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ABSTRACENGLISH)

Floods are among the adverse natural events with the possibility of turning into a disaster,
causing ecoomic losses and casualties. Flood events can become even more dangerous with the
presence of intense sediment transport since the morphologic respohaeiver can determine
erosion and deposition in different areas.-bed structures can be undermined erosional
reaches, while the riverbed elevation increases in a depositional reach and, consequently, the
conveyance of the river decreases. The dyitanof the morphologic processes may be different

in lowland and upland reaches due to different sedimestbpes, and flow properties.

The aim of the thesis is to study, experimentally and numerically, the bed aggradation process in
an overloaded channekith a supercritical flow regime. The aggradation experiments of the
study are executed in the MountainyHraulics Laboratory of the Politecnico di Milano, located

in the Lecco campus. These experiments are characterized by an inflow discharge of sediment
material that is larger than the sediment transport capacity, resulting in the deposition of
sediment inthe studied channel. A series of aggradation experiments are realized varying the
water discharge and the inflow sediment discharge. Beyond the obisenvaf the phenomenon

in progress, the experiments provide quantitative information. For the purposxpérimental

data acquisition, different parts of the experimental system are monitored with different
cameras, and measurements are done through soamege processing methods, appropriately
devised. The experimental campaign is completed by experimergsifgmally devoted to
determining the sediment transport capacity of the flow at the initial condition.

The time scales of a considered scenario argrefat importance for the goal of emergency
planning. For the present experiments, this consideratiomslates a study of the propagation
of a sediment aggradation wave, for which a front can be identifeedl its celerity can be
determined. The runs péormed in this thesis enable preliminary considerations to be made on
how a front celerity may depend dhe control parameters of the system.

The aggradation process studied by the experimental tests is also reproduced with a numerical
simulation. The sitware used to implement the numerical model is BASEMENT, provided by ETH
Zurich. In order to obtain a ga correspondence between numerical and experimental results,
two parameters are calibratedthe Manning coefficient and a bedload factor for the cortgiion

of the sediment transport capacity. Depending on the water discharge, different values for
calibraion factors are obtained.

Keywords: aggradation, sediment transport capacity, inflow sediment discharge, sediment
propagation, sediment front celerifyexperimental model, numerical model, calibration factors.
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SOMMARIO (ITALIANO)

Le alluvioni sono traligeventi naturali avversi con la possibilita di trasformarsi in un disastro,
causando perdite economiche e vittime. Gli eventi alluvionali possonentdixe ancora piu

pericolosi con la presenza di un intenso trasporto di sedimenti poiché la rispostalagich di

un fiume puo determinare erosione e deposizione in diverse akg®.tratti in erosione le

fondazioni delle strutture in alveo possono esseinstabilizzate, mentre in un tratto
RSLI2aAT A2y FES QlFdzYSyid2 RSttt Lpdfidliir RRISt FRayR
RAYLFYAOF RSA LINRPOS&aaA Y2NF2f23A0A Llz5 SaaSNB
a causa delle differenti profata dei sedimenti, pendenze e flussi.

BN

Obiettivo della tesi € studiare, sperimentalmente e numericamente, processo di
sovralluvionamento del letto in un canale con flusso supercritico. Gli esperimenti morfologici
dello studio sono eseguiti nel Laboraitodi Idraulica Montana del Politecnico di Milano, situato

nel campus di Lecco. Questi esperimenti soamtterizzati da un apporto di materiale solido
maggiore della capacita di trasporto del flusso idrico, con conseguente deposito di sedimento nel
canak studiato. Viene realizzata una serie di esperimenti di sovralluvionamento variando la
portata idrica ef QI LILI2 NI 2 RSA aAaSRAYSYUOA Ay AyaINBaazo |
esperimenti forniscono informazioni quantitative. Ai fini dell'acquisizidei dati sperimentali,
diverse parti del sistema sperimentale vengono monitorate con alcune telecamele
misurazioni vengono effettuate attraverso metodi di elaborazione delle immagini,
opportunamente ideati. La campagna sperimentale € completatpmae specificatamente
dedicate alla determinazione della capacita di trasporto dei sedimenti per goflunelle
condizioni iniziali.

Le scale temporali di uno scenario considerato sono di grande importanza per la gestione
dell'emergenza. Per i processiigconsiderati, questo stimola lo studio della propagazione di
un‘onda di deposizione dei sedimenti, pé&x quale e possibile identificare un fronte e
determinarne la celerita. Le prove svolte in questa tesi consentono di fare considerazioni
preliminari sucome una celerita del fronte di deposizione possa dipendere dai parametri di
controllo del sistema.

Il processo morfologico studiato nelle prove sperimentali viene inoltre riprodotto con una
simulazione numericdl software utilizzato per implementareniodello numerico e BASEMENT,
fornito dallETH di Zurigdl fine di ottenere una buona corrispondenza tisultati numerici e
sperimentali, vengono calibrati due parametri: il coefficiente di Manning e un coefficiente da
applicare a una formula per il kcalo della capacita di trasporto dei sedimenti. A seconda della
portata idrica, si ottengono valori diva per i fattori di calibrazione.

Parole chiave:sovralluvionamento, capacita di trasporto dei sedimenti, apporto solido,
propagazione dei sedimenttelerita del fronte dei sedimenti, modello sperimentale, modello
numerico, fattori di calibrazione.
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INTRODUCTION

1.1. Context objectives, and structure of the work

In general, nature tends to maintaeguilibrium, so it responds to any situation that disturbs the
balance in order toeturn to a stable stateAs a natural system is in equilibrium, the river network

is controlled by some parameters such as path slope, flow discharge, sediment chatiasteris
and sediment dischargény natural disturbances such as heavy rains, flpadd landslides or
artificial disturbances such as hydraulic structures (dams, dike) in aquatic systems cause
disruption of the hydraulic regime and changes in the sedinteantsport rate. The change in
sediment load rate dependwsainlyon thefluid flow corditions, which may cause aggradation or
degradation in the bed of the flow patfihe flowing in the natural aquatic bodies has essential
roles, it is responsible for scaury 3 G KS NAGSNEQ o0SRX (NI yaLRNIA
deposition, eventually He river morphology would be change@Chanson 2004)In the
mountainobusarea,many rivers can be found with a supercritical flow regime because of the high
slope of the riverbedAnother exampl®f havinga supercritical flow regime is thalluvial rivers

that are often subcritical however, in the event of flooding or seve changes in river
morphology, it can cause changes in flow rate and water level, resultagupercritical flow.

Furthermore, the presence of changes in thé& R Q & dué tb &dsién and sediment deposition

can cause changes in the floegime (Bellal 2012)¢ KSaS 41 G SNJ 602RASaAQ OKI
economic effects sucha§@ SN2 A NJ NEBRdzOA 2y 2F GKS RIYX a02c
and channel banks. Some adverse effects in water bodies likerisgothe foundation of

hydraulic infrastructure,ifing shipping lanes with sedimentand edudng dam tank capacity

NS 06SOldzaS 2F Sy3aiaAySSNERQ AyOrLIoAfAGe G2 Sa
(Chanson 2004)

The characteristics of flowing streams in mountainous areas are different from those of lowland
rivers. Some of theY 2 dzy G F A Y NRA O SNie theirGtédp Mitd QemSedbric (slapes

andsmall catchmentsAsmentioned before the mountain rivers often have a supercritical flow

regime, which causes mountaborn sediments to enter the riverbed anle transported
downstream. Because of favorable mountain living conditions, many residential areas are
situated alongnountainous riversLife in these areas is not without dandercausean erosional

reach can undermine the structures, and a depositiorath carraisethe flood water levels; as

a result, it increases the flood hazaitherefore the existence of warning systems, protection
measuresand risk mitigation actions is essenti&lomecritical factors for introducing hazard

warning systems anohtroducing potection methods in these areas are identifying the amount

of precipitation and the quantity of sediment transferred downstrealfor this context, the

extent of theaggradation and degradation in supercritical and subcritical streams, asasvil

the transition from one regime to anothershould be recognizedin addition,it is worth
mentioning thatin hazard studies, the time scales of any process are important to design
mitigation measures in emergeigs. In a sediment transport procedhe relevant tme scale is
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determined by how fast the morphologic process propagatEs it is essential to studge
celerity of the sedimentront propagation.

A research line haalready beeractive for studying the aggradation process in the Mountain
Hydraulics Lalof the Politecnico di Milano University, located ithe Lecco campus. Several
experimental campaigns had been conducted before to study the aggradation process in the
subcritical flove. Some methods for performinghe experimentsand analyzig the experimatal
resultshad been developed through these campaidldaigarro Villota 2017; Zanchi 2018; Zucchi
2018) The main goal ofhese campaign@asto analyze the aggradation processdiydyingthe
sediment front characteristics such asthe sediment front propagation celerityand its
correspondingheight After finishing the subcritical campagm@ new campaign Isabeen run to
study this process ithe supercriticalregime. The campaign was started lgydari(2020) and

the idea was tause the methods developed f@reviouscampaigs to study the properties of

the sediment front wavan supercritical flows. Because ofghi uncertainties irthe results,
Heydari concludedhat the problemis related tothe low number of the experiments and the
incapability of the previous methods for studying the aggradation process in supercritical flows.

The current study aims to estimatiee hydromorphologic evolution of an experimental channel

in the supercritical regime, dealing with an aggradation phenomenon, where the inflow sediment
discharge is higher thathe initial sediment transport capacity of the channel. This study is
performed in two complemptary approaches: physical laboratory experimentation and
numerical simulation.

Series of experimental testwe carried outfor the purposes of this thesighese experiments
aredivided into two categories

1 SGexperiments These expements are performedo find a range fothe initial sediment
transport capacity0 )2 F GKS AyAGALIE OKIFIyySftQa o6SRo {
LINB LISNIAS&a 60SR &dcthid)S 3 y BK FHOKY S/igaBascaiandid® 555 3 (1 K
propertiesremained constanthe ssdiment transport capacity theoretically changes only
with water dischage. As a resultan SC experiment must be performed for each water
dischargeo estimatethe corresponding sediment transport capacity.

 AE experiments In these experiments the bed aaR ¢ 4 SNRA& G SYLJ2 NI €
evolutionarestudied for further analyseof the aggradation proces3he procedure is to
set a water discharg€d); then, for each water discharge, different experiments are
performed with different sediment inflow dischargdd ). These sediment inflow
discharges are chosen in a wayttllae loading ratio(D ) be greater than one to have
aggradation0 i 0 jO p).

It should be mentioned that in the presented work, two series of experiments in terms of water
discharge are performed, the experiments with water discharge equabfi and the ones with
water discharge equal tg of1 .
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At the end of the experimental partsthe results are compared and analyzed to investigate the
possible correlatiometweenthe obtained outcomesndthe boundary conditions

The final part othis study is devoted t@omparing the obtained resultsdm the experimental

part and numerichsimulationto calibrate and validate the numerical modeftporeover, each
YSGiK2RQa | Rdshdyainthgasdedliscusged.

For the reasons mentioned in the previous thesis conclugiteydari 202Q)the experimental
methods have beenupdated in the present thesitdo analyzethe aggradation process in the
supergitical flows. Therefore some of the data acquisition methods are updated, and the
cameras for the bed detection part are changed to increase the quality of recordings in terms of
distortion and noiseAlso,anew type of experimens (SC) is introduced fdhe estimation of the

initial sediment transport capacit ), and a new method is introduced ftire recognition of

the sediment front.

The presentlissertationcompose of sixchapters:

Chapter 1

Geneal introduction of the work and introduce the concept of the sediment transport
phenomenon.

Chapter 2

The description of the laboratory equipment used in the experimertke methods fordata
acquisition andabrief description othe experimenéal procedures are presented

Chapter 3

Some analytical and experiment{&C Experimentapproaches to obtain theedimenttransport
capacity are introducedhe sedimenttransport capacity for edtapproachis calclated, and the
comparison among thens presented Also, the incipient motion condition and estimation of the
critical water discharge are discussed.

Chapter 4

The obtained results of the morphologic experimerffSE experimentspre analyzed and
discussed.

Chapter 5

Theresults for thenumerical simulatiorof the experiments andheir calibrations with respect
to the experimental results are presented

Chapter 6

Thesummary andonclusion of thestudy and some suggestions for future studaespresented.




Sediment characteristics

1.2. Sedimentcharacteristics

A wide range of mategis can be classified as sediment consisbhgninerals, organic and
inorganic transmitted by water, wind, orce. In addition to soibased materials often referred

to as sediment, such as clay, silt, and sand, decomposed organic matter and inorggaitdi
material are also known as sediment. Weathering and erosion are considered a source of mineral
sediment,whereas organic sediment generally comes from detritus and decomposing material
such as alga@~ondriest Environmental 2014Jhe word sediment in natural scienceferred to

GKS £22a&S LI NIOAOdAZ I GS Yo Bridiweatherifgaodyeatrie@ afvay9 | NI K
by the wind, water, or icdln engineering terms, the particulate materi@isnveyed by the flow
system or just pssibly transferable, regardless of their origin, besides the natural sedjraent
considered sediment (Southard 2019) According to this fagtweathering is aprevalent
phenomenonon the Earth, and also the Earth is covered by airstream and water network
therefore, it can be possible to finche sediment across the worl&ediments playn essential

role not only in the establishment of downst@am deltas but also ithe preservation of aquatic
habitatslike wetlands, poolsiver channed, flood plain sos, and so on(Ziegler et al. 2014)

The sediments are characterized according to their size, staaqukedensity as one particle and
porosity, void ratio.

1.2.1.Size

One of theessentialfeatures of the sediment patrticle is the size. e areseveral ways to
describe the size property of the sediment mentioned below:

1.2.1.1.Nominal diameter ®.)

The nominal diameterequals the diameter ofa sphere having equivalent volume with the
sediment:

gb 11

Q
In the equationw showsthe sediment volume

1.2.1.2.Areadiameter(-+)

Area diameterepresentsthe diameter of a sphere with a surface equal to the sediment

my 8

0 1.2

where “Yrepresentsthe total surface area of sedimenthe flatshaped particles are usliya
characterized by area diametddey 2014)
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1.2.1.3.Triaxial diameter® )
This diameteis equal to

Q Q Q 0Q 13
o)

where’Q,'Q,and’Q showsthe maximum, intermediate, and minimum lengths of three axes of
the particle, respectively.

1.2.1.4.Sievediameter

The sieve diameter can be expredse two ways. First, it is equal to the smallest size of the sieve

that particle passesC ). Second, the largest sieve sparticles remain on the sieve and

cannot pass® ). As the number of sieves increases, the number of sizeiaing and the

relative level of analytical details increag®witzer 2013)By weigh y 3 S| OK aAS@SQa
sediment one can obtain such infmation like the sieve mesh sizes, raw weights, weight
percentages, and cumulative percentages, fineraarser than the specific siey8witzer2013)

1.2.1.5.Sedimentationdiameter (®_)

Sedimentation diameteiis the spher@ a R A Wit @qduiSakeht terninal fall velocity and
relative density with the sediment particl|e the same sedimentation fluid under the same
atmospheric pressure and tempetat (Dey 2014)

1.2.2.Shape

Another physical feature of sediment grain is the particle shape. particle shape may provide
some nformation about the sedimentary history of the particle and its hydrodynamic behavior
in the transmission evironment Sediment particles have different shapes, sverallogical
methods are used to classiftye shape of the sediment:

1.2.2.1.Shapefactor ({ 3

It can be described as below:
Q

VO
Q Q

1.4

where’Q,’Q ,andQ are the maximumintermediate, and minimum lengths of three axes of the
particle, respectively.

1.2.2.2.Roundness

Rouwndnesds an indicator comparing the outline thfe two-dimensional projection of the particle
to a circle Wadell(1932)introduced this index as below:
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i
B ~
Yé 6 ¢ 08 R Y 1.5
where i showsthe radius of curvature of particle corner¥] is the radius of the largest
surroundedsphere, anc is the number of particle corners measureeigurel.1 shows the
schematic of the particle corners.

Figure 1.1Two-dimensionabparticleimages showingefinitionsfor radii ofindividualcorner { i 8 1 ) and the
maximum inscribed circleYy.
The average of the radius of the particle edgesvature to the radius of the largest circle
represented by the particle is considered to be roundn@sy 2014)

1.2.2.3.Sphericity({4)

Sphericity is considered as another shape parameter in the sediment anaggislly, the
motion of a settling particle relative to a liquid is described as sphgrivadell(1932)describes
it as aratio of the surface of the sphere that has a volume equal ®gshdiment particle to the
actual surface of the sediment particle. Since it is almost difficult to oitayhl £ € LJ- NI A Of Sa
surface Wadellredefined splericity in another wayDey 2014)
y 2 1.6
W
where w is the particle sediment volumeand w is the volume of the confined sphere.
Nonetheless, the sphericity caiso beestimated as:
Y 2 1.7
!Q -
where’Q andQ are thenominal andmaximum axes length of the particle, respectively.

Another way to calculate the sphericity is presenteddsymbein(1941)as:

Q Q
Q

Y 1.8
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where’Q ,’Q ,andQ are the maximum, intermediate, and minimum lengths of three axes of the
particle, respectivelyThe sphericity indicator has a valuanging fromrt (nonspherical) top
(perfect sphere)that the most sedimentary particles fallifgas a value between® to &8

1.2.3.Density

Density describes thmassof a unit volume of a substance. There are two basic ways to express
sediment density.

1.2.3.1.Partide density(z )

The particle density describdéise mass of a unit volume of sediment solifer instance, when
the particle density equals® UQIG &, it means that thenassof p & & of solid material is equal
to ¢& vQi Mineral particles havpatrticle density betweenc® mo ¢& UQW® &, while in an equal
volume the massof organic particles is less than mineral particlesttso particle density of
organic matteris oftenpg to p& "QiG & (Haan, Barfield, and Hayes 199%&juation 1.9 shows
the relationship between the particle density § and the specific particle weight ().

a [

o 0 1.9

whered is themassof the solidw is the solid volume and showsthe unit weight of the solid.

1.2.3.2.Bulk density(z 1)

The difference betweebulk density and particle density is that in particle dengitg massof a
unit solid wlume is consideredvhereas to calculate thbulk density the massof a total volume
of the substance is used. The total volume consists of the solids and pores \(blaareBarfield,
and Hayes 1994The relaion between the bulldensity(” ) and unit weight of the materiaf )

is presented below:

a r

o 0 1.10

where & is the massof the solid,&0 showsthe total volume including the solid and pores
volume and] representsthe unit weight of thematerial.

1.2.4. Porosity (ms

The porosityis the ratio of the void volume tdhe total volume. It is a volume ratjso it is

dimensionlessand it is usually reported as a fraction or percentage. It can be shown as below:
g © 1.11
"o @ '

wherew is the void volumeandw showsthe solid volume.
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1.2.5.Voidratio (g

This parameter shows the volume of the void per unit volume of the solid so that it has a
relationship with the porosityhat can be seen as follow:

Q £ 0 1.12

w p N

1.3. Sediment transport
The concept of sediment transport comes from applied engineemvigch is used forflood
management, erosional control, and watershed managemastvell as economic purpaskke
oil and mineral extractionSediment camove by means of water, wind, and gravigraudhry
2007) The movement of mineral and organic particledhie environment by wind or water is
calledsediment transport. River networks are one of the mostical aquatic environments for
sediment trangport so that rivers can transfer sedimentsrindigh altitudes such asountainous
areas to lowheights such as plateaus and coastiich changes the morphology of the terrain.
The fuvial process consisbf sediment transport that causes aggradationdagradation of the
NA GSNDa @&R014)ByNFployingthe water discharge and sediment concentration
data, the sednent load of a river can be calculateohd this value shows the amount of sediment
flux carried by the stream and is usually expressed in terms of mass per unit time like tone per
year ¢ ¢ i QH(Czuba et al. 2011Ppepending on thevater flow intensity the particles in the
water column can be suspended when moving downstream or simply pusltlparéilong the
bottom of the stream(Fondriest Environmental 2014)

By assuming the erodiblegoarse and nonadhesive particleas a bed flow channel, the
weathered ad abrased materialselectrostatic and electrolytic effectseen in the clay
transportation are exclude@Gyr and Hoyer 2006)

There are four different ways to transport the bed materials: first, the light materials that can be
raised and suspended in the water body, then in a still environment getsiegaband settle
again on the bed. Send, the heavier particle can be rolled on the bed when the flostrisng
enough. Third, the grainsith moderate weight arenoved by the fluid as a twephase flow and

act like fluidized materiajsand fourth, very Ight materials tansported during the Wwole
transportationassuspended particles. In reality, distinguish these four categories is challenging,
so the materials are classified into two branchesieranch isa suspended load in which
particles spend mogif their transfer time as suspended pialesin the flow. Another branch is

the particles move near the bed surfatleat is called bedload. According to the sediment
concentration by volume, there is sediment transport for low and high concentrationsthieat
second one is known as twahaseflow (Gyr and Hoyer 2006)

One essential aspecf analyzing the fluvial process in teeeamnetworkis theamount of the
total sediment transportratebSa A RSa GKS g GSNJ RA&aOKI NHSS GKAa
dynamic stability or instability like aggradations and degradatiortse total loa@ can be
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introduced as an amount of sediment passed through a specific-sexgon per unit time and
width for a given flowThe total load is the summation of the bedlgadispended load, and wash
load based on the particle featur®espite the wash Iahbasically exists in nature and is often
significant, it cannot be recognized in experimental studies because determining the border of
the wash load and suspended loadpioblematic (Dey 2014) The sediment may change its
position between bedload and suspended load during the travel of theigbarin the river
network, according to the grain size and water dischg#jegler et al. 2014)

The flow mechanism over a fixed bed and a movable bexhtisely different because of the
ASRAYSY(GaQ AvyilSNLIhe (R causes Eccelerfatamh dR the: pyritlesowdile the
bed gives deceleration to particlea.significant portion of the particle motion goesttte bed,

and the flow can only reer part of the motiontherefore, most of the fluid energy transferred

to particles is dissipated by the befDey et al. 2012)The estimation of the bedload and
suspended load represents the essential part of the sediment budgets in the watergtnesl.
information can be employed not only to manage river systems, flood control, water quality, and
water storage but also to estimate tream reservoir filling rate andstlifetimes(Ziegler et al
2014)

1.3.1.Bedload

The sediment portion in the river network transported by rolling, bouncing, and sliding along the
stream bed is called bedloddiegler et al. 2014)'hese particles remain contact with the river

bed during transportatior{Fondriest Environmental 2014particles do not have a uniform and
continuous moement on the bed so that a particle can impact the group of the particles on the

bed (Dey et al. 2012) hy OS GKS Tt dzAiRQa SySNHe& 20&MD2YSa
sediment weight and its cohesion, the bedload will hapg@ondriest Environmental 2014As

long as the flow rate isnotStP y 3 Sy 2dzaK (2 &adzALISYR GKS LI NIAO
than the speed of the fluid around thefDey et al. 2012)The bedload transport can be seen

during the low flow rate for smaller particles and high flow rate for larger particles, Tdred

bedload is aboub to ¢ 1 of the total load(Czuba et al. 2011frigurel.2depicts the schematic

of the bedload.

BEDLOAD

Figure 1.2Bedload particles travel with watdiow by rolling, sliding or boundéng along the bottom
(Fondriest Environmental 2014)

10



Factors that Influence Sediment Transport

1.3.2.Suspended.oad

The suspended load can occur when the flow rate is strong enough to raise the gradiiees

of the bedload in the water colum(Fondriest Environmental 2014l should be noticed that
suspended sediment is eintly different from the suspended loadny particle suspended in the
water column, regrdless of whether the water is flowing or not, is called suspended sediment.
On the other hand, any suspended patrticle in the column of water carried downstream by a
stream of water is called a suspended loddey 2014)Since water flow causes small upward
currents and turbulence, which caes smaller particles to rise in the water column, theving
water is required to creat a suspended loaFiegler et al. 2014)Vater flow determines what
particle size can be suspended in movimgter (Dey 2014)Whenever the water flow rates
augmented, the larger particles can be more likely to be suspended in the upward cufrent;
suspended load will alstall to the bottom and move as bedload ifehflow rate subsitks
(Fondriest Environmental 2014)he schematic of the suspended load can be seémgunrel.3.

SUSPENMDED LOAD

Figure 1.3The lighter particles travel by flow as suspended Iffamhdriest Environmental 2014)

It should benoticedthat there is no @ar border between bedload and suspended load. It means
that a particle can be moved as bedload or suspended load at different moments and also can be
motionless at another momentTherefore, theres a significant overlap basesh the size
distribution beéween bedload and suspended laalen though it is evident that the suspended

f 21 R LJ Niisinaler&handhe ekl lo&l grai(Bey ¢ al. 2012)

1.4. Factors that Influence Sediment Transport

Sediment transportcan be affected by different factord’he geology, geomorphologgand
organic elementsare the & SRA Y Sy (i nd corgirNduslyA offange the sedime load;
therefore, the sedimentransport willchange These factors affect the amount, size, and material
of the transported particles in the specific water networResides the mentioned items, some
external factors like changing the water flow, water level, precipitation, and huméectef
influencethe sediment transpor{Fondriest Environmental 2014)
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1.4.1.Sedimentand Geology

The nature of the minerabased sedirant is thefundamental issue that directly relates to the
surrounding environment. It means that the location and the geology of the ground show the
exact nature of the sediment. For instance, the mountain ranges produce the glacial type of
sediment, whilethe soitbased sediment can be found in the ldying rivers, and the highow

streams are prone to convey the local gravel, pebbles, and small stones. The soft stones can easily
erode and carry through water networks, but the harder rocks are lesy likegrodeand move

by the river.So the geology of the environment can show the arrangement of sediments to some
extent.

1.4.2.Sedimentand Geomorphology

The quantity of sediment entering the water aitsl transportingdistanceisrelated tothe terrain
wherebyrivers flow. The bedrock and most humanade channels are resistant to be rapidly

eroded, so they are less likely to increase the sediment load. These kinds of channels that do not

add the sediment are called neadluvial channels, but most streams areolkn as allwial rivers

GKFG OFy 2Ly GKSANI LI G KForiest BErvitofhienyfall 2014F0& 9 | NI
gl SN ptie addwidR B an alluvial stream depend ats strengthand the material that

forms theOK I Yy S f QSincesdnhpag dbihaediment load is taken from the sides and

bottom of the channel, rivers flowing through soft sgéinerallyhavea higher sdiment transport

load thanthe riverspassng through bedrock.

On the other hand, sediment transport can change the shape of the terrain. It can move some
materials from steep upstream and deposits them in mild downstre@herefore, sediment
transportand geomorphologyinteract with each othe

1.4.3.Sediment andOrganicFactors

Another source of sediment besides minebalsed sediment is organic sedimer@rganic
sediments are derived from algaplants and other organienattersfalling in theflow. In addtion

to the location, the season influences the amount of organic sediments. A study reported that
the organic part of the suspended sediment is higher in February than in Novémolally and
Mehta 2009)

1.4.4.\Water Flow

One of the most critical factors in sediment transport is water discharge. In order to initiate the
sediment motion, flow discharge is requir@@ondriest Environmental 2014)he sediments are
lifted by the water flow, transferred, and finally deposited downstream, where the flow in this
location does not have enough strength to carry thetjpées. The highwater discharge can
convey more and heavier particles than the small water flow because the more increased flow

12



The threshold of motion

has greater erosional energy. Water discharge can be described basewonalys. It can be
calculated as a cross S O (I Aea yiltiilied-biXthe flow velocity, or it can be described as water
volume passed from a specific cressction in unit time.

1.4.5.WeatherEventsand Water Level

'3 YSY(GA2ySR 0STF2NBXI aSRAYSYyd GNYXyalLR2NI Aa ¥
the slope of the terrain) and the water level in the channel change the water flow. Also, the water

level depends on the weather event like rainfall. Thehslay heavy precipitation can change the
AGNBFYQa gl SNt S@St = floy, B the sedidntdednSpart isirgreaddda S Ay
(Fondriest Environmental 2014)

1.4.6.Human Influence

Sediment loading and sediment trgret will be affected by anthropogenic factors such as dams
and changed land use. Human land utilization, such as urban areas, farming, and building plants,
affects sediment load but does not affect the transport rate. These consequences are indirect
becalse heavy rainfall or flooding is necessary to transport produced sediment into the
waterway. Therefore, the anthropogenic use of soil is a significant camdrbto over
sedimentation caused by erosion and runoff. This enhancement happens due to distanolsd

like logging, mining, building, and agricultural sites that usually reveal and weaker2 thef sQ a
surface by removinghe natural land coverThis loosdand can then be easily transported by
rainfall and runoff into a nearby river or stream.

1.5. Thethreshold ofmotion

Over the past decades, practical experiments and theoretical measures have been performed to
determine thethreshold bed shear stresst theLJ- NI A Of SQa .Anyofédr tdpdicti Y 2 G A
the sediment transport ratessurplusshear stres has played gital role (Simdes 2014)

In the sediment transport concept, the hydrodynamic foecerted to sediment by the flow and
the resistance force due tthe submerged wegjht are used to formulate the nondimensional
threshold bed shear stress known as threshold shields paraméher constants and coefficients

in this formulation are determined experimentally, so all analytical models related to the
threshold bed shear stss are semi theoretical models. Also, there are some experimental
formulas introduced by different researchgiBey 2014)

Shields (1936proposed a semi theoretical method to estimate the threshold incipient motion
for homogeneous particles, noncohesive materials, and horizonta(bedchi 2018 He noticed

that there is no particle movemenwhen thevelocityis too low The sediments start to move
when the destabilizing forcenothe particles overpass the stabilizing force once the flow velocity
exceeds a particular value. The threshold of sediment motion can be measured by balancing the

13
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destabilizing force (in this casi,is drag force) and the stabilizing resistance (in tase, it is
exerted by neighboring particles on the particle under consideratiti@ngmaak 2013; Dey
2014) The schema of forces exerted oretparticle has been shown kigure 1.4.

A

L]
Figure 1.4Schenaof a particle subjected taninstantaneous hydrodynamic for¢®ey 2014)

The force system caists of drag force' @), submergedveight ("O), frictional resistance @),
and lift force (O). Shields neglected the lift forcé&Q) in his calculationt is the local flow velocity.

1.5.1.Stresshalance

Aparticlethatis currentyind G 6t S O2 Yy RA ( A 2 yivill 8taft tolmrEvBdud@t6tReQ & & dzN.
fluid flow whenthe bed shear stresg) applied by flow overpassthe critical shear stress ().
Therefore the incipient movement happens when:

T f 1.13
Typicallythe dimensionless numbers are used to represent this criterion:
* f 1.14

where t° and 1* are dimensionless shear stress and dimensionless critical shear stress,
respectively. The dimensionless shear strd$yié known as Shik stress and given by:

1 S — 1.15
” ” "Q'Q .
where " represents the solid density, represents the fluid desity "Qis the gravitational
accelerationQshows the sediment diameter.

These equations are used for granular sediment, #ry do not work for clays and muds
because these sediments do not match the geometric simplification in equations. Also, the
electrostatic force that can be found in the clay sediments is not considered in these equations.

14



The threshold of motion

The equations are designed faverine sediment transport carried along with the fluid flow like
streams, canals, or other open channels.

1.5.2.Criticalshear stress

The drag force applies to the particles on the padd it causes initiating sediment motion.
Sediment motion will start whesver the drag force exceeds the resistance fofCaaudhry
2007) The drag forcé'@Q) and the submerged weigh) are obtained by:

“O Eu 9 ”(‘j (') 1_16
¢ C
. 2.0 1.17
o ¢

where” represents the fluid densityQis the gravitational acceleratioffshows the sediment
diameter, 6 denotes the fluid velocity at thgrain level,Y is the submerged specific gravity of
the sediment patrticle, and it equals:

Y " z"T 1.18
0 shows the drag coefficient that is related to the Reynolds number:
Y ° O 1.19
o

wheretis the kinematic viscosity, it can be calculated by the dynamic viscositijvided by the
fluid density ().

S 1.20

Thefrictional resistance™Q) is given by:
O 0 1.21
where' denotes the frictbnal coefficient.

By establishinghe following conditions, the sediment is on th&esholdof the motion.

O O 1.22
o} T
—_— 1.23
Y'OQ o6

In the situation of the hydraulically roughrbulent flow, the logarithmic profile or the law of the
wall can be written as:

0 p. . C
— ~0a&g— U8 1.24
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where:

0 =the velocity at the level of thé from the bed

0. =the shear velocityhat is defined asq; i),

” =von Karman consnt that equals 0.41.

0 =the roughness heighty( ¢ Qthat¢ is dimensionless)
a =the height from the bed.

Consider an exposed grain that the distance of its centroid from the mean level of the bed equals
G ¢ Qthat ¢ is a dimensionless numbeFor the exposed grain shown kgure 1.4, the
equationl.24is written as below:

0 Pat 1.25

0. ~ € '
By mixing the equatiof.23and 1.25, it can be shown that:

0. T 3
‘ =" 0t 1.26
Y'QQ f o0 € Y
The termt® in equationl.26is introduced as the critical &iids stress. If the pticle on the bed
surface wants to start motion because of the fluid flow, the wbmensional bed shear stress
(Shield stres$”) must surpass the critical Shields strels. (

1.5.3.Shieldsdiagram

Shields(1936) worked on theincipient motion of granular sediment in the fluvial stream and
bedload transportation. He ran many experiments and drew their results in a graph known as a
Shields diagram. This diagram illustrates the relatm¥etween the nordimensional critical
shear stressf() and the shear Reynolds numbéY (  6.'Ofd) (Chaudhry 2007) Figurel.5

shows the Shields diagrarithe relationship betweetfi” and'Y" was determined experimentally
(Dey 2014)
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Predictions of bedload transport

Sediment motion

¥* Q L Smooth flow regime

Rough flow regime

=T

No sediment motion
0.01
1 10 100 1000
*
Re
Figure 1.5Shields diagram depicts critical Shields numty&y ¢s a function of shear Reynolds numb¥r)(
(Dey 2014)

According to the graph, for a specific sediment silze zone above the cun@rresponds to the
motion condition, andthe area below the curve represents no sediment motion. This figure
illustrates threedistinguishedlow regions:

1) hydraulically smooth flow ()
2) hydraulically rough flow v Tt
3) hydraulically transitional flowg( 'Y v mTt

The original Shields graph has no information for a smooth flow redithe ¢). The linear
relationship of thet” 'Y curve isan extrapolation(Dey 2014)

1.6. Predictions ofbedloadtransport

Several equations are proposed to predict the bedload transpate¢ by several researchers
during the past decades. B.F.D du Boys (1879), a French hydraulic engineer, was the first
researcher to present the successful development of this concept. He assumed that particles
transfer in a sliding layer. After Boys, sealeesearchers proposed empiricaldasemiempirical
equations (Chansn 2004 ! f (1 K2 dzZa K 9 koyiatiah Sor gl transpert rate is
obtained theoretically, other formulas have been acquired empiriqaliycchi 2018)Tablel.1
presents the list of the formulas for bedload transport.
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Table 1.1The empirical and ser@mpirical formulation for bedload trasport (Chanson 2004)

Refrence Formulation Range Remarks
_was called the
n _t t T characteristic sediment
coefficient
Boys 5 . Lgbora?ory experimentd
——— Schoklitsch(1914) with uniform grains of
(1879) = | )
various kinds of sand
and porcelain
a ¥ . . Based upon laboratory
xQ Sraub {935) mcuQ tada f oo
Schoklitsch n - OB+ 1 1
1930 . 0 OFEL T . . .| Based upon laboratory
( ) " PBT Tp TR OB+ T® L0 XSTa A experiments
; : 0BT T 1 Lo Y 18 v
Shields f]_ b e ’ p <P &’ '
(1936) n i QY pQ PP Q ¢ yaa
n @ | Laboratory
Y pm experiments.
Einstein n - " Y pQQ Weak sediment
(1942) m P WoN T 0 t pE L Y T8 UL transport formula for
sand mixtures.
T™PpLQ ¢ @aal Notee'Q Q 0
! WX Y p T M8 ey Laboratory
T pg L Y 1] experiments. Uniform
p grain size distribution.
Meyer-Peter Laboratory
. T
(1949,1951) d _ L) _ o Y P experiments. Particle
Y p @ Y p M mixtures.
Note:'Q Q
Design chart
n
Einstei - w o oA —————— P T | Laboratory
instein n "0 Y pQQ Y p@m experiments.
(1950) — T
Yopm pE L Y TR U For sand mixtures.
T™MPLQ ¢ @aal Notee'Q Q 0
a cum@er” 4 0 Based upon laboratory
Schoklitsch experiments and field
(1950) RO @Y p T OBL T measurments ( Danubg
and Aare rivers ).
. ) T
Nielsen d — pd — _— p& L Y 18 ¢ Reanalysis of
(1992) Y p M Y pQQ Y pQQ Tw Q ¢ &ad | laboratory data
Note:d  mass water flow rate per unit widthi mass sediment flow rate per unit width; volumetric water
discharger  volumetric sedimentlischarge per uihwidth; T critical bed shear for initiation of bed load

Among different formulations, it can be realized that the Mayef G SNJ 6 mcn P

(1942) equations are the mosabtoriousones.The Mayert S (i S N &

Mchp MO

81j dzt dlenginy A &

Europe, and its more suitable for wide channels (large width to depth ratio) and coarse particles,

GKATS 9AyaidsSAayQa

T2 N dzt |

A a

gARSt &

dzZa SR AY

movement(Chanson 2004)-igurel.6 shows the comparison between these tworrelations
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Bed layers
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‘ Einstein
| ealculation

Experimental
—— . | data
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Figure 1.6Comparisorbetween the bedload transport rate according to MeyelS i SNJ F2 NX dzf | = 9 A Y &
calculation, and laboratory daf@hanson 2004)
1.7.Bedlayers

The bottom part of a rivdred composef loose particlesThey lie over each other and produce
an intertwined layerthat is stable against the pull of gravity.iJpart is known athe gravity bed
that there is a dense laydormingabottom boundary of the fluid flowKigure 17).

'(lol-l

Figure 1.7A gravity bed of loose sediment grai@outhard 2019)

In the sediment transpar conce, the uppermost part of the gravity bed layer considered
where the particles have interaction with flow. This part can be moved arindépends on the
strength of the flow. Thsepotentially moveable particleare calledthe active layer(Southard
2019) All sediments in this layean be transported, whereas the particles below thiger are
stable and immobiléPfeiffer et al. 2020)The water flowplus an intense bedload is known as
sheet flow that can be observed in nature and industrial systdmthe natural environment,

this occurs dtng river flood, in the steep mountain streamsand in debris flowé . F NBO SiG |
2016) Thesheet flow featurehas hidp bed shear stresthat triggers the particles in the active
layer to start motion. The particles in the ripples and dunes bedform are washed out with strong
water flow, and the sheet layer witla high concentration of sediment is producéd. H. Wang

and Yu 2007)The vertical stratification of the bedload flawengsts of the transport layerthe

fluid layer, andhe free surface region. The upper part of the flow is considehedfree surface
region that is free of transported particles. The transport lay&h a high concentration of the
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particlesis located abwue the bed plane. This layer can be introduce@ akeetflow layer orin
general term is known asbedload layer. The middle layer betwettre free surface and the top

of the bedloadlayer is noticed aafluid layeré . I NS O S The betlishd tramspoct Bappens

in the thin laye of fluid close to the bed. The schema of the layers in bedload transport is
illustrated inFigure 1.8

Clear wallter V
flow region
Ty —.
X
Bed-load 5 Y L i
layer s ( g

<,; _ Ilf *_:* I‘L _‘_*.f'l F;.! " !
-»...____,I N _ {Ta:]c +

To U,a tan ¢y
S S i
) I\=>{!I iy (ST E"}Fﬁ'u’ r
Immobile f\;Cj QQ% ('L""f/_k_,)f-— “:ﬁ;]?;_:_‘}k_\
) 1

particles B e \-\ Sl / \
/ L\___/:\‘_'R-/ —
-

Figure 1.8The ghemaof the layersin bedloadtransport.

When dealing with the sediment transport phenomenon, the bordetwsen the bed and the
flow is not clear because of the presence of the bedload layer. In the previous {akshi
2018; Zucchi 2018; Heydari 2020)e bedload surfaces considered as the bed surface, while in
this work, the surface of the immobile particles other words, the surface of the stationary bed
is considered as the bed surface. The reasarcfwmosing this surface as the bed surface is the
fact that basedn the law of the wall, the flow velocity is zero at the bed surfaggi(re 1.9.

.I|r_1

ii I L .1
e, bedload-":"".

transport :i -
i

Figure 1.9The flow velocity distribution when dealing with bedload laf#tu, Rodi, and Wenka 2000)
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Morphological evolution

It should be mentioned that in this work, because of the porous medium inside the bed, the flow
velocity at the stationl® 06 SRQa adzNFIF OS Aa y20 1 SNRo 0 dzi
movement is observed on this surface.

1.7.1. Two-layer model

The moving part of the flow is divided into two layers that consist of the clear water and the
transported layer The main features ofmoving layers are the thickness of the water lay@r)(

and te transported layerQ), their velocitieg6 ando ), and the level of the interface between
the immobile layerand transported layetl . The velocity in the water laydd ) is more tha

the transported layer(¢ ) and bothof them are assumed to be uniform in their lay&hereis a
mixture of water and sediment with sediment ammntrations in the transported layef6 ) and

fixed laye (0 ) that are assumed gwtant in time and spac&he volumetric density of the
transported layer”( ) is introduced as below:

” p 07 0" 1.27

where” and” denotethe water and grain density, respectivglBellal 2012)Figure 110
illustrates the twolayer scheme.

z ZA
h, water > Uy,
! Tys, ;
E T -
sw o
hg transport layer ¢ > U C,
—
y -—
Zo bed To Cy

Figure 1.10Twolayermodelscheme

1.8. Morphologicalevolution

Sediment transport is an integral part of river systems, so the effect of sediment transport must
be considered to estimate the evolution of the riverbdtlis challengingto predict sediment
transport and morphological changes of the river due to itsaigits.Over the past years,
researchers have sought to know the mechanism of sediment transport and morphological
changes under different conditions in aquatic environmeris.order to achieve this goal,
laboratory and numerical methods have begevelope.
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1.8.1.Analyticalmodel

YS LINFYSGSNE tA1S GKS LI NOAOEf SAaQ LINPLISNIAS
sediment dischargeand the inflow water discharge can influendeetmorphological evolution

2F | Y20AfS NAISNDA beB Ratediad donséhhadon equptiop kndwn ask S 3 f
the Exner equation is acquired by adding up the masses of all sediment material layers between

the bed surface and a reference levedielExner equation is used for sediment mass conservation

in the fluvial systm like a streant It presents the mass conservation between sediment in the

channel bed and transported sedimerih the case of the rectangular channel, erodible bed,
homogenous material, and by neglecting the suspended load, the conservation of mass for
sediment is presented as below:

—a

o
p N T—‘b —”(b T 1.28
where:
r =the porosity of the sediment material,
a =the bed elevation,
R 0 76 represents the unit sediment discharge, ahdhows the channel width.

The Exner equatiorepresents the mass conservation law for the sediment particles.

There iddegradation when— th— 11

There isaggradation when— 1h— T

Besides the Exner equation, in orderexpress the onelimensional morphologal evolution of
the riverbed, two SainVenant equatios are also used, which represent the mass balazce
momentum conservation:

I 1.29

TR T cxp - -
To T @0 o myY Y 1.30

wherery & "Qis unit flow discharge,Qshows the water depth¢ is the depthaveraged
velocity, and'YRY are bottom and friction slope, respectiyel

To simulate the aggradation and degradation of particles on the bed river, one can assume that
equationsl.29 and1.30 are valid in the presence of the sediment. If the bottelopeexpresses
as’Y T ofT the equationl.30 can be rewritten as below:
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rn T N 1 Q1 a :
— o= = — QY 1.31
Tol wQ Tw! w
The governing equations consist of three equatioh&8, 1.29, and 1.31, with five unknowns
(Cmhx M hd & TY); then twoadditional relations are needed to calatery and"Y in order to
use the system. e friction slopgY) can be calculated by the Mannifigrmula:
e Y

my
"y T

1.
where¢ is the Mannin@ éoefficient 'Y shows the hydraulic radius, andis the local velocity
of the flow.

The sediment discharge) () is estimated frongeneral formulae like MeyerPeter andMiuller
(1948) as below:

_ . 7
L o~ e n
5 v 3 1%
n NhQ Y Qi pQ . pQ O L1t 1 Y
where¢ is the Mannin@ éoefficient,i " ¥ shows therelative sediment densityandQ

denotes the median grain diameter.

The mathematically model of the bed evolution for edienensional flow consists dhree
equations, two Sain¥Venant equations that describmass balancand momentum conservation
with the shallowwater assumption, ne Exner equation that expresses thedment continuity
(elj dzI G &yRtghd.84). In addition two other equations are used, one for the estimation of
the solid discharge and the other for obtaining the friction slope.

v BTI’]T[

I,F T o7 W

i g tere 1.3
e LTt S <o

v T ann

r P T s T "

ThisPDE system presents the bed and water level evolution in adonensional case and uses
onlythe bedload for sediment motion. The system was solve@butiere et al(2008)in a novel,
simple, but rather accurate approximation of the eigenvalues of the systmmposes ofSaint
VenantExner equationsThesystem of the equations can be rewritten in vector form as

T= 13 = T =
T—TO—?TD 17 17 1.3%
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where:
v " Il
Q Im_ "le,l n
T n JF 1iQ g »
a non noo
up U
m T 7 T
TF MWW i+ Qv
T T T T
Equationl1.35 can be formulated as below
T a7 LT
o 1o TT1a
T __17 __IF
o TTolTiw 1.3
T __17
o T1w
i =
where== 13 5 X s is Jacobiamatrix; and= =+ == 3 = is akind of pseudo
Jacobian, which is:
o W0
T3 T = "Q = "CX
=T ?—_Tﬂ? 0 7 1.37
T

llpu] p!] T[ﬁ
up NTQ p AT N

1.8.1.1.Eigenvalue analysis and approximation

The characteristic polymoial related to matrix= = (equation1.37) can be writtenasfollow:

D _O_ H_ Hh_ O m 1.38
with
Q
. . QT -
w % xQ HT_TI w 1.39
&) _CDT_rl o
p NTQ
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where! njT rand! )T Qare calculated from equatiof.33. The three eigenvalues;; of
the matrix=, whicharerelated to the respective celeyitQ ¢'Q @f the three characteristics are
the roots of the polynomial of the equatioh38. The theoretical calculation of these roots is
possibleput the analyticatompuation is so complicatd that itisnot used practically(Lyn 1987;
Lyn and Altinaka2002; Goutiere et al. 2008)

A new approximation of analytical computation is derived by using the properties of cubic
polynomiall @ f & [ @7 Tmthat its rootshw o are connected according tthe
below expressions:

o o N
W WW W |— w 1.40
s 1 -
WWw — w

By applying the equatiof.40 (a) to the characteristic polynomial equatioh38 and using the
coefficients of equation4.39 (a), one can write the below equation:

v N
===00C@

As the impact of sediments on the characteristic equations is assumed to be gslitylibation,
It can be assumed that the presence of sediments does not affect the largest eigefiwaiwsend
Altinakar 2002; Goutiere et al. 2008)

co 141

~

0 W 142

where®  "CXshows hydrodynamic wave ceiy, and thesubscriptOuses for hydrodynamic
value.By usinghe assumption of the equatioh42, the equationl.41 can be rewritten as:

~
g

6 60 0 O 143

Because_ does not account for sediment effegtherefore, this effect is only applied to and
_ inthe form of symmetrical deviation from 6 @

The equationl.40 (c) can be rewritterby applying egation 1.43:

144

. e o QT N
_ - - 6 O_ 0 O _ —

B
- - - - p AT

that createsa quadratic polynomial in , whose roots give. andhencealso_ in sucha way
that the three eigenvaluesanbe written in a non-dimensional form afollows:
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_ p .
0% P g5 @

0 0 0 c 145
=_F] _ ~ U _ - 7,
6 ¢ P o P o o o @

where™Oi  6F “CXis the Froud numberand .. is the nonrdimensional factor that is relatetb
the sediment discharge and can be descdilas follow:

p 11
5 AoTT 1.46
The comparison among the nalimensional eigenvalues acquired by the appratenanalytical
formula (equationl1.45), the exact valuas taken by a numerical eigenvalue solver, and the
approximation proposed by Lyn and Altinakar (2082)ustrated inFgure1.11.
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Figurel.11.Comparison of exact arabproximateeigenvalues(a) in the region outsideOi  p; (b) close to
"0Oi p. Circles mark exact vadg,dashed lines are used for approximation by Lyn and Altinakar 2002, and
continuous lines are used ftine proposed appraimationequation1.45 (Goutiére et al. 2008)

In order to acquire a unique solution for thgartial differential equationsit is necessary to
impose the initial and boundary conditions. According to the obtained results for eigenvalues
(equation1.45), two of themwill be positive, while the remaining one is negatilre.orderto

solve the system ofguations1.34, two boundary conditionsnust beintroduced upstreamand

a boundary conditioomust beimposed downstream
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1.9. Experimental studies

In addition to the proposed analytical models to predict morphological changegenbeds due

to sediment transport under different flow regimes, laboratory research is underway to validate
and calibrate these methods. Many reselers have tried to havedaew andan understanding

of this mechanism by simulating and at the same time siiyiply aquatic environments such as
rivers in the laboratory environment so that they can use it to bring analytical and numerical
methods closeto reality. In the 70s and 80s, pioneering experimental work was carriedput
Soni(1975) and Mehta (198@Ales and Cardoso 1999)

Soni(1975)worked onthed i NB I Y Qa dudtdadindRelasé i 8ediment load as his Ph.D.
thesis atthe University of Roorkee in Indigde stidied the phenomenon of aggradation,
integrating the experimental findings with an dptical model, simulating the constant feeding
rate of the sediment supply in a given section located along the river coG@ecerninghe
injection point, the disturbace caused by the incoming sediment causes both upstream and
downstream aggradation hanging the equilibrium bed slop¥. The initial bed elevatior and

the water levelQalong the channeHe used the experimental results to calibrate the analytical
model.In order to calibrate the analytical model, he used the experimental findsgscifically

in the calibraion of dandwcoefficientsthat are usedn the modeling of thesediment transport
law equation 0  @Y) and also for aggradation coefficient), found in the simplified
differential equation for bed evolution (# o0 0T off wwheredis the aggradation depth)

Jain(1981)suggested his approach, considering the problem formulation use8dny(1975)
applying a more suitable boundary condition that takes into accohatlialance between the
volume of sediment added and tiwelume of deposition in the channdlhe analytically obtained
aggradation results demonstrate that it is not necessary to calibrate the aggradation coefficient
0, proposedby Soni(1975) and the findhgs of the analytical model are in line with the
experimental ones.

Yen, Chang, and LEE992)experimentally studied theiverbed evolvement in thease of non
uniform sediment under the condition of overloading followed by underloadinghis essay,
after a disturbance (in terms of sediment over or underloading) in the balanced system, a
response ime is defined as the time required to reach a neguilibrium state.The noruniform
granulometry of the sediment causes the armoring phenomenon in the degradation process in
these studies, demonstrating that a complete recoveYy (p 1 ) is only feasible in the case

of uniform sediment content.

Alves and Cardogd999) based on the increasing Manni@gcoefficient, the influence of dune
formation in the aggradation phase, and the celerity of the front of seeliment observed,
conducted an experimental campaign six experiments onaggradation phenomenaThe
analytical findings are then established and compared to the experimental ones in terms of
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aggradation height along the channel bdtbr the solution othe linear parabolic model, the
mathematical model used is the one propodagJain (1981).

Miglio, Gaudio, and Calomin009) derived their findings from multiple morphological
empirical simulations conducted in a narrow sewwvoid laboratory channel, handling both
aggradation and degradation scenaridfere were two materials used in the experiments: sand
and gravelThese data are compared to their numerical simulations (DORA modg¢lisle the
Ackers formula (1984), the Mey&eter and Muller formula (1948nd their calibrated sediment
transport dischage empirical powetaw formula. Compared to the measured sediment
transport values for the equilibrium state, the calibration formutesults show a good
correspondence, whil¢he equation ofMeyer-Peter and Miller and AckarQa  F@ndXxodzt |
overestimae this amount in general.

Campisano, Cutore, and Modi¢2013)carried out an experimental pject in the laboratory,
adapting theOK I y ¥ S f farithe gakidusi tstsin the two dfferent series, the sediment
material has ao been altered. The comparison is then carried out with the numerical model,
demonstrating a good matching of their resault

An et al.(2017)investigated the hydrograph boundary layer (HBL)icWhs the region directly
downstreamof the sediment input field.The mathematical model (Saivenant and Exner
equationy is introduced and validated with regard to flume experimer@snulations were
subsequently carried ouwtoncerninghe field sizesimplifying the rectangular crossection, and
in the case of uniform and neaniform sediment mixturesThe HBL occurs bgoking at the
diffusive nature of the morphological evolution probl@ngoverning equationsand the
numerical simulation results aeonstrate ths.

Zucchi(2018)performed his master thesiat the Mountain Hydraulics Lab tfe Politecnico di

Milano, located in the Lecco camplisaims at @éepening knowledge of aggradation phenomena

caused byverloading through both numerical and experimental apprazcfihe experiments

GSNE LISNF2NX¥YSR 6AGK RAFFSNBYy(d ASRAYSY(d RA&OK
sediment transport capacity, resulg in aggradation in the studied channéi. this $udy, 17
aggradation experiments are performed with different water discharge and inflow sediment
discharge, besides the imposed water dejththe channel downstreamThe numerical study

was performed g using theBASEMENS3oftware which solves the PDEs/stem The numerical

results are calibrated according to the outcome of the experimental tests.

Heydari(2020)carried out his master thesis and conducted a series of experiments analysis in
the overloading channel ithe supercritical regime. He did the teson the channel witlaninitial

bed slopeof p& P . He used the Browline (1981) formula in order to estimate the threshold flow
rate. The aggradation happed with the highestheight close to the inlet point and decreake
along the channelresulting inthe lowest heightin the downstreampart. Also, he studied the
celerity propagation along the channel.
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EXPERIMENTAL SEY AND METHODS OF DATA ACQUISITION

2.1. Experimental setup

All the experiments of this expaenental campaign are performed at Mountain Hydraulics
Laboratory othe Politecnico di Milano University, locatédthe Lecco campus. The experimental
system to simulate a mountainous river is composed of different parts working together, and the
main pars are going to be explained in this chapter. The whole system configuration can be seen
in Hgure 21.

. \ o /./ = / -
system of nets screw jack upstream tank water pumped
from the sump

Figure 2.1schematic presentation of the experimental facilftynigarro Villota 2017)

2.1.1.Experimentalchannel

The experimental campaigndsne through an artificial channefF{gure2.2) with characteristics
mentioned below:

lengh: vg & width: & & bank heightm@

The bank is made with plexiglass, which is transparent, to help with data acquisition through
cameras positioned along the channel.

Figure 2.2Artificial channel.
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The slope of the channel can be astedthrough a screw jack. For setting the channel slope, a
laser distance meterH{gure 23) fixed to the channel is used read the distance between the
bottom of the channel and the ground. This number can be translated into & slopugh a

Figure 2.3Laser distance metdixed to the channel.

i I T T T -

[ o.. .

— 0.03F i :
e : 0, ]
ab) i ]
E 0.02 F . ¥/ =-0.2369x+0.2809 1
Z 0 “o. R?=10.99 ]
= 0.01 ) -
O i ® :
0F — Q?’_T

1 1 L
1.041.061.08 1.1 1.121.141.16 1.18
laser reading [m]
Figure 2.4The relationship between the laser reading and the channel slapegarro Villota 2017)

In order b simulate the erodible channel bed, the channel is filled with @ alayer of PVC
sediment particleswill be describedn chapter 2.1.3 except for the firsti Ui at the upstream

of the channel where the bed is fixed.elfixed part is made by three plastic platswhich the
sedimentparticles are glued to produce a similar roughness of the channel. The reason for using
a fixed bed at the upstream part is to prevent the local scour caused by the sediment feeding
systemand the proximity to the water inlet.
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2.1.2.Water feedingandrecirculaion system

The water is pumped from an underground container into the upstream taidufe 25) to fill
the tank; when the water level inside the tanéaches the channel, water starts to flow inside
the channel from upstream toavnstream.

Figure 2.5Upstreamtank.

There are two collectors at the downstream, the first one is to monitoraim®unt ofsediments

transported through the channelll beexphlinedin chapter 2.2.% (Figure 26), and the second
one is for preventing the sediment particles from entering the underground container. After
water entering into the underground container, it isqpped again into the upstream tank.

~— AT e s y %
i = B 2 4 ;
= - ' LR G i " ¢ ¢ "
— —— | T Y, 7 €, ]
g - ok 4 B
> N A - ¥
| '3

Figure 2.6Monitored collector located athe downstream of the channel.
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The water discharge can be regulated by using a guillotine valve, and the water discharge is
measured by a flowmetei~gure 27).

Figure 2.7Guillotine valve and flow meter.
2.1.3. Sedimentmaterial

Thesediment particles used to simulate the erodible channel bed are cylindrical PVC grains with
various colorsKigure 28).

“ P
. -°.7!-!"!..; \ . -

Figure 2.8PVC grains are used as sediment particles.

The percentage of each color is mentioned below:

Black:p yp  Blue:o ¢ white:t ¢¢  Orange: very small amount

The equivalent mean diamete€) iso®a & with a standard deviation of the granulometri
distribution of p8t 1 the material density” ) isp T T , andthe porosity(f)) isT@ vThe
particle characteristics are derivéxy Unigarro Villota2017)
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2.2. Measurements

In this campaign, there are some experimental data which are needed to be measured
continuously; the data may change during the 8X§A YSyYy 1 Qa RdzN} GA 2y 6 SOl d:
nature of aggradation experiments. As a result, they need to be measured at difterees and

locations for further analyses. Since it is almost impossible to measure the data manually in such

a dynamic processome data acquisition methods are performed for the purpose of this thesis.

Before getting into the details of data acquisitimethods, it should be mentioned that there are
four types of data that are measured through special techniques in these expgame

1) Sediments inflow discharge
2) Bed surfaceslevation

3) Water surface elevation

4) Sediment inside the collector

The type and numér of cameras used for recording different parts of the experiments are
mentioned inTable 21, and theirspecifications are mentioned ifable 22:

Table 2.1The type and number of cameras used for eaghetof measurement for each experiment.

. Sediment inflow Sediment inside .
Experiment : Bed and Water level Pieometer
discharge the collector

1 SportCam XPRC

AEl1to AE4 1 Goprohero4 3 SportCam XPRO 21 1 Gopro hero 4 215

1 Goprohero 4 and 1 SportCam
AES 1 Goprohero 4, o rcam XPRO 21 XPRO 215

AE6 toAE8 1 Gopro hero 4 2 Gopro hero 7 1 Gopro hero 4 -
SCland SC 1 Goprohero4 3 SportCam XPRO 21 1 Gopro hero 4 -

1 Gopro hero 4 and 1 SportCam
SC3  1Goprohero4d , o icam XxPRO21  XPRO 215 ]

Table 2.2The type and number of cameras used for each type of measurement for each experiment.

Camera SportCam XPRO 215 Gopro hero 4 Gopro hero 7
Frame Rate 30 fps 30 fps 30 fps

Resolution 1920x1080 1920x1080 3840x2160
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2.2.1.Sedimentinflow discharge

There is a hoppergure 29 (a)) positioned upstream, which consists of a sediment container
and a vibrating chamel with an adjustable vibration levetiQure 29 (b)). There is a gateith an
adjustable height between the container and the vibrating channel. Adjusting the vibration level
and the gate height are two means of changing themsett inflow discharge. One should know
that the increasan the vibration level and the gate heigleads to the increasi the sediment
inflow discharge.

@ (b)

Figure 2.9(a) Hopper. (b) Selector vibration intensity level.

2.2.1.1.Image processing: PIV (Particles Image Velocimgi@y@nchi 2018)

The PIV algorithm allows compg the velocity of a moving object in a small duratiortife

(Q 0 This algorithm is only applicable when the surface geometry of the moving object remains
constant; since the surface geometry of the moving sediments inside the vibrating channel seems
to remain almost constant for a small duration of timleistmethod can be used to measure their
average velocity.

In order to apply the method, a camera (Its type and specificarementioned inTable 21 and
Table2.2) is used to record the motion of the smaents inside the vibrating channel. The camera

is positioned right above the vibrating channel, and it is inclined such that the acquired video is
looking perpendicularly to the vibrating channeldure 210).
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'1 7.“‘1., f
Figure 2.10Canera positioned above the vibrating channel.
I FGSNI SEGNI OldAay3 GKS FNIYSa 2F GKS SELISNAYSyY
grayscale color to be able to work with only one color channel instead of three color channels.

Since the lens of tlee types of cameras (action cameras) hasmallksfocal distance, the
photographs are affected by an angular distortidgriglire 211 (a)) which increases from the
center to the borders. After extracting the frames of the videostatted photos should be
corrected by applyig the radial transformation:
i

p Qi
wherei is the radial distance with respect to the center, afiis a calibration factor obtained
with trial and error.

2.1

The undistorted frame is shown kgure 211 (b).
D—— 703

@) (b)

Figure 2.11(a) Frame extracted from th@dea. (b) Extractedframe after the correction of the distoui.

36



Measurements

For applying the PIV algorithm, a MATLAB code mainly developed by Radice et al. (2006) and
modified byZanchi(2018)is usedFor running this code, there are some parameters that should

be defined asnput values. These parameters are expéairthrough the algorithm explanation
mentioned belav.

The algorithm consists of several iterations, and each iteration has different steps as below:

1. Two subsequent photos@ and™O) are selectedHigure 212), each photo is a frame of the
particles in motion along the vibrating channel captured at a specific time, the first pl@to (
is captured at the tim@& and the second onéQ) is captured at the timé (0 <0).

(b)
Figure 2.12(a) First photo selected(). (b) second photo selectedX).

The photos are seléed as a function of the jump and step parameters. Jump is the distan
between two photographs for successive iteratiowhile the step is the distance of two
photographs in the current iteratior-(gure 213).

jump=5
step=1
—
| | | | | |
I I I | I I I
0 1 2 3 4 5 6 n° photogram

Figure 2.13Graphical explanation of thpimp and step paramets, where the values are
selected as an example and equal to 5 andegpectively

In this thesis, the jump is chosen equalptito avoid the loss of data while tr&tep value is
changed in different expeanents.
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2. A working area is selected 8@ (Figure 2140 ' YR G KS LIAESt 48Q Ay idSyand
saved as a matrix().

Figure 2.14Selected working area.

It should be mentioned that the only difference between thpplication of the algorithm

with previous thesegZanchi 2018; Zucchi 2018; Heydari 202@he position of the working
area. They chose a working area that coveredasinthe whole vibrating channel, while in
this thesis, the working areahouldbe selected at the downstream part of the vibrating
channel (the upper part in the picture). The reason for choosing this area is the fact that the
movement of sediments in thdownstream part of the vibrating channi different from

the ones in the upstream part.

3. in the second photo™Q), a searching window with the same size and the same position of
the working area starts moving pixel by pixel; each time itmoves, 8sav 1 KS LA ESf &4 Q
inside the area as anotheratrix © ), andcalculates the parameterY from the formula:
0 0

.y
B B sb 60 & G0s 2.2

where,0 and( are the dimensionsfathe working area in pixels alongand cdirections.
. 801FdzasS 2F (GKS LI NIAOftSAaQ Y2 JSYGQigdisplaedink S LJIA E
"Oin two orthogonal directions abandw(Figure 2.1k
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Figure 215.Working area and itexand wdirections.

In this work, sice the main direction of the movementddirection, theQ ¢s essential. The
most probabl€eQ dsoincides with the minimum value 6f The searching area can move along
the whole pixelswhich causes a high computational cosherefore one should set a limit
for the searching area in both directions to avoid the higher computational tteete limits
areY andw which are two other parameters for the functioningtbe code.”Y s
the maximum velocityn the main maion direction ¢) andw is the maximum velocity in
the orthogonal direction(w). In this work, since the velocity in thedirection is very low,
& is chosen equal to® it /i and”Y is chosen equal tp y 6fi . Pay attention hat
the real velocity of the particles in both directions must be lower than these parameters.

In the previous step, th& cwas obtained in pixel scale; now, it should be converted ato
metric scale @ 9 through a conversion factor. The conversiostéa can be obtained by
dividing the width of the vibrating channel in pixel to the measured width in centimeters

(c @ 9 (Figure 216).

Figure 2.16The widh of the vibrating channel.
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5. The velocity inndirection @) for a single iteration can be calculated through the formula:
Qw "Qni
GEE U 0Qn 2:3

where"Qr is the frame rate of the videos recorded, att &sithe conversion fetor.

6. After finding the velocity for thiime indant, another pair of photos are chosen based on
jump and step parameters, and the code repeats all the steps mentioned above; at the end,

it gives the temporal evolution of the velocity as the outplipure 217).

20

. W

0 50 100 150 200 250 300 350 400

time (s)
Figure 2.17An example of the temporal evolution of the velocity.

The temporal velocity evolution is needed to be converted into the sedinmdéiotv discharge
(0 ) for the purpose of this thesis; this conversion is done through an experimental
relationship which is derived through a calibration process explained below.

2.2.1.2.Calibration process

Before starting theéSCand AEexperiments, a preliminary campaigras/ carried out to link the

average velocity of moving sediments on the vibrating chanimel () to the sediment inflow

discharge § ). The preliminary campaign consists thfee sets of experiments based on
different opening heights:

1. Opering height p ® &
2. Opening height € @ &
3. Opening height @ &

The procedure for the opening height equalta dis explained below, and the same procedure
is done for other opening heights.

First, the opening heigh$ set onp & § and the vibraion level is set onj. The cameras start to
record, and the hopper is turned on for a specific duratiime sediments coming out from the
hopper are collected by a bucket, then the weight of the sediments inside the bisaketasured
and recorded. Thiprocedure is repeated ten times with the same vibration level, but different
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durations and their videos are recorded separately. Thenstume procedure is repeated for
other vibration leves. The detas of the preliminarycampaignare shown inTable 23.

Table 2.3Detail of the vibration level and the opening height for the preliminary campaign.

Opening height (cm) Vibration levels
1 8¢8.5¢9¢9.5¢10
2 6.5¢7.5¢8.5¢9¢10
3 7¢8¢9c10

For every experiment, theediment inflow discharge is obtained with the formula:
- (b J ”
0 -
0
where,® is theweight of the sediment inside the buckét, is the sediment density, analis
the duration of the experiment.

2.4

It should be mentioned thathevalue ofd  for each vibration leves obtained from the average
of ten repetitions.Here inFigure 218, the®  for each experiment, and the related error bars

are shown.
1.0E-03
. 1OE-04}
& i
E
dﬁ 1.0E-05 {
3 —@— Opening Height = 3
Opening Height = 2
i Opening Height = 1
1.0E-06
55 6.5 7.5 8.5 9.5 10.5
Vibration level
(&
1.0E-03
@ 1O0E04p I
) [
E i
© 1005 . I I
1.0E-06
4.5 55 6.5 7.5 8.5 9.5 10.5
(b) Vibration level

Figure 2.18(a) curves for showing the effect of vibration level anéripg height ord
(b) the corresponding error bars.
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As it is expected, the higher opening height resutsore sediment inflow discharge. However,
there is an inconsistency in the opening heighvhere, in vibration levey, the graph passes
through the graph of opening height Also,it can be seen ifigure 218 (b) the error bars are
very small after the vibration leval®.

The results derived yleydari(2020)andUnigarro Villotg2017)are represented ifrigures 2.19
and2.20 respectively.

1.E-03
— LE-04 E
] o
= E
E
© 1E-05 F
1.E-06
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Vibration level
——15cm —6—2cm —A—25cm - -3 cm
@
74
1.E-03
T A ; i i
¥
. LE-04 f = T
T e
E £ 1
@ a3 =
=4 +
1.E-05 T ]— =
1.E-06 T
4 5 6 7 8 9 10 11
(b) Vibration level

Figue 2.19.(a) curves for showing the effect of vibration level and opening heigltt on
(b) the corresponding error bafgleydari 202Q)
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Figure 2.20(a) curves for showing the effect of vibration level and opening heigltt on
(b) the corresponding error baf&Jnigarro Villota 2017)

After finding the sediment inflow discharge for all experiments, the average velocity of the

vibrating channeld

) is obtained through the PIV algorithm. Now each experiment ltas a
and a6 and these data can be mapped on a graph witéxis ofo

and wxaxis ofy

(Figure 221). A relationship between #se two parameters can be found through fitting a
seconddegree polynomiabf @ GO ® o wand imposingdequal to zero; this is because
when the velocity becomes zero, the inflow sediment discharge must be equal to zero, and this
happens whemis equal to zero.

3.0E-04

2.5E-04

2.0E-04

1.5E-04

Qsin (m3/s)

1.0E-04

5.0E-05

0.0E+00

U nean (CM/s)

O  Measured Qsin ’
--------- Transfer function &»
o
..... &
...... ® Q,,=2.97F07U, .2 +1.35F05U, ..,
2 4 6 8 10 12 14 16 18

Figure 2.21The transfer function and its curve fitted the white points which are related to the experiments of
the preliminary campaign for the calibration process.
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As it can be seen Rgure 221, the data related to the lower values 0f (lower vibration levels)

arere i NBfALFLOES aAyOS (GKS& RSGOAIGS || t2G FNBY (fFf
non-uniform behavior in the lower vibration levels. For this reason, the vibratigelseused in

all the experiments are not lower tha(®.

By having the tnsfer function, the temporal evolution of the sediment inflow discharge can be
obtainedin Figure 222.

4.0E-04
3.0E-04
@
)
E
= 2.0E-04
(04
1.0E-04
0.0E+00
0 50 100 150 200 250 300 350 400

time (sec)
Figure 2.22An example of the temporal evolutiarf the velocity.

2.2.2.Riverbed elevation detection

The channel is monitoreddm one side with action cameras (Their types and specifications are
mentioned inTable 21 and 2.2) looking perpendicularly to the ennel Figure 223).

{
. s
|

Figure 2.23Cameras pasoned infront of the channel.

In the previous workgZanchi 2018; Zucchi 2018; Heydari 2028 method used for the
detection of the riverbed was an edge detecti@thnique using the Sobel operator, while in this
work, a new technique halseen implemented for the reasorthat will be mentioned in the
chapter 2.2.2.1
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2.2.2.1.ImageprocessingBed detection usingobelOperator

This technique usethe gradient of the image matrix in two orthogonal directions to find the
amount of the changes of the intensities of the pixels which happen at the edges of the objects.
The result of this processing is a binary image which is mainly black with somepitale
representing the edges of the objects in the photograghigire 224).

- B L
| 4 ; : -5
.

(b)

Figure 2.24(a) photo of the channel before applying the Sobel operator. (b) photo of the channel after applying
the Sobel operator.

After processing the photo with the Sobel operator, the border between tldénsents and water
can be clearly detected, and one can use it to find the bed profile.

Since this method only uses one photo per eagtant of i A YSS (KS aSRAYSy(iaQ
taken into account; as a result, it leads to detect the surface of themgmediments as the bed

surface. Mainly for this reason, a different method is implemented for the detection of the
stationary bed surface, which is explained in the following sactio

2.2.2.2.Image processingBed detection using Motion detection

The algorithm cosists of several iterations, and each iteration has different steps, as explained
below:

1. ' TGSNI SEGNI OlAy3 GKS FNIYSE 2F GKS SELISNRYS)
removing their distortionsKigure 225), two subsequent photos™© and "O) are selected
(Figure 226), each photo is a frame of the channel through the experiment, captured at a
specific time. Ta photos are selected as the function of the jump and step parametiees,
same as what is mentioned ohapter 2.2.1.1For this wok, the jump value is equal to T
(pi 'Q,cand the step value is equal po The pixels intesity of"O are saved as a matri® ()
and the ones fofO are saved as another matri ().
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(b)

Figure 2.25(a) Frane extracted fronthe video. (b) Extracted frame after the correction of the distortion.

(b)
Figure 2.26(a) First photo selected). (b) second photo selected).

2. A Gaussian filter is applied to the photos to remove the noises tadadetecting them as
motion.

3. The absolute value of subtraction of the two matricés @nd 0 ) is calculated, and a
threshold is set; if the difference is bigger than the threshold, then it is detected as motion,
and the pixel intensity is set t@em; else, it is set to one. The result of this stage is a binary
image, which its black pixel§ (QuXTEa0 Q¢ | poepgresent the areas where a motion is
detected, and the white pixel$)("QcXTEa0 Qe i Peepresent the areawhere no motion
is detected Figure 227). It should be mentioned that the threshold value is chobgrtrial
and error. In this thesis workhe threshold ranges from@t ¢o 1@t Y

Figure 2.27The processed photis showing he motion with black color (threshold valuest J.
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4. The black layer seen Fgure 227 is representative of the water and the moving layer, the
lower side of this layer is the border between the stationary bed and the moving setm
so by tracing it, one can find the edge of the bed. In order to do so, a moving window with a
specific sie is chosen, and it starts to move pixel by pixel from the top left corner to the down
left corner Figure 228) thenit shifts a pixel to the right side, and again it starts moving from
up to down. It should be mentioned that ttegze of the moving window is changeable; in this
thesis work, it is chosen equalto p Tpixels.

Figure 2.28Schematic representation of thmoving window from its initial position.

For each step it moves along a column, it calculates the averagesitytarf the pixels) Q

fitted inside of it.By doing this, a signal is produced for each column; this signal shows the
amount of the averagetensity for each row of the columrir{gure 229). The black layer in

the processed photo is between two white areas, so when moving from up to down, the signal
value significantly drops when entering the black layer and signifi¢ rises when exiting
from the black layer. As a result, there are twondfigant changes in the signal, the first one
(upper one) is related to the watesurfaceand the second one is related to the border
between the moving layer and the stationargd For detection of the location of these
changes, a MATLAB function (findalgepts) is used; since this function does not give the
exact location of the changes in the signal, some modifications of the results are necessary to
find the exact location afhe bed(Figure 229). These modifications are:

a. Gong forward from the location of the changes reported by the MATLAB function and
check if the slope of the signal showrHgure 229is close to zero (most horizontal).
This is because the signal intensity remains almost cohgdaound one) after getting
out from the black layer; as a result, the slope of the signal tends to be zero. The first
point that matches with this condition is considered as thcation of the center of
the moving window wherthis windowgets out fromthe black layer completely.

b. Subtracting half of the window size from the location found in the previous step to
find the exact location of the bed.
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Figure 2.29(a) The selected column is showmred for showing its related signal. (b) The signal along the selected
column with a red dot on it representing the location of the center of the moving window when the moving
window leaves the black layer completely.

Up tothis step, the location of th bed for each column of the photo is detected, so for each
column, there is a point that represents the location of the bed; by putting these points
together, the bed profile can be produceligure 230).
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Figure 2.30The prodiced bed profilés shown in red.
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5. The bed profile produced until the previous step contains some errors; the main sources of
these errors are:

a. The remaining noises are detected as motion. Apart from applying the gaussian filter

to reduce the noise, usinggh-quality cameras and having a good lighting condition
during the experiments can improve the situation.

b. The sections of the channel where the sediment motion is not visible.

c. The motion of other objects rather than sedimenémd water; basically, these
motions are caused by the movement of people in the laboratory behind the channel
or caused by the reflection of the people in front of the channel. To reduce the errors
caused by people moving behind the channel, that sid&efchannel is covered with

some green paperg-igure 2.2to avoid detecting their motion, but still, nothing has
been done to reduce the error caused by reflection.

The error sources mentioned above are showhigure 231.

48



Measurements

Figure 2.31Error sources related t(a) the noises(b) the lack of visibilityand(c) the motion of other objects.

6. To handle the remaining errors caused by reasons mentioned above, a MATLAB function
(filloutliers) is used to findkhe outliers in the profile data rad to replace them with
appropriate data. This function considers each datum as an outlier if it deviates moré than
times of standard deviation from the mean of the data in the neighborh@odnd the size
of the neighborhood are two inputs of this fation, and one should find them by trial and
error. The final modified bed is representedrgure 232.

L .
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1400 1600 1800

Figure 2.32The detected bed profile after correction of the outliers.

7. The coordinates of the profile data are in thegli scale; they should be converted irdo
metric scale through a conversion fact@he conversion factor can be taned by dividing
the monitored length of the channel in pixel to the monitored measured length in
centimeters The coordinateshould be eferenced incxdirection with respect to the origin
located in upstream (thewcoordinate increases when moving from upstream to
downstream) and im-direction with respect to the position of black tapes which are located
p u dabove the bottom of thehannel (thei-coordinate increases when moving from down
to up).
A problem related to the referencing is the distortion of the photos. As mentioned before, a
radial transformation is used for removing the distortions, but it is not able to remove them
completely; asa result, it causes errors in referencing the coordinate system. Using cameras
for bed detection with less distortion can improve the situation.

8. After finding the profile for this timénstant, another pair of photos are chosen based on the
jump and steparameters, and the code repeats all the steps mentioned above; at the end,
one has the bed profile for each tinestant (in this case, it is for every second).

The abovenentioned algorithm is applied to the frames captured by each camera separately

sine these cameras only capture a portion of the channel; as a result, the bed profile for each
portion is obtained separately, and one should put them togetherreate the bed profile

for the whole channel. After regrouping the data, the whole profilem®asthed by applying

the SavitzkyGolay filter. This filter smooths data by fitting successive subsets of adjacent data
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with a low degree polynomial by using thiedar leastsquares methodThe comparison
between the bed profile before and after smoothirsgshown irFigure 233.
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Figure 2.33The blue line shows the profile before smoothing, and the red line shows the profilesaftathing.
2.2.2.3.Comparison between both methods for detection of the bed

The first difference made by pfying the new method (motion detection) is the fact that it is less
userdemanding and time&onsuming compared to the previous one. This is becamséhe
previous algorithm, the process of correction of the errors (removing the outlieasypvanual,
while in the new one, this process is automized.

The second difference is the improvement of temporal resolution. As mentioned above, the
previous algorithm wa more useldemanding and time&onsuming. Therefore, with the previous
algorithm, the bed profilesvere produced with the temporal resolution pf Tseconds, whereas
with the new one, the bed profiles can be produced easily with the temporal resolutign of
second.

The other difference is the quality of the results. With the new method, the detecteghbmfdes

are smoother than the ones detected with the previous method. This can be séajuie 234.
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Figure 2.34(a) Spatial evolution of the bed in a specific time. The blue line is produced by using motionatgtect
and the red line is produced by using the Sobel operator. (b) Temporal evolution of the bed in a specific section of
the channel. The blue line is prockd by using motion detection, and the red line is produced by using the Sobel
operator.
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The last dference of the new method is the fact that it detects the surface of the stationary bed
as the bed surface, while the previous method detects the surfddheomoving sediments as

the bed surface. Since in this thesis it is assumed that the bed susf#oe border between the
stationary bed and the bedload layer, the motion detection algorithm is developed and used for
detection of the bed surface.

The bel profiles derived with both methods (motion detection and Sobel operator) are shown in
Hgure 235.

Figure 2.35The green line shows the bed profile detected by using motion detection, and the red line shows the
bedprofile detected by using the Sobel operator.

2.2.3.Water surface elevation detection

There arenine piezometers psitioned in 9 locations along the channel for the measurement of
the water surface in each locatiofiure 236).
'TEN

Figure 2.36Piezometers pipes.

In the previous works, these piezometers were used in order taiobthe watersurface
elevation through an image processing method, explained in the next section, while in this work,
another method is used, which is the same as what used for the bed detection.
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223101 3S LINRPOSAaAYyIY Y2VYAGZaNdhiyASGIKS LIAS

Each piezometer coains a blacklastic ball that stays on the water surface inside the pipe; since
GKS LIXIFadAaAo olfftQa O2f2NJ Aa Ay O2yiNrad ¢AGK
location to obtain the water surface, to do so, the piezometers were moaitavith an ation
camera (Its type and specification are mentioneddmle 21 and 2.2). After changing the color
scale of the picture into grayscale and removing the distortion, a negative picture dsiqed

from the grayscale picturetherefore,the color of the ball changes from almost black into almost
white and the background changes from almost white into almost bMaW with an appropriate
threshold, a binary picture is producesb thatli K S s @dlof i& toipletely white, and the
background is completely blacks a result, one can easily find the location of the ball with
detection of the white area, so the water surface related to each piezometer can easily be
obtained. The processes done on the pictures stiown inHgure 237.

(a) (b) (©)
Figure 2.37(a) Image of the piezometer. (b) Negative image. (c) Binary iffZagehi 2018)

1'a YSYUA2ySR Ay (KS LINBOJA 2dza rySrOnitdred! yith nidleK S  OK |
piezometers, so one can obtaime water surface in nine locations along the chanfiiis isvhile

with the same method used for the bed detectigaxplained inchapter 2.2.2.}, the water

surface can bebtained in every point along the chann@hother reason to use this new method

instead of monitoring the piezometers is the fact that the processed data needed for obtaining

the water surface level is obtained through the bed detection algorithm, secetigeno need to

spend more time for processing databtain the water surface level. The algorithm for this new

method is explained in the following section.

2.2.3.2.Image processingvater surface detectiorusingMotion detection

All the steps of the algorithrfor detection of the water surface are the same as what mentioned
in chapter 2.2.2.2xcept for step number, in which the lower edge of the black layer was used,
while for detection of the watesurface, the upper side of thielack layer is used because this

side represents the water surfacéhe procedure is shown kigure 2.38
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Figure 2.38(a) The selected column, shown in red, for showing its related signal. (b) Theadtogaihe selected
column with a red dot on it representing the location of the center of the moving window when the moving
window enters the black layer. (c) The proddaeater surface profile, shown in blue. (d) The detected water

surface profile aftecorrection of the outliers

2.2.4.Calculation of sediment amount inside the collectgZucchi 2018)

The ®diments transported through the channel are trappetide the collector; for further
analyses, it is needed to calculate the amount of these sediments at different firhesnethod
used to measure the sediment amount is almosinual. After extracting the frames, changing
the color scale into grayscaland removing the distortion, different points on the edge of the
sediment are selected to extract their coordinates in pixel sdalgufe 239).
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Figure 2.39.The polygoris created with the selected points to represent the skayf sediments inside the
collector.
One should pay attention that these points should be selected in a way that the polygon created
by these points should almost represent tlshape of sediments accumulated inside the
collector. After extracting the coondates of the points, the area of the aboweentioned
polygon can be calculated through the following formula:
0 2.5
q
wherew andw are thewcoordinate ando-coordinate of the point numbet ando is the area
of the polygon

The obtained area is in pixel scale, so it has to be converted into a metric scale through a
conversion factor. Now that the area of the sediments seen in the picture is availableaone c
find the apparent volume by multiplying this area into the width of the colle(d® & ).

2.3. Evolution of the main system from parent thesis work

The methods oflata acquisition for some parts of the experiments are changed to have more
precise data withess time consumption, and the process for data acquisisemore automized

to make them less usatependent. Another difference compared to the parent thess
introducing a new type of experiments which aBCexperiments; these experiments are
desighed to have an estimation ahe sedimenttransport capacityof the channel(will be
explained inchapter 3.2.3. The experiments areubdivided into three main categories:

1 AE1- AE3(Heydari 2020)
1 AELl-AES8
1 SC1SC3
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It should be mentioned that the experimental data related to the parémsis AE1- AE3 were
processed again with the new methods; that is why the second category also inéledeAE3.
In Table 2.4the methods of data acquisition for each category are mentioned.

Table 2.4The evolution of data acquisition procedure.

i AE1- AE3
Experiment i AE1- AE8 SCL1SC3
(Heydari2020)
measured by Particle measured by Particle measured by Particle

Sediment inflow discharge Image Velocimetry (Pl Image Velocimetry Image Velocimetry

algorithm (PIV) algorithm (PIV) algorithm
Bed orofiles Bed detection using  Bed detection using Bed detection using

P Sobel operator motion detection motion detection

Water surface Water surface

Processig the images

Water profiles . detection using motion detection using motion
of piezometers : :
detection detection
Sediment inside the
Manual Manual Manual

collector

2.4. Experimental procedure

2.4.1.Pre-experiment phase

In this phase, everything neededperform an experiment is done. First, the slope of the channel

is set to the desired valu@®g P ). The water level inside the underground container is checked,
and if it is too low, it must be restored for the propemfttioning of the pumping system. The
hopper must be filled with the sediment particles, and its opening height and vibration level are
set to the desired values. The sediment particles inside the channel are smoothed with a fixed
height ofp wo Gwith respect to the bottom of the channel.HE bed surface should be sprayed
with nebulized water to avoid their movement with the initial inflow of water; this is because
when the water flow reaches dry particles on the surface, they start to move due to thecsurf
tension of water. The camerasegpositioned in their proper places for monitoring different parts

of the experiment for the goal of data acquisition.

2.4.2.Experiment phase

The pumping system is turned on, and the water inflow discharge is set to a Highatathe
beginning to quickly filhe upstream tank; when the water enters the channel, the discharge is
decreased to a lower value to avoid disturbance on the mobile bed; when the bed is completely
saturated, and the water surface reached the bed stefahe cameras are turned on andeth
turn-on time is recorded, then the water discharge is set to the desired discharge almost
gradually and when reaches it, the hopper is turned on and the time is recorded, this recorded
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time is the time of the beginng of the experiment, and it is usédr synching other cameras
together. During the experiment, the water discharge is checked to regulate it if necessary. The
hopper is filled constantly to avoid the hopper tank being empty until the end of the experjimen
when the available sediment pactes are finished. The hopper and the pump are turned off, and
the finishing time is recorded to have the duration of the experiment.

2.4.3.Postexperiment phase

In this phase, the videos are downloadiedm the cameras for the further process of the data.
The sediments gathered inside the collectors and the extra sediments accumulated inside the
channel are spread on several nets to let them dry in few days; these sediments are used for
evaluation of tle mass conservation to check if the experiment is perforc@dectly.
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INITIAL SEDIMENT TRANSPORT CAPACITY AND INCIPIENT MOTION

3.1. Introduction

The maximunmamount of sediment that can be conveyed through a specific river section is called
sediment transport capacityThis @rameter has an important role in the description de
aggradation and degradatiggrocessedn ariverbed.Aggradation happens if the sediment inflow
discharge in a specific section is more than its sediment transport capacity; on the other hand,
degradation occurs when the sediment transport capacity is less tttensediment inflow
discharge. Also, the equolium condition happens if the sediment inflow discharge is equal to
the sediment transport capacity. The ratio between the sediment inflow digghand the
sediment transport capacity is calléue loading ratio,0 i(equation3.1).

v

01 —=
5 3.1

where0 s the sediment inflow discharge and is the sediment transport capacity.

Since the am of this thesis work is to study the aggradation processes under the overloading
conditions, the estimation of the sediment inflow discharge émelsediment transport capacity

is required to evaluat® i The former ondd ), which isan expeimental control, was explained

in chapter2.2.1 One of he ains of this chapter is to estimatthe sediment transport capacity

(0 ) of the channel.

Sediment transport capacityepends on many factors; the most importantesare:

1 Water discharge
1 Slope

1 Roughness

1 Velocity of water
1 Sediment size

Some of these parameters are dependent on the otharsl a link exists between them. For
example, the flow velocity depends on the watbscharge, roughness, and slope.

It is impor&nt to note that n this chapter, it is needed to obtain the sediment transport capacity

of the experimental channel in the initial conditiol () where the bed is not affected yet by the
aggradation phenomenon. Indeed, the aggradation process is a dynamic one, in the sense that
during this process, the channel increases its slope by time to reach the equilibrium condition.

This increasénthe sld.JS Ol dzaSa (GKS OKIFIyySfQa aSRAYSy(d GNI
0Kdzaz GKAA ljdzZhyGAdGe faz2 OKIFIy3aSa gA0K GAYSO
capacity, one should consider the initial values of this quantity because, in tienoegthe bed

has not been affected that much by the aggradation process.

LG A& 62NIK NBadlGAy3a GKFEG Ay GKS LISNF2NYSR Si
OK I y y S f-seclion, @NiBedinent properties) remained constant. Thereftirepretically,
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the initial sediment transport capacity of the channel would change only with the water
discharge. Since two series of experiments in terms of water discharge have been performed, it
is expected to obtain two values for , one for theexperimerts withd v &fi and another

for the experiments withh X i .

Also, at the end of the chapter, the incipient motion condition and estimation of the critical water
discharge would be discussed.

3.2. Estimation of the initialsediment transport @pacity

In the presented thesis work, four methods are applied to estimate the initial sediment transport
capacity of the artificial channel:

1 MeyerPeter and Muller formula (MPM formula)
1 SC experiments

1 Collector method

1 Monitoring methal

In the following pats, these methods will be explained.

3.2.1.Meyer-Peter and Mdller formula (MPM formula)

One of the most common formulae to estimate the sediment transport capacity is the one
presented by MeyePeter and Muller in 1948 (equatidh?).

U S 3.2
where:
= nondimensional solid discharge per unit width
t*= Shields parameter
T “= critical Shields parameter

The critical Shields parameter can be determined either directly from the Shields diagram as a
function of the shear Reynolds numbé&iigure 15) or from a transformed Shields diagram as a
function of the dimensionless grain diametéf (t ©* "QO° ; there are different formulae to
transform the Shields diagm and estimatef “ as a function of’. In the presented workwo
formulae are used to calculate®, the Brownlie (1981) formula, and théan Rijn (1984) formula.

Brownlie approach to estirate the critical Shields parameter
In thisapproach, the following formula is used to calculate the critical Shields paranfeter,
P o me 3.3

” ” o j
g o Q 3.4
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where:

'O’ = the dimensionless grattiameter

Q= the dameter of the sediment material which in this work is equat®@ T cay
" = the material density which is equalpot T Tk

" = the water density which is Tt TIQ{TH

' = the water kinematic viscosity, equalgpo p ™ & ji

By wsingthe above values, the dimensionless grain diameter is calculated @qualfand
consequently, the critical Shields parameter is obtained equal to:

7 mrt Yo
Van Rijn approach to estimate the critical Shields parameter

In this approach, in order to estimate traitical Shields parameter, depending on teue of
the dimensionless grain diameter, different equations have been prop¢egahtions3.5).

¥ MO Qip O 1
f moO ° Qit O pn
oy " Qipn O ¢m 3.5
P omipd@°® Qeicm O pum
" mhruv UQ¢E IO pum

where'O’ is calculated using equatidh4, similarly to the previous method. Sincetfiis work O°
was calculated equal t@ ¢ the following equation would be valid to estimat&

e p@ 3.6
Substitutingd” @ dn this formula, the critical Shielgmrameter is obtained equal to:
¥ mhito

It is worth mentioning that the critical Shields parameter proposed/leyer-Peter and Miiller is
equal tot@rt 1, yvhich is in agreement with the values calculated using tloevBlie and the Van
Rijn approachs.

The other important parameter in the MPM formula is tihields parameterf’, which is
computed using equatiofi.15 (presented inchapter 15.1):

T

Y 0 1.15

wheret is the bed shear stress and is calculated using the following equation:
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T 7wy 3.7

where'Y showsthe hydraulic radiusind™Y representsthe friction slope and can be calculated
using equatiorl.32
oy e Y
1.32
Y
In this formulaYis the velocity of the flow,andl  m@tpifa ! A& (GKS al yyAy3IQa
obtained experimentally bynigarro Villota(2017)with performing multiple tests in uniform

flow.

Having the values of the critical Shields parameter and calculation of the Shields parameter, no
the nondimensional solid discharge can be calculated applying the MPM formula (equation
3.2). By obtaining , the initial sediment transport capacity of the chann@ ) Can be
computed using equatiofi.8.

VS on 3.8
where:
0 = the width of the channel, equal t® & in this work

N = sediment transport capacifyer unit width, which is calculated as follows:
n NV——10 3.9

As an example, the results of the calculationghaf initial sediment transport capacity for the
experiments with)  x i are presented imable 3.1

Table 31. The results of the estimation of the initial sediment transport capacity for experiment series with
0 X &, ushg Brownlie and Van Rijn approaches and applying MPM formula

Approach Vi wdjo W 3 Avyg a0V v @ peojv
Brownlie 62 0.0486 3.3074 0.2003 0.473 2.31E04 6.92E05
Van Rijn 62 0.043 3.307/4 0.2003 0.499 2.44E04 7.31E05

All estimations of the initiaediment transport capacity for all experiments are presented in a
summary table Table 3.y inchapter 3.2.5
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3.2.2.SC experiments

This typeof experiment is designeldased on the concept dhe hydrodynamic equilibrium. As
previously mentioned, there is neither aggradation nor degradation in the equilibrium condition,

which means that the sediment inflow discharge is equal to the sedimensp@m capacity of

the chanel (whatever gets into the channel from the upstream, gets out from the downstream).

. S0lFdzaS 2F GUKS NBlaz2y YSyiUuAz2ySR 0208 GKAa Y
rate that does not cause aggradation or degradatiorthe channel. As a raf, this sediment
FSSRAY3I NIXiadS Oy 6S O2yaARSNBR UKS OKIFyyStQa
method is explained below.

CANBRG 2F FffX 0KS K2LILISNRA A0 NI (hReght;th8rdSt A &
the experment is run with a specific water inflow discharge. One of the following conditions will
happen:

1. Aggradation
The occurrence of this condition means that the sediment inflow discharge is higher than
the sediment transport capacitygs a result, the vibration level must be set to a lower
value for the next step.

2. Degradation
The occurrence of this condition meansttihe sediment inflow discharge is lower than
the sediment transport capacity; as a result, the vibration level musidigo a higher
value for the next step.

3. No aggradation or degradation (equilibrium condition)
The occurrence of this condition means that the sediment inflow discharge is equal to the
sediment transport capacity; as a result, there is no need to changevitiration level
anymore, but this does not mean that the experiment is finished right aftes t
observation since some time is needed to assess the possible variation of the bed
elevation.

One should pay attention that none of the abenentioned condiions occurs immediately, and
some time is needed to be passed for being able to assess théioonaf the channel correctly.

Ly GKS ySEG aidSLI 2F (KS SELSNAYSyid:s (KS K2 LWLIS
mentioned conditions, then the clmmel bed is checked again for the occurrence of these
conditions. This procedure goes on utitié equilibrium condition is reached, which means that

the bed elevation remains constant. The sediment inflow discharge related to the vibration level
coincident with the equilibrium condition is obtained through the PIV method (explained in
chapter2.2.110 ' yR NBLIRZ2NISR a4 GKS OKIyyStQa aASRAYSY
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As an examplein Table 3.2 the results ofthe experiment SC3 (related O X &fi) are
presented. Also, iffigure 3.1the0 7 0 "Qdr@ph obtained from the PIV process, anéigure
3.2, the temporal evolutions of the bed corresponding to this experiment arevsho

Table 32. The results of experimer8C3, obtained frorthe PIV process

Vibration levels Time (s) Qsin(M¥/s)
7.7 50 1.22E04
8 142 2.00E04
7.85 146 1.40E04
Vibration levels
AE.04 7.7 8 7.85
—~ 3.E-04
Q
E
% 2.E-04
o
|
1.E-04 ! |
| | |
| | |
| | |
0.E+00 ! ! !
0 50 100 150 200 250 300 350

time (sec)

Figure 31. Temporal evolution of sediment inflow discharge for experiment SC3jraatdrom PIV process
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Figure 3. Temporal evolution of the bed for experiment SC3, obtained from the bed detegtaness.
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From the above graphs, it is recognized that the equilibrium condition happens in vibration level
betweenx& and x& v Therefore, according to PIV rédtsthe average of sediment feeding rates
corresponding to these vibration levels is considered as the initial sediment transport capacity of
the channel folh X &, whichisequal top& p p 1T & ji.

3.2.3.®llector method

The collector method is applied to the AE experiments, and it is derived from the fact that almost
all sediments transported through the channel are trapped into the collector; as a result, the
amount of sediment inside the collector can bged to calculee the sediment transport capacity
of the channel. Indeed, the method is based on measuring the volume of the accumulated
sediments in the downstream collector at different times. First of all, the total volume of
sediment inside the colléar (w _ ) is measured with the method mentioned in
chapter 2.2.4at different times, then the sediment volunie _ ) can be calculated
by multiplying the téal measured volume byp ). In the next step, one can obtain the
sediment transport capacity ) with the following formula

. w o p N wo

U R 5 5 3.10
wheren is the porosity of the sediments anids the time at which the volume accumulated in
the collector is measured.

The initial sediment transport capacity of the chang@l ) would bethe average of
sediment transport capacities obtained from the above equation at the initial time instants,
where the values ob f are almost constant, and the bed is not changed significantly by
the aggradation phenomenon.

It is worth mentioning that the calculations are done at every Qtime interval for the initial
part of the experiments (almost the initigl Tt it ‘Q,card then it increases tp tseconds or more.

Here, as an example, the procedure and results of this pwthre shown for experiment AE6
with 0 X Of1 .

The calculatedv ‘ andV f at different times areshown inFigures 3.&and
3.4, respectively.
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Figure 33. The sediment volume inside the collector at different times for experiment AE6
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Figure 34. The sediment transport capacity for experiment AEG6, calculated with the collector method

According to what explained before, the initial sedirhéransport capacity of the channel,
0 f , would be the average of the calculatéd; between timed and 6 (red
rectangle), where the values of thie; are almost constant in this time interval. The final
result forexperiment AE6 is reported imable 3.3

Table 33. The estimation of initial sediment transport capacity of the channel derived from the
experiment AE6 (with  x 61 ) and using the collector method

Experiment t; (sec) t; (Sec) Fvio mmgdled ¥
AE6 30 55 1.19E04

As it isobserved, the initial part of the measurement, betweenand o Tseconds, is not
considered in the calculations. The reason refers to the fact that the initial data before the time
0 are not reliable for two causes:

1. They are related to the initial bed adjtment that happens at the beginning of every
experiment.
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2. In the beginning, the amount of sediment inside the collector is not enough to be
measured correctly.

It is worth regating that the data corresponding to the times afterare not related to the initial
sediment transport capacity of the channel because the bed slope is increasing due to the
aggradation phenomenon, therefore as can be seen ffagure 3.4 the sediment transport
capacity(0 )is increasing over time. Also, the reason that is decreasing at the

final part of the Figuretine p ¢ b Q ds the fact that the collectords a imited capacity, so
when it gets close to its capacity, the existing turbulence inside the collector causes most of the
sediments to get out from the monitored collector to the second collector, resulting in obtaining
a lower value for transport capéy (Figure 3.3.

Figure 35. Turbulent flow inside the monitored collector

The abovamentioned turbulence is also a source of error in the estimation of the initial sediment
transport capacity from the beginning of the experimentsstis because the turbulence causes
some of the sediments to be floating instead of settlingne bottom of the collector; as a result,

it leads to an underestimation of the sediment volume measured at each time and consequently
underestimation of the sdiment transport capacity. Due to this reason, by comparing this
method with the SC method, it @bserved that this method reports lower values for the initial
sediment transport capacity with respect to the other method.
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3.2.4.Monitoring method

This method i®ased on the mass conservation law. In the aggradation experiments, some of the
inflow sediment material that gets into the channel will be deposited inside the channel, and the
remaining sediments will be transported through the channek @tscharge ofhe transported
sediments through the channel would be the sediment transport capacity, and this discharge at
the initial times of the experiment, when the bed is not changed yet, would be the initial sediment
transport capacity of thehanrel. This methd was used in previous campaigiZanchi 2018;
Zucchi 2018; Heydari 2020nd it is also used in this study with some amendments. The
procedure to obtair)  with this method is explained below.

First, the volume of the deposited material in the channel, calted ~in this work, is
calculatedwith respect to the reference (position of black tapes) at different times (equation
3.11).

w0 . 00 0 3.11
where,0 0 is the area under the bed profile in a specific tintgs the time instant at which
the deposited material in the channel is measured, énid the widthof the channel, which is

equal tor@ & . The above calculations are doateveryu-i ‘Qtifme interval from the beginning
of the experiment.

One main problem with the measuring deposited material is that the sediment feeding occurs in
the locationw ¢ wo &from the upstream of the channel, while the bed profiles are monitored
frome p o @ G sothe bed profiles between these two coordinates are not monitored in the
data acquisition. Consequently, the sediment volume deposited in this part cannathédated.

If one does not consider the sediment volume of the missing area in the calculatitge]s to

an overestimation of thé ; to solve this problem, two scenarios are considered to simulate the
non-monitored upstream bed:

1. Constant upstrem scenario (CU)Zucchi 2018)in this scenario, it is assumed that the
profile of the missing area is amstant profile with a constant elevation equal to the bed
level in the location ofo p o @ a(first monitored point in the upstream), sdeégure
3.6
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Figure 36. The monitored bed profile is shown blue, and the constantly extended part is shown in red.
Experiment: AE6, time Tt it Q &he area under thevhole profile is considered as tiied p MM Q@ .
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2. Inclined upstream scenario (IU): in this scenario, it is assumed that the profile of the
missing area is a linear profile with the same slope between the poirds irp o @ &
andow ¢ T ¢ &(Figure3.J. The reason fochoosing the slope between these points is
the fact that the distance between them is the same as the length of themonitored
section of the bed.
2 | |

z-coordinate [cm]

25 75 125 175 225 275 325 375 425 475 520.
x-coordinate [cm]

Figure 37. The monitored bed profile is shown inuel, and the linearly extended part is shown in red.
Experiment: AE6, time Tt it Q &he area under the whole profile is considered asthe p T QG .

In Figure 3.8the comparison between the calculated volume of sediment deposited in the bed
using these two scenarios for experiment A&6hown.

2.0E-02

T 1.5E-02 b,

= .000000”’.. ¢

3 Pl

ol o®

® 1.0E-02 ..,.0

§ 000....

£ o°°

£ 50E-03 3°

> s* ® Constant Upstream

e® Inclined Upstream
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Figure 38. The neasured volume of the sediment deposited in the bed with respect to the reference using two
scenariodor experiment AE6. The calculations of thed ~isdone at everyp-i Qtitne interval.

By havingthe measured volume of the sediment deposited in the bedd( ) at

different times sediment inflowdischarge § ) obtained from the PIV process and using

transfer function (explained inhagter 2.2.11), and porosityr{), one can estimate thg with
the following formula:

C-
=xj

CA

Q-
o
i

3.12
where:

a 96 - 3.13
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In this formulation,& represents the slopef a linear function which is fitted to the values of

W o ~intime. In this regard, one important issue is the time, meaning that in order
to estimate the initial sediment transport capacity, only the valuesupb \
corresponding to the initial times of the experiment should be considenetthe calculations;
because, at the initial times, the bed in the downstream part of the flume is not affected by the
aggradation phenomenon. Based on this conceapty different scenarios to obtaimt and
evaluate the initial sediment transport capaciafthe channel are considered:

1. Fitting a line to the values ob 0 ~inthe time interval betweem Tand
0 0 (Zanchi 2018)

2. Fitting a line to the values ab 0 ~inthe time interval betwee® 0 and
0 0.
whered ando are the bounds of the time interval selected for the collector method ( 0 ).

By considering the two scenarios related to the upstreaofife and the two related to the time
interval, in total, there are four cases:

1. CUL1: Constant Upstream with the time interval between tando 0

no

CU2: Constant Upstream with the time interval betwéen 6 ando 0
3. IU1: Inclined Upstreamwith the time interval betweerd tando 0
4. 1U2: Inclined Upstream with the time interval betweén 0 andd 0

For all these cases, the initial sedimdrdnsport capacity of the channel is calculated using

equation3.12. Here, the graphs ab 0 ‘ 0 "Qaifd the results of calculation 6f
and0 for the experiment AE6 are presentaad Figures 3.9to 3.12 andsummarized
in Table 3.4
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Figure 39. The linear line fitted to the measured volume of sediment deposited in the dsgueriment AE6.
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Figure 310.The linear line fitted to the measured wohe of sediment deposited in the bed, experiment AE6.
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Figure 311.The linear line fitted to theneasured volume of sediment deposited in the bed, experiment AE6.
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Figue 312.The linear line fitted to the measured volume of sediment deposited in the bed, experiment AE6.
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Table 34. The initialsediment transport capacity of the channel obtained with different scenarioken t
monitoring method, derived from experiment AE6

Experiment ||I=v§§ii§§-D jv ||Fvﬁf? ojv |vaﬁ|=7 ojv ||Fvﬁl=? ojv ||Fvﬁl=? ojv

AEG6 2.28E04 1.73E04 1.54E04 1.67E04 1.42E04

It is worth mentioning that this method is so sensitive to small errors in bed detection. A
sensitivity analysis can help to understand the susceptibility of the method to small errors. For
this analysis,le error related to the volume changate is needed. This error can be calculated
with equation3.14.

6 6 - p N
T 00 3.14
where 0 is the bed lengthg is the channel width; is the error related to the bed surface
detection, and- ; is the error related to the volume change rate.

For the studied channel( t&uw ,6 T@&a,andry 1@ Y, by considering the equal to
p 1t & (less than ondhird of the sediment prticle size) irp Teeconds, the error related to
the volume change rate would be equal to:
&L T p T p ™M@ L ..,
T o T px pm a i
Such an error fof2 'Q pcan cause about @ relative error with respect to the average values
of 0 reported for the AE6 ifable 3.4which is a relatively high error.

Another urce of error for this method is the error related to the measurement of sediment
inflow discharge 0 ). For example, in the experiment AB67P error in the measurement of

0 (- ¢& Y p 1) can cause aboyb t relative error with respect to the average
values of0 reported inTable 3.4

3.2.5.Comparison of the estimations

The methods to estimate the initial sediment transport capacity of the channel, explained above,
were performed for all expriments, AEL AES8. The results are presentedriable 3.5andFigure
3.13
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Table 35. The initial sediment transport capacity of the channel obtained using different methods

- > 2 c S S = a
c 1~ S » x » > 5 » O » O » = » >
Q - S S— O G o, . o =
g O o ml >, a o) £ = £ £
= o) s'O s'o o O g O g0 s s 20
@ = a o C§ S 5 5 5 5
< =g = = S s s s =
ni 8 o o o I=) o o
2 & S 3 S S 3
AE1l 5 4.80 5.14 8.46 7.31 8.38 8.80 8.15 8.55
AE2 5 4.80 5.14 8.46 7.20 8.49 8.66 9.58 8.82
AE3 5 4.80 514 8.46 8.22 9.15 8.61 9.76 8.69
AE4 5 4.80 5.14 8.46 8.20 8.75 8.96 8.57 9.02
AE5 5 4.80 514 8.46 8.30 8.35 13.6 7.02 13.0
AEG6 7 6.92 7.31 13.1 11.9 17.3 154 16.7 14.2
AE7 7 6.92 7.31 13.1 11.8 13.6 13.6 13.5 13.6
AE8 7 6.92 7.31 13.1 11.7 13.7 15.1 11.9 13.8
3.0E-04
P.S
X & A
~ & ® =
WE N A \I2
~ W D 4 !
3 = a & = '
o4 || [ | o o
[ [ [ [ [
3.0E-05
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Qs0_MPM_Brownlie ® Qs0_MPM_Rijn H Qs0_Collector A Qs0_SC

A QsO0_Monitoring_CU1 x Qs0_Monitoring_CU2 1 Qs0_Monitoring_lU1 * Qs0_Monitoring_IU2

Figure 313. Comparison between the initial sedimietransport capacities obtained from the different methods
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From the above comparison, some points are identified:

1 As it was mentioned since in thibesis work the properties of the channé&r all
experimentsremained constant, the initial sediment maport capacity of the channel
should theoretically be a function of water discharge; as a result, It is expected to have
only two values foh , one for0 vl and another ford X &fi . This is while by
looking at the resultsa dispersion amag the values is identified. The reason refers to
the methods used to estimate and the related error sourcesrhich may be due to the
presence of upertainty in the methods. For instance, as it was explained in the
monitoring method, due to the asting uncertainties, four scenarios are considered to
estimate the upstream profile and the time at which the bed is not changed dramatically;
clearly, theg scenarios may not be coincident with the reality, resulting in errors in the
estimation of the iitial sediment transport capacity. Also, it was observed that a small
error in bed detection culd lead to a significant error in the final estimationtf . For
the collector method, the other sources of error could be imagined; as it was disgussed
one likely error is due to the presence of turbulent flow at the upper part of the collector,
which causes sediment not to be settled in the bottom partlaaanot be measured in
this method. The other disadvantage of this method refers to the fact that it is & user
dependent method which itself can result in errors in the estimation of

1 TheMeyer-Peter and Miller formula, applying both the Brovenhppraach and Van Rijn
approach, underestimates the sediment transport capacity of the channel and should be
calibrated. The calibration process will be explainediapter 54.

1 The method of SC experiment is a specific mettiad is not performed separately for
each experimentrather it is carried out in two specific conditions with v &fi and
O X Ofi . Therefore, the outcome of this method is two values for two different water
discharges. This method can be considered a&srtiost reliable method because the
sources of the errors, existing in the other methods, decrease imibibod as much as
possible. Also, by using this method during the experiment and before performing the
data analysis, a range of initial sediment tsgiort capacity can be obtained.

1 As it was expected, in all methods, increasing the water discharge hakecesn an
increase in the initial sediment transport capacity of the channel.

1 Despite the presence of dispersion among the value$ of lookingcarefully at the
results, it is recognized that there is a satisfactory consistency between the SC,
monitoring_CU1, and collector methodsigure 3.1%
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Figure 314. Comparison between the results of $@nitoring_CU1, and collector methods

It is observed that the only anomaly refers to the estimationdof using the monitoring_CU1
method and derived from experiment AE6. However, the final value for the initial sediment
transport capacity of the chanha this study is obtainelly averaging the results of these three
methods. InTables 3.@nd 3.7, the final results related to the experiments with v &fi and

O X O are shown.

Table 36. The finalvalue of0  for the experiments witth v &fi . The results of the SC,
monitoring_CU1, and collector methods are averaged.

Experiments Q Wy QoOjV
AE1c AES 5 8.31E05

Table 37.The final value 0b for the experiments with 0 x &fi . The results of the SC,
monitoring_CU1, and collector methods are averaged.

Experiments Q wWv QoO vV
AE6¢C AE8 7 1.33E04

However, depending on the bed definition, the estimated valuesdfor may also change.
Comparingd KS RSTAYSR O0SR Ay (GKAA @62N] o¢AliKis GKS
observed that the previous definition of the bed results in a higher bévatdion and
consequently, a lower water depth (semapter 2.2.2.3 This can affect the results of the
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different methods which are used to estimale . For instance, in the monitoring method, using
the previous approach fdbed detection may result in a different value for deposition rateirg
equation3.12) and consequently, a different estimation for . In SCxperiments, considering
a higher bedfinally would result in a loweb  with respect to the one obtained in this work. It
is worth mentioning that the bed definition does not affect the collector method.

3.3. Incipient motion, estimation of the criticalvater discharge

In chapter 1.5it was discussed that the threshold of the sediment motionld be evaluated by
balancing the destabilizing force and the stabilizing resistance. In this regard, the parameter of
the critical Shikls number,t* (dimensionless critidashear stress), was introduced as the
indicator of the incipient motion of the sediment. tinapter 3.2.1in order to obtaint*, two
approaches were usedhe Brownlie (1981) formula andan Rijn (1984) formula; using these
approaches, the value df was obtained as follows:

61 €0 gaQaEtt Yo

OOY QPN mErT om
The motion of the sediment would happentif 1°, wheret’ is thedimensionless shear stres
and can be computed using the equatibi5 (explained irchapter 3.2.).

Instead of expressing the incipient motion condition in terms of the shear stress, it is more
perceptible b represent it in terms of water discharge so thabif 0 the motion of the
sediment would occurd is called the critical water discharge,reesponded to the incipient
motion condition. By having” and knowing the following relationship, the critical water
discharge can be estimated fdlows:

g XY 3.15
i pQ
where:
'Y = thecritical hydraulic radius
“Y = the slope of the channglvhich is equal ta@t p i this work
‘Q=the diameter of the sediment material
i " 7 ,therelative sednent density

Using the above formula, the critical hydraulic radius is calcujated finally by applying the
Gaudkler-Strickler formula (equatiof.16), the value of critical water discharge can be estimated.

0 y 6 Y Y 3.16
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As it was mentioned before¢ Trpifd ! A& GKS alyyiay3dQa O02S8FF¥

experimentally byJnigarro Villota2017)

In Table 3.8the results ofthe estimation of0 corresponding toBrownlie andVan Rij’s
approaches are presented.

Table 38. Estimation of the critical water discharge using Brownlie (1981) and Van Rijn (1984) farmulae

Approach i 4. a0 [Fu WY
Brownlie 0.0486 6.82E03 0.563
Van Rijn 0.043 6.03E03 0.456

As it is observed, the estimatad is very small and arounm® &fi . With this small value for
water discharge, the submergence ratio (water depth/sediment diameter) would also be small
so that using the Gauter-Strickler formula (equatior3.16), it is finally obtained equal tp&
for0 1@ @@ andpd ufor 0 18 v . Knowing that the value of the submergence
ratio is small, one may question the validity of th@oae calculation because this calculation is
valid when dealing with eegime that has a relatively high submergence ratio (larger gign
Indeed, the Shields diagram has been providasuming that the water depth is at leasttimes
larger than thesize of the sediment. In the cases at which the submergence rati® nioesatisfy
the assumption of the Shields work, different values may be obtainedhicritical Shields
parameter compared to the values proposed by the Shields diagram. For insfemmeanini and
Scotton propose the following equation in order to miydihe critical Shields parameter when
the submergence ratio is low.

: s Q
¥ 1 p T@XE 3.17

where:
t* = modified critical Shields parameter

t* = critical Shieldparameter obtained from the Shields diagram (equat®o T yapd T8t T i
this work using the Brownlie and the Van Rijn approaches, respectively)

0 0

Q i 60aQl NDDER

By sibstituting the values of the submgence ratio in equatiofi.17, the modified critical Shields
parameters are computed; having this parameter, the new values f@an be calculated using
equatiors 3.15and3.16(Table 3.9.
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Table 39. Estimation of the modified critical Shields parameter using Armanini and Scotton formula.

Approach W ) Vi VIOV b WY
Brownlie 0.0486 1.88 0.0723 1.49 1.117
Van Rijn 0.0430 1.65 0.0654 1.52 0.938

From the above table, it is understood that having a low submergence ratio has caused the critical
Shields parameter to increase abq@® times, compared to the ones obtained from the Shields
diagram. The rasonfor this increase in the critical Shields parameter against the submergence
ratio is that the velocity of the flow close to the bed becomes less than the value obtained from
the logarithmic profile(Armanini ad Gregoretti 2005)Indeed, when the submergence ratio is

not low, the assumption of the logarithmic velocity distribution across the entire flow depth can
be used consequently, the hydrodynamic forces (drag and lift forces) can be expressed in terms
of the square of the velocityArmanini and Gregoretti 20050n the other hand, when the
submegence ratio is low, the velocity profile would tend to become more uniform in the area
close to he bed rather than follow a logarithmic lafMakagawa, Tsujimoto, and Shimizu 1991)
Als, it has been observed that in such a condition, the velocity values close to the bed is less
than the one corresponding to the logarithmic profile; as a result, representing the hydrodynamic
forces in terms of the square of the velocity cannot be congides an appropriate assumption

in the regime with a small submergence ratirmanini and Gregoretti 2005%ince in th&hields

work, the velocity profile is assumed to have a logarithmic distribution, using it for a condition
with a small submergence ratio, may not guarantke torrect calculation of the critical water
discharge.

In order to control the result of the #oretical calculation, performing a preliminary campaign is
needed to obtain the value af experimentally, like the one carried out Banchi(2018)and
Zucchi(2018)in subcriti@al condition. They performed an experimental campaign similar to the
one used for the aggradation experiments. The only difference was three metallic plates with the
dimensions ofy& T& ® dwhich were located ap® W, o& W, and T® W along the
channel Figure 3.1p These plates were uséo measure the sediment transport rate during an
incipient motion experiment. The experiments were started with a low water discharge so that
no sediment passed through the metalliates then, the flow rateis increased progressively
until the conditionof incipient motion for which a relatively intense transport of the sediment
occurred so that a number of sediments passed through the plates. By counting the grains that
passed throgh the plates in a given time period, the sediment transport r@te) for each
experiment was measured using the following formula:

£ ()

N 3.18
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where:
€ = the number of tains passing through the plates during the experiment
W = the volume of a single grawhich in this work is equal © & a &

“Y =the duration of the experiment
® = the width of the platey@ ® 9

Figure 315. Positions of the three metallic plates along the channel (Zucchi 2018)

Havingry for different experiments with different water discharges, in order to estimate the
critical water discharge, Zucchi (2018) and Zanchi (2018) applied a criteriorstaeyggRadice
and Ballio(2008) where the incipient motion condition corresponds to uv® p 1 and
computed using the following formula:
_n___
o pQ 319
Finally, the critical water discharge for each slope was chosathidynng the experimental results

and data obtained fsm the previous experimental campaignstire Politecnico di Milano. In
Table310x G KS FAYyLFf NBadzZ Ga 27F OvaeGiold Qad 62N] T2 N
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Table 310. The critical water discharge obtainexkperimentally by Zucchi (2018)
R | 8p | 8p
FL WY ‘ 4.55 4.00 1.66

As it is observeffom the results, increasing the slope of the channel has resulted in the decrease
in the critical water discharge corresponding to the incipient motion condition.

However, since the aggradation experiments in the presented work are performed in
supercrifcal conditions with a slope @& b hthe establishment of a campaign similar to the
previous one neesito adjust the slope of the channel & P . If the trendof Table 310and the
results of the theoretical calculation is cgidered, it is expected that for a slopeg P , a very
small value to be obtained fdhe critical water discharge. Therefore, by considering the results
of the preliminary calculationsT@ble 3.3, the incipient motion experiments should be started
with a water discharge, less tha® dfi . Heydari (2020) trietb perform the incipient motion
experiment for a slope @@ b, but it was impossible due to two reasons:

1. The flowmeter used in the lalvatory cannotmeasure water dischargdéower thanp ¢ i
(Figure 3.1%

Figure 316.Flowmeter is not able taoneasurevery low water discharge and shows zero value
(Heydari 2020Q)

2. Also, it was observed that despite a vésw water discharge, an erosion phenomenon at
the lateral sides of the channel was happening so that the sedimentjestivere passing
close to the lateral sides rather than through the located pl&tefre 3.1, resulting in
the performance of an incipient motion experiment with such a low water discharge is
almost infeasible.
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Figure 317.The erosion phenomenon at the lateral sides of the channel during a trial incipient motion
experiment with a low water dischargeléydari 202Q)

The other trial to estimate the critical water discharge is to use the experimental data coming
from the previaus campaigns performed the Politecnico di MilanoKigure 3.1%

1.E+00

1.E-02

1.E-04

1.E-06

1.E-08
0.5 1.0 15 2.0

QIQ.
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A Ballio et al. (2009), 1.9 mm sand @ Campagnol et al. (2013), 3 mm PBT
O Radice and Davari (2014), 0.9 mm sand ¢ Radice and Lauva (2017), 3 mm PBT
0O Zanchi and Zucchi (2018), 3.8 mm PVC + threshold

Figure 318. Experimental resultfrom previous studies, performed the Politecnico di Milano

These results have been obtained by performing different exxpentsin different situations like
different geometry of the channel, different roughnessid different sediment material.

In order to exploit these results to estimate, the initial sediment transport capacity of the
channel obtained in the préaus part is used. In this regard, first, the dimensionless sediment
transport capacity of theehannel per unit width( ) should be computed using the following
formula:

5l pQ 520
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Substitutingd T@®d&,i p& 1,8 T8 T cagand the values ob , presented inTables
3.6and 3.7, in the above equation, the values ofare computed {able 3.1).

Table 311. The dmensionless sedimentansport capacity of the channel per unit width

Experiments Q wWv QoO jV ry
AE1¢ AES 5 8.31E05 5.68E01
AE6GC AE8 7 1.33E04 9.09E01

Now, having the values of, it is enough to put them in the graph obtained from the previous
campagns Figure 3.1pand align them with the previous data to estimate the valué @ . In

this regard, one main problem is that the previous experiments have been performed near the
threshold condition of the sediment motiaf® 70 p), where the values of is smallnd close

to the criterionsuggested by Radice and Ballio (2008) (v& p 1 ). This is while the values

of , estimated from the initial sediment transport capacity of the chanrelb{e 3.1}, are
significantly higher than théhreshold criterion so that they are notably far from the previous
experimental results. In order to solve this problem and estintateorresponding to this work,

an extrapolation operation from thprevious data can be done. In this regasdme triak were
carried out. Here, the scenarios corresponding to each trial and the obtained results are
presented:

§ Trial 1: since the values of, obtained from0 are significantly far from the threstd
condition, in this trialthe experimental data smaltéhan the threshold criteriond(70

p and LV® p T are neglectedand a polynomial of order two is selected the
extrapolation function. InFigure 3.1%nd Table 3.12the results of this scenario are
shown.

1.E+00 A i

1.E-02 ‘

L 1.E-04 + threshold
¢ Previous results

: A  Present work (Q=5l/s

1.E-06 A Present work (Q=7I/s

- - - - Polynomial of order 2

F =0.011Q/Q.)?-0.0112Q/Q,)
1.E-08
0.5 25 4.5 6.5 8.5 10.5

QIQ,

Figure 319. Extrapolation from previous data to estimabe, using a polynomial of orde (trial p).
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Table 312. The critical water dischargeobtainedfrom an extramlation operation (triap).

Experiments 3 |7 [Fa Q W'y NN 1 4
AE1g AES5 5.68E01 7.712 5 0.648
AE6¢q AE8 9.09E01 9.613 7 0.728

9 Trial 2: this trial is similar tthe previous one. The only difference is the orderttud
polynomial so tlat a polynomial of order three is used for extrapolatibmFigure 3.20
andTable 3.13the results of this scenario are shown.

1.E+00 Y =
1.E-02
8
L 1.E-04 + threshold
¢ Previous results
A Present work (Q=5l/s
1.E-06 A Present work (Q=7l/s
ffffffff Polynomial of order 3
F =0.0141Q/Q)3-0.0215Q/Q.)? +0.0073Q/Q)
1.E-08
0.5 25 4.5 6.5 8.5 10.5

Q/Q.

Figure 320. Extrapolation from previous data to estimabe, usinga polynomial of ordeo (trial ¢).

Table 313. The critical water dischargeobtained from an extrapolation operation (tria).

Experiments 3 |7 [Fa Q W'y NN 1 4
AE1q AES 5.68E01 3.961 5 1.262
AE6¢q AE8 9.09E01 4.539 7 1.542

Here, dl values estimated for the critical water discharge with different methods are shown in
Table 3.14

Table 314. All values related to the critical water discharge, estimated by different methods

Qe (wl'y

Experiments Q @'V Modified Modified

Theory Theory o o . .
(Brownlie)  (Van Rin) (Armanink  (Armanini  trial 1 trial 2
) Brownlie) Van Rijn)

AE1g AES 5 0.648 1.262
0.563 0.456 1.117 0.938
AE6¢ AES 7 0.728 1.542
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Looking at the table, it is realized that applyingfelient approaches does not result in a unique
value for the critical water discharge, and it varies betwa@nu @i andp@® 1 @fi. Obviously,

this range fol0 is considered as a significant @mtainty; in this workthe average of the above
values would be considered as the critical water discharge, which is equsgd 101 . It is worth
restatng that this value is an uncertain value for the critical water discharge in this work.
However,the discussion presented in this padh@pter 3.3 provides some views of the issue
and can be helpful for future works.
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RESULTS OF AGGRADATION EXPERIMENTS

4.1. Aggradation experimentsparameters

For the purposes of this thesis, eight aggradation experimargperformed with the name of
AE1 to AES8. The characteristics of the channel (slope, length, and width) anddiheese
material characteristics remain constant in all the experntseThe only parameters changed for
each experiment are water discharge) @and sediment inflow dischargeé ( ). A water discharge
is set, then for each water discharge, differeekperimentsare performed with different
sediment inflow discharged.he water discharges equal tdfi andx dfi are chosen for the
experiments AE1 to AE5, and the experiments AE6 to AES8, respectively. In order to have
aggradation, the sediment irflv dischargesire chosen in a way that the loading ratio be more
thanone (i p). The value 0b  dependson the chosen vibration leveandit is obtained
from the PIV process and transfer function (explainedhapte 2.2.1). The Initial sediment
transport capaci of the channe{0 ) for different water dischargewere estimated inchapter
3.2

It should be mentioned that the first three experiments (AE1 to AE3) were performed in the
previous thesis (Heydari 20). As it was concluded by Heydari, some of the previous methods
for data extraction from the moviesre not reliable for supercriticabperiments, so these three
experiments are reanalyzed with the updated methods in this gtddhis is why these three
experiments are also included in the current thesis. The parameters and details of the
aggradation experiments are listedTmble 4.1

Table 4.1The parameters of experiments AEXIES

T & Q Q  Q/Qc ho Fr Qsin Qso 4 »
(W P) Wy My () GD O ojv ojv ()
AEL 490 12 5 0907 551 278 114 14204 831E05 17

Experiment

AE2 560 1.2 5 0907 551 278 114 1.01504 8.31E05 1.21

AE3 380 1.2 5 0907 551 278 114 8.67E05 8.31E05 1.04

AE4 350 1.2 5 0907 551 278 114 8.70E05 8.31E05 1.05

AE5 340 1.2 5 0907 551 278 114 24304 8.31E05 2.92

AEG 259 12 7 0907 771 346 116 230504 13304 1.73

AE7 364 1.2 7 0907 7.71 346 116 14304 133%&04 1.075

AES8 233 12 7 0907 7.71 346 116 25504 13304 1.92
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Where"Yis the duration of the experimentY A & G KS OK I0ysyh8 fvaied disehargel JS =
0 is the critical water dischargé& is the normal depthOiis the Froude number) is the
sediment inflow discharge) is the intial sediment transport capacityf the channel andd i

is the loadingatio © jO ).

As it was mentioned imhapter 3.3 the value of critical water dischargeé ( is estimated by
averaging the values ohbiteed from the theoretical calculations and the ones obtained from
applying the extrapolation ggrationson the previous experimental data. The reported value for
the 0 is not reliable due to the high uncertainties

It should be mentioned that in orddo calculate the Froude number, it is assumed that the flow
in the channel is uniform and the wesponding water depth’Q, is computed applying the
GaucklerStrickler formula:

6 Y Y 4.1

where:

0 O 'Qistheflowarea

¢ mpula! A& GKS al yyA ghhbed expaid®entally Oy Bigaira Villota
(2017)

Y the hydraulic radius

“Y the slope of the channel, which is equalm@rt p iq this work

HavingQ, the Froude numbeis calculated as follows

0
Ol —
6 Q Q1 4.2

4.2. Experimentalresults

4.2.1.Spatial and temporal evolution of the bed and water

The spatial evolution profiles show the bed and water surface elevation along the channel in a
specific time instant, wite the temporal evolution profiles indicate the position of the bed and
water surface during the experiment in a specific section efdhannel. The profiles are obtained
with the data acquisition methods (explained éghapter2.2.2.2 and 2.2.3.29 with a temporal
resolution ofp second. Here, as an example, the bed and water psobifethe experiments AE5S
with0 v Ofi and AE7 withh X Ofi are presentedKigures 4.10 4.4).
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Figure 4.1Spatial evolution of bed and water at the selected times for experiment AE5 with overloading ratio

equal toq&v and water discharge equal to dfi .
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Figure 4.2Temporal evolution of bed and water at the selectmttionsfor experiment AE5 with @rloading ratio
equal tog&v and water discharge equal todfi .
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