increases approachingheoweir, and then the flow slows down
because a part of the discharge spills througletieeal weir.
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Figure 3.29: Mean velocity along the flume for eerC.
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3.4 Data analysis with a focus on process understanding

Data presented in Section 3.3 were analysed armbreleed in order to understand the
hydrodynamics of the process. Flow regime and hygltamic mechanisms, which take place
in the main channel as consequence of the laterdloe, were the main focus of this
investigation.

The observed phenomena were quite complex bechegdad three-dimensional features
which took place in different zones of the chaniielsts of series B, particularly the detailed
ones, provided a good basis to detect these pheronitée analysis of data presented in
Section 3.3 highlights some flow field features evhivere common to all tests and that will
be described as referred to three different aréalseomain channel: the zone upstream the
side weir, the part along the side weir and theezdownstream it. Generally speaking, the
longer was the side weir, the more evident theuerite on the flow field was.

3.4.1 Analysis of the flow hydrodynamics

The main hydrodynamic features of the flow werecdbsd in Section 3.3.3.2 regarding
data of series B. The hydrodynamics of the maiw ilohere analysed further.

As a general behaviour, the flow was in a quitfarm regime upstream the side weir,
where the velocity distribution on the cross sectiesembled the theoretical logarithmic form
typical of uniform turbulent flow, except for sondésturbances to the flow that were likely
related to the inflow of the flume (see the “flowlocity distribution” Figures presented into
the internal report in Michelazzo, 2013). The fl@howed an accelerated profile while
moving towards the side weir site: it was a drawdosubcritical profile with depth
decreasing downstream. The decreasing of wateh degs related to the acceleration of the
flow in the longitudinal direction which becameastger while going closer to the weir. The
increase of the flow velocity concerned that pdirthe flow which was closer to the lateral
weir (i.e., on the left side): positive values @3.an Were found both for Yand U at the
weir site. Anyway, the overall effect on the ento®ss section was to increase the mean
velocity UneanWhile approaching to the weir site (see previoigaifes 3.19 and 3.29). The
upstream water profile drew down more for biggduga of the side weir length, because of a
greater lateral outflow discharge (see Figures ari 3.28): the water depth at the beginning
of the side weir (x* = 0) decreased and it almagtatled the critical depth.

The water depth profile along the side weir lenggh two different behaviours depending
on the test. Water profile increased along alldide weir length up to the downstream section
for tests with small length J while, when the side weir was longer, the deptbfile
decreased along the first part of the weir and theaised up to the downstream depth. The
former behaviour is typical of a flow that remascritical, whereas, in the latter case, the
lateral outflow was so strong that the flow profilecreased as in a supercritical regime and
then it joined the downstream depth. Since the dtneam boundary condition provided a
subcritical flow, a hydraulic jump should have oged within the weir length or somewhere
downstream if the flow was supercritical along side weir. The hydraulic jump was not so
evident during the experimental tests, maybe becawscurred as an undular or weak jump.

The hydraulic regime of the flow is visualized img&es 3.30 and 3.31, in which the
Froude number is computed on the basis of the lddtdow depth survey and the surface
flow field analysis (with the PTV technique). Theokde number is computed with reference
to the longitudinal and the transversal componétteflow, i.e.:

U
Fr = Y, and Fr = Y

oy T oy
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Figure 3.30 highlights the acceleration of the flaleng the first part of side weir. The
maximum of F¢ is obtained close to the weir with values aroumel $upercritical regime,
while in the downstream part the flow is subcritiagain. It is interesting to observe that the
ongoing flow after the weir is still concentratexvard the left side where the weir is placed.
Figure 3.31 shows that the transverse componetiieoflow gets important values close to
the downstream zone of the side weir and the@Btains relatively high values.
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Figure 3.31: Frcontours for test B11 (L23Q10.0Yg2.0).
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3.4.2 Analysis of the three-dimensional zones

The flow in the main channel got important thremeinsional effects induced by the
lateral outflow. The flow discharge was partiallytivdrawn laterally through the weir, while
the remaining part routed downstream. The PTV teglenwas useful to describe the surface
flow field. Figure 3.32 shows the streamlines ok aest. The flow is divided into two
different parts: the red coloured streamlines ddtexflow withdrawn through the weir, while
the green ones show the remaining part in the &HaAs an overall effect, the entire surface
flow field was deflected toward the side weir.

SIDE WEIR

Figure 3.32: Deflection of surface flow field thgiu the side weir (red streamlines) and ongoing flow
(green ones).

This dividing zone developed in the vertical z-diren as alividing stream surfacand its
lower border was detected by analysing the hearaeers images (see Figure 3.33).

SIDE WEIR

Figure 3.33: Image of heavy tracers and assumedidivcurve on the bottom.

The dividing surface got a larger distance fromwle®r on the bottom of the main channel
than at the water surface, and this is confirmedtlesry et al. (1993 and 1999).

The presence of larger portions of the dividingaee on the bottom means that a lateral
weir of zero height attracts lower strata strorthan upper ones.

The dividing surface was detected for one detastl from the superficial and channel
bottom tracers analysis and it is depicted in Fagai34.

64



Chapter 3 Fixed bed laboratory investigations

Dividing surface

Figure 3.34: 3D view of dividing surface detecteshi PTV images.

Another feature of the deflection effect was tha streamlines turned toward the side
weir with increasing flow angles: the highest defilen angles® were found closer to the
downstream section of the side weir (Figure 3.26).

Streamline analysis shows another interesting phenon. A “dead water” zone (“B”
zone) was detected at the right side, oppositdh@ostde weir. This zone was particularly
evident for the tests with long weirs: tracers iadated clockwise inside thgeparation zone
which seemed to be induced by a longitudinal presguadient due to the slowing down of
the flow. The size of this zone was processed ftben analysis of velocity profiles and
superficial streamlines: it started at about thddla length of the side weir and it developed
quite far downstream (see Figure 3.35). It is ikblat the presence and extension of this zone
depends on the main channel aspect ratio (Y/B)thatit tends to vanish for very small
values of Y/B.

("B" zone)

Figure 3.35: Separation zone at the side oppasiteet side weir.
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Another three-dimensional effect occurred at thergiream zone of the main channel: an
helicoidal flowdeveloped at the downstream end of the side Wesedo its side. Contours of
Uy in the cross section plane downstream the side st®wed that the helicoidal flow had
counter-clockwise direction, with upper strata otesl toward the weir side and the lower
ones toward the opposite side. The overlapping é@tvthis transversal rotating motion and
the longitudinal flow created the helicoidal motiamich developed quite far downstream:
the secondary motion was absorbed in the main #bw distance of aboutl2 from the
lateral weir. The helicoidal flow had quite highestgth, since the JUand U reached positive
values of Mmean

The reason of this motion has to be searched aldivastream corner of the weir, where
the dividing streamline meets a singular point tregte is a local flow stagnation. This creates
a downflow motion and the vortex is turned into Heticoidal motion by means of the main
flow, as in case of flow around bridge piers. Maeg the near bed part of the flow was
withdrawn by the side weir backward: negative valagU = —[0.5+1]WmeanWere observed
in the first sections downstream the side weir, #imsl indicates the presence of a localized
reverse flow, also observed by Emiroglu et al. @0The water depth of the downstream
part was quite uniform, whereas the velocity disttion needed a certain distance from the
weir in order to return to a more regular profilegure 3.36 depicts a reconstruction of this
secondary flow.

Reverse flow Helicoidal flow

Figure 3.36: Helicoidal flow and reverse flow doweam the side weir.

The resulting flow field was highly complex and #iese three-dimensional effects are
summarized in Figure 3.37.
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Dividing surface

Helicoidal flow

("B" zone)

Figure 3.37: Sketch of the flow field zones detdataring the detailed test B10 (L18Q10.1Yg2.0).

3.4.3 Analysis of the De Marchi hypothesis

The De Marchi hypothesis is usually applied whealidg with lateral outflow through
side weirs in subcritical flow regimes. This asstiow states that, along a side weir, the
specific energy head of the main flow maintain®astant value. It is interesting to verify if
this hypothesis applies for the cases investigateitie weir with zero height crest.

The specific energy head is computed at the up-damahstream sections (Figure 3.38) as:

E=y 4+ al?
29
Energy Ls
~ line T Lateral structure
Merl?y\e\l\\\\\\auugzg I adUe/2g v
) B Es Qd
Qu \ffx 5 Ya %
Yo Side weir
J X
Main channel bottom

Figure 3.38: Scheme for specific energy head coatimut

The Coriolis coefficienta is calculated from the detailed data about flowowoky
distribution in the longitudinal direction, by mesaaof a discretization of the cross section as a
grid composed by i,j rectangular cells:

jugdA U, N
A _ ]
Unean B Uy (RA,

mean i’ J , J

STA.
v

o=

(3.4)

67



Breaching of river levees G. Michelazzo

Where y; is the longitudinal velocity component referredth® element area;Athat
discretizes the total wet area A of the cross secti

Data reported in Table 3.2 show that the Coriobgfficient gets values in the range
[1.3+2.3] at the downstream section because of theendle of the lateral outflow on the
main flow, whose effects were also described imgiof three-dimensional zones in the
Section 3.4.2.

According to the experimental work of El-KhashabdaSmith (1976) and to the
indications of May et al. (2003), the Coriolis ci@ént at the beginning of the weir is quite
small compared to the one calculated in Table 8s2a matter of fact, the flow feature along
the upstream section should change a little forouarside weir lengths, since the inflow is
always the same and the flow depth profile tendsheo critical depth as limit value (see
Figure 3.17). Therefore, it was chosen to takeconstant and equal to 1.15. On the other
hand, the downstream Coriolis coefficient is highlffected by the non-uniform velocity
distribution induced by the side weir, and the dstmeam flow conditions change for
different weir lengths because of greater lateutfl@vs. As a matter of factiy was taken as
computed in Table 3.2. The specific energy headesmhre plotted in Figure 3.39 (the tests
are identified by “L##", that means “Weir lengthy E ## cm”), where the De Marchi
hypothesis seems to be confirmed for the first seests within an error af 10%: the three
tests with longest weirs do not verify the hypothe¥he flow regime regarding those tests
was not entirely subcritical. As a consequencegctrestancy of the specific energy is violated
since the supercritical flow causes energy lostmsyahe first part of the weir that are not
negligible.
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Figure 3.39: Specific energy at up- and downstream sections.
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3.4.4 Computational analysis of the flow along the side air

3.4.4.1Computational scheme

A computational analysis of the collected data wadormed in order to get information
about the flow features along the side weir, whghhe main focus of the present work.
Particularly, the flow depth profile was discretizeto N spatial intervalAx, each one being
equal to the minimum between 1 cm angllQ. The water surface levelwas calculated at
the middle point of eachx and it was considered to be constant oAxtanterval.

Figure 3.40 depicts the computational scheme ghased in the following elaborations.

Ls
X@ A2 X (N+1)
I I [ I I I I I I I
Lateral structure | } } } } } } } } } } |
I I T e N R
Vﬁterlgv d o } I N N N <
T ‘ \ \ \ PR S —
™ R o o
/L,_%’Tﬁ I N N Qd
Qu =< L —»
> z, o thitor
I T I v R PR B
X Side weir | Main channe
| i bottom
\&»

Figure 3.40: Computational scheme for flow analysis.

The lateral outflow was calculated according tlte siveir equation (3.5), which needed a
calibration to fit the final measured lateral oonit

LS
Quae = | Cae 329 (h(X) ~ . (x))” Leix (3.5)
0
With Css side weir discharge coefficient [-]
h: water level acting on the weir [m]

Ps: crest of the side weir, equal to zero [m].

It was chosen to calibrate the discharge coefftdieriit the measured side flow discharge
Qs. The calibrated discharge coefficient is then gifg:

Qs

ZN:AX /2,

The calibrated @ is plotted versus the Froude number calculated atipsream section
of the weir (Fg) in the Figure 3.41: it results that the dischargeffadent for the lateral weir
decreases with the upstream Froude number, and tlisngistent with the relationships
proposed by other authors. This analysis was perfornretthdotests of series B, which was
the series with more detailed data according to th@larad techniques of measurement.

Cds =
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Figure 3.41: Calibrated side weir coefficient asitaction of Ff; and comparison with other formulations.

3.4.4.2Flow velocity

Once the discharge coefficient was calibrated, fiim discharge was calculated in the
main channel along the flume for each i-positian¢ce the flow outing from the side weir is
given by the calibrated side weir law. The longihad and transversal components of the
flow in the main channel are then calculated, ftb continuity principle applied in x and y
directions, according to the equations (3.6). Nt the longitudinal velocity is assumed
equal to the mean velocity on the cross-sectiofurfher transversal component of the flow
velocity is calculated in equations (3.6) as reférto the weir crest /g by the use of the flow
depth Y; recorded at the weir crest from the detailed wateface survey (see Figure 3.18
and Figure 3.42):

Figure 3.42: Computational scheme for transversal flelocity computation (cross section).
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The flow field at the weir site is affected by tlateral outflow and it gets important 2D
features, which make the transversal velocifytdJget values in the order of the main flow
velocity U,. Figure 3.43 shows the trend of the velocity congmis along the weir for the
detailed test B11. The longitudinal component ooegy U, decreases along the weir of
about 50% due to the lateral outflow, while thengngersal component increase is more
evident when Yis calculated on the weir crest. As a matter of, fd, is mainly given by the
square root of the flow depth, which varies moanglthe weir crest than at the middle of the
main channel. Moreover, the flow depth at the we#st is lower than at middle axis of the
channel (YWY ranges between 0.64 and 0.9 along the weirdst B11) and this makes the
transversal velocity to increase from the main clehtoward the side weir.
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Figure 3.43: Longitudinal trend of flow velocity mponents for test B11 (L23Q10.0Yg2.0).

The overall effect of the lateral outflow, for ieasing side weir length, on the flow
velocity is analysed in terms of flow velocitiedatdated at the up- and downstream sections
of the side weir: Yis the velocity calculated at the upstream sedciod U is calculated at
the downstream one. The longitudinal velocity wats reduced along the weir, while the
transversal velocity (at middle of main channeiytgly increases downstream (see Figure
3.44). As general trend, the longer is the side e greater is the velocityglsince the flow
IS more attracted by the weir, and the lower isvilecity U,, since the water depth in front of
the side weir decreases.
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Figure 3.44: Comparison between up- and downstreaemtd  for all tests of series B.

3.4.4.3Deflection angle

The angle of the flow is calculated by means of phevious analysis as referred to the
main channel centrelirg and to the side weir cret (Figure 3.45 and equations 3.7):

U
00 = tan_l(U—yJ
U (3.7)
0, =tan"| —=
UX

Side

Usg Uys
Weir g y
%uys i}@

| \ UX
)

\ |
L Qu }90 U\Uy BonUy

Ux Qd } Ux

|
Main channel |
|

Figure 3.45: Sketch of flow deflection at side wste.

Since the longitudinal velocity decreases alongwie& while the transversal component
tends to increase, the resulting flow anglecreases along the lateral outflow (Figure 3.46).
The angles calculated at the weir crest are grélader the ones at the middle of the channel
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because of the greater value of the transversaicigl this effect is consistent with the
physics of the flow which turns toward the sidewei
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Figure 3.46: Longitudinal trend of flow angles fest B11 (L23Q10.0Yg2.0).

The overall effect of the lateral outflow, for ieasing side weir length, on the flow angles
is analysed in terms of angles calculated at thean@ downstream sections of the side weir.

Figure 3.47 shows that the downstream flow angévisys greater than the upstream one.
Moreover, as the side weir lengthens, the flow enggnd to reduce their values: this effect is
due to the acceleration of the flow in the longihadi direction for longer weirs and to the
reduction of the transversal velocity because efltlwering of the water level in front of the
weir.
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Figure 3.47: Comparison between up- and downstréamangles for every test of series B.
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3.4.4.4Shear stress

The computation of the velocity components allowscélculate the trend of the shear
stress. The shear strasis computed with reference to the two componehteemain flow:

T—=

With: p

UENERETE

C, =5.7500g, | 2R
2 5D,

R

Dso

=,

= L,
h

(3.8)

density of the water [kg/th
modulus of flow velocity [m/s]

Chézy coefficient [-]

hydraulic radius [m]
mean sediment size for roughness computation [m]

The modulus of the shear stress is given by:

2
h

4= p&éi (3.9)

The trend oft along the weir is plotted for one test in Figurd83 the shear stress highly
decreases along the weir because of the slowing @dwhe flow. The shear stress reduction
is in the order of more than 50% and it is mainlie do the lowering of the longitudinal
componenty, while the transversal componagtgets a more slight trend.

5.5

0.3 0.4 0.5 0.6 0.7 0.8
x* along the side weir [-]

Figure 3.48: Longitudinal trend of shear stress ponents for test B11 (L23Q10.0Yg2.0).
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The influence of the side weir length on the shsegss is evaluated by calculating the
modulus at the up- and downstream sections fortehetests of the series B. Figure 3.49
shows that the shear stregs fends to increase, due to the acceleration ofldinecaused by
longer weirs, while the downstream shear strggsl¢creases and it is always lower than the
upstream one. Moreover, a mean shear stress amtintge side weilsmeanin the outflow
direction was calculated, as in equation 3.10:

— 2 0 2
T = Eps = Qs_ 3.10
smean — P c? C/° [LSD(S] (3.10)

WhereY_Sis the mean flow depth in front of the side weicantreline of the main channel.

It is interesting to note that the mean shear stagsing on the weir section decreases of
one order of magnitude for longer side weirs antkrids to an asymptotic low value: this
effect is mainly due to the lowering of the watead in front of the weir.
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Figure 3.49: Up- and downstream shear stressasdty of series B and mean shear stress at side weir

3.4.5 Characteristic parameters of the main flow

The main features of the flow regime describedant®ns 3.4.1-3.4.4 are summarized by
means of characteristic parameters.

In particular, dimensionless parameters are udefudnalyse the system regardless the
dimensions of the model and to search for the exce of a general validity into the
investigated phenomena.
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The following dimensionless parameters are invagigy
e 1rn.=L4B length ratio

* v = Mg /PPM,x momentum ratio (with M = longitudinal component of
momentum of the lateral outflow and PRM: sum of hydraulic
pressurd1 and the momentum M at the upstream section, which
are described in the equation 3.11)

o ry=UdUy velocity ratio

 1o=Q/Qu discharge ratio

e Iy =YdYy water depth ratio

Iy :Y_S/LS side weir aspect ratio (with, = mean water depth along the weir)

The momentum ratioyr was derived by imposing the momentum balance értiain
channel for the side weir length, as it is sketcimeHigure 3.50. The longitudinal component
of momentum of the lateral outflow d/is computed as difference between the pressuse-plu
momentum (PPM =1 + M) at the upstream and at the downstream sextiand by
neglecting the shear stress along the weir length:

Msx:(Hu+Mu)_(Hd+Md) (311)
Where: Im= % [ B LY? is the hydraulic pressure on a cross section [N]
M=B[plQIU is the momentum at a cross section [N]

The Boussinesq coefficienfswere computed from the data of vertical velocitgfies
according to a discretization of the cross-sedii®m@ grid composed by i,j rectangular cells:

jUZdA ZU '2 i ]
p=_A _ ] " ’
Umean m Umean EA

Ny

The Boussinesq coefficients resulted in a rangg 4i0-1.48] at the downstream section
(see Table 3.2), which confirmed the non-uniform ahtaristic induced by the lateral
outflow on the flow regime. These coefficients waeglected for series C, since no velocity
profile was recorded for those data.

I

ide QS US T T

//%% Qd

Control volum

Figure 3.50: Scheme for momentum balance computation.
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The mean water depth along the w¥ig was computed from data of water profiles at the
centreline and it was used to calculate the ratio r

The following graphs show the relationship betwdabe dimensionless parameters
previously described: data plotted refer to eactheften tests for both series B and C.

The analyses of the plots show that the intenditthe lateral outflow grows, as the/B
ratio increases: spill discharge and outing monmaniucrease and they seem to tend to an
upper limit (see Figures 3.51-3.52-3.53-3.54). Bibh maximum ¢ and §; are reached for
the longest L and they are in the order of 50%-60%. Moreovestst®f series B reached
higher outflow discharges but smaller outflow motaem compared with series C, because of
the different downstream condition provided by shece gate: a slower flow regime imposed
at downstream by a more closed sluice gate prodadagher pressurEly, which causes
more flow to out through the side weig RQut also a minor outing momentum,M

The water depth ratio follows an increasing treodthe first tests (short lengths)land
then it decreases for the other ones (long lengdhsrhis is due to the fact that the upstream
depth decreases until the critical depth, while ttmvnstream flow depth decreases
continuously as the downstream discharge is deeteaBhe first behaviour is typical of
subcritical flows, while the second one is typiodkupercritical flows and the limit between
the two regimes was dependent on the downstreamdaoy condition (see Figures 3.55-
3.56). This change of the flow regime was assumehdeatest with B = 0.93 for the series
B and at the test withdB = 0.43 for series C: the limit is referred to a évgide weir length
for tests of series C because their downstreamdsoyrcondition had a more opened sluice
gate (Y;= 3.4 cm) which provided a flow regime with hight@oude numbers, with respect to
the series B data whose sluice gate was more cloged 2.0 cm) so that the downstream
flow had a more evident backwater profile.

A similar trend is noticed for the flow velocitgtio: it decreases until the flow is certainly
subcritical and then it tends to increase, anddthenstream velocity is always smaller than
the upstream one (see Figures 3.57-3.58). Heren dlgailimit is different according to the
boundary condition imposed at the downstream entieflume. The last two tests of series
B and C show a velocity ratio smaller than the [es ones: this effect depends on the
combination between the increase of the spill disgh and the decrease of the downstream
flow depth when the side weir is lengthened. Moezpgome flow disturbances are possibly
given by the more opened sluice gate.

The flow features at the up- and downstream sextioe expressed in the plan of upstream
and downstream Froude numbers (Figures 3.59 af, 3vBich indicate that, as the side weir
lengthens, the flow regime tends to become supealriupstream, while it remains
subcritical downstream. The downstream Froude nunmoeeases as well, even if less than
the upstream one: this is an effect of the dowastreoundary condition in the flume which
does not allow an uniform rating curve at the dave@mn (see Figure 3.12), that would
provide an almost constant Froude number as inafasal rivers.

Figures 3.61 and 3.62 describe the conditions jinegan the side weir in terms of aspect
ratio, which dramatically decreases with the weirgth and it tends to a lower limit, which is
similar for the tests of both series B and C.

Numerical values of the main variables recorded emmiputed during the experimental
tests of series B and C are summarized in Table 3.2
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Figure 3.51: Discharge ratio versus length ratioskries B.
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Figure 3.52: Discharge ratio versus length raticsferies C.

78



Fixed bed laboratory investigations

Chapter 3

[ T [ rr|e o oo oooooo

! ! ! O cdadadaoaaoaoaoa

[ [ [ [ DD DD D DD DO

! ! ! === > > > > > >

| | | PN A O A0 oA A

| | *, I WM o ococooococo oo

S N ol o Lo A dd dddd oo

| | | oo dodo o NONONO NG NO

| | | MO MO0 MO MO M N~

| | | OO Hd A NNOMm S <

| | | R s s S R R B B B S

| | | V,

| | | |

oo oo Do FPIO + * x v O DO

| | | |

| | |

| | | A T T T

| | | | | | |

| | | | | | |

=== + - === — - === === === 4+ -—=-=--= |— === == Rt |

| | | | | | |

| | | | |

| | | | | O” ”

| | | | | | |

| | | | | | |

| | | | | | |

=== + - === — - === === === 4+ -—=-=--= |— === == R i |

| | | | |

| | | | | 4” ”

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | |

4 - - - — |- — — — — — 4 - - - = ,* \\\\\ |

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | ¥ |

B | - — - — 4 - _ - - — - — |

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | e

| | | | | | |

L - - B I - — — — L - - A l— — |

| | | | | | |

| | | | | | |

| | | | | | |

I I I I I I I O

| | | | | | |

| | | | | | |

L | | | | | |

™~ © 0 ~ ™ N —

o o o o o o o
1%

0.4 0.6 0.8 1.2 1.4 1.6
rL [_]

0.2

Figure 3.53: Momentum ratio versus length ratioderies B.
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Figure 3.54: Momentum ratio versus length ratioderies C.
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Figure 3.55: Water depth ratio versus length raticeries B.
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Figure 3.56: Water depth ratio versus length rticseries C.
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Figure 3.57: Velocity ratio versus length ratio $aries B.
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Figure 3.58: Velocity ratio versus length ratio $aries C.
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Figure 3.62: Side weir aspect ratio versus lengtio for series C.
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Table 3.2:

Summary of main variables investigatetbsts of series B and C.

Side weir Upstream section Downstream section
.Inflow Qutflow S_ide weir Mean
Series| Test Run Code discharge| discharge | discharge flow Mean Flow Mea_n Alpha | Beta Flow Mea_n Alpha | Beta
depth shear stress| depth | velocity depth | velocity
Qu[m%s] | Qu[m?s] | Qs[ms] |"Ys[m] | Tomean[N/M?] [ Yu[m] | Uu[m/s] | au[] | Bul] | YaIm] | Ug[nVs] | aq] | Bal-]
7 L03Q9.52Yg2.q 0.0095 0.0065 0.0030 0.146 14.67 0.146 0.217 1.64.21 1 0.146 0.148 1.51 1.21
8 L08Q10.1Yg2.q 0.0101 0.0058 0.0043 0.105 4.66 0.104 0.323 15217 1. 0.106 0.183 1.64  1.2¢
9 L13Q10.0Yg2.d 0.0100 0.0052 0.0048 0.085 2.82 0.084 0.398 14115 1. 0.087 0.198 1.67  1.2¢
10 1L18Q10.1Yg2.Q 0.0101 0.0050 0.0051 0.075 2.02 0.072 0.467 1.3213 1. 0.079 0.212 1.83  1.3]
B 11 L23Q10.0Yg2.Q 0.0100 0.0047 0.0052 0.067 1.59 0.063 0.530 1.3815 1. 0.072 0.216 190 1.31
12 1L28Q10.1Yg2.Q 0.0101 0.0048 0.0053 0.062 1.31 0.057 0.592 1.2811 1. 0.069 0.232 2.34 1.4
13 L33Q10.1Yg2.Q 0.0101 0.0047 0.0053 0.057 1.09 0.054 0.621 1.9132 1. 0.064 0.246 2.02 1.3]}
14 138Q10.1Yg2.Q 0.0101 0.0046 0.0055 0.054 1.03 0.053 0.629 1.7326 1. 0.060 0.255 231  1.44
15 143Q10.1Yg2.Q 0.0101 0.0045 0.0055 0.050 0.95 0.053 0.640 2.5254 1. 0.058 0.257 228 1.44
16 L47Q10.1Yg2.Q 0.0101 0.0044 0.0057 0.048 0.81 0.052 0.642 1.06 02 1. 0.058 0.252 126  1.1(
17 L03Q9.70Yg3.4 0.0097 0.0080 0.0017 0.087 14.06 0.087 0.372 - 08M. 0.306 - -
18 1L08Q10.0Yg3.4 0.0100 0.0077 0.0023 0.075 3.85 0.074 0.455 - 7%.0 0.342 - -
19 L13Q10.1Yg3.4 0.0101 0.0074 0.0026 0.058 2.01 0.057 0.590 - 620.0 0.400 - -
20 118Q10.0Yg3.4 0.0100 0.0070 0.0030 0.054 1.56 0.054 0.615 - 50.0 0411 - -
21 123Q10.0Yg3.4 0.0100 0.0067 0.0033 0.050 1.30 0.053 0.628 - 520.0 0.426 - -
< 22 128Q10.0Yg3.4 0.0100 0.0063 0.0037 0.048 1.17 0.053 0.631 - 48.0 0.438 - -
23 133Q10.0Yg3.4 0.0100 0.0058 0.0043 0.046 1.23 0.052 0.627 - 43.0 0.444 - -
24 138Q10.0Yg3.4 0.0100 0.0054 0.0046 0.045 1.13 0.053 0.628 - 410.0 0.444 - -
25 143Q10.0Yg3.4 0.0100 0.0051 0.0050 0.043 1.16 0.052 0.631 - 4.0 0.423 - -
26 L47Q10.0Yg3.4 0.0100 0.0049 0.0051 0.042 1.06 0.052 0.629 - 380.0 0.424 - -
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3.5 Summary and concluding remarks

An experimental work has been conducted on side Wew in a fixed bed water-
recirculating tilting flume with rectangular crossction.

The main objective of the experiments was to ingast the hydraulic regime of a channel
when a lateral outflow takes place on one sidehefdhannel in steady conditions, with a
subcritical flow as initial regime. The rectangusidle weir had zero height crest and different
values of the length: the final aim is to simuldte flow outing from a river when a breach
occurs on one of its levee and it achieves variow lengths. The flume was tilted by a
constant slope of about 0.1% and a fixed rougheessposed by granular gravel with a
Dsp=6.8 mm was stuck down to its bottom, in order tovpde a realistic resistance to the
flow. Side outflow was collected by a lateral channvhose set-up did not allow backwater
effects from the outflow toward the main flow.

The main result of such experimental activity washighlight the purely hydrodynamic
processes which take place in the main channehgl@ilateral outflow without considering
the mobility of the materials: the bed layer of ttteannel was not erodible as well as the
lateral weir.

The hydrodynamics of the flow was observed by mezEnseasures of water levels at
predefined locations, flow discharge values (infldateral outflow and downstream flow),
vertical profiles of velocity (in the longitudinahd, for three detailed tests, in the transversal
direction) and superficial flow field (by meansR®TV techniques).

Six preliminary tests (series A) were conductechauit lateral outflow, in order to check
the system functioning and set-up, to collect dataverification of the rating curve of the
main channel and to provide a reference case éondixt tests.

Ten different tests were performed in series Bpating to the imposed side weir length,
which ranged from §B = 0.1 to Ly/B = 1.57. The tests were conducted with a constalue
of the inflow discharge (= 10 I/s) and a predefined set-up of the downsirgliice gate
(Yg=2.0 cm), in order to have an initial subcritilalv regime.

Further ten tests (series C), regarding the samsite weir lengths, were performed by
modifying the height of the sluice gate at the afidthe flume, in order to analyse the
influence of the downstream boundary condition o g$ystem: in particular, the sluice gate
was set to a greater heighty(¥ 3.4 cm) which anyway provided subcritical flow iitial
condition. The testing conditions and measure gqt@as are reported in Table 3.1.

The test procedure required to achieve a statioséaye and then to perform the
measurement operations. The physical model tooluite gghort time to achieve steady
conditions in the order of 15 minutes: this medrat the response of the main flow to the
lateral outflow in terms of hydrodynamic variables very fast, at least in fixed bed
conditions.

Data highlight how the side weir influences thewfldield in the main channel. For
increasing side weir length, the outflow dischairggreases and, consequently, the upstream
flow is more deflected by the side weir so thatupstream velocity increases and water level
is decreased. The flow depth profile is drawn doaward the side weir since the entire flow
is accelerated and this behaviour is intensifiedidager side weirs, when the flow depth at
the beginning of the weir was approaching the aaitdepth. The flow depth along the side
weir was usually increasing because of the subatitieature of the flow, whereas a first
decreasing part was observed for the tests hakim{phgest side weirs, which indicates that a
first supercritical zone likely occurred in thossts.
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The upstream water profile was always greater thancalculated critical depth, which
means that the approaching flow was subcriticab ®hgoing flow was subcritical as well,
since the hydrodynamics of the downstream zone geagerned by the downstream sluice
gate.

The threshold between the subcritical and the supieal behaviour was different
according to the downstream boundary condition angery exact limit was not detected.
Anyway, it was defined in function of the followirigatures of the side weir:

* LJBwn=1.1and QQun= 0.52, for downstream sluice gate gt=¥2.0 cm
* LgBwn=0.6 and @Qyn = 0.30, for downstream sluice gate gt=¥3.4 cm

Even if an indication of the regime threshold igeg, it is not possible to conclude about
the exact conditions at which supercritical flowneooccurs, also because an evident
hydraulic jump was not localized. Therefore, furttests are recommended in order to better
specify the threshold between the subcritical &edsupercritical regime of the flow along the
side weir and in order to define the existence Jdbation and the type of the hydraulic jump.
This may have important implications on the invgsted phenomena, since a supercritical
flow along the weir spills out less discharge thasubcritical flow, due to the decreasing flow
depth. The knowledge about the existence conditadrthe subcritical and the supercritical
flow along the side weir would therefore help irabsing the flow field in further details and
in defining the characteristics that a prospedtieal model should have in order to reproduce
the observed phenomena. Moreover, such an analysisd define more precisely the
applicability field of simple models, i.e. modelaged on the widely-used assumption by De
Marchi, which is limited to subcritical flows.

Additional tests would be useful to further invgate the influence of the downstream
boundary condition on the flow regime, which isesyvimportant topic, since the downstream
condition highly affects the lateral outflow. Mokew, a way to set a predefined uniform
rating curve as downstream boundary condition ghobé achieved, which is not
straightforward since the flow discharge at the dstneam section changes depending on the
lateral outflow. The used set-up did not allow suaiform rating curve to take place, which,
anyway, is a realistic condition occurring in ragers.

The longitudinal velocity profiles show the influmn of the side weir on the velocity
distribution, which is distorted and deflected tosvéhe weir itself. Flow velocity increases
upstream the side weir up to values @) 2.y Data showed that the flow gets three-
dimensional features when an important laterallowttakes place.

The analysis of the surface flow field around tlde sweir showed that the side weir
deflects the streamlines toward itself with inciegsflow angles going closer to the
downstream section of the weir. Moreover differeahes of the flow field were detected,
such as aliving surfacealong the weir, @eparation zonat the side opposite to the weir, an
helicoidal flowand areverse flondownstream the weir. Thaviding surfacewas induced by
the flow attraction through the lateral weir andydtt a larger distance from the weir on the
bottom of the main channel than at the water sarfadteseparation zoneseemed to be
induced by a longitudinal pressure gradient dugh® slowing down of the flow. The
helicoidal flowarose at the downstream corner of the weir, angukar point of local flow
stagnation. The proposed interpretation is thatldbal flow stagnation creates a downflow
motion, which is turned into the helicoidal motiby means of the main flow, as in case of
flow around bridge piers. Finally,raverse flowoccurred at the near bed part of the channel,
which was due to a backward withdraw of the sider we the downstream corner. These
three-dimensional effects developed for a size Ofigstream and[Rs downstream and the
resulting flow field was quite complex. Simple 1Dodels can not take into account such
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phenomena, but they can only consider the influesicéhis complexity on the velocity
distribution by means of Coriolis and Boussinesgeion coefficients. Anyway, only a
complete three-dimensional model can aim to repredwch phenomena (Neary et al., 1999).
The collected data about vertical velocity profike$ongitudinal and transversal direction and
about the superficial flow field are extremely imamt data necessary to calibrate an ideal
numerical model.

The De Marchi hypothesis of constant specific epdngad along the side weir was
analysed for the tests of series B. The speciferggnhead computation assumed a constant
upstream Coriolis coefficientt, = 1.15, whereas the downstream Coriolis coefficieas
calculated from the recorded velocity distribut{see Table 3.2). The De Marchi assumption
was verified for tests having/B < 1.1 and QQ, = 0.52, within an error af 10%, and this is
useful to define the limitation and the applicakilof models based on the assumption of
constant specific energy head.

A computational analysis of the collected data vpesformed in order to get the
longitudinal trend of some variables, as the lamdjital and transversal flow velocity, the
deflection angle and the shear stress. The metbggelas based on discretizing the recorded
flow depth profile into a predefined number of splaintervals, in which the flow outing
through the side weir was calculated by means ef dide weir law (eq. 3.5) with the
discharge coefficient calibrated on the measurdd fiow discharge. The flow rate in the
main channel along the weir was then calculatedyes as the transversal and the mean
longitudinal velocity according to continuity priptes (eq. 3.6). The outflow angles were
computed as in equation 3.7, on the basis of thacig components. Finally, the shear stress
was calculated as longitudinal and transversal coapts along the weir (eq. 3.8) and as
mean value acting on the side weir. This analysigiged the following main outcomes:

* The calibrated discharge coefficient decreasebeasitle weir lengthens and it is a
function of the upstream Froude number (in agree¢nvéh other authors);

* The longitudinal velocity W decreases along the weir of about 50% due to the
lateral outflow;

* The transversal velocity lncreases along the weir;

» The transversal velocity increasing is more eviggrthe weir crest, where the flow
depth is lower than at middle axis of the channel;

« The flow angled increases along the lateral outflow and the lamyital variation
is more evident for longer weirs;

* The flow angled decreases its value for longer weirs;

* The shear stress reduction along the weir is irotber of more than 50% and it is
mainly due to the lowering of its longitudinal cooment;

« The mean shear stress acting on the weir sectieoneases of one order of
magnitude for longer side weirs and it tends tasymptotic low value.

All these considerations give an overview of ho@ thain physical variables change along
the lateral weir and for increasing lateral outflasince they consider variables averaged on
the cross-section, they should be reproduced evé&D inumerical models.

Finally, the main features of the flow regime welescribed in terms of dimensionless
parameters, which gave an essential overview opliysical variables of the system in terms
of: flow discharges, momentum, flow velocities dlmlv depths. The velocity and the water
depth ratios (f and k) were defined as ratio between the related floatuiees at the
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downstream and at the upstream sections. The wu#fla the momentum ratiosp(and k)
were defined as proportion of the related flow deas$ at the side weir and at the upstream
section. The length and side weir aspect ratioar{d ks) took into account the features of the
side weir and the principal geometric dimensiothef main channel.

The discharge ratiog summarizes the influence of the side weir in teohsvater mass
balance and it is the most important parametecedine first effect of a side weir is to remove
part of the water from the main channel. The mommantatio ry considers how much
momentum is affected by the lateral outflow anddts derived by imposing the momentum
balance in the main channel along the side wegtlerThe influence of the side weir on the
main flow is furthermore described in terms of atian of flow depth and velocity values at
the down- and upstream sections. In particular,flitne depth ratiory gives an immediate
indication of the flow depth feature along the wairfurther description of the flow along the
side weir is given in terms of mean flow depth and the dimensionless parameters are
analysed with reference to the dimensionless lengttvhich considers the relative geometric
importance of the lateral weir compared with them@hannel. Moreover, the flow features
are described in terms of up- and downstream Frowthebers, that is the main parameter
when dealing with open channel flows. It resultstth

* Both the maximumg and k are reached for the longest weir and they ardéen t
order of 50%-60%, which seems to be around an uppgy

 The & and the § change their trend because of the change in tve fegime
(likely from subcritical to supercritical);

» The upstream Fr increases with the side weir lebgtause of the acceleration of
the flow;

* The downstream Fr increases with the side weirttebgcause of an effect of the
downstream sluice gate, which does not guarantemiéorm rating curve;

* The ks dramatically decreases with the weir length anéntls to a lower limit.

Future research is recommended in order to exteaddllected data and to investigate
other configurations, such as: longer side weirghdr weir crests, different downstream
conditions, further main channel characteristiasfldiv, cross section dimensions, bed
roughness).
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4  Movable bed laboratory investigations

The laboratory investigations regarding movable bexdditions have been carried out at
the laboratory of the Leichtweil3-Institute for Hgdfic Engineering and Water Resources of
Braunschweig (LWI) during January-June 2012 andehaeen fully supported by the
department of Hydromechanics and Coastal EngingesinLWI. The experiments were
supervised by Prof. H. Oumeraci. A complete repbdut the experimental results is given in
Michelazzo and Oumeraci (2013).

The main objective of these experiments was thdecwn of experimental data
concerning the processes of breach formation aollitgan due to an overtopping flow on an
earthen river levee built in a flume with movabledb Unlike most of experimental works
concerning dam breaches, the present work was aimegproduce the situation of a river
levee, in which the levee model is located longitatly in the flume.

This Chapter addresses the description and theysamabf the breaching processes
(formation and evolution) together with the rivelow dynamics (evolution of flow
hydrodynamics and bed morphodynamics) until an liguim of the system river-breach
was assumed to be gained.

In order to analyse both the breach evolution dedriver morphodynamics, a movable
bed flume filled with sand was used with a sandydeil®f the levee as a lateral boundary.
Steady inflow conditions were set during the tebissuch a way, the transitory phase of
breach evolution was monitored until an equilibriofinbreach and hydraulic variables was
assumed to be achieved.

The present analyses are supplemented by otherimgoeal investigations, that were
made in fixed bed conditions and whose descripgaiven in Chapter 3.

4.1 Experimental set-up

4.1.1 Experimental facilities

The experimental investigations were carried owt B0 m long, 2 m wide and 0.8 m deep
water-recirculating tilting flume with rectangulaross section. Figures 4.1-4.2 show the plan
and cross view of the apparatus and some pictueegiven in Figures 4.3-4.4.

The flume was subdivided longitudinally for a lemgif about 22.5 m into two separated
channels by concrete blocks 0.35 m high. The mhangel represented the actual testing
facility where the incoming liquid discharge wad pu The bottom of the main channel was
filled with bricks and sand bags and, above themsarad layer 0.15 m deep was set as river
bed. The levee model was set longitudinally onritpet side of the main channel for a central
testing reach 15 m long: it had a trapezoidal sh@j@® m high, 0.1 m wide at the crest with a
slope of the sides of 1V:2H. The levee model wadeniay the same kind of sand used for the
river bed, which was a medium sand with g B 0.84 mm. A waterproof plywood structure
was placed at the up and downstream parts of timeefl in order to provide fixed and stable
conditions for the inlet and the outlet of the watkese structures were aligned with the levee
model and they had the same geometry so that laterdid not meet changes of cross
section along the flume. The wet cross sectiotéain channel had a maximum depth of
0.25 m and a maximum top width of 1.1 m.

89



Breaching of river levees G. Michelazzo

A system of toe drains was set under the protesidel of the levee model in order to
control the seepage line and to prevent piping pimama and breach self-triggering. The
drain was made by geotextile bag filled with gravidie levee was constructed by placing
sand in layers of about 5 cm of height which wemaged with water and hand compacted.
The design shape of the levee was achieved by n@Haweoden templates attached to a
carriage. The levee model was stable since theedogle was less than the repose angle of
the sand (33°). The river bed had the same kirghofl which was initially smoothed as flat
bed and the initial flow conditions were under tiigical condition for sediment movement.

The flume had an inclinationyS= 0.1%, set by means of the flume electronic @aintr
system. The sediment recirculation system was ctotaded.

A sluice gate was set at the downstream sectioth@fmain channel: it was used to
regulate the downstream boundary condition. Therdtneam part of the flume, next to the
plywood structure and before the sluice gate, hay bricks on its bottom but no sand, in
order to make the sluice gate work above a fixethsa. At the end of the lateral channel, a
sharp-crested weir 0.15 m high was fixed to st@pdhnd eroded through the breach and to
provide a way to measure the water discharge flgwirthe lateral channel.

The main and the lateral channels were isolatel etiwer by the separation wall and the
lateral channel upstream end was closed towardnflav, so that water could flow in the
lateral channel only through the breach. A smallbam of water discharge could flow
through the drains.

The bottom of the lateral channel was lower tham tmin channel in order to avoid
backwater effects from the outflow toward the nféom.

Two carriages were moved along the flume for meament of water surface and flow
velocity as described in Section 4.1.2. The flage gd the end of the flume was set almost at
zero level only in order to stop the sand flux, antlas downstream boundary condition.

The goal of the experimental activity was to inigeie a process, without reproducing a
real prototype. Nevertheless, it is important teahthat the main properties of the physical
model are consistent with a real process. Accorthntipe typical values recorded during the
tests (Table 4.3), the Froude number Fr gainedhénnhain channel before the breaching is
Frore = [0.02 + 0.23], which actually is not very high for a rivBood. Anyway, the flow
accelerated after the breach trigger and the Feased up to kr= [0.1+ 0.7], which is a
more realistic range for a real river in subcritil@od regime. The Reynolds number is
evaluated in the order of Re1(®, which, for a relative roughness= 107, is referred to a
fully turbulent flow that is consistent with condihs found in real rivers. During the
experimental test, the flow acceleration inducedhaybreach flow allowed sediment particles
to be moved as bed load and dunes appeared. Taehbrg process was let to develop for a
time ranging from one hour until four hours (fosttéd3). Finally, the aspect ratio of the main
channel during the breaching (YAB 1/10) is quite realistic. Moreover, a possible evrdf
magnitude for the length scale of the investiggteénomena can by = 1:510, which
would give the following values of the variablesr(test A3) referred to a river prototype:

e River width = 55 m;

+ Flow discharge = 516 fs;

* Breach length =73 m;

« Breach discharge = 242°m.
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Sharp-crested
weir

/ Sluice gate

Figure 4.4: Downstream part of the flume: on tHe the sharp-crested weir, on the right, the €gate.

Figure 4.5: Drain system in the flume (a): toe didétail (b), test for control seepage line (putipie, c).

4.1.2 Measuring techniques and observations

Within this Section the instruments used to meathevariables during the experimental
tests are described into different paragraphs.catgj the hydrodynamics of the flow was
observed by means of measures of water levels, fimeharge values and point velocity
values, the morphodynamics of river bed was acdulvg bed profiler and the breach
evolution was monitored by means of two cams.

93



Breaching of river levees G. Michelazzo

4.1.2.1Water surface profile

The water level was recorded by means of threaadgtric sensors (USs).

The first sensor (USO in Figure 4.6) was attacleethé movable carriage and it was used
to record the water surface profile along the fluanel the levee crest profile as well. Since
the sensor was able to detect a wide range, itg@acg was in the order &f13 mm.

The other two sensors were Honeywell series 943-FAV1C0-330E, which recorded the
water level with a maximum error &f1 mm. These gauges were fixed to the flume strectu
at the downstream part 0.7 m far from the end @eaind at middle of the main and lateral
channels (US1 and US2 in Figure 4.6) and they dexbthe distance between the probe and
the water surface. The recorded levels were tremsformed into a distance referred to the
bottom of the main or of the lateral channel, delogg on where the measure was taken.

Data were recorded by the ultrasonic sensors witeguency of 10 Hz and they were
saved and managed into a PC by means of the seftwdyavis.

4.1.2.2Flow discharge

The inflow discharge Qwas delivered from a tank by the use of a recitooh system
where the inflow pipe was controlled by an electagmetic flow meter (IDM). A steady flow
rate could therefore be easily set and maintaiedrately throughout the duration of each
test.

The lateral breach discharge,@Qas determined by using the water level measuyed b
ultrasonic gauge US2 and its relationship with ftber rate given by the sharp-crested weir
working: this relationship was previously calibihie a smaller channel which had the same
geometry and the same weir of the lateral charired.discharge flowing in the main channel
downstream the breachy@as calculated by using the rating curve of USitratled by the
sluice gate or as difference€Q.

4.1.2.3Velocity components

The 3D components of the flow velocity were meagurem time to time in various
positions during the tests by means of an acodsipler profiler ADV-Nortek. The velocity
range and the submergence of the probe were chdrggadmeasure to measure in order to
search for the best setting in term of Signal-tasidratio and Correlation values. The probe
had a sampling rate of 10 Hz.

4.1.2.4Bed topography

The river bed was surveyed at the beginning antieaend of each test, at the assumed
equilibrium stage. Three ultrasonic sensors “SONOME 05" working under water were
used, which were fixed to the movable carriage.s€h&ensors acquired with a frequency of
10 Hz a sampling point of diameter size of 2 cnme Tireximum detectable range was 200 mm
and the resolution was &f2 mm. The bed profiler probes were calibratedthed zero level
was referred at the flat bed elevation in the nwiannel. The sensors were equally spaced
from each other of 5 cm in order to cover the wiolthhe river bed (0.6 m) for all the testing
reach length with 12 strips of acquisition. Therie@re was automatically moved by setting
the starting point and the desired velocity (30 s)mwhich provided a spatial resolution of
one point of acquisition every 3 mm in the longihad direction. Topography data were
acquired in L~Davis software.
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4.1.2.5Breach development

The breach in the levee model was initiated, asrdes] in Section 4.2.2, by cutting a
little groove into the levee crest with a wood Istighe evolution of the breaching process
was recorded by two cams both on the river side,loaking downstream and the other one
upstream. Two meter sticks were placed on the aktite levee in order to evaluate the
erosion rate of the breach. No devices, but ordyali observation, were employed to monitor
the breach deepening.

4.1.2.6Video techniques and other instrumentation

Two high definition cams were fixed to the flumearfre to monitor the breach
development: they provided two different pointsvegw by focusing on the upstream and
downstream section of the breach. The breach site hghted to better focus the breach
features. The breaching process was recordedautggt was ended.

Two different PCs were used to store data: oneectdt all data coming in L~Davis
software, the other one was employed only as amisiign system of the ADV. Two
carriages were moving along the flume: the upstreaenaccommodated the USO and the bed
profiler and it was controlled by an electronic teys through which the position of the
carriage was known and was acquired to refer tiséipo of the devices above it. The second
carriage had the ADV on it and it was manually nugath

The valve of the inflow and the flap gate werelset remote control.

CAM1 CAM2
2 I
00 20 40 60 80 100 120 140 160 180 20.0 220 240 260 280 300 Longitudinal
N T S O I N direction [m]
0.0 |
4.
01— Q Bed Sand Layer X
0.2 — u Profiler ADV
— 03 > o |® MAIN CHANNEL [ Qu
£, 04 Uso (RIVER SIDE) — | _
= 0'5 ~_Sluice Gate
T 06| (downstream b.c.)
= 0.7 Carriages
o _
g 0.8
S 09—
5 10 Breach
= 11— I Flap G 0°
S 12 ap Gate @
‘g 1.3 — Plywood v Plywood
= 14— structure Qbr structure
©
* 1.5 — Sediment trap
8 1.6 — Levee Model
S 17—
O 18 —
' LATERAL CHANNEL /3 °
1.9 — ANDSIDE)  / Qor us2
2.0 | |
Upstream Separation wall / .
y retaining wall (concrete) Overflow weir

Figure 4.6: Experimental apparatus with measuremevites (distorted scale).
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4.1.2. 7Experimental errors

The ultrasonic sensors acquired data with a pateit 1 mm.

The error over the flow depth measurement givesraor on the calculation of the flow
discharge through the use of the rating curvebeatlbwnstream section of the main channel
and at the lateral channel. An error 6f1 mm on the measure of the flow depth at the
downstream section results in an errot @-5% over the computed downstream discharges.

By the same way, an error #f1 mm on the measure of the flow depth at the soin&
gauge in the lateral channel results in a maximwmor ef + 5% over the outflow discharge
computed by means of the weir equation.

Higher errors affected the water surface measurenterough the sensor USO, which had
an accuracy of arountl1 cm: since the water depth in the main channeledsed during the
breaching of the levee until around 10-15 cm, thereof USO was in the order &f10%.

Finally, the bed profiler had a precision®2 mm, which was equivalent t©1% of the
measurement range (200 mm). The meters on leveg ased to evaluate the lengthening
rate, had marks every 2.5 cm, which therefore Wagtecision of such analysis.

4.2 Testing programme and test procedure

Breach evolution, river flow and river bed moditica were analysed during various tests
in which the inflow condition was changed. Diffetaralues of inflow discharge Qwere
tested (Q = 10+70 I/s), while the flume slope, and consedjyethe initial river bed slope,
was maintained constant and equal to 0.1%. The sktogam boundary condition, given by
the sluice gate configuration, was changed for edstharge so that the main channel water
level before breaching was always around the levest, i.e. the sluice gate opening was
adjusted to obtain a water depth of about 0.25Imalahg the flume. Evolution process and
final length of the breach, as well as river bedrphology and flow hydrodynamics, were
investigated. The chosen value of Was kept in steady condition throughout the daratf
the test. Levee model geometry and sand materia m@ changed.

The initial flow field was always in subcritical giene: different initial Froude numbers
were achieved for the tested inflow discharges.

4.2.1 Test series

Three main series of tests were performed.

The code of each test is composed by a string afaciers which identifies the main
features of the test, as explained by the follovaketch.

Opening of sluice gate
T Walue of ¥g [cm]

Q10.1 Yg0.4S0.1%
—J J X"_J'
F.?ums.?op:\

WValue of 5 [%0]

Inflow discharge

WValue of Oy [L's]
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Tests of series A concerned conditions with theddad configuration of the levee, as
explained in Section 4.1.1.

Tests of series B were performed on a partially ifremtiset-up: the levee model upstream
the breach site was covered by a geotextile inrotaerotect it against the flow erosion
induced by the flow acceleration due to the braaghprocess (see Figure 4.7). This
configuration allowed to test higher inflow dischas avoiding the erosion of the levee in the
upstream zone (see results of tests of series Aye®er, tests B7, B8, B9 and B10 were
ended by progressively closing the downstream slgate to test the influence of the
downstream condition on the breach dynamics.

Finally, two borderline cases were tested in se@ieshe case of dam breach with an
almost static water level behind the levee andctse of multiple breaches during the same
test. During the dam breach test it was necessamyaintain a small inflow discharge almost
equal to the infiltration rate through the leve®rder to have a steady water level in the main
channel before starting the breaching. This isrdason why the inflow discharge was not
zero even if the downstream sluice gate was coelgletosed. Actually, a very small river
flow took place and water condition was not congdiestatic in the main channel.

Several measurements were taken during each tesailsd about the measurement
procedure are given in Section 4.2.2. Longitudmafile of water surface, 3D point flow
velocity and bed topography were recorded befockadter the breach event. Water surface
level and flow velocity were acquired in fixed pwirduring the breach development, which
was monitored by means of video recording.

A summary of the experimental conditions is gived able 4.1.

"i’d'

Levee not-protected- :

Levee protected
by the geotextile

Figure 4.7:  Geotextile protection of the levee.
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Table 4.1:

Summary of conditions for the perfornest series.

Sluice

_Inflow ate Flume Initial fI_ow Initial Froude . Upstream
Series| Test Run Code discharge opgening Slope velocity number S(I:lljcl)cs?ngg%te geotext. Notes
" | protection?
Qullis] | Yglem] | So[%] |  Umeanlmis]* Fr pre [ *
1 Q10.1Yg0.4S0.1% 10.1 0.4 0.1 0.035 0.022 No No
2 Q20.1Yg1.0S0.1% 20.1 1.0 0.1 0.084 0.054 No No
A 3 Q29.2YQg2.2S0.1% 29.2 2.2 0.1 0.145 0.098 No No
4 Q40.4Yg3.4S0.1% 404 34 0.1 0.186 0.120 No No
5 Q49.0Yg4.5S0.1% 49.0 4.5 0.1 0.239 0.158 No No
6 Q60.3Yg5.850.1% 60.3 5.8 0.1 0.270 0.172 No Yes
7 Q70.3Yg7.3S0.1% 70.3 7.3 0.1 0.346 0.228 Yes Yes
B 8 Q35.3Yg2.7S0.1% 35.3 2.7 0.1 0.152 0.097 Yeg Yes Sluice gate
9 | Q45.1Yg4.050.194  45.1 4.0 0.1 0.204 0.131 Yes Yeg Progressively closed
10 Q55.2Yg5.0S0.19 55.2 5.0 0.1 0.241 0.153 Yes Ye
11 Q7.2Yg0.0S0.1% 7.2 0.0 0.1 0.022 0.014 No No bezach
¢ 12 Q45.3Yg4.0S0.19 45.3 4.0 0.1 0.207 0.133 No Yes Multiple breaches

* Frpre and Uneanare calculated as average value over the lengtiedfume (since the flow discharge changesla litcause of seepage)
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4.2.2 Test procedure

Tests were performed following a general specipeacedure for the data collection. Of
course, each test had its own features which redufre operator to make particular choices
every time (for instance, the location of flow vaty measurement had to be chosen each
time).

The tests developed according to three main phases:
(i) Steady flow before breaching;

(i) Breach formation and evolution;

(i) Final equilibrium of the system river-breach.

Before starting a test, every device was checkedptated in the right location.

The downstream sluice gate was initially closed tedflume was filled up with water at
low flow rate (about 1-2 I/s) in order to provideggedual saturation of the sand and to avoid
erosion from the main channel bed or from the leslepe. Due to the infiltration inside the
levee and through the drains, the inflow had tgtaelually increased up to 6.5-7 I/s to fill the
main channel until the water depth was around #wed crest in steady conditions: the
infiltration rate was therefore equal to the inflealue. Then the downstream sluice gate was
opened and the inflow discharge was increased tingtidesign inflow was achieved and the
water surface was around the levee crest in statyaregime all along the flume.

After temporal steady flow conditions were achieveéwe water surface profile at centre
line of main channel width, flow velocity and begbography were measured.

Afterwards, a breach was initiated by cutting a@aegular groove (2 cm wide, 1 cm deep)
on the levee crest at a central section of the h{cd#ed ‘Breach Trigger Locatioh— BTL):
breach started by overflow of water at theeptiontime to and its formation and evolution
were monitored during time by means of cam recgydwhile water surface level and flow
velocity measurements were acquired in fixed poMiisen erosion of levee due to the breach
reached the bottom of the main channel, the lamaldrains that remained uncovered were
removed in order to allow more vertical erosion.wewer, the separation wall provided a
vertical constraint to the deepening of the breablth will be discussed in Section 4.4. This
phase went on until an equilibrium in the breacigteening and in the flow hydrodynamics
was seemingly achieved, even if it was not always\dedent. The water surface profile and
the levee crest longitudinal profile were acquibefore ending this phase.

During the last phase the inflow discharge was eis®d until low values which did
modify breach geometry no more, while the flume Wiléesd up with water by raising up the
flap gate. This operation was needed to acquirdotitsm morphology of the main channel
by bed profiler. The survey of a part of the breacka beside the main channel was also
performed.

4.3 Measured data and experimental results

Data collected during experimental investigatiores@esented within this Section.

Before describing the results of each test, iteisessary to define the spatial reference that
is used for the following elaborations. The vargblused to describe the physical model,
measured during the tests or calculated in the-prastessing, are listed into the list of
symbols.
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4.3.1 Spatial reference system

The spatial reference used to locate the measutemetihe flume is a 3D Cartesian
coordinate system in which:

* The origin is located on the initial bottom of timeain channel, next to the
beginning of the breach groove and on the left Ggposite to the levee);

* The x-axis is fixed to the glass wall, directectamwise;
* The y-axis is the transversal axis, directed towhedevee model;
* The z-axis is the vertical axis, directed towarel tibp.
Figures 4.8-4.9 show the coordinate system useadgltire experimental investigations.

A
-11.6 6.6 0.0 8.4 11.6
| | | |
00— , , —
| x[m]
02— Qu
' - \ us1
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04 — MAIN €CHANNEL
(RlVl‘éR SIDE) y [m] }
06—
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12 |
Plywood v Plywood
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Figure 4.8: Coordinate system for the flume (plawji
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Figure 4.9: Coordinate system for the flume (sectiew A-A’).
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4.3.2 Measured data post-processing

Post-processing of collected data was necessame#te a consistent data base which was
used to analyse the investigated phenomena.

Experimental data were collected by different wdysng the three phases of the tests.

The flow during the first “before breaching” phaseas steady and no or slight
modifications occurred to the morpho- and hydrodyicavariables. Bed profile and water
surface were recorded and point measurements arvatel and velocity were acquired
during a sufficient long time slot (about 10 mimdathen elaborated as average values.

Since the US sensors were calibrated with the mrel referred to the bottom of the
channel, the water levels recorded by the probes dieectly converted in flow depths if no
erosion or accumulation took place, as in caseSif &nd US2.

The measurements along the flume (such as watfcsuand bed profiles) were referred
to the Cartesian system by means of a sensor fixéte movable carriage, which gave its x-
position along the flume.

The “breach formation and evolution” phase was nwmplicated, since the variables
changed in time due to the breach dynamics eveheifinflow was maintained constant.
Ultrasonic sensors 1 and 2 monitored continuousty water level, while the collection of
ADV data was difficult because water level as veasllboed morphology changed in time quite
quickly. Moreover, one must consider that USO rdedr water surface usually in the
upstream part of the flume, where erosion and aatatron of sand occurred and this did not
allow to directly calculate the water depth.

The collection of the water surface profile (abhrag the flume at the centreline of the main
channel) was furthermore complicated because aflaigmn of water surface, as detailed
results in the complete report show (Michelazzo @ndheraci, 2013).

The breach evolution was recorded by means of tarasc video analysis allowed to
elaborate the erosion rate of the breach by refgttie breach length to the meter sticks on
the levee crest.

Finally, bed topography was acquired after havitgpged the inflow and filled up the
flume in order to “freeze” the achieved configuvatiof the bed. During this filling phase,
some features of the breach cross section (botlugeream and the downstream) changed
because of further mass slumps: however, this teffieanly the morphology close to those
sections.

Inflow rate was acquired by the IDM installed a¢ timflow pipe and it was checked to
remain constant during each test.

Lateral outflow through the breach was calculatednfthe water depth recorded by US2
installed in the lateral channel by the use of wesr equation, which was calibrated in a
smaller channel having the same geometry of tleedbthannel. The calibration was made by
taking several measures of inflow discharge and fiepth and the derived weir equation is
shown in Figure 4.10.
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Figure 4.10: Sharp-crested weir equation of latelnahnel (calibration).

The relationship of Figure 4.10 is valid in casestgfady flow, that was achieved at the end
of the tests. During the breach evolution, therédtehannel got water from the main channel
and also the sand eroded: this dynamics made Vearnot to grow uniformly and unsteady
phenomena occurred into the lateral channel whiolidht oscillations of the water surface
and errors in the calculation of the water dischdlgwing in the lateral channel.

Another way to monitor the breach outflow during second phase was to calculate it as a
difference between the inflowQthe downstream discharge &hd the seepage flons&s

Qor = Qu— Qi — Qseep 4.1)

A rating curve was needed in order to calculatedth@nstream flow rate £irom the US1,
which recorded water depthy¥at the sluice gate: this was not easy, since lilieesgate
equation was not separately calibrated and itsiogeshanged from test to test. Anyway, an
analytical rating curve was developed by using dbgerning equation for a free flowing
sluice gate. The discharge coefficient was caldardbr each opening of the sluice gate by
using the flow rate and the flow depth recordedhatdownstream cross section during the
first steady flow phase (before breaching). Flote rat the downstream cross section was
derived by subtracting the seepage flow raté [/s) from the incoming discharge.

The sluice gate equation used in the calculaticsogfnstream flow rate was therefore:

Qq(t) = C,(Y,) 0.6+ Y, )oY, Q29 IY,{t), if Y,(t)>Y, (4.2)

with g gravity = 9.81 m/s
Cq.  discharge coefficient calibrated for each tegtraviously explained [-]

Equation 4.2 is valid until flow depth is affectbg the gate itself: when water depth
decreases under the sluice gate, the relationsiMpgho more valid. Since the elevated main
channel bed ends at the sluice gate section, afrexdall develops over a positive step when
water surface decreases under the gate. In sudtuadian, flow crosses the downstream
section with the critical depth and this relatiopstan therefore be used as rating curve:

Qu(t) = gﬁm, if Yy(t)<Y

5 (Yd) o (4.3)
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The seepage flow rate (i.e. infiltration dischargeas evaluated during the breach
development by means of the simplified analyticaétimd of Pavlovsky (1931). The
hydraulic conductivity kwas calibrated by considering that the seepage tthoough all the
levee model (15 m long) is equal to the inflow dgrithe first phase of the tests, when the
water surface is maintained at the levee crestdady conditions. kresulted in: k= 7103
m/s. Note that the calibrated took into account implicitly the effect of the drasystem,
which increases seepage flow, and thusakue resulted higher than standard values. Since
water depth decreased in time and varied in ledgting the breach development, seepage
flow during time was calculated by assuming a camistvater depth acting on the levee equal
to the mean of two point measurements: the dowerstrdow depth (given by US1 at the
downstream section) and the upstream water suri@eel (given by USO which was
maintained at a fixed upstream section chosen befach test), which were the only two
water surface measurements acquired continuouskyma. Moreover, seepage flow was
calculated only for the length of the not breachmeee, which was known by the video
analysis of the breaching process.

The temporal development of the variables during skcond phase was acquired and
synchronized with the video-cam recording. Themfdireach events were located in time
and analysed together with the hydraulic varialdegselopment. Evolution in time of the
measured variables was elaborated as running aerag

The flow velocity averaged over the cross secti@s walculated by means of measured
discharge and water depth. Water depth measurensnhot easy to be determined because
of deformation of bed channel. The mean flow vejoat an x-section was then given by:

_ QX
U mean(x) - A (Y (X)) (44)

3D local flow velocity was acquired by means of thBV, which gave the velocity
component of a point sampling volume located untier submerged probe. The correct
procedure to collect ADV data requires to seleet ¥klocity range and the position of the
probe under water. The “Signal-to-Noise Ratio” (3NIRd the correlation values were useful
parameters to check the quality of data and totel¢tese having low quality. This operation
was made inside the post-processing phase. Ondepraiccurring with ADV was that its
distance from the bed surface changed during tb&igen phase, so that only a part of data
could be accepted during this phase. The seled®d data were elaborated as average value
over the time period of acquisition, except frone tfirst acquisition during the breach
triggering of each test, which is elaborated onithva running averaging in order to show the
variation of flow velocity during the first timedl after the breach trigger. The x-y location of
the probe was acquired manually, while the deptithef sampling volume was set around
middle of the water depth in that point, in orderhiave significant values of velocity. The
velocity data were used to analyse the flow field.

Bed topography data were collected along the 18sting reach and 12 strips in order to
cover the main channel bed width (0.6 m). Bed dlemaof the breach channel was also
acquired for a part of it (from y = 0.6 m to y =11m). Acquired data were despiked and
elaborated as running average. A digital elevatimodel was then created by means of
analytical interpolation of the collected data ogral of size 0.01 m. The river side slope of
the levee out of the breach borders was not adajuise sensors but its contours were
numerically reproduced from the theoretical shaggghed for the levee.
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4.3.3 Experimental results for each test series

Some of the more relevant results are shown inSkiion, whereas all details are given
in the complete report (Michelazzo and Oumeracl,320

4.3.3.1Series A data

Tests of series A were performed with the standatting of the levee model set-up.
Five different inflow discharges were tested, raggrom 10 to 50 I/s every 10 I/s.

Somegeneralremarksare given in order to understandhe plots. Regardingthe digital
elevatiormodelof theriver bedandthebreachthecontourshowtheelevationn [mm] overthe
zeroreferencewhich s the planebedof the main channel Flow goesin from left side(asthe
arrow)andthereddashedine BTL pointstothesectionx=0) wherethebreachwastriggered.

Longitudinal profiles of bed elevation and of waserface were taken along the centreline
of the main channel (y = 0.3 m) by the bed profdad the USO sensor, which was also used
to take the levee crest profile (at y = 1.15 m)teNthat the graphs of the variables in the
spatial domain are plotted in distorted scale rdiggry- or z-axis with respect to x-axis.

Temporal development of water surface levels wiasrtat a fixed location: US1 and US2
remained fixed for every test, while USO positioasnset in the upstream part of the flume
chosen before each test. Bed evolution was recandewe fixed position in the upstream part
by means of bed profiler until water surface elmratmade it possible. Timing of breach
triggering is marked as dash-dot black line (tigia tTable 4.5) and timing of drain removals
as dashed black lines in all plots regarding theptaral developments during phase 2.

The breach development was recorded from the istrgaf the breach length both in the
up- and downstream directions, whose definitioexislained by the following Figure 4.11.

The flow velocity was recorded by ADV in differgmbsitions during the second phase: the
ADV position is marked as red point in the plots.

a) t < ttrigger
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) T > tirigger
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! .
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Plywood | N Plywood
structure N - structure
Hbrtotal Levee Model
|
Breach

Figure 4.11: Definition of breach erosion lengthsbefore breaching; b) after breach inception.
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During the first phase of tests, steady flow wagagk achieved: flow depth was almost at
levee crest and no sediment transport occurredhén main channel, which, therefore,
maintained its initial flat bed configuration befobreaching (see Figure 4.12). Moreover,
water depth was always larger than critical depiind this provided a subcritical flow as
initial condition (Figure 4.13). Actually, the watdepth slightly increased downstream due to
the seepage lateral flow which endowed the rivewflwith spatially gradually varied
features: the flow depth increases in a subcritiegime if a lateral outflow takes place.
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Figure 4.12:

Bed topography before breaching (tdst 810.1Yg0.4S0.1%).
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as depicted in Figure 4.6)
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A breach was triggered during the second phasettedemporal evolution of the river
hydrodynamic variables together with the breaclytle@ning were monitored. As a general

behaviour, water levels recorded by the three s$snfdSs
upstream part of the main channel (USO) decreaseduse of the draw effect by the breach,

downstream water depth (US1) decreased becausscbidge was diminished by the breach

developed quite quickly toward an almost steadyest&igure 4.14): water level in the
flow and water level in lateral channel (US2) iraged due to the breach flow.

Breaching of river levees

Figure 4.14: Temporal development of water levél&s and river bed (test A1 - Q10.1Yg0.4S0.1%).

Breach development was fast during the first 5-10utes after breach inception, then it
slowed down but, unlike water depths, it did naiate a stable length most of tests. Unlike
dam breach scenarios, the breach mainly lengtimetie idownstream direction (Figure 4.15).
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Figure 4.15: Temporal development of breach leffigist A1 - Q10.1Yg0.4S0.1%).



Chapter 4 Movable bed laboratory investigations

The resulting velocity field was quite complex, agpected from the fixed bed
experimental investigations (see Chapter 3), arg faw times it was possible to catch the
flow field features by means of point ADV measureise Velocity recordings during test Al
were those having the best quality and they candeel to state some considerations on the
flow field.

The three components of flow velocity vector aretteld in the following Figures (4.16-
4.17-4.18-4.19), together with the location of theasurement in the xy plane, the value of
the deflection anglé and the velocity vector plotted with a length pdpnal to the velocity
module |U| = (WP+U,%)°*, with U, assumed to be negligible.

Velocity plots of test A1 show how flow velocitykls higher upstream of the breach and
then decreases downstream (Figures 4.16-4.17).dMerey, got significant values close to
the breach site, while it was almost zero out eflbheach domain (Figure 4.18). Finally, the
presence of a flow separation zone on the side Sjgpto the breach is revealed by velocity
values decreasing until almost zero: this zone @lassified as “B zone” in the fixed bed
investigations (see Figure 4.19), but it had a legslent extension and strength in the
movable bed tests, likely because of a lower agpict (Y/B) of the main channel flow. For
further details, see Michelazzo and Oumeraci (2013)
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Figure 4.16: High longitudinal velocity of the appching flow (test A1 - Q10.1Yg0.4S0.1%).
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Figure 4.17: Slowing down of flow downstream thedwh (test A1 - Q10.1Yg0.4S0.1%).

Vel [cm/s]

Transversal axis y [m]

Y e et e R
o - e Tt o P
oo 00 |
0,:,:,:,:,:,3:,:,:,:,,3:, ,:,,i,:,,ii,:,,i,:,,i,:,i,i,:,,i - 7Uy(t) i
N N T B
5 :
7560 7580 7600 7620 7640 7660 7680
Time t [s]

200

100

-100

-2 0 2 4 6
Longitudinal axis x [m]

[mm]

Figure 4.18: Significant flow deflection (land U similar) at the breach site (test Al - Q10.1Yg0.430).
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Figure 4.19: Separation zone at the side oppasitect breach (test A1 - Q10.1Yg0.4S0.1%).

The final phase of tests showed the final watefaserprofile and the deformation of river
bed due to the breaching. It is evident how mosbpbgraphic deformations occurred in the
upstream part as erosion phenomena, while seditm@ntaok place at the downstream part
of the breach. A slight bed deformation was recdiidethe remaining downstream part of the
flume (Figures 4.20 and 4.21). River bed defornmsticoccurred not only as general
erosion/sedimentation phenomena but sediment toainspused the presence of bed forms
(ripples and dunes).
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Figure 4.20: Bed topography after breaching (test 829.2Yg2.2S0.1%).
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Figure 4.21: Longitudinal profiles of water surfatevee crest and river bed elevation after brearktiest
A3 - Q29.2Yg2.2S0.1%).

The acceleration of flow in the upstream part @& tlume caused erosion of the river side
levee slope, which was not measured but only obsetwn Figure 4.22 an areal picture at the
end of test “Q29.2Yg2.2S0.1%” was taken lookingtigasm: one can notice the breach on the
left, the strong river bed deformation upstream anthe breach site (dunes) and the erosion
of the upstream part of the river side levee model.
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Figure 4.22: Areal picture of the flume at the efidest A3 (Q29.2Yg2.2S0.1%).
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4.3.3.2Series B data

Tests of series B were performed on the partialbdifired levee set-up, which had the
river side slope upstream the breach site proteggadst flow erosion.

General remarks made for series A are also validisncase.

The longitudinal x-section until which the levee smeovered by the geotextile layer is
depicted as white dashed line in the bed topograpity.

At the end of tests B7, B8, B9 and B10 the dowmasiresluice gate was progressively
closed in order to test the effect of the downstrdaoundary condition on the breach
development: the timing of these closures is mar&sdpurple dashed lines in the time
development plots and the sluice gate was alwaysed| by half of its previous opening. The
last closure operation is referred to the compfetkdsed gate for tests B8, B9, B10. Table 4.2
reports the timing of the closure events and ttatad opening of the sluice gate.

Table 4.2:  Summary of the closure operations okthiee gate.

Sluic_e gate Time t
Series | Test| opening Yy slgt
[cm] [s]
7 7.3 0
3.6 1320
2.7 0
8 13 7680
0.6 8880
0.0 9480
4.0 0
B 2.0 5340
9 11 6540
0.6 7440
0.0 8040
5.0 0
2.5 2040
10 13 2640
0.6 3240
0.0 3840

Comments regarding the general behaviour of therdiweach system are common with
the series A tests and will not be repeated. Tlugeption given by the geotextile to the
upstream levee made more clear the general erogitime river bed in the upstream part:
river flow could convey sediment material only frahe river bed, while sediment material
from levee slope was protected and it did not tbedsediment transport in the main channel.
Figure 4.23 well-illustrates this effect.
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Figure 4.23: Bed topography after breaching (test 860.3Yg5.850.1%).

The consequence of closing the sluice gate waaise up the downstream water level and
to cause more flow through the breach (Figure 4.Z4)s change of the hydrodynamic
variables caused further breach lengthening (Fig8).
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Figure 4.24: Temporal development of breach watahadrge (test B10 - Q55.2Yg5.0S0.1%).
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Figure 4.25: Temporal development of breach leligtst B10 - Q55.2Yg5.0S0.1%).

4.3.3.3Series C data

Tests of series C were performed at the end ofetperimental investigations as limit
cases. During test C11, the downstream sluice Wwate maintained closed. A slight water
inflow in the main channel was necessary to maindaconstant water level prevailing on the
levee, because of the seepage flow through theelede a result, water prevailing on the
levee was not completely in static condition, almvfhad small velocity which decreased
downstream, because of the seepage, until zere cidge to the sluice gate.

The main result of this test is to observe how @ dé@each develops symmetrically, with
respect to the trigger initial section (BTL), baththe up- and downstream direction (see
Figures 4.26-4.27). A slight prevalence of breaekietbpment in the downstream direction
was anyway observed and this was explained byrdsepce of a little inflow

113



G. Michelazzo

Breaching of river levees

250

<150
<100

. © @® o N
oo o o -

[w] A awnjj ay1 Jo uonoallp [esIsAsURI ]

1.6

Longitudinal direction of the flume x [m]

Figure 4.26: Bed topography after breaching (test-3Q7.2Yg0.0S0.1%): symmetrical breach.
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Figure 4.27: Temporal development of breach leffgit C11 - Q7.2Yg0.0S0.1%).

Test C12 was performed with two simultaneous bresictwo notches were dug on the
levee crest at two different sections and the dgreknt of both the two breaches was

recorded. Breach number 1 is referred to the umstréreach, breach number 2 to the
downstream one. Drains removal timing is markedashed lines (for the breach N°1) and

dash-dot lines (for the breach N°2).
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The downstream breach developed faster than theeaps one and it initially grew until a
greater length. Then, probably also because ofam demoval, lengthening of breach N°1
started again.

At the end of the test, the two breaches had althestame length (see Figures 4.28-4.29).
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Figure 4.28: Temporal development of breach leligist C12 - Q45.3Yg4.0S0.1%).
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Figure 4.29: Bed topography after breaching fortéhe breaches (test C12 - Q45.3Yg4.0S0.1%).
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4.4 Data analysis with a focus on process understanding

Data presented in Section 4.3 were analysed armbral®d in order to understand the
behaviour of the physical system. Breach developmeiner hydro-morphodynamic
mechanisms and their mutual influence are the niatus of this investigation. Some
analyses are supplemented by the key results dixibe bed experiments (Chapter 3): since
the fixed bed tests were conducted regarding téfereint side weir lengths and the same
boundary conditions (i.e. the inflow discharge &mel downstream sluice gate opening were
set equal for all the ten tests), they are herd tsaliscuss the behaviour of the hydrodyna-
mics of the flow during the breach lengthening afte movable bed test. In other words, it is
assumed that the ten fixed bed tests can reprassguence of steady states of each movable
bed test during its development and that the fiked results may provide some insights
about the hydrodynamics of the movable bed expertisne

Some experimental data are reported for everyiniesables 4.4-4.5. These data are then
plotted in Figures in order to get some insightsttté# investigated phenomenon. If not
differently specified, the variables are referredthe final phase of each test (end of third
phase). When some variables were measured immiydater the downstream sluice gate
closure, they are marked witbIft'.

Sometimes the variables are expressed as dimeessogtoups, by means of three basic
independent parameters;, @so andp, where B3 is the mean grain size diameter gndater
density. Wetted width of main channel before breagB,. = 1.1 m is also used to normalize
the variables.

In the following plots, notationstandard set-uprefers to those tests in which the levee
model was not covered by geotextilepddified set-uprefers to tests in which the upstream
levee was protected by a geotextile, whikftér sigt ct indicates those values of the
variables which have been recorded after the doeeust sluice gate was completely closed.
A possible interpolation curve is also plotted rder to highlight the relationship between the
variables.

A measure of the river bed modification was taketoiaccount by means of the
characteristic parametéinax, which was calculated as the vertical distancevéen the
maximum and the minimum elevation of the bed atcénatreline of the main channel (at the
transversal coordinate y = 0.3 m) in the vicinifytioe breach (see Figure 4.30): the reach
considered for such analysis measured one breagthleipstream the triggering section and
two breach lengths downstream the trigger, since was the spatial range in which the
effects of the breach on the river hydrodynamicsewevident according to the fixed bed
experiments. As a matter of fact, the maximum adgfian of river bed occurred close to the
downstream section of the breach while all therepsh zone of the flume was involved by a
general erosion.
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Figure 4.30: Definition of the bed variation pardené\,..

A furtherschematizatiomf datawasusedin orderto elaboratehemaccordingto the same
criteria.Riverbed,waterlevelandbreachdepthweresketchedslineartrendsalongthebreach.
Waterlevelandriver bedweresimplifiedaslinearvectorsvhosestartandendvalueswveretaken
asmeanof the pointswithin a strip of 3 cm centredon theinitial andfinal pointsof thebreach,
respectivelyBreachdepthwaselaborate@sconstantlevationequalto theaveragevaluealong
thebreachchannel Theverticaldistancean river bed,betweerdown-andupstreansection,is
definedastheparameteA. Thepointsdelimiting the breachengthweredetectedvherewater
levelintersectedhe levee.Waterlevel andriver bedwerereferredto a transversatoordinate
y=0.3m (middleof themainchannel)while thebreachdepthsignalwastakeninsidethebreach
channelat y=1 m: thesereferencesvere consideredo be representativef the morphology,
whichof coursechangealongthetransversatlirection,butit alsomaintainedimilarfeatures.

These operations allowed to filter data from irdegties and to make the computational
results more clear. Figure 4.31 depicts vectorgater level, river bed and breach depth as
coloured bold dashed lines. The spatial discretinaised is also depicted.
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Figure 4.31: Computational scheme for flow analg$isiovable bed tests.
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4.4.1 Analysis of breach discharge

The plot between the breach discharge at the etitedests and the incoming discharge in
Figure 4.32 shows that a strong linear relationgggsts: this is clear since the inflow
discharge is the hydraulic loading acting on thesabh.

0.035 |
0.030 | @ Standard set-up . /
B Modified set-up /
0.025 pd
‘/ a
%]
£ 0.020 -
3 rd
g 0015 4
0.010
¢
0.005
0.000
0 0.02 0.04 0.06 0.08
Q, [m?/s]

Figure 4.32: @ versus Qfor each test at the final state.

The inflow discharge is not the only hydraulic featimportant for the breach dynamics,
but also the water levels in the river associatethé discharge are relevant to determine the
hydraulic pressure on the levee. Anyway, the ihiiater level was always set at the levee
crest during the present experiments: it was efuadach test and consequently it will not be
considered in the following analyses.

Breach discharge seems to stay in a linear relatitmthe inflow: it is interesting to note
that the dimensionless ratig{Q), is almost constant for every test (see Figure)4add it is
around 50%. The only exception is represented byfitht test (A1), which got a final ratio
higher than the other tests. It is worth to remidudt test A1 had the lowest values of the
tested variables: test A1 had the lowest inflonckizsge (around 10 I/s) and, consequently,
experimental errors on the measured water levets @n the computed flow rates are
significant for such small values of the inflow amicthe breach discharge.

One can notice that tests B9 and C12 gave venfaindischarge ratios: C12 test had
almost the same inflow (Qof B9 but it was the test in which two differentebches were
triggered at the same time. The final outflow dege through the two breaches of test C12
was equal to that one through the single breadkstfB9. The response of the system river-
breach in terms of fluid mass balance was the damieoth tests, which had the same boun-
dary conditions of upstream inflow and downstredunice gate configuration. Figure 4.34
zooms in the two tests B9 and C12, in order to llgphthe very similar value of the final
result in terms of diverted breach discharge. Suddsult was not found in previous studies of
the analysed scientific literature.
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Figure 4.33: Q/Q, versus K. for each test.
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Figure 4.34: Discharge ratio, @@, of the tests B9 (Q45.1Yg4.0S0.1%) and C12 (Q45.3Y9@.1%).

The breach discharge increases during the temgevalopment of the breaching process,
with higher gradients during the first time stepsl dhe tendency to achieve a final steady
state (see Figure 4.35). The effect of drain rerhoparations is to accelerate the gain of the
steady state. The drain removal allows for moréicadrerosion of the breach channel so that
the effective water head acting on the breach boito greater and it increases the breach
discharge. It is likely that the system would hasached the final steady discharge only by
means of the breach lengthening even if no draats been removed: anyway, the breach
discharge increases faster because of the vedegdening compared with the lateral erosion,
as the breach flow is basically given by the sigérvaw expressed by equation 4.5:

Lbr

Qu = [ Ca B/200(x) - Z,, (x))° oI (4.5)

With Cy: breach discharge coefficient [-]
h: water level acting on the breach [m]
Zy,.  elevation of breach channel [m].
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Fixed bed experiments show that for increasing tlerad the outflow structure (that is
represented by the side weir, in fixed bed testd, lay the breach channel, in movable bed
ones) the lateral discharge increases as well augperior limit seems to exist in the order of
Qs.max= 0.59Q,, that is very similar to the discharge ratio foiatdhe end of almost all the
movable bed tests (see Figures 4.35 and 4.36).
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Figure 4.35: Temporal development of dimensionllessach discharge and of breach length (test A3 -
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4.4.2 Analysis of breach length

The dependence of the breach final configuratiothnéoinflow discharge is also shown by
plot of Figure 4.37: the final breach length iselnly governed by the water discharge of the
river, which is partially withdrawn by the breadbalf.
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Figure 4.37: L, versus Qat the end of each test.

Breach length and breach flow are connected edwtr,ods Figure 4.38 depicts: breach
flow acts like a side weir in a river and the latesutflow is basically given by the side weir
equation, in which the breach discharge is comedlatith the breach length (equation 4.5),
but it does not get a linear relationship, becatse flow depth acting on the breach
determines the outflow too.
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Figure 4.38: L, versus @ for each test.
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During the movable bed tests it was not possibletord the flow depth along the breach,
but the water level profile was measured in thedibed tests. The lateral outflow discharge
for the fixed bed tests can then be analysed tegetith the mean flow depth along the side
weir and the length of the weir itself. Given egolat4.5, the lateral discharge @an be made
dimensionless by means of Q

Q. =Q/(200Y,.. B) (46)

With  Ys mean mean water depth along side weir [m]
B=0.3m: width of main channel at free waterface [m]

Figure 4.39 shows thatsQgets a linear relationship with respect to the siir length L,
as it was expected.
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Figure 4.39: Side weir relationship for the fixestltests.
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4.4.3 Analysis of river hydrodynamics

4.4.3.1Flow depth and flow velocity

The understanding of river hydrodynamics is fundataein order to explain how the
system develops during each test. The fixed bedrerpnts are very useful to this aim, since
the hydrodynamics of the flow in the main channakwvell recorded for various side weir
lengths. Figures 4.40 and 4.41 recall some re$udts the fixed bed experiments that are
relevant for the following analysis.

Figure 4.40 shows the longitudinal profiles of twater depth in the main channel for
several tests, i.e. for increasing side weir lesgthich represent an increasing breach length.
The plots show that, as the breach lengthens, wafgth profile lowers in all the flume. The
reach upstream the beginning of the side weir lgeter and lower flow depth until the flow
almost crosses the critical depth.{Y Flow depth increases along the side weir, btiag a
first decreasing reach for the tests with the lehgale weir lengths. The increasing behaviour
is typical of a gradually varied subcritical flowhile a first supercritical reach is presumed
when the flow depth decreases along the laterdloautThe hydrodynamic features of the
downstream reach, after the side weir, belong talarost uniform subcritical flow, that is
controlled by the downstream boundary condition.aA®nsequence, the mean flow velocity
in the main channel increases going toward thechréeeginning and then the flow slows
down toward the downstream end of the breach (sgard-4.41). The final water depth
profile at the end of each movable bed tests wasgasito the previously described situation:
an example is given in Figure 4.42.
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Some hydrodynamic features of the system for theatle bed tests were computed as
referred to the end of the test. The recordingwater level and river bed morphology were
elaborated and discretized along the breach chaac@&rding to the scheme of Figure 4.31.

Flow features along the breach were calculated trwrexperimental data according to the
following procedure. The breach channel is sub@dgiahto N spatial intervals of equal length
Ax = 0.01 m and the water surface lelethe river bed, and the breach elevati@h, were
calculated at the middle point of eafx. For each i-step, the following variables were
computed:

* Y, =h -2, flow depth at i-section in the main channel,
* Y, =h -2, flow depth at i-section acting on the breach.

The lateral outflow was calculated according thtke sieir equation (4.5), which needed a
calibration to fit the final measured breach disgealt was chosen to calibrate the effective
flow depth acting on the breach by means of a aiitn factor k, as multiplier of the mean
breach bottom which for sure is an estimation witicertainties due to the variability of the
bed deformation at the breach site. The breachaige coefficient was instead considered
constant for each test, and it was assumed equhétolassical value for broad-crested weir
(Cypr = 0.385). The calibration function is then given b

f (k) = Qbrmeas_ CderN: AX [{/2 @ [th - k |:Zbri )3 (47)

The calibration parameter k, which made the fumcfido get a local minimum value,
ranged between 1.11 and 2.79 (Table 4.3) and ientfael errors between the measured and
the computed breach discharge to be less than A&l the analysed tests.

Table 4.3:  Values of the calibration parameterriknfiovable bed tests.

A B
1 2 3 4 5 6 7 8 9 10
K[-] 111 122 119, 157 117 120 131 2y%9 1j76 202

The flow discharge are then calculated in the nthiannel along the flume for each i-
position, since the flow outing from the breaclyigen by the calibrated side weir law. The
longitudinal and transversal components of the flowhe main channel are calculated, from
the continuity principle, according to the equasi@#.8):

Qu _qur,j [AX
U. = QXi = 7
A, A, (4.8)
u, = Quni
Y, LAX

The flow field at the breach site is affected by kateral outflow and it gets important two-
dimensional features, which make the transverdatitg Uy, to get values in the order of the
main flow velocity U. Figure 4.43 shows the results of such analysiofe movable bed
test: the longitudinal component of velocity Hecreases along the breach, due to the lateral
outflow and as fixed bed analysis predicted, wretha transversal componenf idcreases,
due to the combined effects of increased watel keve river bed along the breach site.
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Figure 4.43: Components of flow velocity for test £329.2Yg2.2S0.1%").

4.4.3.2Deflection angles

The fixed bed investigations showed that supelfisieeamlines turn toward the breach
with increasing deflection anglés at the upstream corner of the breach, the floainsost
parallel to the main channel direction x, whileldefion angle increases going toward the
downstream corner, where flow deflection is maximigee Figure 3.26). As a consequence,
the flow velocity component toward the breachdéts higher importance at the downstream
section of the breach instead of at the upstreactiosewhere there is almost only one
component of the flow, §J) as it was described by the previous analysisurgi¢.44 depicts a
sketch of the flow deflection.
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Figure 4.44: Sketch of the flow deflection at thedzh site.

The deflection angl@ results from the combination of,@nd U and it is given by:

(U,
0 =tan (U—] (4.9)

X

The previous analysis of flow velocity componeritsves to calculate the deflection angle
along the centreline of the main channel. Figu#s4shows the results for test A3. The
increase of the angkin the streamwise direction is clear, even ifvaitues are not so high as
they could be expected from fixed bed experimeAisyway, the performed analysis is
referred to the centreline of the main channak likely that the deflection is stronger closer
to the breach line.
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Figure 4.45; Deflection angles along the breadheaend of tests A3.

4.4.3.3The De Marchi hypothesis

It is interesting to perform a preliminary veriftean of the application of the De Marchi
(1934) hypothesis, which states that, along a wielie, the specific energy head of the main
flow maintains a constant value. This hypothesmimmonly used by several authors dealing
with side weir models and experiments (Montes, 1#a8ghei et al., 1999; Ranga Raju et
al., 1979; May et al., 2003) and it was also vedffor movable bed conditions (Paris et al.,
2012). The levee breach resembles the situatian fadw over a side weir (Kamrath et al.,
2006; Saucier et al., 2009; Oertel et al., 201),the constancy of specific energy head for
this situation was not verified so far.

The energy balance of the main channel flow is iagpbetween the up- and the
downstream sections of the breach. According tcstieematization depicted in Figures 4.31
and 4.46, the energy balance reads:

E,=E,+A (4.10)
With E =y +aU%2g specific energy head [m]
a Coriolis coefficient (here assumed= 1)
A bed deformation between downstream and upstpedm
Energy line : Lor »
\ | |
~|
Levee crest T *T ******* "‘f —
| | I
M‘Le‘r\l?v\el } U/2g Qor L v
\I - - = -
\ - |
x - Ed Qu
L - ‘ .
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N \
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Figure 4.46: Scheme for specific energy head balanc
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The specific energy head calculated at the encach ¢est is plotted in Figure 4.47: the
most of the data (7 over 10 tests) satisfy the itimmdgiven by equation 4.10 within an error
of + 10%.
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Figure 4.47: Specific energy head calculated aanp-downstream breach sections for the tests.

4.4.4 Analysis of sediment transport processes

The presence of the lateral outflow modified thesrribed configuration in a quite evident
way, as plots in Figures 4.20-21 and the picturgigfire 4.22 showed.

Figure 4.48 indicates that breach outflow affeatedrly the river bed modification and
this relation is plotted as function of breach Hage Q; and river modificatiom\max. Test
Al and A2 had no river bed modification becaustheftoo slight inflow discharge which did
not mobilize the sediment particles in the flume.

0.035 I
@ Standard set-up &

B Modified set-up <

o &

0.030

0.025

0.020

0.015 {
0.010 I

0.005

Qbr [ITI?'/S]

0.000

0 50 100 150 200
Amak/DSD [']

Figure 4.48: @ versus\,,./Ds, for each test.
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Bed deformation seems to have a quite importamcefbn the river-breach system, as
already noticed by Bechi (2008) and Rosier (20@7heir experimental investigations about
side weir in flume endowed with movable bed. Thesoan of such behaviour of the sediment
transport in the river channel has to be explaimgdhe hydrodynamics of the flow: during
the breach formation and development more and mater flow discharges out of the
breach. Flow upstream the breach is drawn by thidoauso that a drawdown water profile
takes place with decreasing water depth alonghherel and increasing flow velocity, since
water discharge does not change (or, at leadtaitges a little because of seepage flow). The
acceleration of flow causes inception of sedimeaugport (since the shear stress increases
with flow velocity) and sandy material starts tovadrom all the wetted perimeter, i.e., from
the river bed and from the river side of the leasewell. Sediment transport from the levee
slope causes erosion of the levee, while the fbest in the main channel is eroded if the
sediment transport capacity of the flow is higheant the solid discharge provided at the
flume entrance, that was zero in the present exeris. Motion of sandy materials in the
main channel arranges itself as bed forms whosadon and development were clearly
visible during the tests. It was noticed that sefittransport did not start at the beginning of
the breaching phase, but after about 5 min frombtieach triggering, i.e. after the time slot
necessary to cause enough strong flow accelerg@gmFigure 4.49).
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Figure 4.49: Temporal delay of river bed deformafior test B7 (“Q70.3Yg7.3S0.1%").

Sediment transport is related to the shear strasting on a granular material surface, and
T is correlated to the flow velocity, according tuation 4.11:

U 2
|T|:y[R[$f:pDJ*2:p&lcf|2 (4.11)
h
With vy specific weight of the water [Nfin
R hydraulic radius of the flow [m]
S energy slope [-]
U shear velocity [m/s]
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u[=yU,*+U’ modulus of flow velocity [m/s]

12[R
C, =5.750o _
h g10(2.5|:|D

50

] Chézy coefficient [-]

As flow velocity, T has two components along the breachandty. The first one is
responsible for the sediment transport along ther rit is maximum at the beginning of the
breach because flow has its maximum velocity andeitreases downstream, since flow
discharge decreases because of the lateral ouffloergeneral erosion of material upstream
the breach is due to the increasetpfat upstream when the breach develops, while the
deposition downstream is due to the decreasg @abng the breach.

The transversal component of shear stgsgoverns the sediment transport through the
breach. It gets more importance at the downstreacth & the breach, where the flow
curvature is pronounced. At the upstream breacdosecthe flow is more parallel to the levee
alignment and, consequently, almost all the shé&@ss is directed in the longitudinal
direction. At the downstream corner of the breable, deflection is greater and the shear
stress component is more directed toward the breBod shear stress gets a more direct
action on the downstream section of the breach eoatpwith the upstream one: as a matter
of fact, the breach was observed to develop maalynstream.

The shear stress components are calculated asuati@ss 4.12 along the breach site,
according to the elaboration made in Section 4.4.3:

=,

=L,
h

T=

(4.12)

Figure 4.50 shows the computed trend of the shieasssfor test A3: it results that the
longitudinal component of the shear stress decseassvnstream, while the transversal
component slightly increases, as previously predict

o o
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Shear stress T [N/mz]
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~
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Figure 4.50: Shear stress components along thelbetahe end of test A3.
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The temporal trend of the shear stress was not Rrthwing the movable bed tests, but the
fixed bed investigations can provide some usefaiglementary remarks.

At this point, it is useful to remind the fixed bessults. Figure 4.51 shows the trend of the
total shear stress at the upstream and downstreetors, for increasing side weir length: the
shear stress, tends to increase, due to the acceleration ofltve while the downstream
shear stressy decreases and it is always lower than the upst@an It can then be stated
that the breach lengthening mobilizes bed matemdlshe beginning of the breach, the
sediments are conveyed along (and partially thrptighbreach and they are finally deposited
downstream the breach.

Moreover, a mean shear stress acting on the side iwghe outflow direction was
calculated for each test, as in equation 4.13:

— 5 2
_ s _ P [E Q
. L s 4.13
swmean — P c’ c? LSD(sJ (4.13)

Figure 4.51 shows that the mean shear stress amtirtge lateral weir decreases of one
order of magnitude for longer side weirs and iteto an asymptotic low value.
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Figure 4.51: Shear stress at the side weir fofixieel bed tests.

The decreasing behaviour of the mean shear strediseolateral weir may be compared
with the recorded erosion rates of the movabletbsts. Breach lateral erosion was quite fast
during the first 5-10 min from the triggering ofettbreach and then it slowed down toward
low erosion rates. Breach erosion rateg/dL were derived from breach length recordings:
maximum erosion rate was in the order of 1-2 cnmi$ #en it decreased of one order of
magnitude during the test (see Figure 4.52). Tlreedese of the erosion rate can be explained
by means of the decrease of the mean stress amtitige breach channel as the breach len-
gthens. As a matter of fact, the soil erosion dEpends on the shear stregsacting on the
breach according to the excess shear stress eguatio

dL,,

T = al:Ikd |:ﬂﬂcbr - rcr)b (414)
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With  kq: detachment coefficient [f{{NS)]
Ter critical shear stress for inception of sedimeansport [N/m]
a, b: coefficients of the excess shear stresstieqya)

The erosion rate can then be related to the meaar Stress acting on the side weir for
different tests. Figure 4.53 plots the side wegaslstress and the breach erosion rate, for the
decreasing portion of the curve, as function ofdmensionless length L (which is the side
weir length, for the fixed bed tests, and the bnelength, for the movable bed tests): the
behaviour of the two curves is similar, even ifythd not overlap, because coefficients of
equation 4.14 and correction factors should bécakd.
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Figure 4.52: Temporal development of breach erosatmand of breach length (test A3).
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Figure 4.53: Comparison between shear stress omgideand breach erosion rate.
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4.4.5 Analysis of the breach morphology

Visual observations of the breach features at fireamd downstream sections seem to
confirm the previous analysis about the shear stesthe upstream breach section (Figure
4.54) resulted in a rounded shape and the marktseddiccelerated flow passage remained on
the sand surface, while downstream breach sedtigure 4.55) resulted in a more clear cut
of the levee section with an almost vertical slopgure 4.56 shows clearly the different
morphology of the breach at the upstream and doesnst sections.

Figure 4.54;: Upstream breach section (test A2 -0'0©2g1.0S0.1%").

Figure 4.55: Downstream breach section (test AQ20.1Yg1.0S0.1%").
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Figure 4.56: Frontal view of the breach (test AZ)20.1Yg1.0S0.1%”", inflow from right side).

Vertical wall of earth that formed at the edge lné breach at the downstream levee stub
plays a key role in lengthening the breach: watedes the levee toe and the material above it
falls to form a vertical wall again (see Figure®.5The slumped material has to be removed
before breach can lengthen furthermore and the vehaztion is exerted by the shear stress
of the breach flow. The greater the velocity of breach flow, the faster the flowing water
will erode the edge of the levee stub and the fadkteprocess of repeated wall formation will
be. Cohesionless materials, such as the used sfied]Jow resistance to the breach erosion
action so that even weak shear stress could eratkrial from the downstream levee section.

Cracking before slumping

Slumped material

Figure 4.57; Mass failure at the downstream secifdhe breach.

Breach developed mainly downstream and this asymnean be explained by the
presence of the river flow: test C11 showed hovam dreach develops both in the up- and
downstream directions almost symmetrically, whhe tiver flow field creates completely
different loading conditions prevailing on the leyas explained before, so that temporal
development and final configuration of the breadhlve different from the dam breach.

Breach channel was deeper toward the centre obrbach, but it did not deepen very
much because the concrete wall limited the vergcasion. The shape of the breach channel
resembled the flow field acting over it: a kindstijht bend could be recognized turning from
the main channel toward the breach.
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The final shape of the breach was almost trapekoidtn the lateral sides tilted of about
30-50° over the horizontal reference. Figure 4.68113 out the side slopes of the breach
channel recorded at the end of each test anduttsethat the angles of the downstream side
are usually greater than at the upstream sideiglairother effect of the flow field, as already
remarked.
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Figure 4.58: Slopes of the breach sides.

Finally, it is interesting to note that during t€312, the downstream breach developed
faster than the upstream one (see Figure 4.283. dffect was likely due to two reasons: one
of geotechnical origin and the other one of hydcanitigin. At the beginning, breach N°2 was
eroded faster because it was triggered in a zorieeofevee model whose material was not
compacted since several weeks: as a matter oftfecievee model was restored after each
test only in the zone of the breach, while the rieig part of the levee, where breach N°2
was located, was not affected by breaching prosebséore that test. Erosion rates are
dependent on the geotechnical properties of theelesuch as compaction degree, and the
breach N°2 was eroded faster probably becauseeoflitterence in the compaction degree.
As a consequence, the breach N°2 developed sdhfaistit drew down the water profile
upstream it and this reduced the water depth diegan breach N°1. Since the downstream
section is the most critical zone for the breachettigoment, breach N°2 “controlled” breach
N°1, whose development was quite slow until a dmaas removed and some more water
depth could start the erosive process again dirtteet= 3000 s (see Figure 4.28).

Numerical values of the main variables recorded emaputed during the experimental
tests are reported in Tables 4.4-4.5. It is warsthetnember here the meaning of the variables
reported into the Tables 4.4-4.5:

e Qu inflow discharge at the beginning of the flume

o Qur breach discharge measured at the end of the test

*  Qorpost sigt breach discharge measured at the end of theafést,the last closure
of the downstream sluice gate (only for tests B7H38B10)

*  Lpu breach length toward upstream at the end ofdsie t

* Ly breach length toward downstream at the end offetbie

*  Lpriot total breach length at the end of the test{l= Loru+ Lord)
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L br tot post slg't

Nore mean
hor post mean
Frore mean

I:rbr post mean

o Uxu
b Ux d-
. Uy,
° Uy d
° Tx u:
N Tx g-
. Ty ul
M Ty -
® Amax
e A

hd d Lbr/dt max:
b to:

° test

total breach length at the end of the test, dlftedast closure of the
downstream sluice gate (only for tests B7-B8-B9-B10

mean water level along the flume before breaching

mean water level along the breach after breadf@ng of test)

mean Froude number along the flume before bragchi

mean Froude number along the breach after bneg¢bnd of the test)

longitudinal component of flow velocity at thestggam section of the
breach (computed as explained in Section 4.4.3)

longitudinal component of flow velocity at thewdastream section of
the breach (computed as explained in Section 4.4.3)

transversal component of flow velocity at the togsm section of the
breach (computed as explained in Section 4.4.3)

transversal component of flow velocity at the detweam section of
the breach (computed as explained in Section 4.4.3)

longitudinal component of shear stress at théregs section of the
breach (computed as explained in Section 4.4.4)

longitudinal component of shear stress at therdtngam section of
the breach (computed as explained in Section 4.4.4)

transversal component of shear stress at theeapstsection of the
breach (computed as explained in Section 4.4.4)

transversal component of shear stress at the stoyam section of the
breach (computed as explained in Section 4.4.4)

maximum bed variation in the main channel aldrgglireach
bed variation in main channel along the bredch Z,q— Zuy)
maximum erosion rate recorded

inception of breaching process

total duration of the test
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Table 4.4:  Summary of main variables investigatettsts (part I).
) Qu Qbr Qbr L bru L brd I—br ot L br tot hpre hbr Fr pre Fr br
Series| Test post slgt post sigt mean  postmean mean  post mean
[m%s] [m%s] [m%] [m] [m] [m [m [m [m] O[] []
1 |0.0101 0.0068 - 0.35 0.7 1.05 - 0.254 0.082 0.02 0.09
2 | 0.0201 0.0100 - 0.225 0.825 1.05 - 0.252 0.093 0.05 0,20
A 3 |0.0292 0.0137 - 0.2 1.25 1.45 - 0.233 0.083 0.10 0.34
4 |0.0404 0.0159 - 0.25 1475 1.73 - 0.246 0.103 0.12 043
5 | 0.049 0.0221 - 0.225 2.05 2.28 - 0.239 0.086 0.16.59
6 | 0.0603 0.0290 - 0.25 2.2 2.45 - 0.256 0.095 0.17 0.67
7 |0.0703 0.0321 0.0437 0.125 1.725 1.85 285 0.238 0.110 0.23 0.3
B 8 | 0.0353 0.0153 0.0333 0.275 1.25 1.53 1.78 0.252 0.093 0.10 0.89
9 | 0.0451 0.0212 0.0431 0.275 1.6 1.88 240 0.250 0.117 0.13 042
10 | 0.0552 0.0228 0.0529 0.25 1525 1.78 260 0.266 0.106 0.15 0.60
c 11 | 0.0072 0.0153 - 0.225 0.275 0.50 - 0.245 - 0.01 -
12 | 0.0453 0.0212 - 1.525 1.6 3.13 - 0.249 - 0.13 -
Table 4.5:  Summary of main variables investigatetests (part I1).
dL,/dt
. Uxu Uyd Uy u Uy d Txu Txd Tyu Tyd Ama>< A or to trest
Series| Test max
[m/s] [m/s] [m/s] [m/s] [N/m? [N/m? [N/m? [N/m? [cm] [cm] [cm/s] [min] [min]
1 (014 0.03 011 012 0.11 0.02 0.09 006 01 001 1 2 173
2 1025 012 0.14 0.15 031 0.09 0.17 011 01 005 2 2 182
A 3 1058 038 019 030 1.70 0.95 0.56 075 85 193 1 12 234
4 | 051 040 0.09 0.17 112 0.81 0.20 034 84 31.7 1 3 121
5 |1.05 074 0.13 0.26 5.39 3.01 0.64 1.06 94 234 1 3 101
6 | 0.65 0.68 0.08 0.31 1.70 2.51 0.21 1.14 121 7.4.9 3 69
7 | 060 0.78 0.07 035 1.35 3.20 0.16 1.42 14.1 10.3.3 4 52
B 8 | 046 031 0.13 0.19 0.92 0.50 0.27 032 81 223 1 3 207
9 | 043 038 0.07 0.14 0.72 0.70 0.11 0.26 123 54d.4 3 174
10 | 0.47 0.46 0.04 0.14 0.83 0.97 0.07 0.30 126 7.35 2 104
11 - - - - - - - - 0.2 - 0.6 3 19
C
12 - - - - - - - - 7.3 - 1.9 - 95
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4.5 Summary and concluding remarks

Twelve different experimental tests were perforrmed large hydraulic flume (30 m long,
2 m wide and 0.8 m deep) of the laboratory of thechtweil3-Institute for Hydraulic
Engineering and Water Resources of BraunschweiglLWe experiments were aimed to
reproduce the phenomenon of breaching of a rivexdeA sandy model of a river levee with
trapezoidal shape (0.25 m high) was set longitdlgina the flume for a testing reach 15 m
long and it was above a layer of sand which reprteskethe river bed part (see Figure 4.2). A
water discharge flowed into the flume parallellie tevee model and it was set steady, while
the downstream water level was controlled by acelgate at the downstream end of the
testing reach. Ten different combinations of infldischarge and sluice gate opening defined
the ten main tests, each one having an initial istikad flow regime. Two further tests were
conducted as limit cases: the case of dam breathavatatic water level behind the levee and
the case of two multiple breaches triggered duttiegsame test.

The breaching of the levee was triggered underrotbeti conditions and the erosion
evolved by overflowing of the levee. The breach letton and the river hydro-
morphodynamics were investigated and monitored antalmost steady state of the physical
system was achieved. Basically, the hydrodynamidhe flow was observed by means of
measures of water levels, flow discharge values pamht velocity values, while the
morphodynamics of river bed was acquired by bedilproand the breach evolution was
monitored by means of two cams.

For each test a steady flow was set before thechigg, then the breach was triggered and
the breach formation and evolution were monitonetl the end of the test. Water levels were
recorded by means of ultrasonic sensors, inflowctdisge was controlled by an
electromagnetic flow meter, measures of the 3D aomapts of the flow velocity were taken
from time to time at various sections of the flumemeans of an acoustic doppler profiler,
the topography of the river bed was acquired atbéginning and at the end of each test by
means of three ultrasonic sensors all along the¢eseach, two high definition cams were
installed on the flume in order to monitor the lmieavolution.

The collected data were analysed, debugged andrateld in order to create a consistent
data-base, which was referred to a predefinedapmid temporal reference system. All the
data were elaborated according to the same cri&pkained in Sections 4.3 and 4.4.

Data elaborations allowed to get information about:

» Longitudinal profiles of water level, levee crestdabed elevation before the
breaching and at the end of each test;

« Temporal development of water level at the threedilocations of the ultrasonic
sSensors;

* Temporal development of breach discharge;

* Measurements of the three-dimensional componentbeoflow velocity at some
locations for the duration of short time-slots dgrthe breaching process;

» Spatial trend of flow velocity (both mean longitndi and transversal components),
deflection angle and shear stress (both longitu@dind transversal components);

* Breach development both in the up- and in the dawam directions;
e Temporal trend of the breach erosion rate;

* Morphology of the breach section at its finaleestat
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* Bed topography in the main channel before the Ihiegcand at the end of the test
and topography of the breach channel.

The data analysis allowed to get an insight ofitivestigated process from the point of
view of hydrodynamic and morphodynamic mechanisitee process understanding was
integrated with the fixed bed experiments doneide weir flow, which gave a comparison in
terms of hydraulic variables for increasing lengtlthe lateral weir that spills out a part of the
water discharge from the main channel.

The following main outcomes were achieved.

The physical system river-breach achievesdeady final equilibrium regarding the water
flow balance, as the downstream discharge and rtbacb discharge achieved a stationary
state, but it did not regarding the solid phaseesia residual erosion rate continued eroding
the levee. In fact, the temporal development ofwger levels achieved an almost stationary
state before the end of the tests, whose duratias iw the order of 1-2 hours. The ratio
between the final breach discharge and the inflsetdirge was found to be almost equal for
every test, around a value of 50%. The temporabited breach discharge was compared with
results of the fixed bed experiments done for iasmeg side weir length: the comparison
shows a similar increasing trend of the outflowiluhe value of 50%, which seems to be an
asymptote. This finding was furthermore highlightetause it matched for the two-breaches
case as well.

The final breach length is linearly governed by the water discharge of tiver and
breach discharge is strongly correlated with theabhn length. The comparison with the fixed
bed data allowed to verify that breach flow acke la side weir in a river and the lateral
outflow is basically given by the side weir equatio

The river hydrodynamics in the vicinity of the breach was analysed andhssjcal
interpretation of the flow processes is given img of flow depths, flow velocities, flow
angles and shear stresses.

The comparison with the fixed bed experiments codithat theflow depth decreases all
along the channel because of the lateral outflogvtaa profile along the breach is increasing
as in case of subcritical flow. A direct measureFodude regime was not possible, but no
visible hydraulic jump seemed to be occurred, ai/éime fixed bed experiments showed that
possible supercritical flows may take place foevait lateral outflows and breach lengths.
Nevertheless, hydraulic jumps are likely to be $reomy phenomena in channels with movable
bed (Grant, 1997), so that the high energy dissipahodifies the channel bed and hydraulic
jump does not maintain a stable configuration.

The mearflow velocity increases upstream the breach and then decrdasgsteébecause of
the lateral outflow. A computational analysis wasfprmed in order to get the numerical
values of the spatial trend of the longitudinal &mehsversal components of the flow velocity.
The analysis was based on the application of théraaty equations both in longitudinal and
transversal directions and on schematizing the maépth, the river bed and the breach
bottom along the breach as linear trends betweeatragm and downstream sections. In
agreement with a similar analysis performed foedixbed tests, the longitudinal component
of velocity decreases while the transversal onghtlli increases along the breach. As a
consequence, thiow anglesshould increase downstream, which is confirmedheyvisual
analysis of the breach morphology.

A preliminary verification about the applicabilitf the De Marchi hypothesisat the levee
breaching situation was performed by applying thergy balance and taking into account the
riverbed modifications: the most of the analysethdaeven over ten tests) satisfy the De
Marchi condition within an error af 10%.
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The flow processes analysis allowed to understaadrtorphodynamic and morphological
processes, which were found to affect each othee. lateral outflow modified the river bed
configuration and an evident mutual relationshipween breach discharge,and river
modificationAmax was found.

The river bed morphological configuration was explained by meahshe analysis of the
hydrodynamics, which was also supported by thalfixed experiments.

Morphodynamic mechanismsacting in the riverbed were analysed in three nzaines of
the flume: upstream the breach site, at and nedorégmch, downstream the breach site.

The sediment transport processeswere investigated by analysing trehear stress
components along the breach by means of the prewomputational analysis: the spatial
trend at the final configuration shows the decrea%f the longitudinal shear stress and a
slight increasing of its transversal componentsTikiin agreement with the trends found for
each single fixed bed test and it explains thedany to deposition of material downstream
and the mainly downstream erosion of the breach.

In the zone upstreartne breach site, the presence of the lateralawtthrough the breach
induced a strong flow acceleration (and flow degitlereasing) and the sediment transport in
the main channel, which producedosion of sediment. The erosion of the riverbed was
extended quite far upstream, because all the @stflow was accelerated toward the breach.
The erosive action of the flow affected the riveesof the upstream levee as well.

In the zone downstreathe breach, the mobilized sediments were depobyethe slowing
down flow. Thebed aggradationwas evident close the downstream section of tkeadbr,
while the remaining downstream zone of the flumeal e significant morphological
modifications.

In front of the_breach sitehe riverbed elevation was constantly increasirgause of the
sediment deposition. The breach developed in amagfric way because of the presence of
the river flow, which creates completely differaunditions with respect to the dam breach
case. Since the shear stress gets a more diremt act the downstream section of the breach
compared with the upstream one, the breach waswaséo develop mainly downstream.
The flow processes explain also ttreach morphology. The final shape of the upstream and
downstream sections of the breach was depictedeasesult of the shear stress components
acting. Mass erosion mechanisms at the downstreatios were qualitatively analysed.

The fixed bed tests were used to investigate thpdeal behaviour of a single movable
bed test: as the length of the lateral weir ina@sathe upstream shear stress increases (which
means erosion of material), the downstream shezssstlecreases (which leads to deposition)
and the mean shear stress acting on the side veairadically reduces. The decreasing of the
shear stress acting on the lateral weir is reltaetie reduction of the breach erosion rate: a
strong correlation is found. As a matter of fabbg thaximum erosion rate was in the order of
1-2 cm/s and it decreased of one order of magnitiudieg the test because of the decreasing
of the shear stress acting on the breach chareiati¢n dlL,/dt-1).

Limit cases aglam breach andtwo-breacheswere tested: the first one highlighted the
difference with the river levee case, while in #gzond one the two breaches interacted each
other and an explanation of the temporal trend haf two lengths concludes that the
downstream breach controls the development of plser@am one.

The data collected within this experimental invgegtion, and here reported and explained,
are among the few detailed data found in the liteearegarding the levee breaching, since
most of the works deal with dam breach cases. Tia Here reported, together with the
integration provided by the fixed bed tests abbetltydrodynamics of the flow, represent a
very important data-base for any further experiraketdsts, which may want to investigate
different condition of the experimental set-upfarspecific numerical models, which should
be process-oriented in order to analyse the bregcprocess without strong assumptions
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about the physics of the problem, that is by carand both the geotechnical processes
affecting the levee and the river hydro-morphodyicam

The experimental study highlighted a very compléermpmenon of mutual interaction
between flow and morphological processes, whichdcba simulated only by a sophisticated
process-oriented numerical model. The observed@hena consist on a three-dimensional
problem, which can properly be addressed only B anodel. A 2D movable bed model can
be a relevant tool for a more realistic numerigalwation of the levee breach. Therefore,
further researches are recommended toward a complete model whichldhoauple the
three-dimensional flow field, the river morphodynasnand the breach evolution. These three
factors affect each other with mutual relationstapd all determine the final configuration of
the system river-breach. Existing breach developmmetels can provide a starting point, but
they should be adapted to the levee breach cassptoduce the particular features of that
situation (e.g., the asymmetric development ofatteach).

Finally, moreexperimental investigationsare recommended in order to analyse the levee
breach case. So far, almost the totality of expemntal works about breaching have been
conducted with reference to the case of dam embankine., without river flow). Further
tests are urgently required to understand bettdr aatiter how a breach in a river levee
develops and to propose new and reliable formudatifor the estimation of breach
parameters (final breach length, peak breach digeha..) on the basis of: river flow
features, river channel geometry, geometrical a@otexhnical properties of the levee. A
further very interesting research would investigae interaction between two simultaneous
breaches by answering the following questions: heow levee breaches interact each other?
How and which of the two govern the other one? Dadbreshold distance between the
breaches exist in order to make them independéwelea themselves?
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The processes that cause a river levee to breazhveny complex due to diverse
interactions between water, soil and structure.shewn in Chapters 2, 3 and 4, these
processes are highly influenced by the hydrauliediog and the river flow conditions
prevailing in the vicinity of the breach site. Bcbamodels found in literature are mainly
developed for the dam break case, whose hydraolindary conditions greatly differ with
respect to river levee case (Morris, 2009b; Rogexl.e 2010). A new approach to the levee
breach problem is elaborated which considers flegr dynamics as a key issue to achieve a
better understanding of the breaching process.féatires of the river flow are the main
focus of this Chapter, which are analysed with rezfee to the “regime” phase of the
breaching process (i.e., the last stage of theegsoavhen the breach is supposed to get a
steady final equilibrium).

First, a general overview of the main featureshef flow along the breach is presented,
according to the theory of the steady graduallyagafiows.

Second, an analytical model is developed on this lmishe De Marchi hypothesis for the
side weir flow. The analytical model provides alttw the interpretation of the main flow
hydrodynamic features when a lateral outflow tgkese in the main channel.

The application of the model to the collected ekpental data and some real events is
then performed in order to preliminary test thadigt of the proposed analytical model.

5.1 Hydrodynamic features of the flow along the breach

When a breach develops in a river levee, a patieflow discharge spills out through the
gap in the lateral structure. The outflow progreslsi increases as the breach crest is lowered
and its length is increased, and, consequentlyflte hydrodynamics in the vicinity of the
breach site changes during the breaching procdss. situation of a river levee breach
resembles the case of a side weir built on onedfida open channel. As observed by various
authors (Kamrath et al., 2006; Saucier et al., 2@@értel et al., 2011), the flow pattern
through a levee during the breach growth closedgmbles that of the flow over a compound,
broad-crested side weir (see Figure 5.1).

Figure 5.1:  Similarity between a levee breach arsitla weir: (a) unmodified photo, (b) photo withiwe
shape superposed (modified from Saucier et al9R00
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Side weirs are hydraulic control structures usedivert flow from a main channel into a
lateral channel when the water level in the maianciel exceeds a specified limit, i.e. the
weir crest p (see Figures 5.2-5.3-5.4). The structure is ndyratated on the side of the
channel as a part of the channel bank and watehaliges over it freely under gravity in the
same way as for conventional weirs (May et al.,30Figures 5.2-5.3-5.4 show the plan
view, the longitudinal section and the cross sectbthe main channel and they depict the

main variables, whose description is reported @n“tist of symbols” Section.
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The flow in the main channel along the side weia igypical case of spatially (gradually)
varied flow, which is defined as a non-uniform flevihose depth varies gradually along the
channel because of water running out of the riv@rofv, 1959). The diminution of water
discharge causes disturbance in the energy and nmiomebalance of the flow and, as a
result, the hydraulic behaviour of the flow is mammplicated than for a flow with constant
discharge.

As the discharge in the river decreases along itie weir, the water depth varies
depending on the flow regime in the channel:

- Forsubcritical flow the flow depth increases in the flow direction;
- Forsupercritical flow the flow depth decreases downstream.

According to Borghei et al. (1999), the followingaim three types of flow profile may
occur along the weir depending on the approachttdownstream water depth (see Figure
5.5):

a. Subcritical flow profile the flow depth is greater than critical depththeg upstream
section with subcritical flow in the weir sectioncawater depth increasing along the
weir (Figure 5.5a);

b. Supercritical flow profileat or near the entrance with supercritical flowthe weir
section and depth of flow decreasing along the (¥egure 5.5b);

c. Critical flow profile at the beginning of the weir section and sub@ititow in the
downstream part, with a hydraulic jump occurringthivi the length of the weir
(Figure 5.5¢).

Other possible profiles may slightly differ frometithree ones described above: for
instance, the approach flow may be supercriticadiley to profiles similar to types b and c, or
the hydraulic jump may develop downstream the waieie (Chow, 1959; Montes, 1998).

The subcritical flow profile (type a) is the mosinemon case encountered in practice
(Montes, 1998; Borghei et al., 1999; Rosier, 2681 it will be analysed in the following.

(a) - Subcritical flow

T

YooY Ya>Y Supercritical Subcritical
‘ = flow flow

(d) - Classical E-Y diagram

(b) - Supercritical flow

Y T ~— | )

Yu<Yer Yd<Yer
‘ | i

Emin

(c) - Hydraulic jump

Figure 5.5: Water profiles in a channel along a sigkir: (a) subcritical flow; (b) supercritical i (c)
hydraulic jump; (d) E-Y diagram.
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Figure 5.6 summarizes and explains graphicallyhgraulic behaviour of the flow, given
the usually assumed hypothesis of constant spemigrgy head E that will be discussed in
the Section 5.2.

The downstream dischargey; @an be given by two conjugate water depthg<Y for
supercritical flow and ¥Y'>Y ( for subcritical flow. If the flow is subcriticathe decrease of
the discharge due to lateral outflow makes the maggth to rise along the weir (see curve Y-
Q for a constant specific energy head E in Figué®)s The rise of the water depth produces a
decrease of the kinetic head/2h (see curve Y-E of Figure 5.6¢) and the flomma@own in
downstream direction.

The flow adopts an accelerated profile in the ppdtream the side weir: it is a drawdown
subcritical profile with depth decreasing downstneavhich takes place in a channel with a
mild slope. Due to the flow attraction through #ide weir, the flow depth at the upstream
cross section is progressively lowered as thedhtartflow increases (for instance because of
a longer side weir). The upstream flow depth cacrekse until the critical depth is
encountered, which routes the inflow dischargew@h the minimum specific energy head
Ecr.
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Figure 5.6:
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5.2 The De Marchi’s analytical model

The hydrodynamics of the flow in a river where ele breach occurs is quite complex and
it is surely endowed with three-dimensional feaduoé the variables (e.g., flow velocity and
bed geometry). Such a problem should be addressaedcbmplete 3D mobile bed unsteady
flow model, based on the Navier-Stokes equatiorfS) (Mhich can attempt to describe the
physical system without introducing strong assuansti

The general case of the flow of viscous and incasgible fluid is described by the
Navier—Stokes equations and the continuity equatidgrich are derived from the momentum
and mass conservation principles, respectively.

Although the Navier—Stokes equations describe @ing of flow, in practice they are
useful for laminar flow only, while open channedi is turbulent and random fluctuations of
velocities and pressure are present. Since it pogsible to describe these fluctuations, the
instantaneous value is expressed in terms of a-dveeaged value and its random part
(leading to the RANS, Reynolds Averaged Navier-8flequations) and the turbulent
stresses have to be modelled (e.g., Boussinesgpbotthe eddy viscosity).

The application of the full NS-equations allowsdescribe the three-dimensional features
of the flow. However, the use of a 3D-NS model ® an easy task, since it requires
sophisticated numerical techniques and significahputational power. Moreover, these
equations need a turbulence model to be solvedsame parameters will have anyway to be
chosen/calibrated in order to fit every single aiiton considered.

Such a model would not be a handy tool, sinceaviples a very detailed behaviour of the
flow field for specific channel geometries, flowrpmeters and boundary conditions, which
may be less intuitive than results given by simpiedels.

The three-dimensional equations can be simplifiechbans of mathematical operations of
average of the variables in space. A two-dimensioalel is obtained when the variables are
integrated over the flow depth, hence neglectingrthrertical components, while a one-
dimensional model results from averaging the stateables on the cross-section. One-
dimensional models are usually applied in riverieegring, since a river has a predominant
direction (the longitudinal one) along which thevil develops. Even if there are particular
situations where 3D flow features are relevant.(@lgw around bridge piers, side weir flows,
...), a 1D model is a handy and useful tool to undexs the main physical mechanisms
acting on the system before performing a very ttaiumerical analysis. Simplified models
are easier to be implemented and they can leadn&dytecal demonstration of some
characteristics of the investigated phenomena. M@ simple models are suggested as first
step to understand complex phenomena whose behlawioot well-known.

5.2.1 Mathematical formulation

The longitudinal rate of change of the water degdting a side weir can be predicted by
applying the continuity equation coupled with theesyy or momentum equation in the
framework of one-dimensional steady flow.

The side weir flow model is developed under theiaggions of:
1. Steady spatially-varied flow;

2. One-dimensional flow;

3. Fixed bed conditions;
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4. Small curvature of the flow (vertical variationpnessure remains hydrostatic);
5. Horizontal water surface across each cross-sertitre main channel;

6. Critical flow depth at the side weir crest (withbsutical approaching flow and
supercritical flow on the land side);

7. Applicability of a classical weir equation to tHew that spills over the side weir.

Some of these assumptions can apply better thagr aththe case of levee breach,
especially regarding theritical flow depthat the weir crest (if no backwater effects frora th
protected side are considered) and the validityg ©ifle weir equatiorior the lateral outflow
calculation, as pointed out by Saucier et al. (2008is assumption would be not completely
fulfilled if tailwater on the protected land raisgse to the flooding. In such a case, backwater
effects may occur from the protected land, whichitlithe breach discharge. Nevertheless,
side weir equation may be used as well, by conisigexr reduced discharge coefficient.

The steady flow hypothesis applicable to the case of a levee breach iftithe scale of
the breaching process is much smaller than the $icaée of the flood wave. Analysis under
steady conditions is useful to investigate equilitor conditions in the system.

On the other handjxed bedand 1D flow conditionscan conflict with a more realistic
situation, in which the channel is endowed with atde bedand flow is 3D.

In the following elaborations, the breach is trdads a side weir of lengthsLthe breach
channel is considered to be rectangular as firgstagmation though a breach channel with
rather trapezoidal shape commonly develops. The wrest is taken at the main channel
bottom (“zero height crest”), since field experienand laboratory investigations on dam
embankments and river levees show that a breaaiaply deepens until the levee toe and
then it lengthens until it gets the final lengthatth et al., 2000; Islam, 2012). The river reach
along the breach is sketched as a straight prisncatinnel with cross-section of constant
rectangular shape of width B. The river bed, ad agthe side weir, are considered to be not-
erodible, i.e. the geometric boundary of the maiammel is fixed.

The lateral outflow is analysed by means of the sigkir theory. The one-dimensional
equation for spatially-varied flow may be formuldht@ two alternative forms, depending on
whether the derivation is based on energy or monmembnservation.

In the energy approach, the governing equations tlage continuity and the energy
equations:

d
=5-5

‘o (5.1)
—— = Q

dx

where Q [n¥/s] is the discharge in the channel at a sectiogs ¥m?/s] is the discharge
spilling through the side weir per unit length;rg][is the specific energy head in the channel
at a section x; §—] is the bed slope;;$-] is the energy gradient (or friction slope) ahe
local energy losses due to the overflow process@pposed to be negligible.

The specific energy head E at a section x is gbsen
2
E(X)=Y(X) + al) E—IQzﬁ (5.2)
29 A°(x)
in which Y(x) [m] is the water depth profile in fnb of the lateral weir; g is the gravity

acceleration [mf; a [-] is the Coriolis velocity distribution coeffieint and A [M] is the
wetted cross-section area.
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By differentiating equation 5.2 and considering a&ens 5.1, and by using the classical
weir equation for the spill flow, the following digrential equations are written:

a() Q09 HQK) , o) BK) PAK) _ Q*(9  a(x)

dY(x) _ S5 glA%(x)  dx  g[A%2(x) ox 29A%(X) dx
dx 1- a(X) CFr’(x) (5.3)
T g, =,z (9 -p.)"

whereCy [-] is the dischargecoefficientassumedaonstantalongthe breach;B [m] is the
wettedwidth of thecross-sectiofichannelwidth atwatersurface)Fr[—] is theFroudenumber.
Theterm(Y—ps) representthepressurdnead(withoutvelocity head)abovetheweir crest.

Under the further assumptions of Coriolis coeffitianequal to unity and weir height p
set to zero, equations 5.3 are simplified in:

e _ Q) dQ(x)
dY(x) _ >3 g[A%(x) Epldx
dx 1-Fr3(x) (5.4)
9~ _q, =, 29 v

The water profile along the side weir can be calmd by solving equations 5.4.

Equations 5.4 are ordinary differential equatiofisthe first order, which describe the
variation of the water profile Y(x) along the sideir according to the principle of energy
conservation. Equations 5.4 need one boundary ttondo be solved: depending on whether
the approaching flow at upstream section is subafitor supercritical, a downstream or an
upstream condition is assigned.

An analytical solution of the side weir problem veesived by De Marchi in 1934.

He stated that the specific energy head of the filmincan be assumed constant along the
side weir, which is valid if the energy losses asgligible and the difference of the bed
elevations at the up- and the downstream sectiossnall, so that the differencer& is
negligible. Many authors (Subramanya and Awasthy;21Borghei at al., 1999; Muslu,
2001; Rosier et al., 2008) followed the De Marcfpdthesis when modelling side weir with
subcritical approaching flow even for movable bedditbons (Paris et al., 2012). According
to the De Marchi assumption, the specific energydhBais assumed constant and the
equations (5.4) are rewritten as:

FQK)
dY() _ Q)Y (x) dx
dx gB? LY *(x) - Q*(X) (5.5)
—dgix) =0, =-C, {29 [{Y ()"

An analytical solution of equations (5.5) was foumdDe Marchi (1934) for subcritical
flow, and it solves for the longitudinal axis x givthe flow depth Y:

C—x o(Y,E)+C

(5.6)
YE 1/E Y —-3sin” 1/E Y

where C is an integration constant determlned frcerbtirundary conditions.
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The De Marchi solution of the side weir problemsisple to be applied, once the
upstream and the downstream conditions are giviea.upstream condition is represented by
the inflow Q,, whereas a rating curve is a common downstreartiiom.

The downstream flow rateq@s determined by the flow rating curve once thevlstream
flow depth Yy is g*iven. In such a way, the downstream speciigergy head Eis determined
to be the energy Egoverning the process of the side weir flow.

Equations (5.6) can be solved from the downstreactian in the upstream direction: an
imposed variation of the flow depth Y gives thesaxiwhere that variation occurs and the

related flow discharge at that section is given ®yx) =B LY (x) ;L/ZQQE* —Y(x)j. The
solving is performed until the Qs obtained, and then the flow depth profile Y&ojng the
weir and its total length are gained.

Otherwise, the length of the weir can be directlicalated without solving for the whole
depth profile, once the upstream flow depthisrobtained from equation (5.7):

2
E=VY,+ Q 5 (5.7)
20A,
The length of the weir is then determined by dh&unction:
L:xd—xu:CE (v,.E')-ay, E (5.8)

d

and the related outflow dischargei®given by the difference betweep &hd Q:
L
Qs :_[qs mx =Qu _Qd = Bq/z_gEﬁYu E{I(E* _Yu) _Yd E{I(E* _Yd)] (59)
0
This is the classical analysis of the side wewfloy means of the De Marchi approach.

5.2.2 New form of the De Marchi solution

The described approach is generalized and develop#ds thesis by introducing some
dimensionless variables in the De Marchi solution.

Let us consider the dimensionless functipfY, E) as a function of the Froude number in
order to study its behaviour, that is plotted igufe 5.7:

- 1
@ =Fry2 -3sin?| Fr,|—— 5.10
( 2+Fr’ ] (5.10)
0.2 4— Subcritical flow F——— F{ 77777 Supercritical flow [ 73 7777777777 =

0.2F- - e e e e e e T

O(Fr) []

04— b T A T O Minimum
0 Roots

0.5 1 1.5 2 2.5
Fr[]

-0.6
0

Figure 5.7: & as a function of Fr: roots and minimum detection.
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The function® has a minimum for Fr = 1, which defines the catistate Y = ¥.
Moreover, the function has two roots: one forRt.052 and the other one fork0. The first
one is in the range of supercritical flows, whergssecond one is a border condition which
is gained when the flow depth tends to equal tleeifip energy head. In the second case, the
kinetic head is so low that almost no water flowsg the channel. In the range of subcritical
flows (0 < Fr < 1) ® gets values between 0 an@.4322.

Let us represent the breach situation by the tvomdie numbers which identify the flow
conditions in the main channel at the upstrean) (&nd downstream (fr sections of the
breach. Frand Fg identify in a dimensionless form the charactaersiof the main channel
flow incoming upstream and remaining downstreanspeetively. Different zones of the
“Froude graphiin the plane of the state variables Bnd Fg are distinguished (Figure 5.8).

Fru

Figure 5.8:  Side weir situation into “Froude graph) subcritical; B) supercritical; C) hydraulic jump

The areas of Figure 5.8 are referred to the masnuon flow field conditions, which were
already described in Figure 5.5:

» Zone A the flow is subcritical along all the reach, witle upstream flow depth
greater than the critical depth, the flow profilecieasing downstream and the
Froude number decreasing downstream;

» Zone B the flow is supercritical along all the reachttwihe upstream flow depth
equal or lower than the critical depth, the flovofle decreasing downstream, and
the Froude number increasing downstream;

e Zone C the incoming flow is supercritical, but a hydiaujump is encountered
within the weir since a subcritical condition isposed downstream.

The dashed zones identify flow combinations thatrast physically possible: a subcritical
flow before the weir will make the depth profilecreasing and the flow velocity decreasing
and, as a consequence, the downstream Froude nwiiblee lower than the upstream one.
In the same way, a supercritical approaching floi¥ gevelop towards greater values of
Froude number downstream, except when a downsteeatnol requires a depth larger than
the critical one.
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An analytical demonstration of such a behaviourgigen by Montes (1998). For a
rectangular section, the longitudinal variatiortted Froude number is given by:

d( Q) ]
dFr(x) _ |\ By9IY**(x) ,
i ix . 9Fr(x) _ Frix) 4Q(x) f 2+ Fr2 (x)j (5.11)
_FP (x)m ﬁQ(x) dx 20Q(x) dx 1-Fr(x)
dY(x) _ Q(x) dx
dx 1-Fr?(x)

In which the derivative dY/dx is given by a reagament of first equation of system 5.5.

This expression shows that there cannot be changés flow regime along the weir (at
least for a main channel with rectangular sectiot fixed bed): since dQ/dx < 0, a channel
with subcritical flow before the weir makes the kale number to decrease (dFr/dx < 0) and
then the flow remains subcritical. In the same wagupercritical flow approaching the side
weir remains supercritical with greater Froude narsb(dFr/dx > 0), except when a
downstream subcritical flow is imposed in the mehannel.

According to the assumption of subcritical flow upAd downstream the breach, the
possible flow combinations within zone A are coesatl (in which K< Fry< 1).

The breach problem is solved as a function of éilewing dimensionless parameters:

* Flow depth ratio Y=YdYy
» Discharge ratio d=QJQu
e Length ratio r=_LJB

The solution is achieved by writing the governingh@iples of conservation of mass and
energy balance in function of the dimensionlesaipaters.

Particularly, from the principle of constant specénergy head one gets (see Annex A for
the mathematical demonstration):

Y, _2+Fr/?
r,h=—=%= = 5.12
Y, 2+F7 512
From the continuity principle, it results:
o= e =gl o (5.13)
Q. Fr,
And finally the length ratio is given by the De Mhar equation:
(o=l 2Py (5.14)
B C,

where® is a function of Froude number, as in equatio®5.1

5.2.3 Model implementation in subcritical flow

The solution of the proposed model is solved faheadmissible combination of Froude
numbers (zone A in Figure 5.8). Any couple of cdased Froude numbers can be obtained as
a combination of different values of the imposedeipendent variables, which are: the main
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channel geometry, the roughness, the bed slopejnihg discharge, and the boundary
conditions, i.e. the downstream rating curve.

The results of the model are shown by Figures 519-5n terms of dimensionless
parameters: the 45° line defines the condition Qf=FFry, which occurs when no lateral
outflow takes place in the channels€0). In such a situation the water depth and @iggph
upstream remain unchanged downstream and no latetifdw occurs in the main channel
(v=1,5=0,1=0).

On the other hand, in the region wherg *Fry an outflow is possible, which makes the
water depth increasing downstream Xrl) and the flow discharge decreasingXr0) along
the breach length (> 0). This trend develops when Froude numbersageasing upstream
and decreasing downstream until, as a limit casetiaal state occurs in the upstream section
(Fry=1). A further limit is represented when no floakés place downstream {Er0), which
is depicted in the upper left corner of the graphghat situation,y tends to 1.5,gto 1 and
r.tol.1.

The maximum flow depth ratio is constant for a sitlal flow, since, in that limit case,
the downstream depth is equal to the specific gnkeqd E and the upstream depth equals
the critical depth, which, for a rectangular chdnie Y, = 2/3E. As a matter of fact:
(Yd/Y ))max= E/(2/3E) = 1.5.

The ratio LJ/B expressed in equation (5.14) and plotted in feédull is dependent on the
value of the weir discharge coefficienty:Cdifferent values and different methods for
estimating G can be assumed. In the literature, there are @euonf methods proposed for
evaluating the discharge coefficient for side vesierflow (Borghei et al., 1999).

The theoretical analysis of the flow over a broeested weir states (Bélanger, 1849):

Y, =§(Y -p,)= i/q; M -q= {@w %} 29(Y -p,)’

which brings to the typical value of discharge tioednt for broad-crested weir

2 3/2 1
Cq :ng E—I\/—E} = 0385 (5.15)
Preissler and Bollrich (1980) proposed the useretdaced, constant overfall coefficient:
C, :gmsmw (5.16)

with o = 0.95 reduction factor and,& [0.49-0.51] weir coefficient.

Hager (1987) identified the discharge coefficieot & sharp-crested side weir of zero
height as dependent on the approach Froude numbierthe main channel:

2
C, = 2m.4850| 2L (5.17)
3 2+ 3Fr,

Kamrath et al. (2006) developedd&e break formulao calculate flow through a dike
breach. They proposed the coefficientt@€ be a function of approaching Froude number and
the ratio between the width of the floodplaip &t the river side and the breach length L
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b 2
C, :%[0).577 0.1446]{0.4 \/Fr, [E(l.lS—JFrU)EILf—pJ }+0.689 (5.18)

Recently, Oertel et al. (2011) carried out invetimns to determine the discharge
coefficient for flat broad side weirs in river wiubcritical conditions. They expressed the
dependence of the discharge coefficient on the mlaamnel’s Froude number, the channel
width and the weir length:

2
C, =§ o.ostnog[o.m/l:ru fL.44-2.4Fr, +Fru)E€LEj }0.35 (5.19)

S

The use of these&unctions into the proposed approach influencesvildue of r ratio
(see equation 5.14), but it does not modify theega@lirbehaviour of the system. Table 5.1 lists
the maximum ratio.rfound by applying some differeniy@inctions: the upper limitation of
LJB is still in the order of the river width. Notdat the application of &formulation
proposed by Oertel et al. (2011) into the lengtlor@quation 5.14) needs an iterative routine
to be solved, since thedB ratio is also implicitly included into the disztge coefficient.
Equation 5.18 is not used for this analysis becdbseparameterbis not defined in a
rectangular main channel.

Table 5.1: r maximum values for different@nethods.

Cq4-method Equation Cy-value Mmax

Theoretical brpad— Eq. 5.15 G=0.385 112
crested weir

Constant overfall _
coefficient Eq. 5.16 G=0.317 1.36

Zero height sharp- Cy = 0.323, for F=0

crested side weir Eq.5.17 Cy=0.250, for F=1 1.73
Cy=0.166, for F=0 and B/L=1/3
River broad side weir Eqg. 5.19 Cq=0.150, for Fy=1 and B/L=1/3 , g5

Cy=0.229, for F=0 and B/L=3
Cy=0.213, for F=1 and B/L=3

The following outcomes were performed with € 0.385, as typical value for broad-
crested overflow weirs.
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Figure 5.10: Discharge ratig contours in the Froude graph.
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Fr [

Figure 5.11: Length ratiq contours in the Froude graph.

Other dimensionless ratios between the variablesligied at the up- and downstream
sections can be calculated:

* Flow velocity ratio 6 = Ug/Uy= (I-ro)/ry
 Shear stress ratio CF T = 1P

Figures 5.12 and 5.13 show that in case the laterdllow takes place (region Fr Fry),
the mean flow velocity is reduced at the downstresaution and, consequently the shear
stress (proportional to the square of the mean ¥lelacity) also strongly decreases.
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Figure 5.12: Flow velocityyrcontours in the Froude graph.
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Figure 5.13: Shear stresscontours in the Froude graph.

156



Chapter 5 Analytical flow modelling

5.3 Application of the proposed model to laboratory andield data

5.3.1 Application to available laboratory data

The proposed analytical model is tested on avalédidoratory data in order to verify its
validity in the range of the subcritical flows afpside weirs.

Experimental data coming from laboratory measurémamne compared with predicted
values of the dimensionless ratios according topttogposed model. Basically, only the up-
and the downstream Froude numbers are necessapply the model: the flow depth ratio
ry, the discharge ratiogrand the length ratio rare calculated on the basis of those
information.

Data reported into the Figures 5.14-5.16 are reladeseveral experimental investigations,
whose conditions are reported in Table 5.2.

Table 5.2:  Main testing conditions of analysed fabary data.
Laboratory Side weir Sidg weir .Inflow Upstream | Downstream
test Reference length [m] height discharge Fr 4] Fr 4]
g [m] [m¥s]
; El-Khashab
%‘Eﬁfhrlab and Smith 2.3 0.2 0.14 0.73 0.23
(1976)
‘Hager | Musluetal.| 0.1:0.2] | [0.03¢:0.04] | [0.350.87]| [0.180.37
(1982)a” (2003) [0.1-0.2] | [0.033:0.04] | [0.350.87]| [0.18:0.37]
“Hager Yiksel .
(1982)b" (2004) 1 [0.1+0.2] | [0.037%0.039]| [0.290.62] 0
Hsuetal. | Hsuetal. (?a'tleﬁl (|at0era| 0.003:0.005]| [0.330.77]| [0.140.55
(2002)*" (2002) (later (lateral 17]0.003-0.005]| [0.330.77] |  [0.14-0.55]
diversion) | diversion)
“Present study | Michelazzo . . )
(fixed bed)’ (2013) [0.03:0.47] 0 0.01 [0.22:0.83] | [0.140.51]

All the listed experiments were conducted in fixeed main channels with rectangular
cross section. The side weirs had rectangular shajk different values of the length and of
the height. Subcritical flow conditions were acl@dvduring the tests. The data of series
“Present study (fixed bed)” are part of the predenb work and the related description is
presented in Chapter 3. The data collected by Hsal.e(2002) concern a flow regime
different from the side weir situation: they ardated to a lateral diversion, which is a
rectangular channel departing from the main chanfké diversion had the same cross
section geometry of the main channel and the cdrmmeangle was at 90 degrees. Lateral
diversion data were analysed because they canderasome more insights about lateral
outflow processes from a zero height sill, as ihithe main focus of the present levee breach
study. Anyway, these data were compared with thelahoegarding the flow depth and
discharge ratios, whereas the length ratio wasanalysed since the outflow of a lateral
diversion can not be modelled by the side weir law.

Results presented in Figure 5.14-5.16 show thatptieposed analytical model gives a
good prediction of the flow conditions in termsftaiw depth ratio and flow discharge ratio
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within an error oft 10%. The validity of De Marchi hypothesis is confed for lateral weir
experiments as well as for lateral diversion teste ratio between the weir length and the
main channel width is affected by higher errorso(ak: 20%), which may be due to the
estimation of the discharge coefficient @e coefficient was set equal to a standard vafue
0.385 for the first three tests regarding side syeuhile Hsu data and present-study-data were
analysed by means of the Hager formulation (Hab@8,/), developed for side weirs of zero
height.
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Figure 5.14: Comparison between measured and peddietpth ratios for laboratory data.
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5.3.2 Application to real river levee breach data

5.3.2.1The context of real rivers

The proposed analytical model is applied to repcedie steady one-dimensional features
of the flow in a main channel when a lateral owtfimkes place because a breach develops in
the lateral levee. It is therefore relevant to edtéhe previous considerations to the context of
real rivers in an attempt to apply the model f@l tevee breaches.

A uniform flow discharge in a river without any ks breach, and thus without any lateral
outflow, is represented as a point on the 45° iiméhe Froude graph: i.e., the up- and the
downstream Froude numbers coincide, Fry) since no outflow takes place and the flow
regime is not modified from its initial state. Oretother hand, when the levee is breachegd Fr
differs from Fg, so that the point, which represents the flow dood up- and downstream,
moves in the Froude graph. It is supposed thalethee crest is eroded until it reaches the toe
level (that is the zero level at the main chanmidm in the present schematization) and that
a rectangular side weir shape is formed which legng in time. As a result, the water depth
decreases both at the up- and downstream sectenfitst one because of the flow
acceleration, the second one because of the deggadthe water discharge.

Now, it can be considered that the flow in the dstream part of the river is governed by
the uniform rating curve of the channel itself, that the variation of the Froude with the
water depth is quite slight, i.e.:

(5.20)

-_Y .
Fr_\/g_Y ch\/§

Where G = 7.66(Y/k,)"®is Chézy coefficient anl [m] is the riverbed roughness.

Equation 5.20 shows that the variation of the Feondmber with the flow depth for a
uniform flow regime is small, since the uniform Vlcslope is constant and the resistance
coefficient G, changes only slightly with the flow depth. As ansequence, the downstream
Froude should maintain an almost constant valuedftierent lateral outflow scenarios,
whereas the upstream Froude number increasestateeds the flow regime for increasing
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breach length (and, consequently, for increasitegdhoutflow discharge) is then represented
as an almost vertical line in the Froude graphsichvistarts from the “undisturbed” point
(circle in Figures 5.17-5.18) that depends on ttial features (velocity U and depth Y) of
the stream flow.

The initial value of the Froude numberBepends on the river flow features, such as the
flood discharge, the channel geometry and roughnées bed slope, and the boundary
conditions (i.e., the downstream flow rating curve)

An estimation of Ry can be obtained from equation 5.20 by considediffgrent possible
values of Chézy coefficient and bed slope. The €héefficient for natural rivers in valley
zones usually varies into the range (Yen, 2002)=@10 + 20]. If a typical mild slope is
assumed (&= 0.5 %o), the Froude number range for a uniforficsitical flow results in:

Fronis = [0.22+ 0.45]

Moreover, assuming the river to be in a regime @@rg the hydraulic geometry relations
are obtained by the flow regime theory (Singh, 2003

P=k, [@Q°

Y =k, @'

Where: P = wetted perimeter [m] and k;, ¢, d are parameters whose values were taken
from Singh (2003).

If the river has a width B at the free surface mlacher than the mean water depth Y, then
P = B, and the two exponents ¢ and d are set to tdelywused values (c = 1/2, d = 1/3), the
regime Froude number is achieved from equatior&l 5.

Fr = ;
regime (g Dkl Ekzl_s
The parameters;kand k usually vary as:

(5.21)

(5.22)

Ky [] Kz []
2.5 0.5
45 0.3

The Froude number at the “regime state” is thersiclemed to vary in a range of:
Frregime: [036_ 043]

The values found for G and Fregime @agree in defining a subcritical flow regime for a
flood discharge in a valley embanked river. Paléidy, the Froude number range of uniform
flows includes that one of regime state, so thattFean be taken as initial “undisturbed”
condition of the river flow. The Froude range ipnesented as highlighted area in Figures
5.17 and 5.18.

The arrow in Figures 5.17-5.18 shows a possibléepatof the flow regime during a
breaching process (at successive times t < t3): downstream Froude number is almost
constant if the downstream boundary condition v@giby a uniform rating curve, while the
upstream one increases as explained previously. Frbede graphs indicate that such a
pattern has to be related with increasing breasthdrge and increasing breach length, which
Is consistent with the physics of the phenomende. rrow represents a succession of steady
states (according to the assumption of the modethat flow features have to be considered
in a regime state at each point of the line, wheetka transient processes are not modelled.
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Figure 5.17: Flow regimes during breach openinthéFroude graph with discharge ratjcontours.
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Figure 5.18: Flow regimes during breach openintpenFroude graph with length ratiogontours.
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5.3.2.2The levee breach of river Ombrone

The analysis described in Section 5.3.2.1 is agpbethe real case of a levee breaching of
the Ombrone Pistoiese river (Tuscany - Italy) irc&aber 2009.

The Ombrone Pistoiese river broke a part of ithtrigvee during the flood event of 25
December 2009. The river in the zone close to tleadh is straight and regular and the
geometry of its cross section is not very far framectangular shape. Figure 5.19 shows a
plan view of the Ombrone river with location of theeach and Figure 5.22 shows the cross
section at the breach site. Some pictures of tleadbr are reported in Figures 5.20-5.21,
which were taken by the Land Reclamation Authasitypombrone River.
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Figure 5.20: Front view of the breach of OmbroweriTuscany — Italy) in December 2009.
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Figure 5.21: Side view of the breach of Ombronenifuscany — Italy) in December 2009.
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Figure 5.22: Cross-section of the Ombrone rivehatdreach site (water at flood level before brezaghi

Quantitative data about the breach event were geavby the Civil Protection Regional
Agency and by other local Water and Land Reclama#fiathorities (such as “Consorzio di
Bonifica Ombrone Pistoiese”). The following infortian were collected:

* The levee breach developed quite quickly in a tslo¢ estimated in about 30-45
min and the failure mechanism was likely due targgphenomena;

* The measured final length of the breach was of abh@dum and it developed until
the elevation of a vertical wall, at the base eftiight levee section;

« The peak of the outflow discharge was around § mvhile a water discharge of
192 n¥/s was flowing in the river with a water depth dfoat 6 m over the river
bottom: these information were derived by meanbyafrological analysis for the
reconstruction of the flood hydrograph at the bneaite (which was ungauged)
from the nearest hydrometric gauging stations.

The main data of the event are summarized in TaBle
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Table 5.3:  Flow features of the real breach evémmbrone river.
River Breach
River flow Wetted width at Maximum
discharge at cross-section at breach Final length of
breach time: breach time: discharge: the breach:
Qu [mB/S] B [m] Qbr,max [mS/S] Lbr [m]
192 21 90 17

The proposed model is applied in order to reprodheecharacteristic ratios of the breach
event on the basis of the previous information.

The breach event is simplified as follows:

» A steady discharge is considered to route in thenicél (Q) and through the
breach (@ may during all the breaching process;

* The breach is assumed to have a rectangular shamh Wwengthens until the
recorded final length

» The downstream boundary condition is governed bggaurve of uniform flow.

In order to apply the model, uniform flow ratingree is used to estimate the flow depth
Yo at the flood peak before the breach started. Furmtbee, flow depth at the downstream
reach at the end of the breaching procegsi¥ again achieved from the rating curve.

The upstream flow depth at the end of the breachingess Y is gained by imposing the
De Marchi assumption that the specific energy hEaftalculated by means of the flow
features at the downstream section) is constangalwe breach. As a consequence, the depth
ratio ry of the flow is estimated.

The knowledge about the up- and downstream disesaepd flow depths and the
geometry of the cross-section allow to get the Beonumbers before the breaching)(Fand
after the breaching at the upstream,{}rand downstream (k) sections.

The calculated dimensionless numbers are repart@édble 5.4:

Table 5.4: Dimensionless numbers of the real breaeht of Ombrone river.
Initial Fr | Upstream Fr | Downstream Fr Discharge ratio Depth ratio Length ratio
Fro Frubr Fr gor I Qmeas™= Qormad Qu I'ymeas = Yabd Y ubr l Lmeas = Lod/B
0.27 0.69 0.27 0.47 1.19 0.81

It can be noticed that the initial Froude definesulacritical regime for the flood, which
falls within the range indicated in Section 5.3.2Moreover, the downstream Froude
maintains almost the same value of the initig] hile the upstream Froude increases due to
the lateral outflow. The behaviour of the systemeresented as an almost vertical pattern in
the Froude graph, which starts from the un-breadwdlition and ends at the final state.
Figures 5.23-5.24-5.25 show the flow state patigth the dimensionless ratios contours.

It has to be noticed that the pattern betweenrtitialiand final points is not reproduced by
the model, which provides only the final variabédghe steady state whereas their temporal
development is not taken into account. In otherdspthe dash-dot line indicates the pattern
that the flow features (at the up- and downstreawtiens close to the breach) may have
assumed during the breaching process, but thisnnaftion is actually unknown.
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Figure 5.24: Ombrone breach event in the Froudeipwédth flow discharge ratiqyrcontours.
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Figure 5.25: Ombrone breach event in the Froudehgwath flow depth ratioyr contours.

The developed model predicts the dimensionlesssiatihich are compared with the ones
coming from the measured data in Table 5.5. Thativel errors Err) of the dimensionless
ratios () are defined as:

r

r‘)( meas_

r

X meas

— xpred
Errr, =

Table 5.5:  Comparison between measured and predatied for the Ombrone breach event.

ereas erred Errr Q I meas erred Errr L
[-] -] [%] -] -] [%]
0.47 0.49 -4% 0.81 0.73 +10 %

The comparison between measurement and model shatyslespite the simplicity of the
model and the relevant assumptions made on thepheaiomenon, the model prediction of
the general behaviour of the hydrodynamics of tiwerrflow is quite satisfactory. The
predicted flow discharge ratio and length ratioulesn errors less thar 10% of the
measured ratios.

However, there are a number of approximations dutced by the model that need to be
discussed.

At first, the real process is not steady as inrttoglel, but it is unsteady at least regarding
the breach outflow hydrograph, the levee erosiom the flow depth variation in the main
channel.

Moreover, the model does not consider movable bewdditons, while the strong
acceleration of the flow due to the outflow likehyodifies the river bed which can affect the
outflow itself.
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The proposed model considers a simplified rectargghape both for the cross-section of
the river and for the breach channel, althoughrde geometries are more complex (see
Figures 5.20 and 5.21). Furthermore, the breacthdegonsidered to be at a zero level (i.e.,
at the bottom of the main channel), whereas it laétser at the vertical wall crest in the real
case. The model does not consider the possibleteffethe vertical wall on the breaching
process, while it is likely that the wall did ndtoav the breach to deepen further: a deeper
breach may have spilled greater discharge withoaeshfinal length than the measured one.

Another remark concerns the calculation of thelfbraach length, which is dependent on
the side weir law. It is here assumed that the wieie equation is a realistic formulation for
the breach case, which actually is stated by ab#rors (Saucier et al., 2009). The discharge
coefficient G was here calculated according to the Hager (18&mulation (see Section
5.2), which gave the best result in terms of reéagrror over the length ratio. Despite Hager
formulation is proposed for sharp-crested weirs tHred levee breach usually resembles a
broad-crested weir, it fits real data better thimeomethods. According to that, this implies
that other factors (e.g., bed morphology in rived &reach channel) have greater influence on
the outflow process from a breach than the diffeeein the method and conditions by means
of which the discharge coefficient & obtained, so that the formulation to calculdidor a
levee breach flow has to chosen from case to case.

Despite all these remarks, the proposed model sdeckto reproduce properly the general
features of the flow and of the breach. MoreovieaJso provides a new insight into the river
hydrodynamics during the breaching process.

5.3.3 Subcritical limitation of the breach features

The results obtained from the proposed analyticadlehcome from a theoretical analysis
referred to a simplified scheme of the physicalteays which is valid for the field of
subcritical flows. As a matter of fact, the De Marassumption of constant specific energy
head along the lateral outflow is adequate for stibal flows, while it is not for supercritical
flow regimes where greater energy losses take plHoe proposed model can therefore be
used to predict the behaviour of the river floweated by a lateral outflow until the flow
regime is subcritical.

The objective of this Section is the analysis @flimit condition of the model, defined as
the change in the flow regime between subcriticedl aupercritical flow. This condition is
investigated as possiblimal stateof the flow regime during the breaching procedsicty, as
explained in Section 5.3.2, causes an increasirtheolupstream Froude numbey, Esward
the critical state. The aim of this analysis isaok at the range of application of the proposed
model in order to give an indication about the a#ibile breach flow features in subcritical
flow in terms of dimensionless ratios.

Two main assumptions are made within the currealyars:

i) The upstream Froude numbeg, Frcreases during the breaching process and istend
to the critical value (kr- 1);

i) The downstream Froude numbeg keeps an almost constant value, which is related
to the initial subcritical flow regime.

The proposed model is therefore used to analysdirttie condition at the subcritical-
supercritical passage in the upstream cross-sedtlos is the situation in which the upstream
flow depth decreases so much due to the lateralvatval that the critical depth is reached.
In that situation, the maximum dimensionless ragigsachieved, whose values depend on the
starting Froude number, as explained in Sectior23.3
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If the Froude range of uniform flows is considessdinitial Froude number, the following
ranges of the dimensionless ratios are given agdtide values at the limit condition of
subcritical flow for which the river flow and thedach features are predicted by the proposed
model (Table 5.6 and Figure 5.26):

Table 5.6: Dimensionless ratios at the limit coiodit

Fr uiim Fr giim I'yiim ‘ I Qlim ‘ I Liim
[-] [-] [-] [-] [-]
1 0.22 1.46 0.61 1.68
1 0.45 ‘ 1.36 0.28 0.76

The length ratio r is computed with the discharge coefficient €dmputed as Oertel
formulation (see equation 5.19), which maximizesléngth ratio.

Yd/Yu contours

Fry [

Fryll

Figure 5.26: Dimensionless ratios at the limit dtod for the assumed Froude range (highlighted)are

The proposed approach defines timeit values of the dimensionless ratios, which are
compared with some experimental data and real svianbrder to preliminary verify its
validity.

Unfortunately, no data concerning both breach aret flow characteristics were found in
literature, except for the experimental data cedlddy Fujita and Tamura (1987) during their
flume experiments on the process of breach enlaggerind some data about the full-scale
Chiyoda experimental channel (Shimada and Yokoyal@d21). Anyway, the ten main
experimental data about river levee breaching owafle bed presented in Chapter 4 are
used.
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Moreover, some field data were collected. A specsirvey was carried out at several
Water Authorities of Hungary and Italy and it alledvthe collection of 29 field data in terms
of mean river flood width B and final breach lengihfor the following rivers (Figure 5.27):

Tisza river, Hungary (flood events in the perio®32001);
Versilia river, Italy (1996 flood);

Serchio river, Italy (2009 flood);

Ombrone Pistoiese river, Italy (2009 flood);

Calice river, Italy (2009 flood);

Muson dei Sassi river, Italy (2009 flood);

Bacchiglione river, Italy (2010 flood at Ponte Scdblo);
Bacchiglione river, Italy (2010 flood at Caldogno).

Tisza river data were derived by the author undler gupervision of Dr. Nagy of the
University of Budapest (some details are in Nagg @nth, 2005), while data about Muson
dei Sassi and Bacchiglione river were provided fidmversity of Padova (see Viero et al.,
2012 and 2013).

Data regarding the peak values of breach dischamdeiver discharge were also collected
for 6 breach events regarding:

Versilia river, Italy (1996 flood);

Serchio river, Italy (2009 flood);

Ombrone Pistoiese river, Italy (2009 flood);

Muson dei Sassi river, Italy (2009 flood);
Bacchiglione river, Italy (2010 flood at Ponte Scdblo);
Bacchiglione river, Italy (2010 flood at Caldogno).

Collected data are presented in Figure 5.28.
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Figure 5.28: Comparison between peak breach anddiseharge for experimental and real events data.
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It can be noticed that the model predicts a rarigales of breach featurespy{land Q)
which is consistent with the collected data.

The final breach length is proportional to the riwadth and a part of the collected data are
within the predicted range L= [0.76-1.68]B), even if a scatter is evident.

On the other hand, data regarding breach and diseharge are all within the foreseen
range (Qr =[0.28-0.61]Q,) and a quite strong relation seems to exist.

The larger scatter of data regarding the breaclgtihens certainly due also to the
dependance of this variable on other factors, dieated by Nagy (2006). The geothecnical
properties of the levee definitely play a key-rtuethe breaching dynamics and erosion rate,
which is dependent on the resistence given by thiemal that forms the embankment. Also
the dimensions and the geometry of the levee dareimce the development of the breach and
its lengthening, since the flow needs longer timeetode greater and larger levee sections.
Moreover, the morphology of the river reach (stinigcurved, ...) can create different
hydraulic conditions in the vicinity of the breadfhe topographic conditions on the protected
side may also affect the outflow process if backwatfects take place from the floodplain,
which block the free flow through the breach. Thidure mechanism may have an effect on
the final breach length as well, as it is stataddam-breach cases (Froehlich, 2008). Finally,
flood emergency activity can limit the breach depehent, which is of course also time-
dependent and it may need a time longer than doel fluration to completely develop.

Despite the collected data for different conditiamsl properties (regarding the size of the
river and of the levee, the failure mechanism,flbedplain conditions, the geothecnical and
geometrical properties of the levee, the scalehefflow rate which differs of five orders of
magnitude between experimental and real event ,ddi@)relationship between peak breach
discharge and river discharge at the breaching ts@ems to maintain the same trend,
regarding the laboratory scale as well the reahesvdt is likely that the breach length is a
more sensitive parameter to the listed factoreattof the breach discharge and that a kind
of “equilibrium” is reached faster regarding thet&raflows in comparison with the final
dimensions of the breach, as observed during theabte bed experiments (see Chapter 4).
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5.4 Summary and concluding remarks

The breaching process of a river levee is quitepterxnand governed by the river flow
conditions in the vicinity of the breach locatidn.this study, the river flow hydrodynamics
has been analysed as a key issue to achieve almatierstanding of the breaching process.

The flow features in the river have been analysél wmeference to the theory of the side
weir flow in the most common case of subcriticalfl The flow that develops along a side
weir is analysed in order to get an overview of tiver response to the outflow in terms of
flow depth, flow velocity and water discharge.

The assumption of constant specific energy heddomt of the lateral weir (De Marchi,
1934) is assumed to define an analytical solutibthe equation of steady spatially-varied
flow coupled with the classical weir equation. Tdadculation of the flow features (depth and
discharge) in the main channel is therefore soimed1D fixed bed scheme.

The classical formulation of the De Marchi soluti analysed and rearranged in a
dimensionless form, and a new analytical modelrapgsed to define the lateral outflow in
terms of dimensionless ratios of the flow varialdéshe up- and downstream cross sections
close to the side weir. The solution is easily genied once the boundary conditions,
expressed in terms of Froude numbers at theseduwtmss, are given (together with the river
width and the discharge coefficient) and all théflow process is explained as combination
of the two Froude numbers in an origik@abude graph

The model is applied to laboratory data regardixgeements on side weirs of rectangular
shapes with different values of the length andhef lheight, experiments conducted on zero
height side weirs within the present PhD work, argeriments related to lateral diversions.

The results in terms of dimensionless ratios reggrtlow depth, water discharge and side
weir length show that:

* Flow depth and flow discharge ratios are predigtédin an error oft 10%;
* Length ratio is predicted within an error620%.

The applicability of the model assumptions to tbatext of real rivers is discussed and the
representation of a real event is analysed intd-tioeide graphs. A realistic range of Froude
numbers is considered and a likely pattern of kbw f/ariables is represented into the Froude
graphs: it is justified and discussed that the diteay event can be explained as a vertical
pattern of the flow variables into the Froude gsaph

The proposed model is applied to a case of a reat breach: the Ombrone breach of
2009. The case study is presented and an intetipreta the event is given by means of the
dimensionless model. The comparison between maodehsasured data shows that, despite
the simplicity of the model and the relevant asstiong made on the real phenomenon
(steady flow instead of unsteady flood wave; regtéar shape of river channel and breach
channel instead of more compound forms; unifornwfis downstream boundary condition),
the model predicts well the general behaviour @& liydrodynamics of the river flow. In
particular:

- The measured flow discharge ratipis overestimated of 4%;
- The measured length ratiois underestimated of 10%.

Finally, the proposed model is analysed for lingit condition of critical flow at the
upstream section, which actually represents itgdimon since it is based on the assumption
of subcritical flows. The analysis of the limit abtion allows to define a range of maximum
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values that the dimensionless ratios may achievegla breaching event, according to the
proposed model.

The predicted range of dimensionless ratios reggriiow discharge and breach length are
compared with a number of experimental and reahiedata collected at several Water
Authorities of Hungary and lItaly.

The model predicts a range of values of breachufeat(l,, and Q) which is consistent
with the collected data: the ranges defined bynbeel contain most of data regarding breach
length and the whole data regarding flow discharge.

Breach length data show a relevant scatter compaitecthe theoretical ranges, which is
certainly due also to the dependance of this viriah other factors that the general model
does not consider. The final configuration of theedech geometry depends on the
geothecnical and geometrical properties of thedetiee morphology of the river reach, the
topography of the protected side, the failure mersma.

On the other hand, the predicted trend of the brefischarge in function of the river
discharge explains the collected data in a reaifstgnt way: the data are all within the range
[28% < I < 61%] predicted by the proposed model at thetlzondition, even if they are
related to completely different conditions and &ues ranging from laboratory scale to field
scale.

It is concluded that the breach length is a monsisge parameter to local factors instead
of the breach discharge and that a kind of “equiliin” is faster gained regarding the water
flows in comparison with the final dimensions oé threach.

These results may have extremely important impboaton both research and engineering
practice, since they point out the existence df@ang (and maybe constant) relation between
the river flow and the breach flow, which opens rresearch scenarios and possible practical
applications in the field of flood risk mapping dzeriver levee breaching.

The proposed model therefore provides a usefulpleinand intuitive insight into the
hydrodynamics of the river flow affected by a latesutflow. It is able to:

« Predict the longitudinal variation of water depth;
* Predict the longitudinal variation of flow discharg

» Provide an analytical explanation of the breachrbgignamics as one-dimensional
flow;

+ Describe the effects on the river flow in termsdohensionless ratios between the
flow variables (depth and discharge) at the up- dodnstream sections of the
lateral weir;

» Calculate the flow depth and water discharge radiog the characteristics of the
side weir (length over river width) as a functionlyoof the boundary conditions
expressed by the up- and downstream Froude numbers.

The model simplicity reflects its own limitations:
» 1D flow. no vertical or transversal variations of theestariables can be predicted;
» Steady flowno unsteady states are simulated,;

e Subcritical flow only flow regimes with Froude numbers less thamtyuare
considered, while supercritical flows are not siated!;
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Chapter 5 Analytical flow modelling

* Fixed bed the solid boundary of the river channel is nabdénle, so that no
erosion/deposition mechanisms can be simulated ramdpossible interaction
between hydrodynamics and morphodynamics are takemccount.

Further improvements of the proposed model arenmneaended in order to make its results
more realistic and to investigate other possiblati@ships between the physical variables of
the river-breach system. For example:

* The implementation of other river section geomstr{e.g., trapezoidal) may
address more realistic situations usually encoedter rivers;

» The effect of movable bed by inserting a predefinedfiguration of the river bed
on the basis of experimental results (as shownhap&r 4), which may help in
analysing the relation between breach flow and nwerphology;

 The removal of the subcritical flow assumption Imwestigating other Froude
numbers combinations into different areas of Frogagh (Figure 5.8) would be
useful to extend the analysis of the assulimei conditiorn

* The comparison with other experimental, field aedlrcase data and with the
results of more sophisticated numerical models,(2Q or 3D models), in order to
test the capability and reliability of the proposaddel.
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6  Conceptual model of a levee breaching

Levee breaching is associated with several completacting mechanisms in a quite
complex system. The experimental and analyticake/@erformed in the framework of this
research primarily aim to analyse thevér-breach systetnin order to improve the
knowledge about the breaching process.

The fixed bed experiments have allowed us to analyse in detail the flowdi@h the
vicinity of a side weir that simulates a fixed levbreach without considering the breach
growth and the morphological changes in the riveal.bThe results provide an overview of
the phenomena taking place in the fluid affectec tgteral outflow.

The movable bed experiments have, in addition, made possible to also analysertbbility
of the river bed and levee material as well as ghetechnical processes involved in the
inception and development of the breach. The matphamic behaviour of the system was
analysed by also considering the flow field recdrdaring in the fixed bed experiments. The
process was investigated with the goal of lookmgaf steady final equilibrium.

The proposed analytical model that was applied to the laboratory data as wetbasome
real cases has enabled to provide a proper phystespretation of the main hydrodynamic
features of the processes involved.

The results of these three different types of itigaions are brought together within this
Chapter, in order to obtain a conceptual picturéheflevee breaching in terms of a process-
oriented analysis with a particular focus on theeriflow. The obtained overall picture is
expected to be very useful not only for this stublyt also for any further laboratory,
analytical, numerical and field studies on rivarde breaching.

The breaching process induced by overtopping,waat described in Chapter 2 by means
of a four-stages sequence (see Figure 2.8), igremed into the temporal and spatial
description of the hydro-morphodynamics of the riflew. The breaching initiated by
overtopping, which was reproduced in the experiaentestigations, is analysed. A straight
river channel of constant cross-section and withvabée bed is considered, which is
delimited by a trapezoidal homogeneous eartherel®re one of its banks (and by a not-
erodible structure, such as a flood wall, on theepsside). It is assumed that the breaching
starts during the passage of the peak of the flsade which develops according to a time
scale much greater than the time scale of the biegprocess. In such a way, the theoretical
final equilibrium of the breach should not dependtbhe decreasing of the water inflow
associated with the flood attenuation. Moreoverpaokwater effects are considered, i.e. the
surrounding areas protected by the levee are fibdmkrause of the breach, but the flood
depth is such that it does not affect the breaml from the river side.

6.1 Inception of the breaching (stage 1)

The initial state of the river flow before the behang is determined by the river properties
(channel geometry, bed slope, flow roughness)wiier discharge flowing in the river,@®
and the boundary conditions (for instance, a doseast flow rating curve). The flood wave
propagates downstream and a local uniform flowlmagonsidered if no significant obstacles
or geometry changes take place. Sediment transparioccur at high water discharge, but
bed deformation is assumed to be negligible atrtiti@al state, in order to better highlight the
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next modifications. The initial state before braagh(stage 0) is depicted in Figure 6.1 and
6.2 as section and frontal view, respectively.

| B |
River

. h
Riverflow
er ht

Figure 6.1:  Stage 0: river flow situation beforedarhing (section view).
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Water level
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—>
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River bed

Figure 6.2:  Stage 0: river flow situation beforedrhing (frontal view).

If the river section is no more able to convetladl water discharge downstream within its
border, then water starts to overflow the leveerelits crest is at the lowest point or where a
local factor occurs, as, for instance, the backnetiect induced by the presence of a bridge.
The first stage of the breaching phenomenon stetts an overflowing of the levee at the
Breach Trigger Location(BTL) and the erosion of the protected side of lgneee (Figures
6.3, 6.4 and 6.5).

."I-.-“'-..-r

"~ Breach

Figure 6.3:  Stage 1 of test A3 (Q29.2Yg2.2S0.1%Mno¥able bed experiments with breach location.
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Figure 6.4: Stage 1 of breaching and river flonerflow and local erosion of the levee (section jiew

At this first stage, the river hydro-morphodynamissslightly affected by the breaching
phenomenon, because just a little portion of tbe ftlischarge is spilled out (Figure 6.5), so
that the upstream and downstream Froude numberadraost equal. The overflow process is
a distributed lateral outflow which is usually ayssd by the overflow equation for broad
crested weirs (equation 4.5).

y
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~ Crest
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BTL-|— — —  — 1%V — \ T_
Overﬁbw
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width B

Ongoing flow

Figure 6.5: Stage 1 of breaching and river flonerflow and local erosion of the levee (plan view).

6.2 Progressive erosion of downstream side (stage 2)

The erosion of the downstream side progresses ladkieward the levee crest and the
protected side of the levee is progressively wasivealy due to the water jet falling over the
crest (Figure 6.6). This is a very important stafiehe entire breaching process, since the
levee crest is being lowered significantly unte threach channel is directly connected to the
river: from that point on, the breaching will demelin an increasingly and uncontrolled way.
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Figure 6.6: Stage 2 of breaching and river flonckyeard erosion of protected side (section view).

During that stage, the breach channel developsstogee gully through the levee (in case
of non-cohesive material) or as combined head ¢utscase of cohesive material), as
explained in Chapter 2 (Figures 2.8, 2.9 and 2.10).

The breach flow rate is highly dependent on theatffe water level prevailing at the
breach, so that the deepening (vertical erosionh@foreach channel increases the overflow.
The process then enhances itself: the lower i¢etree crest, the greater is the lateral outflow
which, as a consequence, has a stronger erosii@n.adthe vertical erosion is the main
mechanism which develops the breach channel atsthge, while the lengthening is slight
and it gets importance during the third stage.

The river starts to “notice” the presence of thiera outflow, but only the flow in the
vicinity of the breach is affected, since the breacstill small. The water is attracted by the
surface layers close to the levee crest in a waylasi to the dam breaches: water is running
over the breach and it follows a perpendicularguatto the levee alignment. Moreover, the
breach starts to lengthen because of two main @rasiechanisms: theontinuous erosive
action exerted by the flow and thdiscontinuous mass failuresf material. The breach
lengthens shortly both in the up- and downstreanections (symmetrical development) from
the BTL during this stage (Figures 6.7, 6.8 angd.6.9

A small portion of the incoming flow is diverted Ibiye breach (g is a slight percentage
of Q) and, anyway, it makes the downstream flow to eleee. In the usual case of subcritical
flow regime and uniform flow rating curve as dowesim boundary condition, the upstream
Froude number Frstarts increasing because of the lateral outflattrdction”, while the
downstream Froude numberglatmost keeps constant.

Figure 6.7: Breaching stage 2 during the movable leageriments: almost symmetrical breach
lengthening upstream {l,,) and downstream (k).
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Figure 6.8: Breaching stage 2 during the movablegxgeériments: discontinuous mass failure.
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Figure 6.9: Stage 2 of breaching and river flowmsyetrical breach lengthening (plan view).
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6.3 Progressive erosion of upstream side (stage 3)

The third stage concerns the erosion of the riid of the levee (see Figure 6.10). The
levee crest is lowered and river floods the pre@aide increasingly. The breaching process
is accelerated: the greater flow breach inducesenigrosion rates, so that the levee section is
progressively eroded and the breach lengthensrfastanly downstream of the BTL. The
peak erosion rate is reached during this stage,tolube quick increase of the flow rate
through the breach. The erosion progresses upsti@aard the river and the entrance of the
breach channel is shaped as a curved “bell-moutti,weéhich works as control weir of the
flow.

The increasing of the breach features (size anchdige) provokes a disturbance in the
flow field which influences an enlarging portiontbe river channel.

A sequence of pictures of stage 3 recorded dunmggmovable bed test is given in Figure
6.11, showing the development of the breach chaandl flow. The pictures were taken
during consecutive time steps € t; < t3): the increasing extension of the breach length, o
the breach flow and of the bell-mouth weir are hgjtted. The indication of the initial
section of the breach (BTL) suggests that the lrelsveloped mainly downstream, whose
reason has to be looked for in the hydrodynamidbefiver flow.

Figures 6.12-6.13-6.14 depict a plan view of theabhing development during stage 3.
The breach channel is sketched together with dmecof erosion (arrows) and flow
streamlines. The river flow reacts quickly to thegence of the breach flow. Since the breach
spills out more and more discharge, the entirerapst incoming flow is accelerated. The
mean flow velocity of the river kka, and the longitudinal component of velocity &k well,
increases while approaching the breach site (ardRtoude number similarly), then it
strongly slows down along the breach channel tiiildownstream section (Figures 6.13 and
6.14), due to the lateral loss of water and theemsing flow depth (decreasing of Up to
50%). On the other hand, the transversal flow vslddy (i.e., the component of the velocity
directed toward the breach) increases toward daearst because of the increasing water
level. These hydrodynamic mechanisms make therslirezs turning toward the breach with
increasing deflection anglésat the downstream section (see Figure 6.14):@ssequence,
this is the more stressed section and the breagthiens mainly toward downstream.

All these processes are also depicted in Figure, 6vhere the longitudinal cross-section is
drawn during time evolution. The flow acceleratioduced by the lateral outflow makes the
upstream flow depth to decrease until the upstreaetion of the breach is reached. The flow
depth increases along the breach, due to the sabtregime of the flow, and then it tends to
the downstream flow depth given by the boundaryddam (as it is predicted by the side-
weir theory). The asymmetry of the breach evolut®also highlighted with reference to the
erosion length toward the upstream and the dowarstredirection, bwp and Lordw
respectively. Moreover, the acceleration of thevfio the upstream reach increases the bed
shear stresses, which mobilise the bed materiabadinent transport starts with creation of
bedforms (as ripples and dunes). The responseedddlid phase to the disturbance given by
the lateral outflow starts with some delay (timeFigure 6.15): it is necessary that the breach
has progressed enough to induce a sufficient flebvoity able to create a bed deformation.

At the end of the third stage, the levee sectionompletely eroded and a scour in the
foundation has been initiated if allowed by thersunding conditions (Figure 6.10). The
breach has a gained significant lengthvhich is in the order of the river width B and nhie
goes on lengthening during the fourth stage witieloerosion rates (one order of magnitude
lower than the peak rate). The breach floyvi®a significant percentage of the river flowy, Q
in the order of 30% of Qand it increases slower.
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Figure 6.11: Photo series of stage 3 of breachxupgriment A3 at three different times since breigger
(to=05s):a)1=82s; b) § =t; +31s; c) § =t, +36s.
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Figure 6.12: Sketch of stage 3 of breaching arer fiow (time step,): breach development.
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Figure 6.13: Sketch of stage 3 of breaching angk filow (time steps): mean flow velocity decreasing and
breach development.
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Figure 6.14; Sketch of stage 3 of breaching andrrilow (time step3): 2D flow features at the breach
location and breach development.
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Chapter 6 Conceptual model of a levee breaching

6.4 Final breach configuration (stage 4)

The fourth breaching stage deals with the breasieldpment until a final equilibrium is
reached (see Figure 2.8f). Stage 4 is the londetteofour stages, during which the breach
lengthens with lower erosion rates than in the ipressstage. The breach gets a length in the
order of the river width and, consequently, theriftow is increasingly more affected by the
lateral outflow: several mechanisms of hydro-moym@amic nature start to take place and
they influence each other. The acceleration of itoming flow toward the breach site
continues to increase and the flow depth decreds$eslowest depth that the flow can reach
Is associated with the minimum specific energy h@ad-r = 1), i.e. the critical depth. The
flow regime can theoretically be subcritical or ergitical along the breach. However,
supercritical flows are usually unstable in smidps mobile bed channels, since the riverbed
is modified by the flow until it gets a more stalolenfiguration with the subcritical regime.
As a consequence, the flow tends to achieve andtamaia high subcritical Froude number at
the upstream section, while the water profile iases along the breach channel until the
downstream section, where a subcritical Fr estaddisaccording to the initial river flow
conditions (before breaching) and to the downstrbaondary condition.

The acceleration of the river flow induces a makifion of material in the upstream part,
associated with the increased bed shear stremsd sediment transport capacity. If the
incoming solid discharge is lower than the sedintesmisport capacity, the flow produces
erosion of the river bed and of the levee at therrside slope. The mobilised material is then
conveyed along the river resulting in significamtdfiorms (see Figure 6.16): a part can be
deflected through the breach channel as bed orerdsgd load, while the remaining one is
carried downstream. The lateral spill of water tlyio the breach makes the longitudinal bed
shear stressyx and the sediment transport capacity to reducegatba breach, so that the
material is deposited and an aggradation of therrbed occurs. The sediment transport
capacity in the main channel is still small at teenaining downstream part, so that no or
small bed modifications take place there, as coatpavith the upstream part. Figure 6.17
shows a picture of the riverbed at the end of oxgeemental test, whereas a sketch is
represented in Figure 6.18, where the maximum miffee in heightAy.x between erosion
(upstream the breach) and aggradation (at dowmstpeat of the breach) is highlighted. The
bed deformation is also underlined in the sectiem\of sketches in Figure 6.19.

Dune
(bed deformation)

Figure 6.16: Dune formation during stage 4 of bhéag experiment B8.
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Breaching of river levees

Figure 6.17: Bed deformation at the end of breackipmgeriment B8.
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Figure 6.18: Longitudinal section of stage 4 ofdmfging process: riverbed deformation.
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Figure 6.19: Stage 4 of breaching process at @iffiecross-sections: a) erosion of river bed anivef side
of levee at upstream zone; b) breach channel, brbaew and slight bed aggradation at the
middle of the breach length; c) river bed aggramtatit downstream zone.

The combined effect of flow deflection, flow velocichanges and river bed modification,
makes the transversal shear stigds be higher at the downstream section: the s$teasst
gets a more direct action toward the downstrearadirsegment and, as a consequence, the
breach develops asymmetrically mainly in the dovaash direction. Another effect of the
shear stress change is that the upstream breattinsiscrounded (high, and lowty) while
the downstream one results in a more clear gutufd ty similar). Figure 6.20 depicts the
previously described situation.

Since the portion of the river flow affected by theeach is large and comparable to the
river width, three-dimensional effects are indudadthe flow field: adividing surface
distinguishes the flow going through the breachmfrine remaining one; helicoidal flow
may occur close to the levee starting at the dawast corner of the breach channel, which
causes local erosion and deposition mechanisnilewaseparationzone can form on the
opposite side of the breach, whose presence aadsizlikely dependent on the aspect ratio
of the river flow (Y/B). These zones are depictedrigure 6.20.
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Figure 6.20: Stage 4 of breaching process (plan)vighear stress and three-dimensional effects.

The hydrodynamics and the morphodynamics interadtthe entire river-breach system
evolves in time: the flow field modifies the bed mpleology which, as a consequence, affects
the river hydrodynamics. The breach flow affects #itceleration of the incoming flow,
which modifies the river bed (erosion upstream agdradation downstream). The new bed
configuration influences the hydraulic featuregha river along the breach in terms of flow
depth, flow velocity, hydraulic head acting ovee threach and, consequently, the breach flow
is affected by these morphodynamic mechanisms.

A strong correlation between breach outflow and defbrmation was found during the
movable bed experimental tests (see Section 4.4h§: may indicate that the riverbed
deformation enhances the flow though the breachhétsame time, the breach lengthens but
the water level acting on the breach decreasesibeas greater outflow and breach length.
The erosion rate then decreases and the entiensyshds towards aquilibrium state Such
an equilibrium is faster and easier achieved bylithed phase than the solid phase, because
water flow reacts at shorter time scales than sedintransport mechanisms, which also
depend on further variables (sediment propertiesirgetric and geotechnical features of the
levee, ...).

The fourth breaching stage is then assumed to dwh\a steady equilibrium is achieved
between incoming flow and breach flow, even if btheach geometry is not stable. The results
found by the analytical modelling of Section 5.8t®wed that the equilibrium lateral outflow
is in the order of 50-60% of the incoming flow.
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6.5 Summary of breaching stages 1-4

Breaching stages 1-4 as described above for alavee are summarised in Figure 6.21 in
terms of breach length, breach discharge and lodigial erosion rate. Few information are
given regarding the breach depth, because it wasobserved during the movable bed
experiments. However, a possible curve of the lrel@pth is proposed, on the basis of other
works (Hahn et al., 2000; Shimada and Yokoyamal2B&lam 2012), in which the breach is
observed to erode mainly vertically during thetfsgges and then to lengthen.

The first stage does not produce a significanteiase of the breach features, which indeed
takes place during the second stage. The breadheaaies its development during the third
stage and, as a consequence, higher gradient® ofatimbles are observed. The breaching
process starts slowing down at the beginning ofdheth stage, during which the erosion rate
decreases by one order of magnitude compared hatlpéak value achieved during stage 3.
The breach continues lengthening while the breasthdrge tends to get an equilibrium with
the incoming flow.
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Figure 6.21: Qualitative trend of the breach feadwturing the breaching process: a) Stage 1; geStac)
Stage 3; d) Stage 4; e) Temporal trend of breaatufes.
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Another qualitative description of the breachinggass is given referred to the river flow
in Figure 6.22. The four breaching stages are tisghiwithin the Froude graph obtained by
the analytical flow modelling, in which the breaafpiprocess is analysed as a lateral outflow
that makes the river flow to change (see Secti@nf&r. details). The flow modification is
summarized in terms of boundary conditions, exg@éss Froude numbers,fand Fy at the
up- and downstream sections of the breach sitpectisely. The graph predicts the ratio
between the lateral outflow and the incoming flgien the two Froude numbers,&and
Frg.

At the beginning of the breaching, the breach disgé is so low that no significant effects
on the river flow take place (breaching stage ¥ tife breach develops, the incoming flow is
accelerated, so that the upstream Froude numbendfeases. The breach flow is still small
during breaching stage 2, because the levee @esitieroded, and therefore the upstream
Froude number Lrslightly increases. These effects are relevantvithe breaching process
speeds up, i.e. during breaching stage 3: the fets higher upstream velocities (and thus
higher Fp) and the breach flow increases.

The river flow changes further during breachinggstd, and the flow tends to maintain
high Fr, at the upstream section. The downstream Froudebeurky depends on the
boundary condition: if a uniform flow rating curi® considered, the variation of Fr with the
flow rate is negligible and the pattern of the lsfeag process in the Froude graph is almost
vertical. It is worth to notice that, accordingttes schematization, the higher changes in the
discharge ratio (Qu) are obtained during the third stage, while thet tane deals with a
lower and slower increase of the breach flow uhglfinal equilibrium.
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6.6 Summary and concluding remarks

A conceptual analysis of the levee breaching phemam has been considered in this
Chapter. The classical four-stages process iswedend integrated with the description of
the river flow features by means of the analyse®rgiby thefixed bed experiments the
movable bed experimentand theanalytical model

A more complete and process-oriented descriptiath@treaching process in river levees
is obtained. The influence of the breach flow omilver hydro-morphodynamics is described
in terms of hydraulic variables (as the Froude nerslat the up- and downstream sections)
and of morphological modifications (river bed véina at the breach location).

A movable bed straight river channel of constamissrsection is considered, where a
uniform flow discharge routes in steady state ambicstical regime. An earthen levee is
assumed to delimit one side of the river and atmainoverflowing is taken as trigger of the
breaching process. No backwater effects from tbedfplain into the river are taken into
account.

In such conditions, the stage 1 of the breachinggss causes an erosion of the protected
side of the levee and the river flow is slightlyeated by the breach discharge, that is an
insignificant portion of the incoming flow (Quntil the levee crest is not lowered. The up- and
downstream Froude numbers, Bnd Fg are both almost equal to the initial valug, kvhich
iIs determined by the flow, the geometry and thenblawy conditions acting in the river
channel.

The breaching process achieves a critical poititeaend of stage 2, when the levee crest is
eroded until the river side: from that point on fivetected side is directly linked to the river
and the erosive action of the water flow encountevger resistances. The breach channel
forms through the levee by means of continuousieroaction and discontinuous mass
failures. River flow is slightly affected only ime surface layers, so that breach lengthens
both in the up- and downstream directions. Nevésise the river flow starts to be
accelerated by the outflow “attraction” and thettgem Froude number Fncreases to some
extent.

It has been explained how the breaching processntesx uncontrolled during the stage 3,
due to the interaction between breach developmeohtwaater flow: the erosion of the levee
(mainly deepening and some lengthening) makes rfiove discharge to out through the
breach. This causes higher erosive actions whictease the breach size and, consequently,
the breach flow. Peak erosion rate is detectedhduhis stage.

The disturbance given by the breach flow propagaidise river flow, which is progressively
affected by the lateral outflow and the flow figjdts 2D features. The upstream zone of the
river flow is accelerated toward the breach loggtiwhereas longitudinal flow velocity U
decreases along the breach toward the downstream kmcause of the water spilling. The
flow depth profile increases along the breach, @uthe subcritical feature of the flow, and
the transversal flow velocity Jdends to increase. As a consequence, the floweat&fh angle
increases along the breach in the river, and thengtweam section of the breach gets a more
direct flow action: the breach then lengthens nyaddwnstream. The overall effect on the
river flow is to increase the upstream Froude nunfig while the downstream Froude
number F§ maintains an almost constant value that is giverhe downstream boundary
condition.

It has been highlighted the mechanism by whichrther bed is modified by the flow
acceleration. This effect mainly takes place dutimg stage 4 of the breaching process. The
bed material is mobilized from the upstream padabse of the increased shear stresses and
then it is partially drawn out by the breach (trsersal shear stresg) and partially is carried
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on in the river channel (longitudinal shear stre¥sThe material is then deposited around the
downstream section of the breach, since the lodmitl shear stress decreases along the
breach. This morphodynamic modification resultsainegative step of the river bed in the
longitudinal direction, from the eroded bed upstieto the aggradated bed downstream,
which is found to be strongly correlated with thredrh discharge. Three-dimensional effects
develop in the river flow because of the significtateral outflow and they contribute to
modify the riverbed morphology.

A final equilibrium is determined as the steadytestm which the breach flow is in
equilibrium with the incoming flow and the brea@ngthens according to smaller erosion
rates. The equilibrium values of the breach featuaee defined in relation with the river
features: equilibrium breach flow is found to betlre order of 50% of the incoming flow,
whereas the equilibrium breach length has a |lanayege of variability which anyway is in the
order of the flood river width.

The breaching process is summarised in terms ofména breach features (temporal trend
of Lpr and @) and of the response of the river in terms of Beonumbers rand Fg (in an
original Froude graply.

The performed conceptual analysis may be usedasefrvork of the river levee breaching
phenomenon both for further scientific research fomdengineering practice. In the field of
practical applications, it can be extremely usefat, instance, to use the final equilibrium
values of discharge ratiqyrand length ratiorin order to preliminary assess the flood
scenarios associated with levee breaches in ringre context of flood risk mapping.

Anyway, these results are limited to the considasslmptions, whose influence has to be
further investigated:

- The analysis of the breaching initiated by pipirygnbeans of the same approach used
in the overtopping case is recommended. Neverthelibe last two stages of the
breaching process (that are the most important oimesdefining the flood
consequences) are quite similar in both cases eftapping and piping breaching,
since they are both referred to the complete emosidhe majority of the levee section
and to the progressive lengthening of the breach;

- Backwater effects from the floodplain have sigrafct effects on the lateral outflow:
they limit the breach flow and, consequently, thalfbreach length;

- Supercritical flows should be investigated in ortteverify if the proposed approach is
still valid and to check the existence of a simdguilibrium state.
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7  Summary, conclusions and recommendations

7.1 Summary of key results

The key results achieved within the present worknsans of two types of laboratory
investigations and the analytical model are sunzadrbelow.

Fixed bed experiments with a side weir as an imposed breach allowedvestigate the
effect of increasing side weir length on the hyticateatures of the flow field in the main
channel in the vicinity of a lateral outflow. Thecreasing side weir lengths linduces the
following effects:

* The upstream water level is decreased until theakidepth and velocity increases
up to three times the mean velocity;

« The flow regime along the side weir is subcritiaatl it tends to be supercritical for
longer side weirs;

* The downstream boundary condition has a greatanftea on the flow field in
terms of flow regime, flow discharge and flow depth

* The streamlines are deflected with increasing flamgles toward downstream
(noticed by PTV technique and verified by compuatadl analysis);

* Three-dimensional zones of the flow field take plaround the outflow (for a
length of Ls upstream and [R2s downstream): dividing surface, separation zone,
helicoidal flow, reverse flow;

e The De Marchi assumption was verified for testshwitlative weir lengths
L/B < 1.1 and relative lateral dischargg@, = 0.52 within an error af 10%;

e The flow velocity U along the weir decreases by about 50% while #estrersal
velocity U, increases;

* The shear stregsalong the weir decreases by more than 50% whaertban shear
stress acting on the weir section decreases tgyangotic low value by one order
of magnitude for longer side weirs;

* Both the maximum discharge and momentum rati9s(d f) are in the order of
50% — 60% which are reached for the longest weir;

* The upstream Froude number, Fincreases with the side weir length because of
flow acceleration while the downstream Froude nuntbigslightly increases with
the side weir length because of the effect of terstream sluice gate;

* The aspect ratio of the side weir dramatically dases.

Movable bed experiments with an initiated breach in a levee made of salfmivad to
investigate the breach development and its effedhe evolution of the river sand bed. The
following main outcomes were achieved:

* The physical system river-breach reached a staady équilibrium regarding the
water flow balance, and the ratio between the fiimabhch discharge and the inflow
discharge was found to be always around 50%;

* The final breach length is linearly governed byweer discharge of the river;
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* The flow velocity components and deflection angkentls were found to be in
agreement with the fixed bed computational analysis

* The De Marchi assumption was verified for mostredf analysed data (seven over
ten tests) within an error af 10%;

 The lateral outflow @ and the river bed modificatioAnax were found to be
strongly related;

* The main morphodynamic mechanisms observed initieebed were: erosion of
the bed (upstream the breach site), aggradatidheobed (downstream the breach
site), no or few modifications (remaining zone detweam the breach);

» The breach morphology was described as a resthiedflow field acting at the up-
and downstream breach sections;

e The breach development was found to be asymmetmain{y directed
downstream), with completely different dynamics eamed to the dynamics of
dam breaches. A physical explanation of such bekbavs given;

 The decreasing of the shear stress acting on tleealaweir is related to the
reduction of the breach erosion rate.

An original 1D analytical hydrodynamic model for the river flow along a breach was
proposed. The model is based on the theory ofvgales and on the De Marchi hypothesis of
constant specific energy head along the lateraflosut The conventional formulation is
rearranged in a new dimensionless form, in whi@hidraulic system is described in terms
of dimensionless ratios of the flow variables,ra tip- and downstream cross sections close
to the side weir. The influence of the boundarydittons is made explicit by introducing the
dependence of the solution from the flow featutespa and downstream sections, expressed
in terms of Froude numbers. By applying the imptbweodel, the following results were
obtained:

* A useful, simple and intuitive insight of the hydymamics of the river flow along
a lateral outflow is provided,;

* The longitudinal variation of water depth, flow clerge and flow velocity are
well-predicted: the laboratory data (regarding sa@grs and lateral diversions) are
predicted within an error af 10% in terms of flow depth and flow dischargeosti
and within an error af 20% in terms of length ratio;

* A real levee breach case (Ombrone river 2009) wpsoduced within an error of
less thart 10% of the final values of the flow dischargeoand the length ratio;

* The model was applied to the context of real rivansl it predicts a range of
theoretical final values of breach features under assumption that the flow
remains subcritical. The predicted ranges are sterdi with the collected real case
and laboratory data.

An overall description of the observed phenomenaus together in order to give a
conceptual picture of the levee breaching in thg &kea process-oriented analysis with a
particular focus on the river flow. This analysidegrates the present knowledge about the
breaching of river levees, that is currently lirditeto the case of dam breaches without
considering the river flow. The traditional fouages process is reviewed by adding the
description of the hydro-morphodynamics of the rrifkaw.
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7.2 Applicability of the results

This research study provides the necessary knowlatigut the breaching process of river
levees in order to support more realistic and momecess-oriented approaches for the
assessment of the breach features that can davedogiver levee.

The results from the improved analytical 1D modeahte context of real rivers suggest that
this research direction is appropriate. Preliminamaluation of the breach length and the
breach outflow can be made on the basis of the @wel flow features. The performed
analyses (together with the experimental obsema}fimay be very useful to define a criteria
for the evaluation of potential water volume thatld outflow from the breach in case of
failure, based on the theoretical limits found relgay the final length of the breach or the
breach discharge. Instead of using statistics ehdites or dam case models, this might
represent the first appropriate physical-based Isinapalytical approach to systematically
map the flood hazard for levee breaching phenomaetage spatial scales.

Moreover, the laboratory results provide a sourdi @mque database for the development
and validation of numerical models as well as totHer laboratory investigations.

7.3 Future research

The results of the integrated analysis betweenrédbry experiments in fixed and movable
bed and the analytical model are very promising,thely are affected by several limitations
(according to the working assumptions) and by datzertainties (regarding the experimental
errors, and, particularly, the real case data) whltow to assess only preliminary outcomes.

As the existence of a steady final equilibrium loé¢ triver-breach system is not yet fully
demonstrated, future research studies should foware on the last stage of the breaching
process by means of analytical, numerical and physnodelling.

In particular, the flow field observed during trebobratory tests may be further analysed
with the proposed analytical model by introducingtier new improvements such as:

* Implementation of different river section geomedrie.g., trapezoidal);

» Addition of the effect of movable bed by insertagredefined modification of the
river bed on the basis of the experimental resilGhapter 4;

* Removal of the subcritical flow assumption by inigeting further combinations
of Froude numbers at the up- and downstream section

In addition, the knowledge and data generated eansed for the development of more
reliable numerical models which are capable to iptettie 2D and 3D features of the flow
field.

Moreover, an advanced numerical model for the rieeee breaching fully coupled with a
model to describe the evolution of the movablerrived should be developed in order to
reproduce the asymmetric evolution of the breachtae mutual interaction between breach
development and river hydro-morphodynamic evolutipn and downstream of the breach.
The laboratory data obtained in the study (see @€hap) can be used for a systematic
validation of the prospective model, but the fimalidation must be based on real case data.

The laboratory data collected in this study onhi@ro-morphodynamics of the main flow
and the erosion mechanisms during a levee breaghotgss are among the few experimental
works on river levee breaches that focus on theifspecase of river levees and that
investigate the river flow field as main variabldhough detailed results have been achieved

195



Breaching of river levees G. Michelazzo

(see Chapter 3 and 4), further laboratory investga are recommended with both fixed bed
with side weir as well as with movable bed andreartembankment breaching.

Further fixed bed experiments are required in order to:

Better specify the threshold between the subctitea the supercritical flow in
terms of side weir configuration (length, heightplalischarge ratio;

Define the existence, the location and the typidehydraulic jump;

Investigate the influence of the downstream boundaondition on the flow
regime, since it highly affects the lateral outflow

Study the influence of the tailwater from the latexhannel;
Set a predefined uniform rating curve as downstreaundary condition;

Extend the collected data set for other configareti longer side weirs, higher
weir crests, different downstream conditions, fartimain channel characteristics
(inflow, cross section dimensions, bed roughness).

Further movable bed experiments are necessary in order to verify the findingshef tests
conducted with a single levee configuration, esgcthose related to the equilibrium value
of the breach discharge over the river dischartie, f@r the following conditions:

Different geometry and size of the levee modelgsstbpes, crest width, levee
height, ...);

Different construction material for the levee mod®hesive material and a mix of
cohesive and non-cohesive sediments;

Geometry of the main channel with different widthda possibly, levee breach
model in curved channel;

Influence of the tailwater from the lateral channel
Removal of the vertical constraint in order to I¢lael breach to deepen freely;

Influence of different downstream boundary condisioand a setting useful to
impose a uniform rating curve;

Setting of different inputs of solid discharge irder to study the influence of the
sediment transport processes on the levee breaghlngg main channel and
through the breach);

Different distances between the multiple breachewder to study their interaction
and the existence of a critical distance which wetke one breach independent to
the other.
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Annex A
Mathematical demonstration
of the proposed analytical model

The dimensionless ratios presented in Section &s2ribe the flow features of the side
weir along a main channel of width B as a functohthe up- and downstream flow
conditions expressed by the relative Froude numb&hey result from the governing
principles of conservation of the mass, the cortstar the specific energy head (according to
the De Marchi hypothesis) and the De Marchi equdto lateral weirs.

In particular, the specific energy head E is wnithes:

E= Y(i+ Uz] Y[l F—rj (A1)
Y 29Y 2

The balance of the specific energy head E alongvthegives:

(A2)

Moreover, the flow discharge is a function of tlemstant specific energy head E

E=v+—Q _m.Q=By2dE —v)0FONH . =BgF " (A3

2g(BY)

From the continuity principle it results:

_ Q. _ . BJgFr,ov,* . Fr
QS—QU—QdDDHrQ—Q—— “Q s B\/*/:[Fr" 4 =1- Frdnr” (A4)

The length ratio is finally determined from equasd.6:

: (A5)
where theb function is:

d(E,Y, p, 2E 3p5 E-Y -3sin™ (A6)
Y -p, E P,

which, in the case of zero height crest {p0), can be expressed in terms of Froude
number:

e . LG [EY-1 o, _ I 1
(I)(E/Y)—ZJV 1-3sin /—E/Y 0 BYEP - @ = Fry2 - 3sin (Fr‘/2+Fr2j(A7)
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