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Abstract

Sediment transport and flow conditionsin steep riverswith large

immobile boulders

Recent flood events in Switzerland and across Europe pointed out several deficiencies in
hazard assessment, planning, and prediction methods for flood risk mitigation. A good
understanding of the dynamics of mountain rivers, grounded on a sound physical-based
theoretical framework, is primordial both from an environmental and a safety point of
view. Although mountain rivers control sediment supply to lowland rivers, relatively few
studies have been carried out on steep mountain channels, mainly during the last two
decades. While these studies provide a multitude of sediment transport equations, generally
with similar forms, most of them does not take into account the extreme conditions
characterizing apine torrents. For these latter, the presence of macro-roughness elements,
such as large relatively immobile boulders, disrupts the flow and alters channel roughness.
Moreover, bedload fluctuations have been observed over time in steep rivers and flumes
with wide grain size distributions, even under constant sediment feeding and water

discharge.

This research project investigates the impact of randomly distributed boulders (cascade
morphology) on the sediment transport capacity and bedload fluctuations in steep channels.
This is done by means of 41 |aboratory experiments, carried out on a tilting flume at the
Laboratory of Hydraulic Constructions (LCH) at Ecole Polytechnique Fédérale de
Lausanne (EPFL). The influence of several boulder sizes and distance between roughness
elements is investigated for three flume slopes (S=6.7%, 9.9% and 13%). Sediment
transport, bulk mean flow velocities and variables describing the morphology were

assessed regularly during the experiments.

Firstly, the detailed analysis of a 13 hours laboratory experiment is presented. Periodical
bedload pulses are clearly visible on this long duration experiment, along with correlated
flow velocity and bed morphology fluctuations. The relation among bulk velocity,
morphology variables time evolution and bedload transport is investigated by correlation
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analysis, showing that fluctuations are strongly linked. Visua observations indicate that
the detected periodical fluctuations correspond to different bed states. Furthermore, the
grain size distribution through the channel, varying in time and space, clearly influences

these bedload pul ses.

For all the experiments, bedload pulses were then characterized by their amplitude and
period. It is shown that for higher stream power the fluctuations decrease, both in duration
of acycle and in amplitude. The presence of boulders increases the stream power needed to

transport a given amount of sediments, thus decreasing the fluctuations.

The impact of increasing channel slopes on sediment transport is well known. The present
research shows that it is also indispensable to take into account the presence of bouldersin
the estimation of the sediment transport capacity, since it is strongly decreasing with
dimensionless boulder distance. Sediment transport capacity is better estimated when
taking the liquid discharge as basis parameter instead of bed shear stress. The critical
discharge for incipient motion is shown to be dependent not only on the channel slope but
also on the dimensionless distance between boulders. A sediment transport formula based

on excess discharge and taking into the presence of bouldersis herein devel oped.

Keywords : steep rivers, flume experiments, boulders, macro-roughness elements, wide
grain size distribution, bedload fluctuations, fluctuations amplitude and period, sediment

transport formulae.
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Transport solide et conditions d’ écoulement dansdesrivieresde

montagne avec des gr os blocsimmobiles

L es récentes inondations survenues en Suisse et a travers |’ Europe ont souligné I’ existence
de plusieurs lacunes dans I'estimation du risque, la planification ainsi que dans les
méthodes de prévision utilisées dans I’ atténuation des risques liés aux crues. Une bonne
compréhension de la dynamique des rivieres de montagne est primordiale du point de vue
environnemental et sécuritaire. Bien que les rivieres de montagne contrdlent I’ apport de
sédiments aux rivieres de plaine, peu d’ éudes ont été menées dans ce domaine, notamment
pendant les dernieres décennies. Ces études ont fourni plusieurs d’ équations de transport
solide, mais dans la plupart des cas les conditions extrémes caractérisant les rivieres de
montagne ne sont pas prises en compte. La présence d’ éléments de macro-rugosite, tels
gue les gros blocs relativement immobiles, perturbe I’ écoulement et altére la rugosité du
canal. De surcroit, des fluctuations de charriage dans le temps ont été observées dans les
rivieres et canaux aforte pentes avec granulomeétrie éendue, méme lors d' une alimentation
liquide et solide constante. Ces fluctuations sont périodiques et sont une consequence du tri

granulométrique.

Dans ce contexte, ce projet de recherche étudie |I'impact de blocs aléatoirement distribués
(morphologie en cascade, cascade morphology) sur la capacité de transport et les
fluctuations de charriage dans des canaux a forte pente. Ceci est fait a travers une série de
41 essais en laboratoire, effectués dans un canal a pente variable au Laboratoire de
Constructions Hydrauliques (LCH) a |’ Ecole Polytechnique Fédérale de Lausanne (EPFL).
L’influence de plusieurs diametres de blocs et de la distance entre ces derniers est
examineée sur trois pentes (S=6.7%, 9.9% et 13%). Le transport solide, la vitesse moyenne
de I’ écoulement et les variables décrivant la morphologie ont été mesurés régulierement

pendant les essais.

Dans une premiére étape, une analyse détaillée d’' un essai de 13 heures est présentée. Des

oscillations périodiques de charriage sont clairement visibles tout au long de I’ essai. Des
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fluctuations de la vitesse de I’ écoulement ainsi que de la morphologie du lit sont également
observées. Le lien entre I’ évolution temporelle de la vitesse d’ écoulement, des variables
morphologiques et du charriage est étudié par analyse corrélationnelle. Il est démontré que
ces fluctuations sont étroitement liées entre elles. Les observations visuelles montrent que
ces fluctuations périodiques de charriage correspondent a différents éats de lit. La
granulométrie de surface dans le canal, qui varie dans le temps et dans I’ espace, influence

clairement les fluctuations de charriage.

Pour tous les essais, les fluctuations de charriage ont été caractérisées par leur amplitude et
leur période. Il est démontré que pour des grandes puissances d’'écoulement (stream
power) les fluctuations diminuent tant en durée qu’en amplitude. La présence de blocs
augmente la puissance d’ écoulement nécessaire pour le transport d’ une certaine quantité de

sédiments, en diminuant donc les fluctuations.

L’ effet de |I’augmentation de la pente du canal est bien connu. Avec le présent travail de
recherche il est démontré qu'il est également indispensable de prendre en compte la
présence des blocs, puisque la capacité de transport solide diminue fortement avec la
distance adimensionnelle entre les blocs. La capacité de charriage est mieux estimée en
termes de débit qu’ en termes de tension de cisaillement sur lelit du canal. I est montré que
le débit critique de mise en mouvement ne dépend pas uniquement de la pente du canal,
mais également de la distance adimensionnelle entre les blocs. Une formule de charriage
basée sur I'excés de débit et considérant la présence des blocs est développée dans la
présente étude.

Mots-clés : rivieres a forte pente, essais en canal, blocs, macro-rugosités, granulométrie
étendue, fluctuations de charriage, amplitude et période des fluctuations, formules de

transport solide.
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Trasporto solido e condizioni di flusso nei fiumi di montagna in presenza

di gross blocchi immaobili

Le recenti inondazioni avvenute in Svizzera e nel resto d'Europa hanno sottolineato le
mancanze nei metodi utilizzati per la valutazione del rischio e per la pianificazione, cosi
come quelle nel sistemi impiegati per |'attenuazione del pericoli associati ai fenomeni di
piena. A tale proposito, & quindi fondamental e conoscere e comprendere il comportamento
dinamico dei fiumi di montagna, sia per cio che riguarda I'aspetto ambientale sia in
riferimento alla sicurezza. Nonostante I'inequivocabile funzione di controllo che gli alvel a
forte pendenza esercitano sull'apporto di sedimenti verso valle, solamente negli ultimi
decenni € aumentato l'interesse nell'approfondire tale tematica. Gli studi finora condotti
hanno fornito una moltitudine di formule sul trasporto solido, spesso aventi espressioni simili
tra di loro, ma nella maggior parte del cas carenti nel considerare le condizioni estreme
caratteristiche dei torrenti. Non s € infatti tenuto conto della presenza di macro-scabrezze,
quali ad esempio i grandi mass relativamente immobili, che perturbano il flusso e alterano la
rugosita dell'aveo. Inoltre nel fiumi e nel canali a forte pendenza sono state osservate delle
fluttuazioni nel trasporto solido, in presenza di una granulometria estesa e con aimentazione
solida e liquida costanti, che possono essere considerate periodiche e conseguenti
all'assortimento granulometrico.

E in questo contesto che il presente progetto di ricerca mira a studiare |’ effetto che hanno i
grandi massi disposti in maniera aleatoria (cascade morphology) lungo l'alveo sulla
capacita di trasporto solido e sulle fluttuazioni ad associate. Per raggiungere tale
proposito, presso il Laboratorio di Costruzioni Idrauliche (LCH) dell’ Ecole Polytechnique
Fédérale de Lausanne (EPFL), hanno preso luogo 41 test. La distanza frai mass e la
dimensione di quest'ultimi sono i parametri discriminanti oggetto di studio: s sono
ricercate eventuali correlazioni fra le variabili, considerando anche il contributo della

pendenza (test applicati atre diverse pendenze).
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Nel corso delle esperienze di laboratorio, il trasporto solido, la velocita media e le
caratteristiche morfologiche del canale sono state misurate ad intervalli di tempo regolari.
Nella prima parte di questo studio € presentata I'analisi dettagliata di un test di 13 ore, il
quale ha fornito un'ulteriore dimostrazione riguardo la presenza periodica di fluttuazioni
nel trasporto solido (estese atuttala durata). Altresi nel corso del medesimo test sono state
osservate oscillazioni concomitanti con cambiamenti nel profilo di velocita e nella
morfologia d'alveo. Attraverso un'analisi correlazionale € stato possibile validare tale
legame temporale esistente fra le variabili sopra citate. Dall'andlisi visiva € stato inoltre
possibile associare a differenti stati dell'alveo, definiti dalla granulometria superficiale, il

comparire di tali fluttuazioni periodiche associate a trasporto solido.

In tutti i test analizzati, a tale comportamento oscillatorio sono state correlate una
determinata ampiezza ed un periodo; ed e rispetto a tali grandezze caratteristiche che si €
potuta registrare una diminuzione all'aumentare della potenza di flusso (stream power). La
presenza dei blocchi impone una potenza di flusso maggiore a fine trasportare una data
quantitadi sedimenti, contribuendo quindi a diminuire |'entita delle fluttuazioni.

Altro parametro caratterizzante la morfologia e la dinamica nell'alveo € la pendenza, la cui
crescita ha un effetto gia ben conosciuto sul trasporto solido. Nel presente studio pero é
dimostrato che e uguamente indispensabile considerare allo stesso tempo anche la
presenza delle macro-scabrezze. Oltre ad aver verificato la diminuzione della capacita di
trasporto solido con la distanza adimensionale fra i blocchi, rispetto a quest'ultima si e
dimostrata dipendente anche la portata critica di incipiente movimento. Infine, trale ultime
deduzioni tratte dalle esperienze svolte, la capacita di trasporto solido e stimata in modo
migliore in termini di portata piuttosto che in quelli di sforzo tangenziae. Il presente
progetto di ricerca fornisce dunque una formula di trasporto solido tenente in

considerazione anche |a presenza delle macro-scabrezze.

Parole chiave: fiumi a forte pendenza, esperimenti in canale, blocchi, macro-scabrezze,

granulometria estesa, fluttuazioni di trasporto solido, ampiezza e periodo delle fluttuazioni,

formule di trasporto solido.
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Chapter 1

| ntroduction

This chapter introduces the topic of this research project, gives its objectives, and presents

the structure of the dissertation.



Chapter 1

1.1 Foreword

Recent flood events in Switzerland and across Europe pointed out
several deficiencies in hazard assessment, planning, and prediction
methods used for flood risk mitigation. A good understanding of
the dynamic of these reaches, grounded on a sound physical-based
theoretical framework, is primordial both from an environmental
and a safety point of view. Intense sediment transport, coupled with
erosion and deposition patterns along the streams, increase the
hazard in mountainous regions (Badoux et al. 2013). Among all the 7
investigations required to understand the alpine watersheds, thereis | 28
a particular need to improve the knowledge on the physics of
sediment transport in steep mountain streams to better predict it.
These predictions are essential to assess the hazard related to flows 4
heavily charged with sediments and more specifically to route
sediments through river networks, model river incision into
bedrock, restore river functionality and habitat, and mitigate debris
flows initiated from channel-beds (Lamb et al. 2008).

Although mountain rivers (Figure 1.1 and Figure 1.2) control
sediment supply to lowland rivers, relatively few studies have been o s river  with
carried out on steep mountain channels, mainly during the last two boulders.

decades. While these studies provided a multitude of sediment transport equations,
generally with similar forms (Fernandez Luque and van Beek 1976; Smart and Jaggi 1983;
Rickenmann 1991a; Recking et al. 2008a), most of them did not take into account the
extreme conditions characterizing alpine torrents. It is known that the wide grain size
distribution typical of these streams induces bedload pulses (Iseya and Ikeda 1987; Frey et
al. 2003) and that the presence of large roughness elements has an impact both on flow
conditions and sediment transport capacity (Canovaro et al. 2007; Yager et al. 2007; Yager
et al. 2012a; Yager et al. 2012Db).



Introduction

In this context, this research project investigates
the impact of randomly distributed boulders on
the sediment transport capacity and bedload
fluctuations in steep channels. This is done by
means of laboratory experiments, carried out at
the Laboratory of Hydraulic Constructions
(LCH) a Ecole Polytechnique Fédérale de
Lausanne (EPFL).

Further, this chapter contextualizes the research

S ——
Figure 1.2: Example of mountain river wit
describes the structure of the dissertation. boulders.

project, formulates the main objectives and

1.2 Context

The 2000 and 2005 flood events in Switzerland and across Europe evidenced the needs for
advanced process understanding and prediction of hydrological extremes and complex
hazards. The rainfall space-time distribution is often not properly accounted for and its
relation to the onset, magnitude and intensity of the triggered hazards is poorly understood.
Strong coupling, interaction and feedback mechanisms among the chain of processes that
lead a raindrop from the atmosphere to the floodplain are yet to be fully described.
Accounting for space and time variability of the physical processes at the appropriate scale
and representing the interactions among processes, becomes a key issue for accurate
predictions in simulation models. The study of this chain of processes is the goa of the
APUNCH (Advanced Process UNderstanding and prediction of hydrological extremes and
Complex Hazards) project, financed by the Swiss Competence Center for Environmental
Sustainability (CCES) of the Swiss Federal Institutes of Technology Doman (ETH
domain). The APUNCH project included five different modules for a total 13 subtasks
under the collaboration of 9 research groups of the ETH doman (Figure 1.3;
http://www.cces.ethz.ch/projects/hazri/apunch). The present research project is part of the
sediment transport task of the APUNCH project.
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\

Prediction

Figure 1.3: Topics of the APUNCH (Advanced Process UNderstanding and prediction of hydrological
extremes and Complex Hazards) project of the CCES of the ETH domain, where the present research is
highlighted in red.

Furthermore, this research project isjointly financed by the Swiss Federal Office of Energy
(SFOE). The godl is to analyze the impact of a small dam break in alpine watersheds. The
study is carried out in collaboration with the Environmental Hydraulic Laboratory (LHE)
of EPFL. The LHE team studies the wave propagation in the upper reach, just downstream
of the dam, and this research applies to the floods occurring downstream sections, with a
stationary discharge (Figure 1.4).

T2

&

A

Figure 1.4: Study reaches as defined in the SFOEN project.
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1.3 Objectives and methods

A large number of research projects concerning sediment transport were carried out in the
past century. However, sediment transport in mountain streams is poorly understood
compared to the knowledge existing on lowland rivers. In particular, the presence of large
relatively immobile boulders, often encountered in mountain streams and their effect on
sediment transport capacity has been studied only by Yager et al. (2007; 2012a), by means
of an artificia reproduction of a riverbed composed of regularly spaced spheres on a

mobile bed of uniform sand.

The present study aims at understanding the influence of macro-roughness el ements on the
sediment transport. The research was carried out by means of mobile bed laboratory
experiments on a flume at the Laboratory of Hydraulic Constructions (LCH) of the Ecole
Polytechnique Fédérale de Lausanne (EPFL). A riverbed was reproduced at a geometric
scale roughly of 1:15 to 1:30, representing typical apine rivers, composed of mobile
sediments and immobile large scale boulders. The slope was steep and at the upstream

section water and solid discharge were introduced continuously.

The influence of bouldersis studied as afunction of several relevant parameters:
1. Water and sediment discharges (several combinations)

2. Flume slope (three slopes)

3. Size of boulders (three sizes)

4. Spatia density of boulders, defined as the ratio of the average distance between these

and their diameter (four densities)

Continuous assessment of sediment transport leaving the channel and variables describing
the flow and the bed morphology, alows the investigation of the interaction and
mechanisms of feedback among these, namely in what concerns time-varying bedload and

average transport capacity.

The object of the present research may be synthesized in three main questions:
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1. Is there a link among bedload fluctuations observed in steep channels, flow velocity
and morphological parameters?

2. How do boulders influence bedload pulses observed in steep channels?

3. How do boulders influence the sediment transport capacity and the initiation of

motion?

1.4 Structureof thereport

The present document is divided into

9 chapters (Figure 1.5). Chapters 4,
Chap. 2

5, 6, and 7, which contain the main Literature review
novel theoretical developments of
the present research, are written in
the form of scientific publications.
Those chapters are thus self-
contained and are framed by this
Introduction (Chapter 1), the
Literature review (Chapter 2), the
Experimental methods (Chapter 3),
some Further observations on
morphology and sediment transport
(Chapter 8) and the Conclusions and

further developments (Chapter 9).

In this Introduction (Chapter 1),
details about the framework and
objectives of the research project are given. The second chapter (Chapter 2) consistsin a
Literature review of several relevant topics needed for the understanding of the observed
phenomena, such as the hydraulics of mountain rivers (2.2) and the bedload transport (2.3),
which are not covered in such detail in Chapters 5 to 8.
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The Experimental methods are presented in Chapter 3, where the experimental setup and
measurement details are given in section 3.1 and the test parameters and experimental
procedure described in section 3.2. Complementary, the details on the velocity
measurement system, developed during the present research project, are given
independently in Chapter 4: Bulk velocity measurements by video analysis of dye tracer in

a macro-rough channel.

Chapter 5 analyses in detail the Bedload fluctuations in a steep channel observed during
one long duration experiment. Fluctuations are analyzed by means of correlation functions
and phase analysis, characterizing the cycles of bedload and the link and feedback
mechanism between this and flow velocity and bed morphology. Visual observations show
that bed states are linked to different sediment transport stages. Several sediment transport
capacity formulae were applied to the time varying data and compared with measured
sediment transport fluctuations as well.

Chapter 6 investigates Period and amplitude of bedload pulses in a macro-rough channel
as a function of various measured variables by analyzing a total of 38 tests. A clear link
between fluctuation characteristics and the stream power is identified: when the latter
increases, the period and amplitude of pulses decrease. The link between bedload
fluctuations and morphology is also investigated.

In Chapter 7 the Sediment transport in steep channels with boulders is analyzed. The effect
of boulder configuration is shown and is taken into account to develop a sediment transport
formula It is clearly shown that the sediment transport capacity decreases with increasing

gpatial density of boulders.

In Chapter 8 Further observations on morphology and sediment transport, not investigated
in previous chapters, are given. In particular, this chapter presents a preliminary analysis of
the flow hydrograph experiments. Moreover, the influence of the variation of the discharge
is analyzed based on two experiments having all other parameters constants. Finaly,
complementary observations on the bedload pulses phenomena, grain size distributions,

and bed morphology are presented.
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Chapter 9 gives genera Conclusions and further developments, answering the gquestions
previously formulated in the objectives of this research, and giving an outlook on further

research.

The appendixes provide detailed information about the used boulder configuration
(Appendix A) and on each experiment carried out during this research (Appendix B).

In Chapters 4, 5, 6, and 7, the necessary theoretical and experimental framework is given,
since they have been submitted in the present form to peer reviewed journals. Therefore,
information about methods and laboratory measurements may be repeated along the
document. A cover page gives asummary of the contents of each chapter.

References are all given at the end of the manuscript. Tables and figures are numbered
incrementally in each chapter and contain the reference to the chapter (i.e. Table 1.9,

Figure 3.9). Equations are numbered continuously through the document.
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Literaturereview

This chapter offers an overview about the main characteristics of mountain rivers and
about the main previous developments on the mechanisms of sediment transport in these
torrents. First, mountain rivers are described (2.1). Then, hydraulic characterization of
these is given (2.2) and finaly, fundaments on sediment transport phenomena in steep

rivers are presented (2.3).
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2.1 Mountainrivers

Although mountain rivers control sediment supply to lowland rivers, only relatively few
studies have been carried out on steep mountain channels, and this mainly during the last
two decades. These rivers are typicaly characterized by a stepped longitudinal profile
(Chin and Wohl 2005; Comiti et al. 2009) and channel slopes larger than 4-5% (Comiti and
Mao 2012). The channel bed is composed of coarse mobile sediments, found generdly in
the pools or scouring holes downstream of steps, and by large relatively immobile boulders
(Rickenmann 2001; Papanicolaou et al. 2004; Yager et al. 2007), that can arrange is steps
spanning through the whole channel width (step-pool morphology) or in a more irregular

manner (cascade morphology) (Montgomery and Buffington 1997).

Steep reaches constitute an important part of the total channel length in mountainous
regions, since most sediments reaching the floodplains are mobilized on hillslopes and
transit trough high-gradient torrents. Thus, mountain rivers exert significant control on the
size, quantity and timing of sediment delivered to lower gradient regions of the watershed
(Yager et al. 2007). Bedload is the main form of sediment transport in these rivers, since
there the mean diameter of grainsis relatively large. In this kind of transport, particles are
never exclusively carried by the fluid, but dlide, roll, and move downstream by small
jumps (saltation) (Yalin 1977; Heyman et al. 2013).

Gravel bed and boulder bed streams (e.g. mountain rivers) are characterized by a wide
grain size distribution that is composed of finer, more mobile sediments and large,
relatively immobile grains or boulders (Jaggi 1995; Rickenmann 1997, 2001,
Papanicolaou et al. 2004; Yager et al. 2007). Due to the presence of coarse clasts, the
channel-boundary resistance is high (Wohl 2000; Wilcox et al. 2006). Sediment sources are
temporally and spatially variable (Jaggi 1995; Rickenmann 2001; Papanicolaou et al.
2004; Yager et al. 2007).

Montgomery and Buffington (1997) identified seven types of reaches in mountainous
regions: colluvial, bedrock, and five aluvial channel types. The latter are classified for
generaly decreasing channel slopes. cascade, step-pool, plane bed, pool riffle, and dune

ripple. Cascade and step-pool morphologies (cf. Table 2.1), which occur on the steepest
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alluvia channels, are resilient to changes and have high ratios of transport capacity to
sediment supply.

Table 2.1: Diagnostic features of step-pool and cascade morphologies (adapted from Montgomery and
Buffington (1997)).

Step-pool Cascade

Typical bed material Cobble-boulder Boulder

Bedform pattern Vertically oscillatory Random

Dominant roughness Bedforms (steps, pools), Grains, banks
elements grains, banks

Dominant sediment Fluvial, hillslope, debris Fluvial, hillslope, debris
sources flows flows

Sediment storage Bedforms Lee and stoss sides of
elements flow obstructions

Typica confinement Confined Confined

Typical pool spacing lto4 <1

(channel widths)

In cascade channels (Figure 2.1a and Figure 2.2a), much of the flow energy is dissipated
by tumbling and jet-and-wake interactions around and over individual large clasts
(Montgomery and Buffington 1997). These types of channels are characterized by
longitudinally and laterally disorganized bed materias, generally consisting of boulders
(diameter >250 mm, (D’ Agostino et al. 1994)) and cobbles (diameter ranging between 60
and 250 mm, (D’ Agostino et al. 1994)). Due to the large particle size, these bed materials
are immobile during low return period flows (Montgomery and Buffington 1997; Lenz et
al. 1999).

In step-pool channels (Figure 2.1b and Figure 2.2b), the large clasts are organized into
channel-spanning steps and are separated from pools spacing roughly one to four times the
channel width and containing finer material (Montgomery and Buffington 1997).

11



Chapter 2

Figure 2.1: Schematic planform illustration of alluvial channel morphologies at low flow: (A) Cascade
channel; (B) step-pool channel. From Montgomery and Buffington (1997).

Figure 2.2: Schematic longitudinal profiles of aluvia channel morphologies at low flow: (A) Cascade
channel; (B) step-pool channel. From Montgomery and Buffington (1997).

As mentioned by Wohl (2000) in her book Mountain rivers, “standard hydraulic equations
developed for low gradient sand-bed channels do not apply well to mountain channels
along which steep gradients and large grain and form roughness promote non-logarithmic
velocity profiles, localized critical and supercritical flow, and strongly three-dimensional
flow”. The resistance equations commonly used do not estimate accurately the flow
velocity and shear stress in torrents, mainly because of the presence of macro-roughness
elements such as boulders, large woody debris, and step-pool morphology. The bedload
transport equations, generally based on bed shear stress predictions, magnify this error
since they assume that sediment transport increases non-linearly with the excess shear
stress (Yager et al. 2012a).

The channel morphology has high spatial variability, but relatively low temporal variability
because only infrequent floods exceed channel-boundary resistance (Wohl 2000). It has
been shown that in coarse gravel bed torrents, the grain size distribution of the transported
bedload approaches that of the bed material only for high flow intensities (Lenz et al.
1999; Rickenmann 2001). Lenz et al. (1999) found that in the Rio Cordon, a steep Italian
torrent with an average bed slope of 15%, the transported mean grain size approaches that
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of the bed material only at about three times the critical discharge of beginning of motion.
Ferro (1999) pointed out that many Sicilian and Calabrian gravel-bed streams have a
bimodal bed particle size distribution, characterized by a fine and a coarse component. In
these torrents, the water depth is small compared to the roughness elements. Even during
floods, the flow depth can be in the same range as the roughness size (Bathurst 1978;
Wiberg and Smith 1991; Ferro 1999; Bezzola 2002; Canovaro et al. 2007).

For these reasons there is a need to differentiate between highly and rarely mobile grains
when analyzing the sediment transport in mountain streams. Many studies investigating the
influence of macro-roughness elements, such as boulders (isolated or arranged in steps)
and large woody debris, on flow conditions (without sediment supply) have been carried
out (Bathurst 1978; Ferro 1999; Wilcox et al. 2006; Canovaro et al. 2007), but, to the
author knowledge, only a single research work analyses the influence of immobile
boulders on bedload in steep flumes (Yager 2006; Yager et al. 2007). However, in the latter
study, sphere size (representing immobile boulders), bed slope and water discharge were
kept constant, thus the influence and the sensibility to other numerous parameters still need
to be assessed.

2.2 Hydraulics of mountain rivers

2.2.1 Energy dissipation

The energy loss over a given channel reach is caused by the interactions between stream
flow and the channel boundaries which dissipate energy as water moves around and over
bed and bank irregularities resulting in resistance to the flow (Wohl 2000; David et al.
2011). This energy dissipation is due to skin friction, to form drag caused by differential
pressure around objects (Ferguson 2007; David et al. 2011), to form induced stresses
(Nikora et al. 2001) due to the spatial and time intermittency of the turbulent velocity field
with the heterogeneous river bed, and to spill resistance. The latter is the energy dissipation
from flow acceleration and deceleration, usually over or downstream of steps (Curran and
Wohl 2003; David et al. 2011).
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Large roughness elements, such as isolated boulders, clusters of boulders (steps), and
woody debris, found in many steep torrents, act as obstacles to the flow. A drag force is
exerted on these obstacles when the flow is forced around them. The momentum of the
flow isreduced locally and the velocity distribution is modified (Wiberg and Smith 1991).

In step-pool rivers, the presence of hydraulic jumps downstream of steps was described by
several authors (Comiti and Lenzi 2006; Wilcox and Wohl 2007; Endreny et al. 2011).
Hydraulic jumps with breaking waves, as observed downstream of boulders, dissipate a
high amount of flow energy, which is proportional to the drop height (Comiti and Lenz
2006). Curran and Wohl (2003) state that spill resistance accounts for 90% or more of the
total resistance in step-pool channels. The latter resistance is the resistance associated with
flow accelerations and decelerations generated at steps in the step-pool streams, where the

flow plunges from step to pool.

2.2.2 Flow resistance

All the above mentioned forms of energy dissipation (2.2.1) are generally incorporated into

asingle resistance coefficient, such as the Darcy-Weisbach f (Ferguson 2007):

u_u (8] "
u  JogRS f

where U is the flow velocity, u” the shear (or frictional) velocity, a kinematic scale that
characterizes shear at the bed and the turbulence levels of the flow and computed as
u'=(gR.SY?, g the gravity acceleration, R, the hydraulic radius, and S the river slope,

which is equal to the energy slope when considering uniform flow conditions. A widely
used formulafor expressing f in rough turbulent flow is:

8)"_u_23 (12.2&) ,
f) 0 e Ak @

where x¥=0.4 is the von Karman coefficient in open channel flows and ks the Nikuradse's

equivaent grain roughness (Keulegan 1938; Wohl 2000).
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A major difficulty in replicating the interaction of flow and sediment in mountain streams
is the lack of accurate methods for predicting flow resistance (Papanicolaou et al. 2004),
which is assertively stated in Bathurst (1978): “ The problem of resistance to flow in rivers
concerns the prediction of velocity of flow knowing the resistive properties of river
channels’. Without reliable estimates of velocity and flow depth, the forces that mobilize
sediments are difficult to obtain (Yager et al. 2007). Most investigations of the subject
concentrated on flows with small-scale roughness, in which the size of the sediment is
small compared to the flow depth (Bathurst 1978). In this case, conventional methods for
predicting flow resistance, which focus on grain (skin) resistance neglecting the effect of
form drag and dispersive character of turbulence in the lower layer of the flow, may be
applied (Papanicolaou et al. 2004). Bathurst (1978) states that at relative roughness
ks/h>0.3, the roughness cannot be considered as small scale (skin) roughness anymore.
When the relative roughness exceeds this value, the resistance to flow is higher than that
estimated by the logarithmic resistance equation for small-scale roughness. Dubois (1998)
confirms that for the relative submergence of h/dg<4 (where dgs is a grain size
characterizing the bed sediments, for which 84% in weight of the amount of sediments
have smaller diameters, and h the flow depth) macro-roughness effects disrupt the free
surface and can no longer be neglected. In other words, self similarity of the flow within
the trough and crests of the riverbed and scal e separation through the vertical does not exist
anymore (Ferreira et al. 2012). Drag resistance, one of the form-induced moment sinks
existing in rough flows, which is created by the localized flow separation and the resulting
pressure gradient around the obstacle (high pressure upstream and low pressure
downstream), needs to be taken into account when looking at rivers with high relative
roughness produced, for example, by large boulders (Bathurst 1978; Canovaro et al. 2007,
Yager et al. 2007). Bathurst (1978) states that roughness elements can be considered large
scale only when the relative roughness exceeds the unit value. For relative roughness

ranging from 0.3 to 1, there seemsto be atransitional flow regime.

Roughness elements protruding from the channel bed interfere with the flow, causing drag
forces that create a local reduction of the flow momentum, modifying the velocity
distribution. If the number of macro-roughness elements is sufficiently elevated, the
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assumption of a logarithmic velocity profile is no longer valid (Wiberg and Smith 1991;
Canovaro et al. 2007) and the classical expression of flow resistance formulae cannot be
applied because that approach requires that the roughness elements on the bed act

collectively as one surface, applying africtional shear on the flow (Bathurst 1978).

Dubois (1998) states that, when the depth of water is smaller than the height of the
roughness elements, the mean flow velocity remains practically constant. But when water
flows over the top of the elements, a small increase of the water height induces a large

raise in velocity.

According to Canovaro et al. (2007), two regions can be identified in the flow field in
presence of macro-roughness elements. A near bed region where the flow velocity is
relatively low and constant, and an upper region, in proximity to the water surface, where
the flow is characterized by higher velocities, distributed according to a profile which
deviates from a logarithmic law (Figure 2.3a) (Wiberg and Smith 1991; Canovaro et al.
2007). Such observations are not taken into account in most flow resistance formulae,
because they are of the logarithmic type (Figure 2.3b), using a single representative
roughness scale and admitting that conditions for the existence of a logarithmic layer are
verified (Barenblatt 1996).

TURBULENT CORE

= LAMINAR, LAYER
7 7

Figure 2.3: (a) Sketch of the flow field in presence of boulders (Ds. short diameter; D;: long diameter; V.
lower layer flow velocity; V,: upper layer flow velocity; d: lower layer thickness) (adapted from Canovaro et

al. 2007). (b) Velocity profile in presence of small scale roughness elements (from Keulegan 1938).

Many authors argued that resistance equations should include the additional effects of
channel slope, Froude number, Reynolds number, sediment mobility, channel geometry,
and aeration (Yager et al. 2007). Some authors (Bathurst 1978; Wiberg and Smith 1991;

16



Literature review

Canovaro et al. 2007; Yager et al. 2007) have suggested that in case of macro-scale
roughness, the flow velocity profile and therefore the flow resistance are not merely a
function of relative submergence, but they also depend on other parameters characterizing
roughness geometry, such as spatial density and arrangement of macro-roughness

elements.

For example, based on field measurements, Bathurst (1978) developed resi stance equations
depending on relative submergence (defined as Ry/dgs), roughness shape, size distribution
and spacing, and channel geometry as follows:

E V2 B U _( R, j2.34 (V_Vjﬂ j1-0.08)
f (grR:S)"*  \0.365Ck h

E 2 B U _( Rnl j5.83 (V_Vjuiz_oos) (3)
f (gR:S)"? \0.748des )\ h
, A OSUA ,
where w is the channel width. ji = A.+ and j2= A'%are geometry factors depending
ed ed

on the roughness spacing, where A; is the basal cross-sectiona area of large-scae
roughness, A the wetted frontal cross-sectional area of an element, and Ay the total bed

area. Field measurements showed that j; and j, are directly linked.

Field and flume data suggest that flow resistance is inversely related to the spacing
between large grains and the degree of particle submergence in the flow (Bathurst 1978;
Ferro 1999; Yager et al. 2007).

Dubois (1998) studied the flow on spheres with different spatial densities and found the

following resistance equation:

g\ h
(T] =5.62IogB+3.13jz’°'613 4

where D is the sphere diameter and h'=h-0.8D the corrected water depth for a turbulent

flow.

17



Chapter 2

The wall resistance is generaly neglected in mountain rivers since, although the channel
may be narrow, the resistance contribution is small compared to that caused by plunging

flows, steps (clusters of boulders) or isolated roughness (boulders) (Yager et al. 2012a).

According to Einstein and Barbarossa (1952), the flow resistance can be partitioned into
several distinct additive components, such as for example (Wilcox et al. 2006):

fiotal = forain + fsitt + faepris (5)

where fioa 1S the total flow resistance calculated according to eg. (1), fsin and faenris the
components of Darcy-Weisbach friction factor associated with spill over steps (energy
dissipation due to acceleration and deceleration) and large woody debris, respectively, and
fgrain the bed roughness caused by skin friction and form drag on individual grains in the
absence of bedforms, calculated according to eqg. (2). Other resistance factors could aso be
introduced in equation (5), such as a form drag around bedforms f;m, @ form drag acting

on boulders fgrag.

Wilcox et al. (2006) and David et al. (2011) showed that in mountain rivers, the grain
resistance is only a small component of the total resistance. It is suggested that interaction
effects between different resistance factors invalidate the hypothesis that resistance
components can be evaluated independently and then summed to obtain the total channel
resistance. Wilcox et al. (2006) hypothesized that such interactive effects are grater in step-
pool channels than in low-gradient channels. The challenge of quantifying relative
contribution of different friction sources is further complicated by the presence of wakes,
jets, and standing waves created by roughness elements in steep streams (David et al.
2011) and by the skirting effects of the flow around them (Robert et al. 1992; Nelson et al.
1993; Baiamonte et al. 1995; Buffin-Bélanger and Roy 1998).

2.2.3 Bed shear stress

The conditions under which sediment movement occurs are commonly defined in terms of

bed shear stress, which represents the contact forces per unit area acting on the riverbed.
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For turbulent flows under uniform conditions, where mass (gravity) force is baanced
exclusively by bed shear force, the total bed shear stress 7o (Nm™®) is defined as:

To=p(U )2 = pgR.S (6)

where p is the water density. Although barely found in natural rivers, when performing an
upscaling approach to river reaches at a sufficiently large scale, the consideration of the
uniform flow approximation is assumed valid. Equation (6) may thus be used to represent
the actual action upon the bed (Franca et al. 2008). Furthermore, this approximation is
widely used in field studies and practical applications.

The corresponding dimensionless form of bed shear stress, generally used in the sediment
transport formulae, is calculated as follows (Graf and Altinakar 2008):

W= ™

(ps - p) gdso
Bed shear stressis explicitly considered in momentum balance equations as a contact force
term and the work by this has a direct repercussion in the energy loss of the flow. Thus a
direct link between total bed shear stress and flow resistance exists and is given by (Graf
and Altinakar 2008):

8)" u_ U
(_j _F_‘/ro/p ©)

The main difficulty in determining bed shear stress ensues from the high spatial and

tempora variability of the hydraulic characteristics aong mountain rivers. The spatial
variability of the bed, caused by grains and bedforms, create important variations of

velocity and shear stress across a cross-section or along a reach (Wohl 2000).

Large grains or boulders present in steep rivers can endure a significant portion of the total
shear stress and thereby reduce the stress available to move the finer sediments between
them. Roughness elements protruding from the channel bed interfere with the flow,
causing a drag resistance that create a local reduction of the flow momentum, modifying
the velocity distribution (Wiberg and Smith 1991; Yager et al. 2007).

19



Chapter 2

The drag force Dy (N) of an individual object in the flow is given by (Bathurst 1978):

Ds =%pU 2Co A ©)
where Cp is a drag coefficient, depending on the object shape (Boillat 1980). This drag
constitutes a momentum sink in the flow which is represented as the so called drag shear
stress (zq). In the presence of several (n) elements within the flow, such asisolated boulders
in mountain rivers, and considering them with a similar drag coefficient, drag shear stress
acting upon the riverbed is given by (Bathurst 1978):

1 ZAf
Ta =—pU?Cp L1— 10
d 2,0U e (10)

In order to take into account the presence of large roughness elements, several authors
suggested a bed shear stress partitioning method. This partitioning 7= 7'+ 7’+... 7" is
based on the assumption that the total channel roughness and bed shear stress (zp) can be
decomposed into linearly additive components (7', 7", etc.), each characterizing a particular
roughness element (Buffington and Montgomery 1997). This is the same principle shown
in section 2.2.2 for flow resistance terms (eq. (5)), thus care should be taken as well to
consider the interaction between the different roughness elements as praised by Wilcox et

al. (2006) and David et al. (2011) for the partitioning of the resistance factor.

Canovaro et al. (2007) applied the same principle as Bathurst (1978) used to calculate the
drag shear stress related to the macro-roughness elements for a unit surface area. However,
they took into account as well the skin friction, caused both by the boulders and the bed
material by separating the global shear stress 7y into a drag shear stress 7y, related to the
macro-roughness-induced drag force and a joint surface shear stress 7., related to the
surface-induced friction force from the boulders and from the base material beneath the

boulders, typically a mobile fraction.
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7o =7d +7Ts
2DsI

7o = pghS| 1—

o=pans(1- 20T |

Td :lpCD Nu AV, (11)

where I' isthe spatia density of macro-roughness, defined as the ratio between the number
of macro-roughness elements per unit bed area (N,) to the maximum number of elements
that is possible to arrange in the same area (N,"), Ds is the short boulder diameter (cf.
Figure 2.34). The drag coefficient Cp is assumed to be constant and equal to 1.5. Cs isthe
Chézy coefficient associated to the bed material beneath the boulders (estimated for '=0)
and Cp the Chézy coefficient associated to the boulder skin friction (estimated for I'=1).
For 7o, the term inside brackets acts as a reduction factor, in order to exclude the volume

fraction occupied by boulders from calculations.

A similar approach for stress partitioning was adopted by Yager et al. (2007). The authors
analyzed the influence of boulder spatial density on bedload transport for regularly spaced
macro-roughness elements. For the stress partitioning, Yager et al. (2007) proposed to split
the total boundary shear force 7oA into a drag force related to the large immobile grains
7 and a drag force related to the finer, mobile bed 7 An (equations (12) and (13)). The
skin friction is not taken into account in this stress partitioning.

ToA =71 A+ TmAm (12
70 = pghS
with { zm =% PCrlU 2 (13)
1 A
7 ==pCU?—
[ 2,0 [ A

where Cy, the drag coefficient for mobile sediment, C, the drag coefficient for immobile

grains.
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The values of C, and C,, are assumed to be constant by Yager et al. (2007) and Yager et al.
(2012a), athough they may vary with flow conditions and sphere protrusion, spacing, and
submergence. Severa researchers analyzed the value of Cy, in gravel-bed rivers. Yager et
al. (2012a) proposed a constant value of C,~=0.44, based on data collected by Marcus et al.
(1992). Working with the same data set, Scheingross et al. (2013) proposed a power law to

represent the coefficient Cpy;
Crm = 0.57(Rn / dsamobite ) >*° (14)

Cm may aso be calculated using the Variable Power Equation of Ferguson (2007), as
explained by Scheingross et al. (2013):

1/2

U (8 awaz (d/ ks)

:(Tj _ - (15)
[a12+a§(d/ks) }

where a;=6.5, a,=2.5, and d/ks the relative submergence. d is generally the water depth or
the hydraulic radius and ks is generally a grain size representative of the roughness. The
above mentioned friction factor is then introduced in the C,, calculation as proposed by
Scheingross et al. (2013):

«\2
Cim = Z[UU] (16)

In the latter approach, later in this text (cf. Chapter 5), it is found that the relative
submergence defined as Ry/dso, estimates Cy, values closer to those expected, allowing a
good estimation of sediment transport. David et al. (2011) underlined that the
determination of the drag coefficient is one of the maor source of errors when calculating

drag around objects.

All the mentioned shear stress partitioning studies (Bathurst 1978; Yager 2006; Canovaro
et al. 2007; Yager et al. 2007), agreed that a partitioning between the surface occupied by
the large-scale roughness and the surface occupied by mobile sediments (small-scale
roughness) is necessary. Nevertheless, the authors used different definitions for the surface.
For instance, Bathurst (1978) and Canovaro et al. (2007), used the ratio of cross-sectional
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area occupied by macro-roughness by total bed area (unit total bed area in Canovaro’'s

study), whereas Yager et al. (2007; 2012a) used the ratio of cross-sectional area occupied

by macro-roughness by the bed area occupied by immobile grains. Only Canovaro et al.
(2007) partitioned the stress between drag and skin friction shear stress. Bathurst (1978)

just took into account the drag shear stress related to large-scale roughness, whereas Yager
et al. (2007) also used the drag shear stress linked to mobile grains.

As Lenzi et al. (2006) underlined, if the roughness
increases due to the number of boulders, the form drag
will aso increase. This implies lower shear stresses
available at the bed for sediment entrainment. It is
suggested (Petit et al. 2005; Lenzi et al. 2006; Yager et
al. 2007; 2012a) that only the part of the total bed shear
stress not acting on boulders will induce sediment
transport. Hence, the presence of boulders decreases the
sediment transport capacity (Yager et al. 2007; Ghilardi
and Schleiss 2011, 2012; Yager et al. 2012a). Boulder
dimensionless distance A/D (-) and protrusion Pg, (M)
are proven to be good proxies for sediment transport in
mountain streams (Yager et al. 2012b).

Canovaro et al. (2007) analyzed the influence of macro-
roughness arrangement and spatial density on the flow
resistance and velocity profile. Three types of

arrangements were used: random pattern, transversal
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Figure 2.4: Macro-roughness
arrangements: (a) random pattern; (b)
transversal stripe  pattern; (c)
longitudinal  stripe pattern  (from

stripe pattern and longitudina stripe pattern (Figure canovaro et al. 2007).

24). The random pattern refers to an irregular

arrangement of macro-roughness elements, which intended to be a representation of the

macro-roughness occurring in a steep mountain stream with a cascade morphology.

Transversal stripe pattern represent a step-pool like morphology. Finally the longitudinal

stripe pattern do not have any apparent natural counterpart, but was chosen by Canovaro et
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al. (2007) in order to have a more complete understanding of the influence of the

arrangement of the obstacles on the flow resistance.

On Figure 2.5a and Figure 2.6a an abrupt increase in total water depth h with T at lower
gpatial densities can be seen for both random and transversal stripes patterns. It becomes
asymptotically constant when T is approaching 1. Figure 2.5b and Figure 2.6b show a non
monotonic trend for the upper layer flow velocity V,, which changes as a function of T': it

decreases when T is small and then increases when T is larger than 0.3 approximately.

h [m]
h [m]

Vy [ms?]
Vy [ms?]

a
B g g B

gy

0.0 0.2 0.4 0.6 0.8 1.0 - :
T[] r'H

Figure 2.5: Total water depth h (a) and upper layer
flow velocity V, (b) as functions of spatial density
(T) in case of random pattern (adapted from
Canovaro et al. 2007).

Figure 2.6: Total water depth h (a) and upper
layer flow velocity V, (b) as functions of spatial
density (T') in case of transversal stripe pattern
(adapted from Canovaro et al. 2007).

Figure 2.7 shows a comparison among the three patterns studied by Canovaro et al.

(2007), in terms of shear stress partitioning (eg. (11), Figure 2.7a) and Chezy coefficients
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(Figure 2.7b). The behavior of random pattern is intermediate between transversal stripe
and longitudinal stripe patterns, both in terms of z4/7p and C. The influence of the different
patterns seems to be negligible when the spatial density is low (I'<0.08). This may be
related to the fact that there is no interference between wakes forming around the
individual boulders. Results suggest that transversal stripe pattern, which ssimulates a step-

pool morphology, isthe most dissipative arrangement.
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Figure 2.7: Comparison of (a) drag shear stress to total shear stress ratio (z4/7g), and (b) dimensionless Chézy
coefficient (C) as a function of spatial density I' developed by the three pattern employed (adapted form
Canovaro et al. 2007 ).

Figure 2.7a shows the ratio between drag shear stress 74 and total shear stress o in function
of spatial density I'. The ratio value increases with I' and reaches a maximum when T isin
the range of 0.2 to 0.4. The maximum ratio z4/7o is higher for transversal stripe (0.9) than
for random pattern (0.7). This indicates that in these spatial density conditions, the drag

around the roughness plays a primary role in the development of the flow resistance. With
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afurther increase of I' the values of 74/7p declines until it reaches O when I'=1: at this point,
total shear stress is entirely associated to the skin friction developed on the surface of the
macro-roughness. The results suggest that, in the range of I'=0.2 to 0.4, step-pool
morphology have a higher impact on drag flow resistance than randomly distributed
boulders (Canovaro et al. 2007). Not surprisingly, Figure 2.7b shows that the average
dimensionless Chézy coefficient C presents a minimum value in the same I" range (0.2 to

0.4) in which the maximum z4/7o is found.

Canovaro et al. (2007) pointed out that three different flow conditions occur depending on
the spatial density (I'):

Isolated roughness: for low I" values (high distance between elements), no wake interaction
occurs. Flow resistance is thus proportional to the number of elements. Most authors
(Bathurst 1978; Canovaro et al. 2007; Yager et al. 2007) consider solely this type of flow
condition in the development of their models, even if this ssmplification rarely corresponds
to redlity.

Wake interference: wakes overlap behind each element when they are sufficiently close
together. In this case, flow resistance is no longer given by the sum of single effects,
because flow separation and recirculation causing vortex shedding and dissipation
phenomena of each wake interfere with those of adjacent elements.

Simming: roughness elements form a more or less smooth continuous bed composed of
the element crests and enclosed pockets of dead fluid when elements are closely packed.
Ferro (1999) suggest that this phenomenon applies for values of spatial density I' greater
than 0.5.

Canovaro et al. (2007) suggest that the minimum of C value depends on the transition
from an isolated roughness to a wake interference flow. They aso suggest that the channel
slope and the flow discharge play a second order role on the relationship between d/Ds,
74lt0, Cand T.

In their flume tests, Yager et al. (2007) analyzed the effect of isolated macro-roughness

spacing and protrusion on bedload (Figure 2.8). The influence of the following parameters
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was studied: sphere spacing 1, sphere protrusion P~ (adimensionalized as P"=((D-zy)/D),
where z, is the height of the mobile sediment deposit). The spheres were placed with a
regular distribution in the bed, as shown in Figure 2.8b, and bed slope, discharge, channel

width and sphere diameter were kept constant.

(a)

Qe 980" ‘V
'-tgr LR »'l e

X8 TR

(b)

Figure 2.8: Idealized channel with protruding boulders: (a) cross-section, (b) plan view. Modified from Yager
et al. (2007).

According to Yager et al. (2007), for a given A/D the roughness increases with protrusion.
Therefore, for higher protrusions, the mean flow velocities are lower (Figure 2.9a),
whereas average flow depth h (Figure 2.9b) and flow depth between the immobile grains
h, (Figure 2.9c) are higher. When protrusion is relatively large or immobile grains dense
(A/D<3), the stress on mobile sediments is significantly reduced (Figure 2.9e and Figure
2.9f). Yager et al. (2007) confirmed that the stress on mobile sediments is more efficiently
reduced in the range of 1<A/D<3. This corresponds well with Canovaro et al. (2007)
results, for which the most effective range of spatial density I is about 0.2 (assuming that
for a unity surface the following relationship applies; A=1UN/? and for A/D=2:

Nu D*N.
= -7 S ~>=02). According to Yager et al. (2007) this range
N™ 4 44/ D)

corresponds to the one naturally observed in steep channels. If the spacing is wider or the
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immobile grains are more buried, the stress will not be effectively reduced (Yager et al.
2007). These general trends were not confirmed with laboratory tests, however, because as
for Smart and Jaggi (1983), no changes in velocity and flow depth were detectable,

probably because of the measurement precision, according to the authors.
(b)
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Figure 2.9: Stress-partitioning predictions as a function of the immobile grain protrusion: (a) flow velocity,
(b) flow depth between immobile grains, (c) average flow depth, (d) dimensionless drag shear stress on the
mobile sediments, and (€) dimensionless total shear stress and drag shear stress on the mobile sediments for
AD=2. (f) Variation of the dimensionless stresses (for 50% protrusion) with A/D. All other parameters are
held constant (G=0.0049 m®s*m*, $=0.10 (-), C,=0.047 (-), and C,=0.4 (-)). In Yager et al. (2007).
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2.2.4 Stream power

One of the main problems of shear stress calculationsis the need of a precise knowledge of
the channel hydraulics, which typically has a high local variability in mountain rivers (cf.
section 2.1). On the other hand, Bagnold (1966) stream power per unit width (17) can be
approximated from bulk channel properties, such as width and slope, combined with the

discharge of theriver, asfollows:
® = pggS = 7ol (17)

where q is the discharge per unit width. This approach is particularly interesting since it
avoids the problem of selecting representative cross-sections for hydraulic measurements,
which is particularly challenging in steep mountain rivers, presenting a high spatial
variability (cf. section 2.1).

The stream power quantifies the rate of loss of energy as water flows downstream, or in
other words the power available for performing geomorphic work (Bagnold 1966;
Ferguson 2005; Petit et al. 2005; Parker, C et al. 2011). Bagnold (1966) proposed to
quantify bedload as a function of the stream power and suggested that bedload transport
rate increases nonlinearly with stream power above athreshold or critical value.

Bagnold (1966) argues that, since the stream power per unit width has the same unit as the
bedload transport rate for immersed weight (i), there can be no reasonable doubt that the
transport rate is related primarily to the available power.

ib :Mmbgub (18)
Yo,

where my, is the mass of bedload and Uy, is the mean transport velocity. iy, is thus expressed
in units of work rate per unit bed area, the same unit as the available power identified by
means of stream power « (Bagnold 1966; Parker, C et al. 2011). Parker, C et al. (2011)
show that the stream power per unit bed area is most closely correlated with bedload than
mean bed shear stress. Gomez and Church (1989) underline that, when limited hydraulic
information is available, sediment transport formulae based on stream power should be
used.
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2.3 Sediment transport in mountain rivers

2.3.1 Characteristics of bedload

The bedload is the part of the total sediment load that is traveling just above the bed level
and is transported by intergranular collision rather than by fluid turbulence. The particles
roll, slide, and move downstream by saltation (small jumps) (Yalin 1977; Gomez and
Church 1989; Camenen and Larson 2005; Heyman et al. 2013). Bedload is the main form
of sediment transport in mountain rivers, since the grain size distribution is generally
coarse. Despite being a key process in mountainous landscape evolution, sediment
transport in steep riversis still poorly understood and largely unpredictable. Most bedload
transport formulae overestimate sediment transport up to several orders of magnitude, even
when developed on steep flume experiments (Yager et al. 2007; Yager et al. 2012b;
Heyman et al. 2013).

Several reasons explain the failure of traditional formulae. For instance, the complexity of
the flow in such rivers is generally not taken into account. Large protruding boulders
reduce the bedload transport capacity and lead to over-prediction of solid discharge (Lenzi
et al. 2006; Yager et al. 2007; Yager et al. 2012b; Heyman et al. 2013). Additionally, the
presence of graded sediments induces bedload fluctuations, even under constant water and
sediment feed. This phenomenon has been observed by severa researchers (Iseya and
Ikeda 1987; Frey et al. 2003; Recking et al. 2008b; Recking et al. 2009; Heyman et al.
2013) and seems to be caused by longitudinal and vertical grain sorting, along with

bedforms migration and formation/destruction.

When dealing with the wide grain size distribution of mountain rivers, many problems
arise as a consequence of relative particle size interaction, as hiding and protrusion effects
influencing the initiation of motion (Lenz et al. 2006). Several research were carried out in
order to establish whether the grains of the bed show size-selective transport or
equimobility. In the first case, the grains are entrained for the same dimensional value of
shear stress that they would have in a well-sorted bed (no hiding/protrusion effects). This
means that the dimensionless critical shear stress is the same for al the particles. On the
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other hand, in case of equimobility, the relative size effects are so extreme that they lead to
the same value of dimensional shear stress for all particle sizes, which means that the
dimensionless critical shear stress is higher in finer particles because of hiding effects and
higher in coarser sediments due to protrusion (Lenz et al. 2006). Situations of bedload
transport in between these two extremes (size-selective transport and equimobility)
generally exist. Several authors observed that on steep streams a partial transport occurs,
during which a portion of the grain size distribution remains immobile (Lenzi 2001; Yager
2006; Mao et al. 2008; Yager et al. 2012a).

2.3.2 Bedload transport formulae

In 1966 Bagnold said: “During the present century innumerable flume experiments have
been done, and a multitude of theories have been published in attempts to relate the rate of
sediment transport by a stream of water to the strength of the water flow. Nevertheless, as
is clear from the literature, no agreement has yet been reached upon the flow quantity
(discharge, mean velocity, tractive force, or rate of energy dissipation) to which the
sediment transport rate should be related” (Bagnold 1966). This statement is still valid
almost 50 yearslater, and it is particularly true for mountain rivers. As described by Gomez
and Church (1989), four principa approaches have emerged to design bedload transport
formulae, based on bed shear stress (Fernandez Luque and van Beek 1976; Smart 1984;
Recking et al. 2008a), stream discharge (Schoklitsch 1962; Rickenmann 1991b), stream
power (Bagnold 1966, 1980; Parker, C et al. 2011), and stochastic functions for sediment
movement (Einstein 1950; Parker, G 1990).

Most bedload transport formul ae have the following form (Rickenmann 1997):
p=a(X-Xa)' S (19)

Where q is the bedload transport, which may be expressed in different units depending on
the equation (m°s*m?, kgs'm™, or dimensionless, most generaly either the first or the
latter unit are used), a, S, and y are generally empirical constants, Sis the bed slope, X may

be the liquid discharge g per unit width, stream power o per unit width, or more generally
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the dimensionless shear stress 7, being X the corresponding critical value, at which the
bedload transport begins. The coefficient « often depends on some grain size diameters and
on water (p=1000 kgm™) and solid (p=2650 kgm™) density. The exponent S is often set
to 1 (Schoklitsch 1962; Rickenmann 1990), but can range up to 2-3 (Fernandez Luque and
van Beek 1976; Bagnold 1980; Wong and Parker 2006), and y has been found to vary
between 1.5 and 2 (Meyer-Peter and Mller 1948; Schoklitsch 1962; Rickenmann 1990),
but could also be nil (Fernandez Luque and van Beek 1976; Wong and Parker 2006). Other
more complex forms of sediment transport formulae exist (Smart and Jaggi 1983), but they

can often be reduced to the af ore-mentioned form.

In Switzerland, one of the most often used bedload formula for steep mountain streams is
the Smart-Jaggi formula (Smart and Jaggi 1983; Smart 1984), which applies to slopes
ranging from 0.2 to 20%:

0.2 *
qS = L(@j qsl_e 1_ Ter (pS /p —1) dm (20)
(ps! p—-1)\ dso hS

where g is the volumetric bedload transport per unit width in m*s™m™, dgo, dso and dy, are
three characteristic grain size values (where dy is the grain size diameter for which x% in
weight of the amount of sediments have smaller diameters), 7, the dimensionless critical
shear stress, assumed to be 0.05. Nevertheless, all the aforementioned formulae do not take

into account the presence of large immobile boulders often found in mountain rivers.

The volumetric sediment transport per unit width gs (m°s*m™) is then often represented by

the following non-dimensional parameter (Einstein 1950):

* qS
Q- = (21)
J(ps/ p-1)gdso’®

2.3.3 Critical bed shear stress

Accurate prediction of sediment transport requires the establishment of rigorous criteria to
evaluate when the initiation of sediment motion takes place. This concept is based on the
experimental work of Shields (1936), who showed that the dimensionless shear stress at
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incipient motion (dimensionless critical shear stress 7usp ) varies with particle Reynolds
number Re, but is roughly constant at a value of 750 =0.045 for Re>107, corresponding to
a particle diameter of about 3mm (Shields 1936; Lamb et al. 2008). Once the
dimensionless shear stress acting upon the channel bed sediments exceeds the critical
value, initiation of motion happens. The traditiona Shields criterion was shown to be
inappropriate for mountain stream because of the poorly sorted sediments (hiding effect
existing between particles) and the macro-roughness elements. Herein an overview of the
wide range of hypothesis concerning the values of critical shear stressin mountain riversis
given, being the dependence on grain sizes (hiding effects) and slope widely recognized
(Buffington and Montgomery 1997; Ferro 1999; Papanicolaou et al. 2004; Lenz et al.
2006; Lamb et al. 2008; Recking et al. 2008a).

Buffington and Montgomery (1997) underlined an apparent lack of a universal g5, for
gravel-bedded rivers. Ferreira et al. (2007) developed the concept of competent velocity
related to distinct gravel grains. Buffington and Montgomery (1997) pointed out that, since
gravel-bedded rivers are often armored (surface and subsurface grain size distributions can
differ significantly), analysis of incipient motion of gravel-bedded rivers should use
surface values of critical shear stress, no matter how well the subsurface grain size
distribution correlates with the bedload transport size distribution. The fact that subsurface
and bedload transport grain size distribution are often similar indicates that subsurface-
based mobility values are appropriate for describing bedload transport beyond incipient
motion (Buffington and Montgomery 1997). Traditional formulae for the calculation of the
critical shear stress often do not consider roughness effects, causing an overestimation of
tes0 and introducing a range of scatter that varies with the magnitude of neglected
roughness. Buffington and Montgomery (1997) state that variation in particle packing and
protrusion can result in an order of magnitude range in zgs0 , While bed form drag in
natural rivers can comprise 10-75% of the total channel roughness, indicating a similar

range of 750 variation if bed form resistance is not accounted for.

Papanicolaou et al. (2004) suggested the following formulae for determining the critical
shear stress:
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h -0.266
o T = 0.0851£—j (22)

50

for auniform grain size distribution and

* * apr o
Terpr = Terso 23
[d j @

50

for a wide grain size distribution, where h/ds is the relative submergence, Jpr is the
median particle diameter of afraction with size p and density r, 7450 the dimensionless

critical shear stress for the dsp sized particles, Té‘r,,r the dimensionless critical shear

stress for the c?pr fraction. Values of m<1 indicate that the finer particles are mobilized
at critical shear stresses smaller than those for coarser particles, and vice versafor m>1.
Papanicolaou recommend to use m=0.65. This formula is applicable to streams with a
slope range of 0.2% to 9% and a dsp of 3 to 44mm.

o T =0.042(10°%) (24)

for slopes Sranging from 2% to 20%. This equation can be fractionalized as showed in
eguation (23) and applies for the same range of dsp.

Lamb et al. (2008) proposed an empirical equation expressed as a function of channel
slopeto best fit their field and flume data:

T = 0.1550% (25)

The authors underline that a reasonable explanation for increasing critical shear stress with
slope is the enhanced stream aeration. Recking et al. (2008a) advocate a similar form for
the critical shear stress, as a function of S*?°. Lamb et al. (2008) also show that critical
shear stress abruptly increases as particles emerge from the flow for channel slopes higher
than 5%. Lamb’s model also indicates that turbulent fluctuations highly affect incipient
motion. Fluctuations increase the drag and lift forces on the particles, so that mobility is
increased (i.e 7. is decreased) for all channel slopes. On the other hand, the magnitude of
the turbulent fluctuations are much larger for lower slopes (deeper flows), which results in

asignificant increasein z, with increasing channel slopes (Lamb et al. 2008 ).
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Ferro (1999) proposes to use the following relationship:
2

7 =0.086| — 2% 106 (26)

1.8ds0

where dmax and dsp are the maximum and median diameter. According to this formula, the

threshold of particle movement of a non-uniform sediment bed depends on the stability of
coarser particles and on their concentration, which affects the values of the characteristic
diameters dqyux and dsp of the mixture.

According to Lenz et al. (2006), the critical shear stress for a given grain size fraction of
diameter d; in a wide grain size distribution is influenced by the hiding and protrusion of
the particles. There can be a size-selective mobility or an equimobility. They suggest that
the mobility of particles sizes, i.e. their Shields parameter 7 , within a non-uniform
mixture is largely controlled by relative size d; with respect to a reference diameter dy of
the bed grain size distribution (mostly dsp), following a power law:

To = a(%)b (27)

where the coefficient a corresponds to the dimensionless shear stress for the reference
grain size dx and the exponent b varies from 0 (fully size-selective entrainment) to -1

(complete equimobility conditions).

Lenzi et al. (2006) argue that an intermediate condition between the two extremes is

possible. They fitted the following power law to data from Rio Cordon, Italy:

di -0.737
T = 0.143(—'j (28)

50

In this river, the authors found dimensionless critical shear stresses of >0.1 and up to 0.3
for finer particles (<0.2 m). For larger clasts the dimensionless critical shear stress drops
between 0.07 and 0.03.
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2.3.4 Critical stream power

Some sediment transport formulae are based on differences between stream power and
critical stream power. Firsts developments, done by Bagnold in the late 1970s (Bagnold
1977, 1980), where recently revisited by other authors (Ferguson 2005; Petit et al. 2005 ;
Parker, C et al. 2011). Gomez and Church (1989) show that the stream power has a clearer
correlation with sediment transport than bed shear stress or discharge. Nevertheless, most

formula do not predict sediment transport consistently well.

Bagnold (1980) proposed the following formulafor w critical stream power estimation:

e = 2900%? |Og(1dz—hj (29)

X

where dy denotes a characteristic diameter of the mobilized particles. This equation gives
we vaues in kgm™s?, thus not the same unit as stream power defined earlier in this
document (cf. section 2.2.4). As specified by Ferguson (2005), this is due to the fact that
Bagnold (1980) omitted the gravity g in the stream power formula used in this paper. It
must also be noted that in order to define the critical stream power according to equation
(29), knowledge of flow conditions (water depth) are needed, thus counteracting the ease
of use of the stream power where only information about reach averaged gross values (q,
S is needed.

Severa following studies analyzed the critical stream power values. According to Petit et
al. (2005), the critical stream power depends on bedform resistance. They showed that on
steep streams, with high bedform resistance, critical specific stream power is high.

On the other hand, Ferguson (2005) argues against Petit suggestion, by showing that
stream power is unaffected by bedform resistance because wc=14Uc, Where 7 is the
critical shear stress and U, an associated flow velocity, is invariant. Ferguson (2005)
states that, even in presence of form resistance, both actual stream power and critical
stream power depend only on gross channel properties and not on the within-channel flow
details.
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Ferguson (2005) indicates that hiding effects should be taken into account in critical
stream power estimation. The author proposes two formulae, based on a logarithmic flow

resistance eguation and on the Manning-Strickler relation, respectively:

230 . pa—p 32 307 ,Oslo—p b | g e
Weri =——p| Tar gdb | log| ———F | = o
K P €0S db do
Ve (30)
3 32| Tor Ps— P ) st os
W i = ap(fcr* PP gdbj P (_j
P S do

where d, is a representative bed diameter and d; a given absolute grain diameter. o is a
grain sorting parameter (for o=1 grains are well sorted, for 0>10 grains are poorly sorted).
b is a hiding factor which takes values between 0 and 1 (for b=0 no hiding and protrusion
effects are observed, for b=1 the equal mobility of different grain sizes is reached (Parker,
G et al. 1982). b is assumed equal to 0.6 by Ferguson (2005). a is a constant, found to
correspond to a value either of 6.7 or 8.2 (Ferguson 2005 ). An assumption regarding the
7o is needed. Ferguson’s approach implies the calculation of a critical stream power for
every grain size. Furthermore, these equations predict lower critical stream power at higher

slopes, going in the opposite direction of what is foreseen by Petit et al. (2005).

Parker, C et al. (2011) argued that the critical stream power is less variable with slope than
the critical mean bed shear stress. Additionally, they showed that, as suggested by Petit et
al. (2005) and contrary to Ferguson (2005) theory, the critical stream power indeed

increases with bed slope.

2.3.5 Critical discharge

Severa sediment transport formulae are based on excess unit discharge (g-Qer, Wwhere qqr iS
the critical discharge per unit width) caculations (Meyer-Peter and Mduller 1948;
Schoklitsch 1962; Rickenmann 1990). The dimensional critical discharge has widely been
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found to be inversely correlated to the channel slope (Schoklitsch 1962; Bathurst 1987,
Rickenmann 1990; Ferguson 1994) and dependent on the grain size distribution.

Rickenmann (1991b) proposes the following equation for critical discharge per unit width,

in units of (M*s*m™):
1.67
o = o.oas(ﬁ— j g°5dso 55112 (31)
P

Ferguson (1994) and Schoklitsch (1962) give similar formulae, with dlightly different
coefficients, for critical discharge at incipient motion.

2.3.6 Bedload formulae considering boulders

As for the flow conditions (section 2.2), sediment transport formulae require adaptation to
take into account the stress borne by relatively immobile grains (Yager et al. 2007).
Moreover, in mountain rivers it seems necessary to distinguish between highly and rarely
mobile grains (two grain size distributions) and to account for the limited availability of
sediments, since the area occupied by the relatively immobile grains does not contribute to

sediment supply.

Bed coverage and immobile-grain protrusion may influence the sediment availability in
steep rough streams. When the sediment supply increases, the proportion of bed covered
by gravel increases too and the sphere protrusion decreases, for a given sphere spacing. In
fact, the immobile-grain diameter and spacing are relatively static on an annual basis,
while the protrusion should vary in time, depending on the supply of mobile sediments
(Yager et al. 2007).

After calculating shear stress as shown in section 2.2.3, equation (13), Yager et al. (2007)
suggest to adimensionalize the shear stress on mobile grains using the median grain size of
the mobile fraction (dsom) instead of the median grain size of the whole grain size
distribution, which would include the immobile grains as well. The dimensionless critical
shear stress is also calculated separately for the mobile grains, being the formulae as
follows (Yager et al. 2007):

38



Literature review

Tr:w,cr = —( Tm,;r d
Ps— P ) gasom (32)
Tm = fm

(ps - ,0) gdSOm

where e and 7me are the dimensionless critical and critical shear stresses of mobile
sediments, and 7, is the dimensionless stress acting upon the mobile sediment.

The dimensionless critical shear stress is assumed to be equal to 0.045 according Shields,
even though it has been demonstrated that this value is not appropriated for steep rough
channels with a wide grain size distribution (Buffington and Montgomery 1997; Lenz et al.
2006). These dimensionless parameters are used in the bedload formulae adapted by Yager
et al. (2007) to take into account the stress borne by rarely mobile grains. According to
several authors (Petit et al. 2005; Lenzi et al. 2006; Yager et al. 2007; 2012a) only the
shear stress acting on mobile sediments (7, in Yager et al. (2007)) contributes to sediment
transport.

Considering the limited availability of mobile sediment, Yager et al. (2007) suggests to
scale the predicted transport rate by the proportion of the bed area that is occupied by the
mobile fraction: A./A;, where A, in the bed area occupied by the mobile fraction and A; is

the total bed area, which isafunction of immobile grains spacing ().

For example, the transport equation from Fernandez Luque and van Beek (1976) (FLvB),
ismodified as follow by Yager et al. (2007):

G =5.7(7" -7 )1'5 (FLVB original form) (33)
Gfn = 5.7(2h — Thner ) % (FLvB modified by Yager et al. (2007)) (34)

where gs is the dimensionless sediment transport and ggn is the dimensionless sediment
transport rate of the mobile sediments, accounting for the limited area of the bed occupied

by the mobile fraction.

Figure 2.10a shows that the protrusion effect is not significant when grains are widely
spaced, but it becomes important when A/D>2. Figure 2.10b illustrates the effect of boulder
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spacing on sediment transport when using the equations modified by Yager et al. (2007).
When A/D<2 the sediment transport rates predicted by the modified equation is at least one

order of magnitude lower than when boulders are not present.

@ |0 —
g
W MD=8~y
5
: .
E , “*, |Order of magnitude T
g2 107} ., difference A
&= N A/D=2
G e
_3 .
w 10 | t.
kS ., MD=1
=
z 107 ",
[
£
2100

0 10_ 20 30 40 50 60 70 80
Protrusion of immobile grains (%)

—
=2

—_

[=]

h
"
"y
-
.........
-

/
Osn (Modified FLVB, (34))

Order of magnitude
difference

Dimensionless sediment flux q*
>

I 15 2 25 3 35 4 45 5
Immobile-grain spacing/diameter A/D

Figure 2.10: (a) Calculated dimensionless transport rates with the modified Fernandez Lugque and van Beek
(1976) (FLvB) equation as a function of immobile grain protrusion for a range of A/D. (b) Dimensionless

sediment fluxes as a function of A/D, for a 50% protrusion. In Yager et al. (2007).

Yager et al. (2007) showed that most sediment transport equations perform better in steep
channels when modified to account for the effects of the large, relatively immobile grains,
and the limited availability of the mobile sediments. They showed that a modified transport
equation predicts sediment fluxes generally within an order of magnitude, with a persisting
general overestimation of bedload. They suggested that sediment transport equations that
use flow velocity may predict sediment flux better than sediment transport equations that
use the flow depth or hydraulic radius. This statement needs to be used carefully since
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Canovaro et al. (2007) showed that near-bed flow velocity, which is the more relevant for
sediment entrainment, may be considerably different from the mean flow velocity in rivers

with boulders (cf. section 2.2.2).

The above presented method to take into account the presence of boulders (Yager et al.
2007) in applicable to a bed with isolated roughness elements. However, the hiding effect
and selective transport caused by the graded mobile sediment is not taken into account,
since the equation assumes that all of the mobile grain sizes move at the same critical bed

shear stress.

Severa authors (Parker, G 1990; Lenzi et al. 2006; Yager 2006) argued that in steep
streams with large grain size distribution, a size-selective transport may happen. Finer
grains may move at lower bed shear stresses than coarser grains. Sediment transport
equations can predict the sediment flux quite precisely in steep channels only when all
grain sizes mobilize during large floods, but they perform rather poorly under typical and
more frequent transport conditions, when larger grains are immobile (Lenzi et al. 1999;
Yager 2006). Thus, further developments are needed in order to take into account the size-
selective transport and the hiding effect linked to the large grain size distribution existing
in mountain streams. Yager (2006) and later Yager et al. (2012a) attempted to include a

selective transport over clusters of boulders (steps) in bedload transport formulae.

The selective transport is taken into account in the Parker, G (1990) formula. Yager et al.
(2012a) modified this formula to account for clusters of boulders. In Parker, G (1990), a
hiding function is calculated for each sediment fraction. The volumetric transport rate per
unit width for each grain size in the relatively mobile sediments can be calculated. The
total transport rate of all grain sizes is given by the sum of each fraction. A similar
approach was already proposed by Einstein (1950). Yager et al. (2012a) proposed to apply
Parker’'s formula only for the mobile fraction and to scale the total transport rate to take
into account the fraction of the surface occupied by mobile sediments.

Yager (2006) and Yager et al. (2012a) applied the modified Fernandez Luque and van
Beek (1976) (FLvB) and the modified Parker, G (1990) formulae to field data obtained
from the Erlenbach river (Switzerland). The original hiding functions used by Parker are
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replaced with those calibrated on this river. The original FLvB formula systematically
over-predicted sediment volumes of several orders of magnitude (Figure 2.11a), while the
original Parker equation over-predicted sediment volumes for 98% of the measurements.
Nevertheless predictions were within an order of magnitude for 42% of the measurements
(Figure 2.11b). This better performance results from the fact that Parker equation takes into
account the size-selective transport of sediments. The modified FLvB equation predicted
sediment volume within an order of magnitude for 51% of the data (Figure 2.11c). This
equation, which takes into account the limited sediment availability and the stress borne by
immobile grains, performed better than the origina Parker equation. Thus, in steep
streams, the size-selective transport could be equally important as the effects of limited
availability of sediment and the stress borne by the immobile grains. The modified Parker
equation, that accounts for all of these aspects, predicted the sediment volume to within an
order of magnitude (higher and lower values) of the measured values for 69% of the

measurements (Figure 2.11d).
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2.3.7 Bedload fluctuations

Field measurements of sediment transport in mountain rivers have shown that thisis not a
direct function of hydraulic parameters and hysteretic behaviors were observed
(Rickenmann 1994; Gintz et al. 1996; Heyman et al. 2013). Furthermore, the presence of a
wide grain size distribution in mountain rivers has an impact on bedload. In the last
decades, severa researchers studied this phenomenon in experimental flumes (Iseya and
Ikeda 1987; Frey et al. 2003; Recking 2006; Bacchi et al. 2009). According to Iseya and
Ikeda (1987), two main factors cause sediment transport to fluctuate, namely migration of
bedforms and segregation of the surface grain size, often expressed through the
development of an armor layer. They showed that a longitudinal sediment sorting occurs
when a wide grain size distribution is constantly fed into a flume, this segregation
producing rhythmic fluctuations in the bedload transport rate. Sediment particles
availability in sand and gravel mixtures, induced by longitudina sediment sorting,
determines the magnitude of sediment transport rate and its pulses. According to Iseya and
Ikeda (1987), fluctuations in sediment transport rates are immediately visible when the

gravel represents the mgjority of the gravel-sand mixture.

Iseya and Ikeda (1987) identified two main bed states (smooth and congested), and a
transitional state between these two (Figure 2.12). These three types of bed states were
observed in sequences (longitudinal sediment sorting) when the bed materias were
sufficiently graded (between amost all gravel and amost all sand).
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Figure 2.12: Schematic illustration of the bed states identified by Iseya and Ikeda (1987) (from Iseya and
Ikeda 1987 ).
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The length of each bed state section was observed to vary with the ratio representing the
mixing of sand and gravel materials. They observed a varying grain size distribution at the
outlet, depending on the bed state at the downstream end of the flume. When the bed was
congested, a minimum amount of gravel was moving, and almost no sand was transported,
implying a minimum value of sediment transport. On the contrary, for smooth beds, the
amount of moved gravel increased and the sand discharge was large only in this bed state,
implying a maximum value of sediment transport. The slope of the congested bed was
observed to be steeper than that of the smooth bed (Iseya and Ikeda 1987; Bacchi et al.
2009; Recking et al. 2009). Thisis due to the fact that steeper slopes are needed in order to
move coarser particles (Iseya and lkeda 1987). Iseya and Ikeda (1987) also identified a
vertical grain sorting in their experiments, with a surface layer that may be at most twice or

three asthick asagravel diameter.

Frey et al. (2003) confirmed that fluctuating sediment discharge and grain size distribution
are highly dependent. At the outlet of an experimental flume they observed that high solid
discharges carried mainly fine grains, whereas the sediments were coarser during low solid
discharge events. They also visually observed that a bed-armoring process was associated
with transient antidune-like structures. These bedforms increased bed resistance and thus
decreased solid discharge. The armoring layer was eventually destroyed, leaving a finer
bed in place with practically no bedforms, the largest outgoing sediment discharges being
observed at this moment. The cyclic change in bedforms and thus grain size distribution
starts once again with the formation of the armoring layer.

Recking et al. (2008b; 2009) carried out tests with a uniform and a wide grain size
distribution, on the same laboratory setup, and noticed that bedload fluctuations were not
observed in setups with uniform grain size distributions, confirming that fluctuations are a
consequence of grain sorting in graded sediments. Recking et al. (2009) and Kuhnle and
Southard (1988) suggested that peak solid discharges are caused by the formation and
migration of bedload sheets, which are highly mobile (fine sediments) and low-relief bed
forms. This phenomenon is accentuated in low flow conditions (small discharge) and is
associated with fluctuations on bed slopes, bed load and bed state (Recking et al. 2009).
Recking et al. (2009) observed that bed aggradation is associated with reduced mobility for
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al the diameters and with a longitudinal and vertical grain sorting, resulting in a

coarsening of the bed surface and fining of the subsurface. Fluctuations in bed slope

occurred and were shown to be linked to bed states changing (fining and paving). The local

slope downstream of regions of aggradation was observed to increase to a maximum value,

followed by an abrupt increase of gravel mobility. Coarse sediments are mobilized, and

fine sediments previously hidden under surface layer are transported, generating bedload

sheets. This increased mobility of all grain sizes destroys the pavement downstream,

causing a peak in sediment transport. The erosion of the bed stops when aggradation starts
again from the flume upstream section. Recking et al. (2009) observed that the bedload

sheets are ephemeral and progressively disappearing by interacting with the coarse bed

during their migration. The aggradation phenomenon occurs over a longer period than the

degradation phenomenon (Kuhnle and Southard 1988; Recking et al. 2009). Recking et al.
(2009) give the following description of the different bed states and phenomena causing

bedload pulsesin steep rivers with awide grain size distribution (Figure 2.13).

Observed periodical bed state

Consequences on
transport

Energy
conservation

Aggradation with reduced
gravel mobility. Longitudinal

Injected sediments are
stored in the bed and the

Low efficiency e
Slope increase until

Aggradation is not infinite and
| stops when the new energy
slope S, allows transporting
injected sediments

Ty~ Osouy  PrESENCE of
fine sediments in the
bedload layer increases
the coarse gravel mobility.

Joge—+ S5 —+,0 |and vertical grain sorting | outlet solid discharge is | S=s,, verifying
°0 perery produce progressive bed | low. oSmeli )
n subsurface fining. MY\ e
v Congested bed (some runs | Outlet solid discharge is | The gravel transport
._'9-.-. o — o |develop a pavement): | minimum and similar to | rate efficiency is
2 m transport of coarse gravels, | expected value  with | minimum e, ;
finer gravels being quickly | transport of a uniform e,S < (g, q)
n stored in the bed sediment mixture.
<

€,Su = 9(q,. q) but
abrupt transport rate
efficiency increase to
ey>>e,

M
v © Increased gravel mobility and | Peak  solid discharge | e,S,,>> ¢(q,, q)
..'g- . -’gg: —-':0 " | strong local erosion | associated with bedload | § decreases until
el ¢ 0 | producing a bedload sheet. | sheet migration. eyS = 0(q,. q) is
o verified
U Gravel mobility is reduced | Cells of immobile coarse | Abrupt transport rate
2O _p 000y 204 abruptly when a minimum | gravels stop the finer | efficiency decrease
%5 e 0 Q% | slope S,, is attained. In some | gravel transport. The | e << g,
5 runs antidune waves | outlet solid discharge | g5 << (g, q).
contribute to reducing this | decreases abruptly. | oy slope increase.
mobility. Aggradation starts again.

Figure 2.13: Sketch of periodical bedload sheet production (from Recking et al. (2009)).
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To the author knowledge, the impact of macro-roughness elements, such as large immobile
boulders, on bedload fluctuations has never been studied. These elements disrupt the flow
and boulder exposure decreases the shear stress available for sediment transport (cf. Lenz
et al. 2006; Yager et al. 2007). It can however be inferred that these roughness elements do
not cause bedload fluctuations, since Yager et al. (2007) used a uniform grain size

distribution for their tests and did not observe any bedload pul ses.

2.4 Summary

The influence of boulders on flow conditions has been fairly well studied in the past,
compared to sediment transport studies (cf. section 2.2, Bathurst 1978; Dubois 1998;
Canovaro et al. 2007; Yager et al. 2007). According to Canovaro et al. (2007) the bed
shear stress endured by boulders is maximum and the Chézy coefficient is minimum for a
dimensionless distance between boulders of //D=2. The authors suggest that this distance
corresponds to the transition from isolated roughness elements to a wake interference flow.
The influence of large roughness elements on sediment transport capacity has been only
poorly studied yet (Yager et al. 2007; Yager et al. 2012a). Yager et al. (2012a) suggest that
boulder protrusion is a good proxy for sediment transport in mountain rivers. Moreover,
several authors (Petit et al. 2005; Lenz et al. 2006; Yager et al. 2007; 2012a) argue that
only the bed shear stress acting on mobile sediments contributes to bedload transport.
Nonetheless, no other research analyzing the effect of varying boulder diameter and
distances on sediment transport capacity could be found in the literature. Other studies
showed that stream power and discharge give better results of sediment transport estimates
in the absence of large roughness elements (Gomez and Church 1989; Rickenmann 1991b;
Parker, C et al. 2011). However, to the author knowledge, no study regarding the influence
of roughness geometry, on the critical discharge nor on the critical stream power have yet
been carried out. The presence of awide grain size distribution in mountain rivers has been
proved to be responsible for bedload fluctuations, even under constant water and sediment
feed (Iseya and Ikeda 1987; Recking et al. 2009), nevertheless the influence of boulders on
these fluctuations has never been analyzed.
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Experimental methods

To assess the impact of boulders on sediment transport capacity of mountain rivers,

systematic laboratory experiments were carried out on alaboratory tilting flume.

Experiments were performed with different flume slopes S boulder diameters D and
dimensionless boulder distances A/D, for multiple couples of liquid and solid discharges
constantly fed upstream of the channel.

In chapter 3.1 the experimental setup and the instrumentation for the measurements are

described. Chapter 3.2 presents the test parameters and the experimental procedure.
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3.1 Experimental setup

3.1.1 Global description

The present research is based on mobile bed laboratory experiments (Figure 3.1) carried
out on an 8 m long and 0.5 m wide tilting flume. Water and sediment are fed constantly at
the flume inlet. The influence of varying configurations of randomly placed boulders
(couples of boulder diameter and density) on sediment transport capacity is studied for
three different steep channel slopes. The sediment supply (gsin) and the boulder
configuration are defined previously to the experiment. Water discharge is adapted so that
boulders are visible most of the time.

Figure 3.1: View of the flume during an experiment a) from the front and b) from the left-side wall.

The usable flume length is 7 m and the flume width was reduced to 0.25 m by introducing
a PVC wal on right-side of the flume. Figure 3.2 presents a sketch with the main
characteristics of the experimental set-up and Figure 3.3 displays pictures showing the
experimental facility with severa of its components.
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Figure 3.2: Sketch of the experimental setup.

Water discharge, fed constantly by the closed general pumping system of the laboratory, is
measured by an electromagnetic flow-meter (x0.01 |/s accuracy, 5 in Figure 3.3). Bed
substratum, composed by the mobile sediments (cf. 7 in Figure 3.3), was confined at both
the upstream and the downstream sections by a PV C trapezoidal weir (4 in Figure 3.3) and
a PVC vertical plate respectively. This way, the mobilization of the entire mobile bed was

avoided and stable hydraulic conditions were assumed at the upstream section.

Sediments are constantly fed into the system by a calibrated sediment feeder (5 %, 9 in
Figure 3.3). Sediments are recirculated by a conveyor from the channel outlet to the inlet
belt (8 in Figure 3.3), where they are distributed through the entire flume width by a
system of nails assuming a uniform distribution across the channel section (3 in Figure
3.3). A filtering basket (14 in Figure 3.3) suspended to a balance (1 kg, 11 in Figure 3.3)
recuperates the sediments and filters the water from these at the outlet, where the weight is
read manually every minute (15 in Figure 3.3). The sediment circuit is closed by the
transfer of these from the downstream basket to the sediment feeder and then the conveyor
belt, thus the feeding system assures continuity on the recirculation of sediments in the
whole system. During the emptying of a basket, sediments are collected in a second basket.
During this operation, that takes about 5 to 10 minutes, the basket weight is not measured.
Details about the mobile sediments used in the experiments and their supply are given in
chapter 3.1.2 and 3.1.2.
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A photo camera (13 in Figure 3.3) is placed on the side of the flume, parallel to the channel
in the central part of this, and takes pictures every minute for assessment in time of the
flow conditions and bed morphology. The bed morphology is also measured continuously
during the experiment with a point gauge (6 in Figure 3.3) and at the end of the experiment

with apoint laser (10 in Figure 3.3).

A camcorder (2 in Figure 3.3) is placed horizontally at about 3.9 m from the flow surface.
It visualizes a longitudinal reach of the channel between 2.3 and 3.5 m long, depending on
the used zoom. A bucket occupying the whole flume width is used for dye injection (12 in
Figure 3.3), needed for bulk velocity measurements. Four bars are placed at the top of the
flume (1 in Figure 3.3) and are used for image scaling in video analysis. This system is
used for bulk flow velocity measurements as is described in detail later in section 3.1.5 and
Chapter 4. Details on the measurements carried out during and after the experiments are
given in section 3.1.5.
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Figure 3.3: Picture of the experimental facility and details.
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3.1.2 Mobilesediments

Experiments are carried out with a mobile bed, the same grain size distribution being
supplied to the system during the tests. In order to represent the characteristics of mountain
rivers, a wide grain size distribution was used. Hersberger (2002) analyzed the grain size
distribution of several alpine rivers. Mobile bed material with a gradation similar to typical
alpine gradation identified by Hersberger (2002) was herein chosen for these experiments.
The comparison between the grain diameter distribution curve of the used sediments and

typical apineriver curvesisgivenin Figure 3.4.
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Figure 3.4: Normalized grain size distribution of bed sediments of alpine rivers and of the sediment mixture
used in this research (adapted from Hersberger 2002). Grain sizes (d;) are normalized by the mean diameter
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The characterization of the grain size distribution of the supplied sediments, which are
shown in Figure 3.5, is given in Table 3.1, where d,=11.9 mm is the mean diameter,
corresponding to dss and dy is the grain size diameter for which x% in weight of the amount
of sediments have smaller diameters. Boulders are not taken into account in this

distribution and are not supplied as mobile sediments. The density of the sediment is

ps=2650 kgm'>,
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The ratio between the flume width w and the dso (W/dsp=0.25/(9.3x10%)~27) is consistent
with that encountered in mountain rivers. In the literature, values of w/dsy ranging between
10 and 100 are found for the range of slopes used in the present study (6.7, 9.9, and 13%).
River width studied in nature range from 2.5 m to 7.5 m approximately, which means that
the experiments are performed with a scale of 1:10 to 1:30 (cf. Rickenmann 2001;
MacFarlane and Wohl 2003).

Table 3.1: Characterization of the grain size distribution of the supplied sediments.

Oy =dgs(mm) dyo (Mm) dsp (Mm) dsp (Mm) dgs (Mm) dgo (Mm) Orax (MM)

11.9 53 7.1 9.3 16.6 19 32

Figure 3.5: Sediments used for the mobile bed substratum.

To verify the constant distribution of the supplied graded sediments through time, grain
size distribution measurements were carried out at several instants during an experiment.
As referred to in section 2.3.7 and discussed in detail in Chapter 5 and Chapter 6, bedload
fluctuations are observed during the experiments. Samples of the supplied sediments were
taken at the inlet at varying bedload transport states (average sediment transport event, low
sediment transport, and peak sediment transport). As shown in Figure 3.6, the sediment
supply is practically constant in time. This confirms that bedload stages are not induced by
the supplied grain size distribution.
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Figure 3.6: Supplied grain size distribution measured for several instantsin time.

3.1.3 Sediment supply

The sediment feeder (9 in Figure 3.3) assembled by Hersberger (2002) is employed. It was
built to supply a grain size distribution similar to the one used in the present study (cf.
Table 3.1 and Figure 3.4). Challenges in conceiving a satisfactory sediment feeder include
the wide grain size distribution used in the tests, where the maximum diameter is 32 mm,
and the large amount of sediments to recirculate during experiments. See Hersberger
(2002) for more details on the conception of the sediment feeding system. A detailed
sketch of the apparatusis given in Figure 3.7.

Vertical walls were added on the top of the feeder in order to increase its capacity. The
amount of sediments to supply is decided and calibrated (£5%) by means of an Electronic
Frequency Modulator (6 in Figure 3.7) prior to the experiment, being than kept constant
throughout the entire experiment. This modulator alows regulating both the frequency of

the motor and the working time intervals.

In order to have a constant sediment supply through the experiments, sediments needed to
be wetted continuously during the experiments since the very beginning to these. This
avoids changes in sediment supply after emptying the filtering basket full of wetted
sediments into the feeder. Standard deviations on the supplied sediments were observed to
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vary between 13.5% of the average inlet for low sediment supply to 2.5% at high sediment
supplies. Higher deviations for low supply tests are due do the fact that the cylinder (2 in
Figure 3.7) is not rotated continuously for these experiments. If a very coarse grain is
blocked in the lips of the opening (7 in Figure 3.7), some sediments would eventually fall
out of the feeder, thus increasing the variability of sediment supply.
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Figure 3.7: Scheme of the used sediment supply: 1) sediment reservoir; 2) rotating cylinder (with a slide
opening); 3) fuse to prevent rotating cylinder from damage; 4) mechanic step-down gear; 5) motor;
6) Electronic Frequency Modulator; 7) gate to adjust the opening with thick plastic lip; 8) conveyor belt
(modified from Hersberger 2002). Arrows indicate the direction of sediment movement.

As shown in Figure 3.3, the sediment feeder is placed adjacently to the flume outlet. The
conveyor belt (8 in Figure 3.7 and Figure 3.3) transports the sediments from the feeder
outlet to the inlet. The conveyor belt velocity is not limiting the sediment supply and is
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constant in time. Sediments are homogeneously distributed through the entire flume width

by anail labyrinth (3 in Figure 3.3), assuming a uniform distribution across the section.

At the flume outlet, sediments are collected by a filtering basket, separating the mixture
water-sediments. When the basket is full or the sediment feeder empty, the first is emptied
into the latter. Sediments are thus re-used during the experiment. This system allows the
use of arelatively limited amount of sediments and the supply of a constant amount of
sediment into the flume. As shown in 3.1.2 and in Figure 3.6, no grain sorting is observed
at theinlet of the flume.

The weight of the filtering baskets is measured manually every minute in order to obtain
the sediment transport and its fluctuation through time. Further details about the

measurements are given in section 3.1.5.

3.1.4 Boulders

The godl is to study the influence of varying boulder diameters D and dimensionless
distances between boulders A/D, where 4 is the average distance between boulders. 2/D
represents boulder density evaluated through linear dimensions. The couples D and /D
and the corresponding characteristics, assessed in the present study, are given in Table 3.2
and presented in Appendix A.

Figure 3.9 illustrates a top and frontal view of the boulders. Boulder diameters varying
between about 1/3 and 1/2 of the flume width were used (D=0.075, 0.100, and 0.125 m).
Dimensionless distances of /D=2, 3, and 5 were used. A total of 9 boulders configuration
were studied. A tenth configuration is given by A/D=4 and D=0.075cm. This
configuration, which has the same number of boulders as /D=3 and D=0.100 m, was used
only in one test (cf. Table 3.3), to infer the impact of boulders on the sediment transport
capacity, reference tests without boulders (uniquely with mobile sediments in the channel)

were also carried out.
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Table 3.2: Number of boulders Ngg (-) in the flume, number of boulders per square meter Ngs (M) and initial
bed surface A/A; (%) occupied by spheres of diameter D, as a function of boulder diameter D and

dimensionless distance A/D.

Nas () Nas(m?) A/A (%)

D=0.075m

Nes () Nas (M?) AJA (%)

D=0.100 m

D=0.125m

Nes () Nas(m?) A/A (%)

MD=2(-) | 78 46 197 | 44 251 197 28 160 196
JD=3() | 35 20.0 8.8 19 10.9 85 12 6.9 8.4
AD=4(-) | 19 10.9 48

AD=5(-) | 12 6.9 3.0 7 40 3.1 4 23 2.8

Water worked boulders of crystalline rock were collected at the river Moesa in Lumino,
Ticino (Switzerland). Boulders, with forms visually as close to a sphere as possible, were
selected on a weight basis. Only boulders with a weight corresponding to that of a sphere
of diameter D+5 mm were kept (p=2650 kgm™).

The position of the boulders for every configuration (couple D and 4/D) is randomly
chosen by a computational routine. This represents a cascade morphology, typical of steep
mountain rivers (cf. Table 2.1, (Montgomery and Buffington 1997)). In the lateral axe,
three positions are possible: |eft-center-right. In the longitudinal axe, the number of equally

distributed positions is calculated as L/D, where L is the flume length. The computationa

routine choses in which of these positions to place the Ne« = % boulders. Boulders are

then positioned as close as possible to the caculated position. The initial position of
boulders for a given configuration is always the same and is given in Appendix A. The
surface grain size distribution changes considerably when compared to the situation
without boulders, as shown in Figure 3.8 when taking into account the presence of
boulders. The influence of boulders on surface grain size distribution increases with
boulder size and surface occupied by boulders (smaller 2/D). Boulders are however not

transported by the flow, thus only the grain size distribution of mobile sediments (cf. Table
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3.1) is further considered in the manuscript, boulders being accounted for as obstacles to
the flow.

1.00

----D=0.075 m, W/D=2
— - D=0.075 m, VD=3
- - D=0.075 m, VD=4
—D=0.075 m, VD=5
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D=0.100 m, VD=3
D=0.100 m, M/D=5

0.25 - ----D=0.125m, /D=2
A --D=0.125m, /D=3
f i i i i —D=0.125m, /D=5
/ ——without boulders
0.00 i i i i i i
0 20 40 60 80 100 120 140
d (mm)

Figure 3.8: Surface grain size distribution including boulders, for all the tested configurations of boulders.

An initial plane bed of mobile sediments of 0.2 m of thickness is placed in the flume,
boulders are then arranged at the chosen position half submerged by the sediments. The
black line visible in Figure 3.9 indicates the half submergence line.

The position of every boulder is measured by a point laser at the beginning and at the end
of the experiments. The initial central point is marked with a dot, and the maximum
elevation with a cross. These points can be coincident, in this case only a dot is marked, as
can be seen on boulder number 2 in Figure 3.9.

Figure 3.9: Top and front view of boulders corresponding to the three diameters used. 1) D=0.125m, 2)
D=0.100 m, 3) D=0.075 m. The graded paper is 0.25 cm wide, as the flume, and 0.38 m long, being the grid

cells dimensions of 0.01x0.01 m?.
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3.1.5 Measurements

The following paragraphs describe instrumentation and procedures used for the various
measurements carried out during and after the experiments. These include evaluation of
sediment transport and velocity in the channel, as well as parameters related to the river
bed morphology, such as the boulder protrusion, the number of hydraulic jumps, the

boulder surface, and the final bed topography.

a) Flow velocity

Average flow velocity was measured every 15 minutes by means of atechnique using dye-
tracer and video analysis (£5 %, Figure 3.10). This technique, based on the analysis of a
colorant (tracer) dilution, allows the measurement of mean bulk velocities through the
channel reach. The passage of the cloud of colorant in the reach in analyzed based on the
difference between images, the movement of the mass center of the cloud defining the
average flow velocity (Calkins and Dunne 1970). Five colorant injections are done in order
to obtain a velocity value. Chapter 4 describes in detall this bulk velocity measurement
technique as well asits validation by comparison with other existing methods.

. . P - —
Figure 3.10: Flume with colorant during a bulk flow velocity measurement.

b) Sediment output

Sediment output is inferred through the weight of the filtering baskets (14 in Figure 3.3),
which isregistered every minute. Filtering baskets are suspended at the outlet of the flume,
under the water jet formed at the outlet. Due to the wide grain size distribution used, the
waters flows out of the sediments, and thus out of the basket, quickly (high amount
gravitational water and small amount of capillary water). This means that the influence of
the water on the basket weight is constant through time (force of the constant jet at the
outlet of the flume) and does practically not change with the basket filling. A Dynafor 2t
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balance, with measuring precision of +1kg, is used (11 in Figure 3.3). Knowing the
precise time and amount of sediments, an average value of the sediment discharge is then
calculated continuously over a dliding 10 minutes window (Qsout,10), in order to have a
smoothed overview of the bedload fluctuations (cf. 3.2).

¢) Boulder protrusion

The portion of boulders protruding from mobile sediments (boulder protrusion, cf. Figure
2.8) was shown to be a good proxy for sediment transport in steep rough channels (Yager
et al. 2007; 2012b). In this study, boulder protrusion in measured during the experiment
(Figure 3.114a) as well as at the beginning and end of the experiments (Figure 3.114).

Flow direction

Figure 3.11: The position of the measured points is indicated by stars for measurements. @) during the

experiments, measured with a point gauge; b) before and after the experiments, measured with a point laser.

During the experiments the protrusion P of 4 boulders is measured with a point gauge
(x1 mm, Figure 3.11a), with atime interval of approximately 10 minutes (2-3 minutes per
boulder, in a loop). P is calculated as the averaged height differences between: top-
upstream, top-downstream, top-left, and top-right, for every boulder at the edge with the
gravel. A sub-sampled linear interpolation in time alows then the averaging between
boulders with a regular time-step, originating the value of P,, the average boulder

protrusion, at every minute of the test.

Before and after the experiments, the protrusion of al the boulders in measured at the eight
cardinal points, on the highest point and at the center (Figure 3.11b) with a point laser
(£1 mm). In the example given in Figure 3.11b the center corresponds to the highest point
(cf. section 3.1.4).
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d) Hydraulic jumps counting

Hydraulic jumps (Figure 3.12) are counted based on visual observation after velocity
measurements are performed, about every 15 minutes. This parameter is an indicator of the
amount of energy dissipation and is intrinsically related to channel morphology since
hydraulic jumps generally appear downstream of protruding boulders. Dimensions of the
hydraulic jumps are not measured. If more than 15 boulders are placed in the flume, only
the jumps present in the part of the flume visualized by the video camera used for velocity
measurements are counted, otherwise the total number of hydraulic jumps in the flume is
counted. The number of hydraulic jumps HJ is then scaled to correspond to the total
number of hydraulic jumps in the flume (HJ=HJ.Ngs/Ngg, Where Ngg, corresponds to the
number of boulders for which the presence of hydraulic jumps was checked) and
adimensionalized by the total number of boulders in the flume Ngg, Qiving the

dimensionless number of hydraulic jumps HJ =HJ/Nag.

Figure 3.12: Example of an hydraulic jump.

€) Boulder surface

Bed parallel surface occupied by boulders Ags, called in short “boulder surface”, is
obtained by means of video analysis (Figure 3.13). The video recorded for velocity
measurements is used for bed parallel boulder surface estimation. Individual boulders are
identified in a single frame (in white in Figure 3.13b, Figure 3.13a showing the original
image). The correct identification of boulders is checked on Figure 3.13c. The surface of
each boulder is calculated based on the image scaling (Figure 3.13d) and the error is
estimated to be approximately 2% of the estimated boulder surface. Finaly, the surface of
the flume occupied by boulders is then scaled by the flume surface visible in the video,

giving a dimensionless boulder surface Ags =Asd/Avideo.
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For experiments 1 to 23 (cf. Table 3.3, test 23 being presented and analyzed in detail in
Chapter 5), the video camera was turned on only during velocity measurements. The
calculation is done before every colorant injection (about 5 times every 15 minutes). From

test 24, the video camera s recording continuously and boulder surface is calculated every

minute.

b)

d)

Figure 3.13: (a) True color picture, taken from the camcorder. (b) Regions where boulders are identified.
Only regions with more than 25 pixels are considered to be boulders. (c) Content of the regions identified in

(b), in true color. (d) Surface of every boulder, in n.
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f) Supplementary available data

The bed morphology at the end of the experiment is measured with a point laser (1 mm,
10 in Figure 3.3) on aregular grid of 5x5 cm® These measurements supply information

about the bed variability at average sediment transport.

Lateral pictures (13 in Figure 3.3) were taken every minute in the central part of the flume
(about 1.5 m long reach). These data give interesting information about the rapidity and
amplitude of bed changes (Figure 3.14). The sediment levels in time and the grain size

distribution evolution can be analyzed based on this series of pictures.

a . Flow direction

Figure 3.14: Example of fast erosion around a boulder.

3.2 Tests parametersand procedure

3.21 Experimental procedure

a) Preparation of the experiment

A plane bed of 0.2m of thickness is prepared before the experiments and boulders are
placed into the flume half covered by mobile sediments (the black line on the boulders
visible in Figure 3.9 corresponds to the half-submerged situation), which corresponds to a
protrusion equal to approximately 30% of the diameter (P =P,/D~0.3). The protrusion of
every boulder is measured with a point laser as described in section 3.1.5¢ and illustrated
in Figure 3.11b. Pictures of the initial flume configuration are taken and bed area occupied

by boulders can be cal culated both form protrusion measurements and scaled pictures.
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The amount of sediment to supply (Qsin) IS decided prior to the experiment and the
sediment feeder is calibrated accordingly. The sediment supply remains constant during all
the experiment. The initial amount of water to supply is decided based on the tested
configuration (A/D, D, Sand gs,) and based on observations from previous experiences.

A camera taking pictures every 60 seconds in placed at the side of the central part of the
flume and is started before the experiment. The evolution of sediment deposition can thus
be checked in the left side of the central part of the flume.

The filtering basket is suspended at the outlet of the flume and itsinitial weight is noted.

b) Experimental run

Water and sediment supply are started at the same time. During the experiment flow
velocity U, boulder surface Ags and number of hydraulic jumps HJ are measured about
every 15 minutes; the protrusion of 4 bouldersis measured in aloop (cf. section 3.1.5). The
basket weight is read every minutes and the sediment transport is directly calculated, based
on the weight and time differences. Since the fluctuations on a one minute basis are very
high, an average of sediment transport over a ten minutes moving window (Qsout10) 1S

calculated. The measuring procedure has been described in section 3.1.5.

The equilibrium condition between liquid and solid discharge has to be such that boulders
are still relatively visible at the end of the experiment. The test is stopped immediately
after a peak in bedload, when the average outlet sediment discharge over the last 10
minutes is equal to the sediment supply (Qsout10¥0sin). The overall cumulative average of
the outlet sediment transport computed for a given instant T (Qsoutav, EQ.(35)) has to be
within £20% of the sediment supply at the end of the experiment.

choasl= [ Jaun (et /I' (3)

C) After the experiment

After the experiment, the protrusion of every boulder is measured with a point laser as
described in section 3.1.5. The bed morphology is also measured on a 5x5 cm? regular grid

with alaser probe.
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Top pictures of the bed are taken longitudinally every 10 cm and a reconstruction of the
situation at the end of experiments can be done (cf. Appendix B for tests 9 to 41). This
allows calculating the bed parallel surface of every boulder, by means of image analysis.

An estimation of the surface grain size distribution is aso possible.

d) Hydrograph and grain size distribution
For test number 20 and following (except test 40, Table 3.3), the effect of an increasing
discharge is studied. For this, no sediment supply is used.

The water worked channel bed obtained after a sediment transport experiment is employed.
An initial low water discharge is supplied to the flume. This initia discharge does not
move the sediments and is about 0.003 to 0.006 m*s*m™, depending on the channel slope
and the boulder configuration. The discharge is then increased by small steps of 0.0008 to
0.0020 m*s'm™, depending on the configuration. Once the sediments start moving, the
constant discharge is kept for about 10 minutes. For every tested discharge velocity

measurements are carried out (five color dye injections).

All the sediments reaching the outlet are collected (separately for each discharge) and the

grain size distribution is further measured.

The discharge is increased until visual observations indicate that also grain sizes with

diameters comparable to dgy are transported and reach the flume outlet.

These hydrograph experiment supply data of: discharge, flow velocity, and transport grain
sizes. The data can be linked to bed morphology. A preliminary analysis is carried out in

section 8.2.

3.2.2 General test parameters

The following paragraph gives an overview of the test parameters, summarized in Table
3.3. Further results are presented in Chapter 5 to Chapter 8. Table 3.3 also lists the
measurements carried out for each test. gsav indicates that only the average sediment
transport was measured, while gsx indicates that the bedload was measured every minute.

U indicates the velocity measurements. Aggu)y indicates that the boulder surface is



Experimental methods

calculated at every velocity measurement, while Ags indicates that the boulder surface is
caculated every minute. Py, indicates that the protrusion of several boulders has been
measured during the test. HJ indicates that the number of hydraulic jumps was counted. HQ
indicates that hydrograph experiments (described in section 3.2.1) where carried out at the
end of the test.

Mainly three dimensionless boulder distance /D (2, 3, and 5) and three boulder diameters
D (0.075, 0.100, and 0.125 m) were used. Reference tests without boulders where also
done. Tests were carried out on three flume slopes (6.7, 9.9, and 13%). Severa couples of
solid and liquid discharges where tested. A single flume width of 0.25m and grain size

distribution of mobile sediments were used for al the experiments.

a) Flume slope

Three flume slopes S have been tested in order to study the influence of boulders on
sediment transport capacity: 6.7%, 9.9% and 13%. All the three 1/D configurations have
been tested for several couples of liquid discharge (q) and sediment supply (gsin) couples
on a 6.7% dope. All the configurations were tested for a fixed sediment supply of
Osin=0.1343x10° m®s*m™. A similar sediment supply was used on the other two slopes for
several experiments. On the 9.9% slope, only the configuration /D=3 and D=0.100 m is
tested for three couples of solid and liquid discharges. A reference test without bouldersis
also carried out. This alowed analyzing the influence of the slope for one boulder
configuration. On the 13% slope, the diameter D=0.100 m has been used with all the /D
distances. All the diameters were used for A//D=3. One reference without boulders test was

carried out.

b) Boulder configuration

Boulders diameters D=0.075m, 0.100 m and 0.125 m were used. Dimensionless boulder
distance /D equal to 2, 3 and 5 were used, for a total of 9 boulder configurations. A total
of 4 to 78 boulders was placed in the flume, depending on the configuration. A test with
boulders placed in the same position as for the configuration /D=3 and D=0.100m is
carried out with boulders of diameter D=0.075 m, which means that /D=4, on the 13%

65



Chapter 3

slope. Reference tests without boulders are done in order to infer the impact of boulders on

sediment transport capacity.

¢) Sediment supply

Sediment supply varied between 0.0287x10° m°s*m™ (corresponding to 19 g/s, with
p=2650kgm®) and 0.2355x10° m*s'm? (corresponding to 156g/s). All the
configurations were tested with gsin=0.1343x10° m*s*m™ on the 6.7% slope. A similar
amount of sediments has been used for severa tests on the other slope. In particular, al
diameters were tested for /D=3 and all 2/D were tested for D=0.100 m, with a sediment
supply of ggin=0.1464x10"° m®s*'m™.

d) Water discharge

The water discharge needed for suitable equilibrium conditions (boulders visible after a
sediment transport peak; final bed slope corresponding to the flume slope) varied between
0.0104 m*s*'m™* (corresponding to 2.601/s) and 0.0424 m’s'm™ (corresponding to
10.601/s). This corresponds to average water depth ranging from 0.027 m to 0.0531 m,

with an average of 0.036 m.
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Table 3.3: Experimental parameters and indication of the measurements performed for each test.

= (‘Z) l(/I)D (rET)1) (r’#% (m°s*m) ?r?{gs)%olj %ﬁwﬁglsi(r#q)a Measurements

1 6.7 0 0.000 0.0 0.0204 0.1857 0.1509 Osav, U

2 6.7 3 0.125 6.9 0.0240 0.1555 0.1706 Osav U, Aegu)

3 6.7 3 0.100 10.9 0.0240 0.1389 0.1555 Osav U, Aegu)

4 6.7 2 0.100 251 0.0228 0.0574 0.0646 Osx U, Asguyr Pay

5 6.7 2 0.100 251 0.0424 0.1570 0.1736 Osx U, Asguy Pay

6 67 3 0075 200 0.0212 0.0906 0.1040 Gsx U, Aasy, Pay

7 67 2 0125 160 0.0228 0.0634 0.0746 Gsx U, Aesy, Py

8 67 2 0075 446 0.0209 0.0287 0.0236 Gsx U, Aesy, Py

9 6.7 3 0.125 6.9 0.0236 0.1011 0.1122 Osx U, Agguy Pavs HI
10 6.7 5 0.100 4.0 0.0223 0.1343 0.1346 Osx U, Agguy Pav HI
11 6.7 5 0.075 6.9 0.0222 0.1343 0.1307 Osx U, Agguy Pavy HI
12 67 5 0125 23 0.0208 0.1343 0.1503 Gsx U, Aaguy, Paus HI
13 67 3 0075 200 0.0238 0.1343 0.1401 Gsx U, Aaguy, Paus HI
14 67 3 0125 69 0.0235 0.1343 0.1192 Gsx U, Aaguy, Paus HI
15 6.7 3 0.100 10.9 0.0233 0.1343 0.1244 Osx U, Agguy Pav HI
16 6.7 0 0.000 0.0 0.0162 0.1343 0.1189 Osx U

17 6.7 2 0.100 251 0.0372 0.1343 0.1390 Osx U, Agguy Pav HI
18 67 2 0125 160 0.0352 0.1343 01365  Gsy U, Asguy, Paw HI, HQ
19 67 2 0075 446 0.0391 0.1343 01461  Gsy U, Agguy, Paw HI, HQ
20 67 3 0100 109 0.0177 0.0563 00607  Gsy U, Asguy, Pa HI, HQ
21 6.7 5 0.100 4.0 0.0162 0.0563 0.0565 Osx U, Agguys Pavs HI, HQ
22 67 0 0.000 0.0 0.0148 0.0563 0.0654 Osx U, HQ

23 67 5 0.075 6.9 0.0168 0.0563 0.0571 Osx U, Agguys Pavs HJ, HQ
24 67 3 0075 200 0.0188 0.0563 0.0528 Gsxe U, Ags, Pas HI, HQ
2% 67 5 0125 23 0.0156 0.0563 0.0604 Gsxe U, Ags, Pas HI, HQ
26 6.7 0 0.000 0.0 0.0159 0.0936 0.0996 Osx U, HQ

27 6.7 5 0.100 4.0 0.0183 0.0936 0.0876 Osx U, Ags, Pay, HJ, HQ
28 99 3 0.100 10.9 0.0131 0.0936 0.0891 Osx U, Ags, Pay, HJ, HQ
29 99 0 0.000 0.0 0.0112 0.0936 0.0876 Osx U, HQ

30 99 3 0100 109 0.0146 0.1358 01434 g, U, Ags Pay HJ, HQ
31 99 3 0100 109 0.0166 0.1917 01977 oy U, As Pay HJ, HQ
2 13 3 0100 109 0.0114 0.1917 01992 g, U, Ass Py HJ, HQ
33 13 3 0100 109 0.0107 0.1464 01449 g, U, Ag Pay HJ, HQ
3 13 3 0075 200 0.0109 0.1464 01721 gy, U, Ag Pay HJ, HQ
35 13 2 0100 251 0.0128 0.1464 01675 gy, U, Ags Pay HJ, HQ
3 13 5 0100 40 0.0104 0.1464 01675 Gy U, Agg Pay HJ, HQ
37 13 3 0125 69 0.0104 0.1464 01645 g, U, As Pay HJ, HQ
38 13 0 0.000 0.0 0.0106 0.1917 0.2158 Osx U, HQ

39 13 3 0.100 10.9 0.0124 0.2355 0.2536 Osx U, Ags, Pay, HJ, HQ
40 13 3 0.100 10.9 0.0118 0.2355 0.2611 Osx U, Ags, Pay, HJ
41 13 4 0.075 10.9 0.0118 0.2355 0.2657 Osx U, Ags, Pay, HJ, HQ
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Bulk velocity measurements by video
analysis of dyetracer in a macro-rough

channd

This chapter presents the bulk velocity measurement technique developed during this
research project, based on dye tracer dilution and video analysis, and validates it through a
comparison with other existing techniques, namely water depth measurements, ultrasonic

velocity profiler and salt dilution measurements.
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Abstract. Steep mountain rivers have hydraulic and morphodynamic
characteristics that hinder velocity measurements. The high spatial variability
of hydraulic parameters such as water depth, river width and flow velocity,
makes the choice of a representative cross-section to measure the velocity in
detail chalenging. Additionaly, sediment transport and rapidly changing bed
morphology exclude the utilisation of standard and often intrusive velocity
measurement techniques. The limited technical choices are further reduced in
the presence of macro-roughness elements, such as large, relatively immobile
boulders. Tracer tracking techniques are among the few reliable methods that
can be used under these conditions to evaluate the mean flow velocity.
However, most tracer tracking techniques calculate bulk flow velocities
between two or more fixed cross-sections. In the presence of intense sediment
transport resulting in an important tempora variability of the bed
morphology, dead water zones may appear in the few selected measurement
sections. Thus a technique based on the analysis of an entire channel reach is
needed in this study. A dye tracer measurement technique in which a single
camcorder visualises a long flume reach is described and developed. This
allows to overcome the problem of the presence of dead water zones. To
validate this video analysis technique, velocity measurements were carried
out on a laboratory flume simulating a torrent, with a relatively gentle slope
of 1.97% and without sediment transport, using severa commonly used
velocity measurement instruments. In the absence of boulders, salt injections,
water depth and ultrasonic velocity profiler measurements were carried out,
along with dye injection technique. When boulders were present, dye tracer
technique was vaidated only by comparison with salt tracer. Severa video
analysis techniques used to infer velocities were developed and compared,
showing that dye tracking is a vaid technique for bulk velocity
measurements. RGB Euclidean distance was identified as being the best to

measure of the average flow velocity.

Keywords: bulk flow velocity; macro-rough channel; dye tracer tracking



Bulk velocity measurements by video analysis of dye tracer in a macro-rough channel

4.1 Introduction

Mountain rivers occupy a significant part of world catchments. Although they control
sediment supply to lowland rivers, relatively few studies have been carried out on these
torrents. They are characterised by longitudinal slopes ranging from 0.1% to 20%
(Papanicolaou et al. 2004) and by a wide grain size distribution composed of fine mobile
sediments and large, relatively immobile, boulders (Rickenmann 2001; Yager et al. 2007),
which can be arranged randomly or in rows (Pagliara and Chiavaccini 2006). In torrents,
the water depth is small in comparison to the roughness elements, and the sediment
transport can be intense. Bed morphology and hydraulic parameters, such as water depth
and flow velocity, have high spatial variability, and in the presence of sediment transport,
high temporal variability can also be observed in the above-mentioned parameters
(Recking et al. 2009). Challenges in measuring hydraulic parameters under these
conditions are found not only in the field (Calkins and Dunne 1970; Church and Kellerhals
1970) but also in laboratory experiments (Recking 2006; Pagliara 2007). High spatial
variability of the channel morphology does not allow sampling on aregular grid, while the
high temporal variability does not allow the installation of fixed systems. The presence of
macro-roughness elements hinders the use of methods sampling a large flow surface, the
small water depth excludes most intrusive techniques since these would disturb the flow,
and the presence of intense sediment transport excludes to use fragile instruments. Thus
most of the existing velocity measurement techniques are not appropriate, and selecting
one or severa representative cross-sections (i.e., average or typical cross-sections) to
estimate average velocities is challenging in macro-rough mountain torrents (Calkins and
Dunne 1970). Due to the spatiotemporal variability, hydraulic parameters such as the water
depth and the average flow velocity are often not measured but estimated indirectly using
empirical relationships, for example resistance equations (Yager et al. 2007; Recking et al.
2009; Pagliara et al. 2010; Heyman et al. 2013).

The present chapter focuses on bulk flow velocity measurement techniques in an
experimental flume. Several difficulties to perform velocity measurements can be
identified for our sediment transport flume experiments (Ghilardi and Schleiss 2012):
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small average flow depth (between 0.027 and 0.053 m); high variability of water depth
both in space and time (up to 0.1 m); mobile and rapidly changing bed; intense sediment
transport; roughness elements often protruding from the water (in our particular case, due
to the presence of boulders); small flume width (here, 0.25 m). One technique, based on
video analysis of dye tracer over an entire flume reach, proved to be adequate for

estimating channel flow velocities.

In section 4.2, a review of some existing velocity measurement techniques is presented,
and their application to the hydraulic conditions of steep rough channels is described. In
section 0O, the experimental facility is described. Section 4.4 presents the procedure of the
dye tracking technigque leading to the estimation of the bulk flow velocities. Section 4.5
compares the dye tracer technique and data treatment to other velocity measurement
methods for validation purposes. Salt and dye tracer tracking measurements are the only
available methods that are applicable in the presence of boulders. In the absence of
boulders, direct Ultrasonic Velocity Profiles (UVP) velocity measurements and mean
velocities inferred from water depth (WD) measurements are al'so used for comparison. In

section 6 the main conclusions are given.

4.2 Review of main velocity measur ement techniques

Most velocity estimation techniques yield local information about the flow conditions.
These methods require that one or more representative cross-sections are identified. The
data obtained for the cross-sections are then averaged to estimate the average bulk flow
velocity. Techniques that are commonly used to measure velocity in open-channel flows
include: water depth (WD) measurements; Micro-propeller vertical profiling; Acoustic
Doppler Velocimeter (ADV); Ultrasonic Velocity Profiles (UVP); Acoustic Doppler
Velocity Profiles (ADVP); Acoustic Doppler Current Profiler (ADCP); hot wire; Laser
Doppler Anemometry (LDA); Electromagnetic Current Meters (EMC); Pitot probes,
Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV); tracer
tracking methods, with various types of tracers (salt and dyes).

72



Bulk velocity measurements by video analysis of dye tracer in a macro-rough channel

Water depth (WD) measurements (using point-gauges, ultrasonic distance meters, and
other instruments) and back-cal culation of flow velocity seems to be a simple technique for
determining average flow velocities when the discharge is known. However, as mentioned
before, representative cross-sections are difficult to identify and other challenges need to
be tackled. It is difficult to determine the base level (bed level) from which the water depth
has to be measured, primarily because of the high relative roughness encountered in
mountain rivers. The uncertainty of the water depth measurement is directly linked to the
ratio between the water depth and the roughness height (Rickenmann 1990; Recking 2006).
Thus large errors may occur in water depth measurements in torrents, since the elevation of
the bed changes abruptly over short distances. The bed level is even more difficult to
determine in the presence of intense bedload, because of the existence of a moving layer
and rapid changes in the bed configuration. Moreover, the water surface is highly irregular,
thus making its unambiguous measurement difficult.

Micro-propeller vertical profiling (full- and partia-depth, (Church and Kellerhals 1970))
are easy and precise ways to measure the mean velocities of flows with simple geometries
in clear-water prismatic open-channels. In the flows targeted in the present research,
however, several disadvantages of this method exist, including the sensitivity of the
instrumentation blades to impact with sediments transported by the flow and the
intrusiveness of the method, which causes local erosion when measuring velocities near a
mobile bed.

Techniques based on the Doppler shift frequency of the echoes reflected by small
suspended particles (seeding) comprise: Acoustic Doppler Velocimeters (ADV),
Ultrasonic Velocity Profiles (UVP), 3D Acoustic Doppler Velocity Profiler (ADVP) and
Acoustic Doppler Current Profiler (ADCP).

ADV, composed of one central emitter and three (or four) sound receivers, allows point
measurements of the three components of the flow velocity. It has been widely used since a
long time in laboratory (Kraus et al. 1994) and field (Wilcox and Wohl 2007) studies of
open channel flows. ADV need to be immersed in the water, thus are intrusive, and require

space to accommodate the probes and the near field needed between the emitter and the
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measuring point. In shallow flows with restricted space for the measurements this
techniquesis limited. Furthermore, when the aim isto obtain bulk-average velocities, ADV

require alarge amount of measuring points.

UVP (Amini et al. 2009) measure instantaneous velocity 1D profiles dong a beam axis.
Several beams can be used to obtain velocity profiles at a single cross-section and an
average cross-section velocity can then be calculated. Bathymetry uncertainties for UVP
measurements are at most of the size of one measuring gate. Thus thisis not relevant in the
present case for the calculation of vertical averaged velocities. UVP transducers need to be
partialy immersed in the water; thus UVP measurement is an intrusive technique. In the
present case, with widely varying water levels and bed morphology, the use of UV Ps with
aregular sampling grid for the cross-sections is not possible. Moreover, the size of mobile
sediments is not negligible with respect to the water depth, and the signal echoed by gravel
interferes with the backscattered signal.

ADVP, developed at the Ecole Polytechnique Fédérale de Lausanne (EPFL) (Franca and
Lemmin 2006), alows full-depth quasi-instantaneous 3D velocity profiling and is suitable
for use both in the field (Franca et al. 2008) and in the laboratory (Blanckaert and De
Vriend 2004; Leite Ribeiro et al. 2012; Dugué et al. 2013). ADVP isintrusive, and while
this influence is negligible for slow flow, at high flow velocities such as those considered
in this study, ADVP changes the flow characteristics and influences flow velocities. The
presence of macro-rough elements and gravel bars precludes the use of ADVP because it

requires considerable free space.

ADCP, constituted typically of a centra body where diverging transducers working
simultaneously as emitters and receptors are installed, are commonly used for large-scale
studies. They are used for estimating large features of flows in lakes (Lorke and Wiiest
2005) and rivers (Le Coz et al. 2008). The dimensions of ADCP instrumentation and the
weight do not allow an easy and fine displacement of the instrumentation in shallow flows

with such singularities and obstacles as bed forms and large boulders.

Techniques commonly used to measure flow velocities in fluid mechanics, such as Hot

Wire anemometry (cf. Hinze (1975) for details) and Laser Doppler Anemometry (LDA)

74



Bulk velocity measurements by video analysis of dye tracer in a macro-rough channel

(cf. Nezu and Nakagawa (1993) for details), are not adequate in the case of intense bedload
transport and spatial variability of the channel bed. Furthermore, the apparatus is not easily
movable, which isimportant when local conditions change so abruptly in space such as the
herein treated channel flows. With the presence of boulders and bed forms the installation
of such equipment in a flume is not easy. Regarding LDA, hidden (shadow) areas of the
flow hinder the penetration of the laser light.

Electromagnetic Current Meters (ECM) use the Faraday principle of electromagnetic
induction, stating that the voltage produced by water moving in a magnetic field is
proportional to the velocity of the water (MacVicar et al. 2007). ECM is used in laboratory
and field research (Roy et al. 2004), for 2D velocity measurements. This instrumentation is

robust, but too intrusive and thus disturbing the flow (Voulgaris and Trowbridge 1998).

Pitot probes (USBR 1980), commonly used for field measurements, are aso too intrusive.
Furthermore the risk of damage is high when used in shalow flow with intense sediment

transport.

Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV), particularly
Large-Scale Particle Image Velocimetry (LSPIV), are techniques for measuring velocity
fields based on image analysis, i.e., tracking light particles transported by the flow. PIV
uses a laser to illuminate particles transport by a thin layer in the flow (Raffel et al. 1998;
Pokrajac et al. 2007), while LSPIV uses only light particles transported on the water
surface (Fujita et al. 1998; van Prooijen and Uijttewaal 2002; Jodeau et al. 2008; Muste et
al. 2008; Kantoush et al. 2011; Mattioli et al. 2012). The light particles on the surface are
representative of the surface flow velocity and recirculation cells with signatures at the free
surface (van Prooijen and Uijttewaal 2002) and can be applied in shallow water, where the
horizontal velocity is predominant and greatly exceeds the vertical velocity. These
applications need extremely controlled light conditions and special equipment, and in the
presence of intense sediment transport, they present problems in the identification of

tracking particles.

If the reach average bulk velocity has to be known, as was the case in our research project,

tracer tracking techniques are sufficient (Ghilardi and Schleiss 2011, 2012). These
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techniques are applicable in both the field (Calkins and Dunne 1970; Church and
Kellerhals 1970) and the laboratory (Cao 1985; Rickenmann 1990; Weichert 2005;
Recking et al. 2008b). Four types of tracer exist: salt, dye, other traceable chemical
compounds and radioisotopes (Church and Kellerhals 1970). The first two tracer types are
the most widely used. The tracer travel time can be calculated either between the injection
point and the measurement point (Calkins and Dunne 1970) or between two or more
sampling positions (Rickenmann 1990; Recking et al. 2008b). The latter method is

generally used for laboratory experiments.

In salt tracer velocity measurement, a slug of salt solution is injected into the water, and the
water conductivity increases due to the passage of the sat cloud. This change in
conductivity can be recorded at one or more measurement cross-sections by means of
electrode couples, providing conductivity—time curves. These electrode couples are often
formed by two vertical metal strips attached to opposite walls of the channel at a selected
cross-section (Smart and Jaggi 1983; Weichert 2005). In the case of high tempora bed
variability (vertical fluctuations), the electrodes need to be long enough to accommodate
the changes in the bed level. The fluid velocity can be calculated as the distance between
two cross-sections divided by the travel time of the tracer cloud between them. The starting
point of conductivity increase is generally clearly defined. The identification of the end
point is often difficult because the tail of the curve can be relatively long (Day 1976;
Rickenmann 1990). This is also the case when working with dye as a tracer. Water
conductivity can also be measured by conductivity-meter probes, which measure the
change in conductivity between two electrodes placed only few millimetres apart from
each other. Since intrusive and local, the choice of a representative point for the
measurement is needed. In our study, we used vertical metal strips attached to the flume
walls to carry out conductivity measurements, in order to obtain average values over the

Cross-section.

Video camera-based techniques are often used in hydraulics research to estimate flow
velocities (Le Coz et al. 2010; Mattioli et al. 2012) and concentration fields (Thomas and
Marino 2012; Nogueira et al. 2013). Dye tracer velocities can be estimated by means of
video analysis. Recking et al. (2008b) described the introduction of a slug of colorant in a
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flume and the analysis of the passage of the cloud between two positionsin the flume using
two video cameras (recording at 20 frames per second) placed 4 meters apart from each
other at the flume surface. Only two cross-sections were thus anaysed. The two
camcorders must be perfectly synchronised for the travel time to be calculated correctly.
Recking (2006) reported that for highly turbulent flow (Re>6000), no infiltration of the
colorant in the bed was observed; thus, no delay in the tracer release was introduced. He
emphasised that for steep slopes (9%) and small relative water depths, the signal can be
quite noisy due to the rapid changes in light conditions induced by the fluctuating water
surface. Nevertheless, the shape of the concentration curve remains the same. The video
was analysed in grey scale, and the colorant plume was identified by a peak in grey scales
(the image becomes darker). The peak velocity was used by Recking to estimate the bulk
velocity.

Tracer tracking measurements over time at one fixed position provide three types of
information: the initial rise in concentration, the peak concentration and the centre of mass
of the tracer cloud. According to Calkins and Dunne (1970), the initial rise in
concentration is a measure of the maximum velocity through the channel reach. The peak
in concentration is commonly used to obtain the travel time and sometimes to estimate the
bulk flow velocity. Calkins and Dunne (1970) and Church and Kellerhals (1970) clam
that the time delay of the centroid of the concentration curve between two points represents
the mean residence time of the tracer in the reach between the aforementioned points and
thus can be used to estimate the mean velocity in the reach. Researchers primarily use
centroid velocities to estimate bulk flow velocities (Church and Kellerhals 1970; Davies
and Jaggi 1981; Smart and Jaggi 1983; Rickenmann 1990; Weichert 2005), although some
researchers use the peak tracer concentration (Cao 1985; Recking 2006; Recking et al.
2008b). Cao (1985) compared the velocities estimated using the peak and the centre of
mass of the salt solution and those estimated from WD measurement and found that
velocities estimated using the peak of the conductivity travel time were closer to those
estimated from WD measurement. He attributes this outcome to the presence of “dead
zones’, characterised by small longitudinal velocities, that result in slow release of the
tracer after the passage of the main flow and the formation of long tails in the conductivity
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curves (Cao 1985). According to Day (1976) and Church and Kellerhals (1970), gross
errors in salt tracking can occur if the electrode is placed in a zone with no longitudinal

velocity component (a dead zone) in the stream.

The main difficulty with the salt and dye tracer techniques is the choice of representative
cross-sections for the measurements, as discussed in the introduction. For instance, if the
measurement is carried out in a section where a dead zone is present, the final result could
be strongly affected. A new method for analysing a whole reach at once is thus presented
in this study.

Table 4.1 summarises a critical assessment stating the main advantages and drawbacks of
the aforementioned techniques for conditions where channel bed morphology is quite
heterogeneous, the roughness elements have low submergence and intense bedload occurs.
The intrusiveness criterion is relevant for small flow depth. Intrusive methods would
influence largely the flow conditions and the bed morphology. The sediment transport
criterion addresses both the bedload and the suspended load. It indicates if the presence of
sediment transport would be a problem for the integrity of the technique and for the field of
view of this (i.e.,, LDA). The number of measures criterion refers to the sampling grid
density necessary to obtain bulk average velocities which may be time consuming and
difficult to position in shallow flows. The spatiotemporal variability, including the
presence of protruding boulders, is a problem for all the techniques requiring a regular
sampling grid. The presence of dead water zones complicates the choice of arepresentative
cross-section. This is especidly the case for tracer tracking between two fixed sections,
since the position of dead water zones varies in space and time in away that measurement
positions are influenced. Finaly, the presence of air in the flow, which may be relevant
immediately downstream of boulders, would be a main drawback for some of the

measurement techniques.
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Table 4.1: Comparison of the advantages (V) and drawbacks (x) of the mentioned techniques to estimate bulk
flow velocity in open channel flows. In section 4.5 WD, UVP, and Salt (metal strips) are compared with the
technique herein developed: Dye (1 reach).

Advantages (V) / Drawbacks (x)

Method Intrusiveness Sediment  Number of Spatiotemp. Dead water  Aeration
transport measures  variability Zones

X v X N

Water depth
Micro-propeller
ADV

UVP

ADVP

ADCP

Hot wire

LDA

ECM

Pitot probe
PIV/LSPIV

Salt (probe)

Salt (metal strips)
Dye (2 sections)
Dye (1 reach)

2. X X X X X X 2 2 X =2 X X X

2 2 2 X 2 X X X X X X X X X
2 2 2 X 2 X X X X X X X X X
2 2 2 2 2 X X X X X X X X X =2

2 2 2 X 2 X X 2 X X X X X X =2
2 2 2 2 2 X X X X X X X X X

4.3 Experimental details

The velocity measurement technique presented herein was developed within the
framework of aresearch project focused on analysing the impact that randomly distributed
relatively immobile boulders have on sediment transport in steep-slope rivers. This
research was carried out using mobile bed laboratory experiments conducted using atilting
flume 8 m long (with a usable length of 7m) and 0.25m wide (Figure 4.1) at the
Laboratory of Hydraulic Constructions (LCH) of the Ecole Polytechnique Fédérale de
Lausanne (EPFL) (Ghilardi and Schleiss 2011, 2012).
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Figure 4.1: Sketch of the measurement zones.

For the comparison with the standard velocity measurement techniques, the flume slope
was set to 0=1.97% to produce a high water depth but no sediment transport. Water
discharge, fed constantly by a closed pumping system, was measured using an
electromagnetic flow meter (£0.011/s). A plane bed was prepared with sediments with the
following grain size distribution characteristics. dp=dgs=11.9 mm, dz=7.1 mm, and
dgo=19 mm, where d, is the mean grain size, corresponding to dss, and dx is the grain size
diameter at which x% by weight of the sediments are smaller. During the experiments, no
sediment transport occurred; thus, no bed forms were observed.

In the case of a plane bed test without boulders, flow velocities were measured by four
techniques for three different discharge rates: 5.01/s, 7.251/s and 9.51/s. This range was
chosen to yield a sufficiently high water depth for UVP measurement (37 mm on average
for Q=5.01/s) on the one hand and avoid local scouring downstream of boulders and
sediment transport (limiting the discharge to Q=9.5I/s) on the other hand. UVP and WD
measurements yielded estimates of the flow velocity for a given cross-section. For both
methods, 17 cross-sections, spaced 0.1 m apart longitudinally, were gauged at distances
between 2.55 and 4.25 meters from the flume inlet (see Figure 4.1). The water and bed
levels were measured at 12 equally spaced locations — thus, every 0.02 m— across every
section using a point gauge. Three 4-MHz UV P probes were placed in the cross-section, at

the middle, first quarter and third quarter of the flume width (0.25 m), at an angle of 20°
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with the vertical. The depth-averaged velocity profiles were used to calculate the bulk

average cross-sectional velocity.

For the salt velocity measurements, two couples of electrodes were placed on the flume
wall, 1.75 m apart from each other in the streamwise direction (at 2.50 m and 4.25 m from
the flumeinlet), as shown in Figure 4.1, to measure the conductivity of the water.

For the fourth velocity measurement technique, developed in the present research, asingle
video camera was used (see Figure 4.1). The camera was positioned horizontally above the
flume, approximately 3.9 m above the water surface. The area within the camera field of
view was dlightly larger than the flume domain measured by the other systems, between
2.10 m and 4.80 m from the inlet of the flume. Spotlights on the laboratory ceiling were
systematically lightened during the experiments, but ambient light from outside the

laboratory was also present. More details on this technique are given in section 4.4.

Slug injections of dye (potassium permanganate, which has a dark violet colour) and salt
were conducted at the same time. A mixture of water, salt and dye was injected in the
flume instantaneously through the whole flume width, using atilting bucket with a volume
of approximately 200 ml, located 1.3 m from the inlet. The amount of dye and salt added is
not relevant to the velocity measurements because the only requirements are that the salt
peak is well defined and that the dye contrast is sufficient to be visible in the videotapes.
For each tested discharge rate, the procedure was repeated five times, and the average
velocity value was calculated. Visual observations of the colorant injection confirmed good
and rapid vertical mixing. The problem of slow transverse mixing was solved by injecting
the tracer simultaneously across the whole width of the flume. In the longitudinal direction,
the velocity of the colorant is equivalent to the velocity of the flow after the advective zone
(where an equilibrium is established between the effects of velocity shear and turbulent
diffusion (Rutherford 1994). Thus the colorant injection point should be selected carefully
relatively to the field of measurements. In our case, the field of view of the camera was
downstream of the advective zone. This is confirmed by the validation of the velocity
measurement made with other techniques further in this text. Since a large flume reach

(0.25x2.70 m?) is globally assessed by our technique, dead zones do not present a concern.

8l



Chapter 4

When channel velocity measurements were carried out with boulders present, only tracer
techniques (salt and dye) were used. WD measurements were not feasible because of the
presence of hydraulic jumps and rapid local variations in the water surface. UVP could not
be used for the same reasons and because of the difficulty of sampling with aregular grid
in the presence of boulders. Tests were conducted for two dimensionless distances between
boulders, /D=2 and A/D=3, where A is the average distance between boulders and D is the
boulder diameter. Boulders with D=0.1 m were used in these tests. Bed sediments covered
approximately half of the boulders’ height.

4.4 Dye tracking velocity measurement technique

4.4.1 Video camera setup

A tracer-based velocity measuring technique using one video camera (a SONY DCR-
HCA48E, 24 frames per second, 576x720 pixels) covering a wide domain of the channel
(0.675m? as described in section 0) is herein described and compared with other
velocimetry methods. This technique differs from other dye-tracer based methods
described in the literature in which two cameras are used and the velocity is estimated by
analysing correlated concentration time signals acquired simultaneously at the two camera
positions (Recking et al. 2008b). That is, the measurement technique developed in this
study takes into account a whole channel reach, rather than only what happens on average
between two cross-sections, as do standard salt tracking methods and the dye method
presented by Recking et al. (2008b). This allows avoiding the problem of dead water
zones, which can develop during mobile bed experiments at the position where the
measurement equipment (video camera or electrodes, according to the method) is initially

placed.

Reference bars (see Figure 4.2a) placed transversally on top of the flume permit adequate
longitudinal image scaling, which compensates for the distortion due to the inclination and
the position of the flume with respect to the camera. The lenses distortion has not been

considered, because a longitudinal correction is aready done based on the position of the
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reference bars with respect to the centre of the image. The latter has a known position
along the flume. The camerais aligned with the flume axis and the flow occurs from left to
right in the video, thus every vertical column of pixelsin a frame corresponds to a cross-
section in the flume. This means that approximately 720 cross-sections are measured in a
stretch of approximately 2.7 m, yielding a cross-section every 4 mm.

4.4.2 Video analysisand velocity estimation

Recorded video images can be treated in various colour spaces to identify the colorant and
calculate an intensity curve with respect to time: greyscae (as used by (Recking et al.
2008b), RGB (Red/Green/Blue), CYMK (Cyan/Yellow/Magenta/lblacK), HSL levels

(Hue/Saturation/Luminosity), single colours, or a combination of these options.

Greyscale and RGB-scale images (obtained through analysis of the RGB Euclidean
distance, EDggg, as described below) were applied and compared in the present study. Two
types of greyscale analysis were used: Grey Levels (GL) method and Cross-section Grey
Levels (CSGL) method.

To determine the dye concentration over time, using the Grey Levels (GL) method, the
image is converted into grey scale, and then only the value of every pixel where colorant is
found is taken into account. An average concentration is calculated over time (frames) for

every cross-section (column).

In the Cross-Section Grey Level (CSGL) method, the image is also converted into a
greyscale image. However, unlike in the GL method, the whole flume width, including the
area where colorant is not present, is taken into account in calculating the average grey-
level value, according to the procedure used by Recking et al. (2008b). This approach was
adopted for all of the frames and was applied to approximately 720 cross-sections. In this
respect, the approach taken differed from the two-section analysis approach used by
Recking et al. (2008b). A data analysis is needed in order to identify the part of the dye
intensity curve indicating the presence of colorant (greyscale levels 10% darker than the
base image), especialy to identify the end of the cloud, given the long tail of the curve (cf.

section 4.1).
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For the RGB analysis, a base RGB image that serves as reference is obtained by averaging
10 frames before the colorant arrival. Every pixel thus has an average base RGB vaue. In
the subsequent frames, when colorant is identified in a pixel, the RGB Euclidean distance
(EDrgg, €0. (36)) is calculated as follows:

EDRGB(t) = \/(R(t) —R)?+(G(t)—Go)? + (B(t) — Bo)? (36)

where the index b indicates the RGB value of the base image and t denotes the time. Only

pixels where the dye tracer has been identified are used.

In order to detect the presence of colorant, several colour maps, such as the RGB colours,
the grey level values, and the HSV values, were analysed and compared visually with the
video images. Then, a criteria based on a combination of minimum and maximum values
of these colour scales was established to indicate the presence of colorant. This thorough
procedure is made for each experimental configuration (same light conditions and
hydraulic conditions, for the same camera position), and assumed valid through the entire

duration of the experiment.

For the calculation of the colorant concentration in the images, a base image without
colorant and the image with colorant were compared. In turbulent flows, the velocity
distribution is ailmost uniform within the flow depth, thus detection of the dye intensity
may be considered representative of the total colorant concentration in the vertical layer

and not only of the flow surface.

Table 4.2 summarises the characteristics and the differences between the aforementioned

video analysis methods.

Table 4.2: Comparison of the video analysis techniques used.

Video analysis method Colour scae Colour intensity Pixels used
EDgcs RGB Eqg. 1 only those with dye
GL grey scale grey level only those with dye
CSGL grey scale grey level entire flume width
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Figure 4.2a shows a frame with colorant in the presence of boulders, and Figure 4.2c
illustrates the coloured flow with a side view of the flume. Figure 4.2b shows in white the
pixels where colorant has been detected during the video analysis. In some regions, the
colorant could not be identified because of the reflection of light on the water surface.
However, this corresponds to an average error in colorant concentration below 10% on a

Cross-section.

4.8 m X

A 4

Figure 4.2: (a) An example of a video frame with colorant. (b) The white pixels are those where colorant was
detected in the video analysis, for the same frame shown in part (a). (c) Image of a side view of the flume

(0.8 mreach) with colorant. Boulders are coloured in red and the dye is purple.

For every cross-section, the average colorant concentration is calculated as a function of
time. Time series were obtained for all of the video analysis techniques mentioned,
namely, EDgres, GL and CSGL. As mentioned previously, methods for estimating flow
velocity from concentration time series use as a reference either the peak value (estimating
the time between peaks measured at two different positions) or the time corresponding to
the centroid of the curve (estimating the time between centroids measured at two different
positions) (Calkins and Dunne 1970). Both methods are applicable to our technique and

are demonstrated and discussed herein.
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The position of the centroid of the curve over timeis calculated at every cross-section, and
the time corresponding to the peak is registered. Figure 4.3a presents a typical colorant
concentration evolution over time, exemplified for EDggg, for three different longitudinal
positions along the channel. The concentration curve is aso sketched in Figure 4.3a. From
one position in the flume to another, there is a shift in time and a decrease in the maximum
concentration (the maximum EDggs value). For every curve, a Tpea Can be identified.
Examining the curve corresponding to the cross-section at 3.59m, one can see that
defining Tpeak May be challenging due to the scatter of the points. For every concentration
curve, a centroid is caculated, producing a corresponding time Tcpuw. These two
characteristic times are obtained for every cross-section. The centroid is clearly delayed
with respect to the peak. Although in the front of the cloud the colorant may not be fully
distributed across the section (cf. Figure 4.2a), potentialy biasing the results towards the
cross-section maximum velocities, this does not seem relevant to concentration
distribution, as seen in the first points captured in Figure 4.3a.

Figure 4.3b shows the time for the centroid for every position in the flume assessed
longitudinally by the camera for the five slug injections conducted at a discharge rate of
Q=5.0I/s without boulders present. The data are clearly aligned, and the results of the five
colorant injections collapse well. The slope of the graphic corresponds to the centroid
velocity, which corresponds to the mean flow velocity. For Tpea, the same procedure
described for Figure 4.3b is applied. The technique employed for greyscale values (GL and
CSGL) follows the same steps as those for EDgrgg video anaysis.

4.5 Results and discussion

To validate the velocity measurement techniques described in this study, the techniques are
compared with three methods widely used to estimate open-channel flow velocities: salt
tracer (using the centroid Scpm and peak Speac Methods), Ultrasonic Velocity Profiler
(UVP) and Water Depth based (WD) measurement. In the presence of macro-roughness
elements, the techniques described in section 4.4 can be compared only to the salt tracer
method, due to difficulties associated with using the two other methods (cf. section 4.1 and
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Table 4.1). Table 4.3 shows the results of velocity measurements obtained for flows in the
flume with and without boulders, along with those obtained with the other techniques and
with the colorant-based methods.

100
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Figure 4.3: (@) An example of RGB Euclidean distance (EDggg) time evolution for cross-sections at 2.84 m,
3.59m and 4.34 m (for colorant injection without boulders at a discharge rate of 5.01/s). The time of
centroids (Tcpm) and of peaks (Tpex) are identified on the graph. A sketch of the concentration curve is given
for each cross-section. (b) Position of the centroid CDM over time, estimated for each longitudinal position

for the five colorant injections.

For measurements carried out without boulders, flow velocities calculated with WD are
slightly higher than those obtained with UVP. Table 4.3 clearly shows that in the absence
of boulders, the peak velocity is closer to the WD velocity, while the centroid velocity is
closer to the UVP velocity for al tracer analysis methods. The relative channel roughness
is high (the d/h is between 0.18 to 0.50, where h is the water depth); thus, large errorsin

the WD measurements and consequently in the velocity calculations are expected.
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In general, the peak velocity results obtained with the salt injection method and the three
video analysis techniques are similar. The same can be said for the centroid velocity
estimates.

In the presence of boulders, the salt tracking method is considered to yield adequate
velocity estimates. In this case, the peak and centroid velocities also correspond well for

both tracers.

The differences between the peak and centroid velocities are smaller for the measurements
obtained without boulders present. The increase in the differences in the velocities
measured in the presence of boulders is most likely due to the impact of dead zones with
low longitudinal velocities that are present downstream from boulders. This phenomenon
is even more visible in the presence of sediment transport because of the scouring holes
and recirculation zones that form downstream from boulders.

Table 4.3: Results of mean velocity (m/s) measurements for the three techniques WD, UVP and salt (peak

Speak @nd centroid Scpy) and the centroid and peak velocity for the colorant-based video analysis technique:
EDres (RGB Euclidean Distance), GL (Grey Levels) and CSGL (Cross-Section Grey Levels).

Q(l/s) Q(l/s)
500 725 950 500 725 950
WD 053 062 072 Seom 037 050 062
UVP 047 061 069 Spek 045 063 066
w  Scom 048 055 066 EDres,com 034 046 059
g Soerk 052 066 074 E EDrogy pek 045 061 073
3 EDres:cow 046 057 065 S GLcowm 028 040 052
E EDgee pek 051 067 076 Gl pesk 044 061 072
S Glow 041 051 056 § CSGLepw 036 043 051
Gl perk 051 067 076 3 CSGlLpex 045 061 074
CSGLeow 048 055 061 = Scom 032 044 053
CSGLpx 052 065 074 = Spek 034 065 072
EDresscom 032 043 056
‘é? EDromr pek 047 064 072
R GLcom 027 037 049
GL pesk 042 062 072

CSGL cpm 0.38 0.43 0.54
CSGL pex 0.39 0.60 0.72
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Table 4.4 compares the video analysis methods developed (EDgrgg, GL and CSGL) with
the other techniques. A variable A is introduced to express the deviation between the
colorant-based velocity estimates (Vi c) and the estimates obtained with the other methods
(Vim)- This parameter A takes into account the ensemble of the three discharges tested by
means of a dimensionless averaged difference and is calculated as follows (eg. (37)):

Vi,C —ViM
Vi,M

1 3
A:EE (37)

where M indicates one of the measurement techniques (Spe, Scom, UVP or WD) used for
comparison with the colorant technique C and i indicates the discharge (from one to three).
The absolute difference in the velocity values is normalised with respect to the result of the
comparison technique. The average of the differences for every discharge is then used to
validate the colorant techniques.

Table 4.4: Velocity differences A (eq. (37)) between the colorant-based velocity measurements (EDgrgg, GL

and CSGL) and the other techniques (Spea, Scom, UVP and WD). Velocity values are given in Table 4.3. In
the vertical the grey cells correspond to the best result between EDggg, GL and CSGL and the other

techniques.
A without boulders A with boulders
AMD=2 AD=3

Som Speak uvp WD Som Speak Som Speak

§ CDM 0.030 0.121 0.051 0.105 0.069 0.205 0.017 0.202

0 Peak 0.143 0.022 0.096 0.053 0.213 0.049 0.423 0.133

. CDM 0.129 0.225 0.164 0.212 0.202 0.318 0.129 0.316

© Peak 0.139 0.021 0.092 0.051 0.193 0.050 0.349 0.088

9‘ CDM 0.031 0.137 0.074 0.123 0.107 0.241 0.077 0.234

O Peak 0.125 0.006 0.079 0.028 0.210 0.054 0.314 0.070

The results presented in Table 4.4 show that the EDgrgg estimates for the centroid velocity
are closer to the results obtained by salt tracking (and to UV P in the absence of boulders, in
grey in Table 4.4) than the estimates obtained by GL and CSGL analysis for the same
characteristic time. For peak velocities, the CSGL video analysis method results are
generally closer to the salt tracking peak (Sye) Velocity and to the WD results (in the

absence of boulders).
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As mentioned in section 4.1, most researchers agree on the use of the centroid velocity to
evaluate average flow velocities. Thus, the RGB Euclidean distance (EDrgg), Seems to be

the best video analysis method, if the salt tracking centroid is taken as a reference.

With the technique developed in this study, using a single camera visualising a 2.70-m-
long reach, local changes in velocity caused by the presence of boulders may be analysed.
Furthermore, this measurement setup avoids the problems associated with selecting
suitable cross-sections for measurements. With both salt tracer and dye tracer methods
(using two video cameras), depending on the cross-sections selected, the presence of dead
zones at the electrodes or the camera location can have an impact on the velocity
estimation, as explained by Day (1976). Lastly, during sediment transport experiments,
gravel bars are generally present in similar experiments and can occupy up to half of the
flume width (Ghilardi and Schleiss 2012). Conductivity signals during measurements with
the salt injection method are attenuated by the presence of such gravel bars. The same
applies to the video analysis technique described by Recking et al. (2008b), applied in this
study using the CSGL method (see section 4.4) because it takes into account the whole
flume width in the video analysis. The GL and EDggg techniques (see section 4.4) only
analyse the part of the video where colorant has previously been detected, thus avoiding
the weakening of the signal due to the flume’'s average cross-section, instead of the actual

flow’ s average cross-section.

As can be seen in Figure 4.3b, there is a certain scatter in the time of arrival of the centre of
mass at a given position. However, the error on dx/dt seems to be smaller than 5% for the
EDras, com. Our results are confirmed by other measurement techniques, confirming that
the average velocity is tracked. However, the video should be captured downstream of the

advective zone, as discussed above.

4.6 Conclusions

In steep channels, water depth and morphology vary rapidly. It is therefore difficult to
select representative cross-sections for measurements. The use of classical tracer
techniques to estimate velocities between two (or more) cross-sections partially avoids the
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problem of cross-section selection. Nevertheless, it is necessary to avoid tracer
measurements in dead water zones, which are often present in channels of this type.
Measurements in dead zones produce long tails in tracer intensity measurements. The main
advantage (cf. Table 4.1) of the method presented in this study is that it completely avoids
this problem of cross-section selection. The position of the video camera alows the
visualisation and analysis of an entire reach (0.25x2.70 m?) at one time. A global analysis

of tracer transport can thus be conducted.

Three flow velocity estimation techniques based on video anaysis of dye concentration
were examined and validated. In the absence of macro-roughness elements, the results
proved to be similar to those obtained with standard techniques such as Water Depth (WD)
and ultrasonic velocity profile (UVP) measurements. Only the salt tracking method, which
is widely used in steep flumes and mountain rivers, is aso applicable in the presence of
macro-roughness elements and was compared with the dye tracer technique for validation

purposes. The method presented here proved to be valid, and the results were comparable.

Several video analysis methods were compared. The method developed in this study,
which involves calculating the velocity of the centroid based on the RGB Euclidean
distance EDgrgg, using only pixels with colorant, yielded the smallest differences with
respect to the centroid velocity determined from salt injection. The latter is the most widely

used technique for measuring water velocity in mountain rivers and steep channels.

Cross-Section Grey Level CSGL analysis using the whole image was found to yield results
that are similar to peak velocities determined from salt injection. Because the whole cross-
section is analysed in this data analysis method, the calculation is faster. However, gravel
bars occupying more than half the cross-section are often present when working with a
mobile bed and sediment supply on steep slopes. In this case, the amplitude of the signal is
reduced. The presence of gravel bars covering the electrodes has the same impact on
conductivity measurements when working with a saline tracer. This problem can be
avoided using the measurement system and data analysis described in this study, which
involves using the whole reach and analysing only the part of the cross-section where

colorant isidentified.
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Other advantages of this innovative velocity measurement system are its simplicity and
versatility. A simple video camera is used. The camera is positioned with the flow
visualised in the horizontal video axis at a height of approximately 3.9 m above the water
surface. The videotapes obtained are analysed by means of a computational procedure. No
special light conditions are needed. Direct light on the flow must, however, be avoided and
the image must not be too dark; otherwise, the dark colorant (violet ink) might not be
identified. The applicability of this velocity measurement technique to field measurements
in small shallow mountain rivers could also be explored. However, depending on the local
conditions (vegetation, light conditions, surface pattern, etc.) it may be difficult to place
the camera in order to visualise a long river reach. Finaly, adequate vertica and
transversal mixing of the colorant and assuring that the video is taken out of the advective

zone are important issues in field measurements.
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Bedload fluctuationsin a steep channel

This chapter analyses in detail the cyclic fluctuations of hydraulic and morphologic
characteristics throughout one long duration experiment. The analysis of the pulses is
carried out from several points of view: time series observation, correlation functions,
phase analysis and visual observations of bed states corresponding to various bedload
stages. Finally, sediment transport equations are applied to the data and compared to
measured bedload fluctuations. Appendixes to this chapter are given at the end of the latter.
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Abstract: Bedload fluctuations have been observed over time in steep rivers
and flumes with wide grain size distributions even under constant sediment
feeding and water discharge. Observed bedload pulses are periodical and a
consequence of grain sorting. Moreover, the presence of large relatively
immobile boulders often present in mountain streams, such as erratic stones,
has an impact on flow conditions. The detailed analysis of a 13 hours
laboratory experiment is presented in this chapter. Boulders were randomly
placed in a flume with steep slope (6.7%) and water and sediment were
constantly supplied to the flume. Along with sediment transport and bulk
mean flow velocities, boulder protrusion, boulder surface, and number of
hydraulic jumps, indicators of the channel morphology, were measured
regularly during the experiment. Periodica bedload pulses are clearly
visible on this long duration experiment, along with correlated flow velocity
and bed morphology fluctuations. The link between bulk velocity,
morphology variables time evolution and bedload transport are analyzed by
correlational analysis, showing that fluctuations are strongly related. A
phase analysis for all the observed variables is performed where the average
shape of time cycles of fluctuations are shown. Observations indicate that
the detected periodical fluctuations correspond to different bed states.
Furthermore, the grain size distribution through the channel, varying in time
and space, is clearly influencing these bedload pulses. Finally, known
bedload formulae are tested showing that only the use of a drag shear stress

allows a correct estimation of the time fluctuations.

Key words: bedload fluctuations, boulders, steep rivers.



Bedload fluctuationsin a steep channel

5.1 Introduction

Flow conditions and sediment transport are well studied for lowland mild slope rivers. On
the contrary, only relatively few studies were made on steep mountain channels, mainly
during the last two decades. Steep channels are a subset of mountain rivers and are
typically characterized by longitudinal slopes larger than 4-5% (Comiti and Mao 2012) and
by channel beds composed of coarse mobile sediments and large, relatively immobile,
blocks or boulders (Rickenmann 2001; Papanicolaou et al. 2004; Yager et al. 2007).
Boulders can be found in steps crossing the whole channel width (step-pool morphology)
or in amore irregular manner (cascade morphology) (Montgomery and Buffington 1997).
In these streams, the water depth is typically shallow in comparison to the roughness of
elements such as the large isolated boulders. The latter are considered macro-roughness
elements when the relative roughness, defined as the ratio between the roughness scale and
the water depth, exceeds the unit value (Bathurst 1978). In coarse gravel bed streams, the
grain size distribution of the transported bedload is similar to that of the bed material only
for high flow intensities (Wilcock and McArdell 1993, 1997; Lenz et al. 1999; Rickenmann
2001). Moreover, in these streams, water depth is small when compared to the roughness
elements and large relatively immobile boulders, considered macro-roughness elements.
These rivers, often called gravel or boulder bed streams, constitute an important part of the
total water course in mountainous regions, since sediments mobilized on hillslopes transit
through these high-gradient streams before reaching floodplains (Yager et al. 2007).

The presence of awide grain size distribution in mountain rivers has an impact on bedload
transport, inducing bedload fluctuations. In the last decades, several researchers studied
bedload pulses in experimental flumes (Iseya and Ikeda 1987; Frey et al. 2003; Bacchi et
al. 2009; Recking et al. 2009). Iseya and lkeda (1987) showed that longitudinal sediment
sorting occurs when a wide grain size distribution is constantly fed into a flume, and this
segregation producing rhythmic fluctuations in the bedload transport rate. Sediment
particle availability, modulated by longitudinal sediment sorting, determines the magnitude
of sediment transport rate and how it pulses. According to Iseya and Ikeda (1987), two

main factors cause sediment transport to fluctuate, namely migration of bedforms and
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segregation of the surface grain size. Recking et al. (2008b) and Recking et al. (2009)
carried out tests with uniform and wide grain size distribution and noticed that bedload
fluctuations were not observed in setups with uniform grain size distributions, confirming

that fluctuations are a consequence of grain sorting in graded sediments.

Frey et al. (2003) showed that fluctuating sediment discharge and grain size distribution
are highly dependent. At the outlet of an experimental flume they observed that high solid
discharges carried mainly fine grains, whereas the sediments were coarser during low solid
discharge events. They also visually observed that a bed-armoring process was associated
with transient antidune-like structures. These bedforms increased bed resistance and thus
decreased solid discharge. The armoring layer was eventually destroyed, leaving a finer
bed in place with practically no bedforms, the largest outgoing sediment discharges being
observed at this moment. The cyclic change in bedforms and thus grain size distribution
starts once again with the formation of the armoring layer.

Recking et al. (2009) suggested that peak solid discharges are caused by the formation and
migration of bedload sheets. This phenomenon is accentuated in low flow conditions
(small discharge) and is associated with fluctuations on bed slopes, bed load and bed state.
They observed that bed aggradation is associated with reduced mobility for all the
diameters and with alongitudinal and vertical grain sorting, resulting in a coarsening of the
bed surface and fining of the subsurface. The local slope downstream of regions of
aggradation was observed to increase to a maximum value, followed by an abrupt increase
of gravel mobility. Coarse sediments are mobilized, and fine sediment previously hidden
under the surface layer are transported. This increased mobility destroys the pavement
downstream. The erosion of the bed stops when aggradation starts again from the flume

upstream section.

The presence of boulders, acting as macro-roughness elements, disrupts the flow by
altering the channel roughness. The boulders bear a significant amount of the total shear
stress, thus reducing the stress available to move finer sediments (Yager et al. 2007). As
underlined by Lenzi et al. (2006), when the roughness increases also the form drag

increases, implying lower effective shear stress at the bed for sediment entrainment. A
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shear stress partitioning method is pursued in the literature when the presence of macro-
roughness elements is accounted for. Parameters needed for shear stress partitioning and
bed resistance equations generally resume to the number of boulders, their cross-section,
the bed area occupied by them, the distance between boulders and a drag coefficient
(Bathurst 1978; Canovaro et al. 2007; Yager et al. 2007). Yager et al. (2007) suggested
that only the part of the shear stress not acting on boulders will induce sediment transport,
hence the presence of boulders decreases the sediment transport capacity (see aso
(Ghilardi and Schleiss 2011, 2012)). Boulder dimensionless distance A/D (-), where 4 (m)
is the average distance between boulders of diameter D (m), and protrusion Py, (M) are

thus good proxies for sediment transport in mountain streams (Yager et al. 2012b).

In step-pool rivers, the presence of hydraulic jumps downstream of steps was described by
several authors (Comiti and Lenzi 2006; Wilcox and Wohl 2007; Endreny et al. 2011).
Hydraulic jumps with breaking waves, as observed downstream of boulders, dissipate a
high amount of flow energy, which is proportional to the drop height (Comiti and Lenzi
2006). Curran and Wohl (2003) state that spill resistance accounts for 90% or more of the
total resistance in step-pool channels. The latter resistance is the resistance associated with
flow accelerations and decel erations generated at steps in the step-pool streams where flow

plunges from step to pool.

Boulders have rarely been taken into account in bedload transport experimental studies. To
the authors' knowledge, before Ghilardi and Schleiss (2011, 2012), only Yager et al.
(2007) carried out experiments on steep slopes in the presence of boulders protruding from
the channel bed. Regularly spaced spheres and a uniform grain size distribution were used
by these authors. Additionally, flow velocities are generally not measured in studies
analyzing bedload pulses (as for example in (Recking et al. 2009; Heyman et al. 2013)).

The main general goal of the research project framing this chapter is to analyze the impact
that randomly distributed boulders have on sediment transport capacity in steep slope
rivers, being the specific objective of the present chapter the analysis of bedload pulsesin
one long duration experience. For that purpose, flume experiments were performed with

constant water and sediment supply in the presence of boulders. Data presented herein are
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based on the results of one long duration experiment performed on a steep channel
(5=6.7%). Fluctuations in boulder protrusion, bed surface occupied by boulders, number of
hydraulic jumps, and average flow velocity are observed. The relation between these
variables is studied in detail in terms of time series, correlation functions, and phase
analysis. Mechanisms of bedload fluctuations are described in detail and finaly several
sediment transport equations are applied to the data and compared with our results.
Following the present introduction, the experimental methods are presented. Then results

are analyzed and finally main conclusions are drawn.

5.2 Resear ch methods

Bedload fluctuations are investigated by means of laboratory experiments, carried out on a
steep (6.7%) 8 m long (7 m usable) and 0.25 m wide tilting flume (Figure 5.1a) at the
Laboratory of Hydraulic Constructions (LCH) of the Ecole Polytechnique Fédérale de
Lausanne (EPFL). Some boulders, with a mean diameter of 1/3 of the flume width
(D=0.075m) and herein defined as elements that are not transported by the flow, are
placed in in the flume partially covered by mobile sediments. Water and sediments were
supplied at the flume inlet. Measurements of bedload, flow velocity and severa

morphological parameters were performed as explained next.

Sediment
feed

<— Video camera

Balance

™

7.0 m

\ J S
Bucket for Y Filtering 5

slug injection Video camera field of view (2.5-3.5m) basket

a) b)

Figure 5.1: @) Sketch of the experimental setup. b) Points for measurement of boulder protrusion during the

qs,out

experiment. T indicates the position of the highest (top) point of the boulder. Upstream (U), downstream (D),
right(R), and left (L) indicate, respectively, the points where the vertical distance with the top is calculated
(TU, TD, TR, TL). The average vertical distance isthe protrusion P.
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Water discharge, fed constantly by the closed general pumping system of the laboratory, is
measured by an electromagnetic flow-meter (0.01 1/s). Sediments are constantly fed into
the system by a calibrated sediment feeder situated upstream. A filtering basket suspended
to a balance recuperates the sediments at the outlet where the weight (1 kg) is measured
every minute. The one minute interval sediment discharge measurement was then averaged
over a 10 minute sliding window (Qsout 10), to provide a smoothed overview of the bedload
time evolution. Sediments are recirculated between the sediment feeder and the
downstream basket. No sediment sorting was observed at the outlet of the feeder.

The protrusion P of four chosen boulders is measured with a point gauge during
experiments, with atime interval of approximately 10 minutes (2-3 minutes per boulder, in
aloop). Pis calculated as the averaged vertical distances between: top and upstream (TU),
top and downstream (TD), top and left (TL), and top and right (TR) (cf. Figure 5.1b), for
every boulder at the edge with the gravel. For every measured boulder, protrusion P is sub-
sampled by linear interpolation to have a value every minute. An average protrusion value
between the boulders P,, is then calculated for every minute of the experiment. The

protrusion is finally normalized with respect to the boulder diameter: P"=P4,/D.

Flow average velocity U was measured every 15 minutes by means of a technique using
dye-tracer and video analysis. For a detailed description of the technique herein used read
Chapter 4. This technique, based on the analysis of a colorant (tracer) dilution, allows the
measurement of mean bulk velocities through the channel reach. The passage of the cloud
of colorant in the reach is analyzed based on the difference between images, the movement
of mass center of the cloud defining the average flow velocity (cf. Calkins and Dunne
(1970)). The average of five independent measures, based on five different colorant

injections, is done in order to obtain avelocity value.

Hydraulic jumps HJ are counted manually based on visual observation after flow velocities
measurements, i.e. about every 15 minutes. This parameter is an indicator of the amount of
energy dissipation and of the morphological variety, since they generally appear
downstream of protruding boulders. The number of hydraulic jumps HJ is scaled and

normalized by the number of bouldersin the flume Nag: HJ =HJ/Nag.
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Surface occupied by boulders Ags, paralel to the river bed (top view), called in short
“boulder surface”, is obtained by means of video analysis. The calculation is done on a
single frame about 5 times every 15 minutes, for the first part of the experiment. From
minute 488, the video camera is recording continuously and boulder surface is calculated
every minute. Boulders surface is scaled by the flume surface visible in the video, giving a

dimensionless boulder surface Ags , representing areal fraction covered by boulders.

The grain size distribution of the supplied sediments is. dsp=9.3 mm, d,=ds=11.9 mm,
d30=7.1 mm, dg;=16.6 mm, dg=19.0 mm, where d, is the mean grain size, corresponding
to dss and dx is the grain size diameter for which x% in weight of the amount of sediments
have smaller diameters. Boulders are not taken into account in this calculation and are not
supplied as mobile sediments; they were instead placed in the channel bed before the
experiment. Boulders are relatively immobile, which means that they are not transported
by the flow, athough they may move even several times their diameter during

experiments, due mainly to the scour hole formed around these.

A plane bed is prepared before the experiments and boulders are placed randomly into the
flume (cascade morphology) haf covered by mobile sediments, which corresponds to a
protrusion equal to approximately 30% of the diameter (P'~0.3). The boulders were placed
with an average dimensionless distance between boulders of /D=5, where / is the average
distance between boulders of diameter D=0.075 m. Water and sediment supply are started
at the same time. During the experiment, flow velocity, boulder surface, and number of
hydraulic jumps are measured about every 15 minutes. Ags , HJ and U are then linearly
interpolated, in order to have a regular interval of 1 minute, the same measuring period

used for sediment transport Qs out 10-

A criterion to establish the relation between liquid and solid discharge was set, assuming
the relative immobility of the boulders and imposing that the boulders always protrude
after a burst in sediment transport. To ensure equilibrium conditions, we verified that the
cumulative average of the outlet sediment transport was within £15% of the sediment

supply at the end of the experiment. The cumulative average of the outlet sediment
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transport (gsoutav) 1S cOmputed for a given instant T as shown in eq. (38), based on the one

minute interval sediment transport.

T
J- Os.out (t)dt
0

T (38)

Os,out,av (T) =

The present paper analyzes the fluctuations in sediment flux, bulk velocities and boulder
protrusion observed throughout a long duration experiment (774 minutes, roughly 13
hours) on a steep flume (6.7%). The water discharge was set to g=1.68x10% m*s'm™ and
the sediment supply to 0gin=0.0563x10" m’s'm™, both kept constant. The sediment
density is ps=2650 kgm™. Twelve boulders (Ngg=12) of diameters D=0.075 m have been
randomly placed in the flume, with an initia protrusion of 40%, this configuration
corresponding to a dimensionless distance of /D=5 and to an occupation of 3% of the bed

surface by the boulders.
5.3 Results

531 Timeseriesanalysis

During the experiment, cyclic fluctuations of bedload transport were observed. Both
phenomena mentioned by Iseya and Ikeda (1987 and Frey et al. (2003), bedform migration
and grain sorting, have been visually observed. Figure 5.2 shows the values measured for
the long duration experiment, for sediment transport gsou10, bulk velocities U, average
boulder protrusion P, boulder surface Ags , and number of hydraulic jumps HJ'. The range

of values, mean and standard deviation of the fluctuating variables are given in Table 5.1.

Cyclic pulses in sediment transport gsout10 Observed throughout the experiment (Figure
5.2) are clearly coupled with the other measured variables. Table 5.1 shows that the
measured sediment flux ranges from 0 to 0.2400x10° m®s*m™, with an average value of
Osr~0s out, av=0.0570x 10> m’s'm™* and a standard deviation of 0.0517x10° m®s'm™, which
corresponds to a considerable value of 90% of the average. Four bedload bursts,
corresponding to well defined peaks in the sediment transport rate, are clearly identified in
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Figure 5.2. Low sediment transport periods (0sout10< Osin) ae longer than high transport
periods, characterized by intense transport (Qsout 16> Usin), PEING the sediment output gsout 10
smaller than the inlet during 63% of the time. For all the measured parameters, the increase
from the lower value to the peak is faster than the decrease after the peak. This is
especially visible in the sediment transport curve, which increases from close to zero to a
maximum in 10 to 30 minutes, decreasing in a period of 50 to 70 minutes.

Table 5.1: Minimum, maximum and average values, standard deviation (¢) and ratio between standard

deviation and mean values of sediment transport gsou 10, VElOCity U, boulder protrusion P’, dimensionless

boulder surface Ags , and the dimensionless number of hydraulic jumps HJ'.

HI* ()

range (min + max) mean c o/mean
Osozo 0+ 0.2400x10° m’s'm™ 0.0570x10° m*s™m* 0.0517x10° m*s*m’* 0.90
U 0.39 + 0.69 ms* 0.53 ms* 0.06 ms™ 0.11
P 0+ 051 0.22 0.15 0.69
Ags 0+ 0.047 0.016 0.012 0.75
HJ 0+ 058 0.30 0.20 0.66
1.0 \ \ \ \ \ \ 0.8
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Figure 5.2: Time series of sediment supply (gsin), bedload at the outlet averaged over a 10 minutes window
(0s0ut,20), and global bedload outlet (gsoutay) ON the left-hand side axis. Time series of mean velocity (U),
dimensionless average protrusion (P"), dimensionless boulder surface (Ags ), and dimensionless number of
hydraulic jumps (HJ) on the right-hand side axis. Results for a long duration test (774 minutes), with
boulders of diameter D=0.075 m, /D=5 (-), 0;;=0.0563x10° m’s*m*, g=1.68x10? m’s’m*, S=6.7%.
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Fluctuations can be seen aso for the other measured parameters. Boulder protrusion P’
ranges from O (boulders completely covered by the mobile sediments) to 0.51 (boulders
largely exposed), with an average value of 0.22 and standard deviation of 0.15. As visible
in Figure 5.2, peaks in protrusion take place clearly after peaks in sediment transport.
During the experiment, rapid changes in bed morphology, and especially erosion and
deposition around boulders, was observed (cf. Figure 5.3). Boulders were sometimes
moved by falling into the scouring whole downstream of them, but they were never
transported by the flow. The two pictures in Figure 5.3 are taken with one minute of
interval, at instants 693 and 694 minutes from the beginning of the experiment. This period

corresponds to asmall peak in sediment transport, as seen in Figure 5.2.

P= = W .Flowdirection

Figure 5.3: Example of erosion around a boulder after a small bedload peak (Osou10¥0sin): PiCtures
correspond to instants 693 and 694 minutes. The black shape indicates the position of the boulder, as visible
in the right hand side pictures.

Dimensionless boulder surface Ags fluctuates in phase with protrusion, as expected (cf.
Figure 5.2). The link between P* and Ags can be easily seen using a partialy covered
sphere as example: the projected surface increases as a function of diameter and protrusion
when the latter is smaller than 0.5, as shown by Yager et al. (2007), remaining constant for
higher protrusions. Since experiments are carried out with water-shaped boulders, the link
between the surface and protrusion is less direct and cannot be expressed by a simple
eguation, but the principle remains the same. The boulder normalized surface ranges from
0to 0.047, with an average of 0.016 and a standard deviation of 0.012.

The temporal evolution of the number of hydraulic jumps HJ" is also clearly related to the
average boulder protrusion, fluctuating in phase with it. The protrusion downstream
boulders is 1.5 times bigger than the protrusion upstream, as shown in Ghilardi and
chleiss (2012). As the average protrusion increases, we visually observed that the size of
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scouring holes does, too, causing the formation of hydraulic jumps downstream of macro-
roughness elements. Rarely hydraulic jumps are present in other places. Between 0 and
58% of the boulders can have hydraulic jumps downstream of them, depending on the
average protrusion of the boulder. On average, hydraulic jumps are present downstream of
30% of the boulders. The presence of hydraulic jumps dissipates energy, which is then not
available anymore for sediment transport. This energy dissipation may be one cause of the
global decrease in sediment transport capacity induced by boulders observed in the

experiments, compared to experiments without boulders (Ghilardi and Schleiss 2012).

Variations in mean flow velocities U are less pronounced, ranging from 0.39 ms® to
0.69 ms*, with an average of 0.53 ms™. Nevertheless, velocities also vary concomitantly
with bedload and the peak in velocity seems to take place shortly before the peak in
sediment transport.

5.3.2 Correlational analysis

Figure 5.4 shows the normalized auto-correlation function of time varying variables
presented in Figure 5.2. The first meaningful peak in the auto-correlation functions, at
roughly 155 minutes for all the variables. This corresponds to the duration of one periodic
oscillation which is the same for al variables: bedload, flow velocity, boulder protrusion,
boulder surface, and number of hydraulic jumps. Two statistically significant peaks
(correlation values of about 0.20) are seen namely at lags of about 155 minutes and 310
minutes. The time lag between the first and the second peak (155 minutes) corresponds to
the time lag of the first peak in auto-correlation functions, thus apparently the duration of
the fluctuation cycles remains constant in time. Significant negative peaks happen at about
one third of the time lag cycle indicating that the increase before a peak is faster than the
decrease after the peak as stated earlier and can be confirmed by direct observation of

Figure 5.2.

Figure 5.5 presents the normalized cross-correlation functions between sediment transport
and other variables presented in Figure 5.2. Cross-correlation functions contain severa
statistically significant positive peaks (above and about 0.20), separated by lags of about
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155 minutes. Well-behaved cyclic oscillations in auto-correlation (Figure 5.4) and cross-
correlation functions (Figure 5.5) confirm the periodicity observed earlier in Figure 5.2.
First peaks of cross-correlation functions do not occur for zero time lags, indicating that

the cycles in measured variables although correlated are not fluctuating in phase.

Auto-correlation (-)

Time lag (min)

Figure 5.4: Normalized auto-correlation function for: bedload (Qsau10); Mean velocity (U); dimensionless
average protrusion (P"); dimensionless boulder surface (Ags ); and dimensionless number of hydraulic jumps
(HJ).

The cross-correlation function between sediment transport and bulk velocities (gsout,10-U)
peaks for atime lag of three minutes (cf. Figure 5.2). On the other hand, cross-correlation
between sediment transport (s ou 10) @d the remaining variables (P, Ags , and HJ'), which
are al linked to the presence of boulders, has its maxima for a time lag around -27

minutes.

The fact that the time lag of each of the three morphological indicator variables with
sediment transport is the same indicates that these fluctuate in phase (cf. section 5.2).
Cross-correlation functions between these variables (P'-Ags , P'-HJ', Ags -HJ', not shown

here) show a peak at zero time lag, with values of about 0.7-0.8.
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Figure 5.5: Normalized cross-correlation between bedload (Qsou10) @nd the other variables, namely: mean
flow velocity (U); dimensionless average protrusion (P); dimensionless boulder surface (Ag); and

dimensionless number of hydraulic jumps (HJ).

5.3.3 Phaseanalysis

A phase analysis based on the identification of bedload cyclesin the instantaneous signal is
here presented. A cycle is herein identified as going from a small peak in bedload, where
the maximum sediment outlet is similar to the inlet, to the first small peak in bedload after
an intense peak (gsout,10>>0sin)- This definition allows identifying three complete cycles for
most of the variables, in the period in which all the variables were measured (about 488
minutes, cf. Figure 5.2). For bedload and boulder surface four cycles were detected during
the total experience period. The original data for al remaining variables are conditionally
sampled by the bedload phase. For every variable, data are normalized between O
(minimum) and 1 (maximum) by the range difference between the maximum and the
minimum values measured within one cycle. The time is normalized by the duration of
every cycle, resulting in t'. The identified cycles occur between 0 and 187 minutes, 187
and 340 minutes, 340 and 468 minutes and finally between 468 and 680 minutes (cf.
Figure 5.2), and are herein identified as cycle 1, 2, 3, and 4 respectively.
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In Figure 5.6 phase sampled variables are presented with respective phase-averages,
having as basis sediment transport unit cycles. Remarkably, all variables have a consistent
evolution within one bedload cycle, and a similar behavior is observed between al. An
event characterized by a burst in the sediment transport is clearly observed. Furthermore,
the increasing period of the burst is steep whereas the decrease presents a lower slope as

observed earlier.

Although the duration dlightly varies from one cycle to the other (187, 153, 128, and 212
minutes for cycles 1, 2, 3, and 4 respectively), the shape remains the same. This is
confirmed by Figure 5.6f, where the normalized phase averages for al variables are shown

within one sediment transport variable.

Bedload starts to increase, at about t =0.2, when the morphological variables are at a
minimum. These parameters influence energy dissipation, and thus the minimal value of
normalized phase average of morphologica variables suggests that energy dissipation is

also at a minimum.

Sediment transport reaches the peak and starts decreasing again a t =0.43, when
morphological parameters are at about half of their maximum value. The increasing period
before bedload maxima takes about At'=0.22 and the decreasing period takes about
At =0.32, confirming again the observations of Figure 5.2 and Figure 5.4. Local maximain
the variables describing flumebed morphology happen about at a normalized lag of 0.17
after sediment transport and velocity maxima, converging with the findings made with the
earlier correlational-based analysis. When morphological parameters reach their maximum
value, the bedload transport has decreased until the average transport (=Qsin) and will soon
reach the minimum value. Morphological parameters values continue to decrease until a

minimum, when bedload starts increasing again for a new cycle.

The phase analysis thus confirms a strong relation between the bedload fluctuation
observed in the flume and flow velocity, and of these with the bed morphology evolution
in time. A feedback system thus exists between channel morphology, flow kinematics and

sediment transport.
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Figure 5.6: Phase analysis for the measured variables normalized with local extreme values (results for cycles
1 to 4 and phase-averages): a) bedload gs o 10; b) dimensionless average protrusion P'; ¢) mean flow velocity
U; d) dimensionless boulder surface Ags ; €) dimensionless number of hydraulic jumps HJ'. f) Normalized

phase-average for each of the variables. Normalized timet” corresponds to one cycle duration.

5.34 Mechanisms of bedload fluctuations

The observed sediment transport fluctuations correspond to different bed states, as shown
in Figure 5.7 and argued earlier by Recking et al. (2009), Iseya and lkeda (1987), and Frey
et al. (2003). Figure 5.7 illustrates different bed states observed in the experiment at four
different moments. The test was stopped four times, in order to take measurements of the
bed and to take the pictures of the bed surface. These cover an approximately 1.50 m long

reach.
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(b) Osout,10¥0sin before apeak in sediment transport, at an 0.28(cf. Figure 5.6f).

) Osout,10~0sin after a peakinsedi ment transport, at a normalized time of aboutt =0.64 (cf. Figure 5.6f).

Figure 5.7: Flume view from the top of a reach about 1.50 m long, at severa key instants during the
experiment: (&) at low bedload transport, at a normalized time of about t'=0.15; (b) &t 0 e 10~0sin before a
peak in sediment transport, at a normalized time of about t =0.28; (c) at the peak in sediment transport, at a
normalized time of about t =0.43; (d) at Osout 10°0sin after a peak in sediment transport, at a normalized time
of about t'=0.64.

Figure 5.7a shows the bed during a low bedload period (at a normalized time t =0.15, cf.
Figure 5.6). Due to vertical grain sorting, a layer of 1 to 2 very coarse grains covers the
surface, leaving the fine sediments hidden under it, as can be seen in the laterally taken
picture in Figure 5.8. The diameter of the surface grains is close to or larger than dg
(19 mm in this case). At this stage of sediment transport (Figure 5.7a), coarse riffles can be
seen. These bedforms present an upstream long reach which is amost horizontal followed
by a steep and shorter slope downstream of it (cf. Figure 5.8 for a similar experiment).
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When few boulders are present, like in the present long duration experiment, or even in
experiments without boulders (not shown here), riffles easily develop during low sediment
transport period. As observed in other experiments, fluctuation cycles are longer and with
larger amplitudes when fewer boulders are present (Ghilardi 2013), due to the creation of
riffle structures (cf. Figure 5.8). The slope of the downstream part of the riffles slowly
increases with time, as more gravel is deposited upstream. Downstream, a rapid is formed
where flow accelerates and, eventually, the steep slope fails and the structure disintegration
propagates in the upstream direction. Fine sediments trapped under the armor-layer are
then mobilized and washed away, enhancing the bedload and provoking the breaking of
downstream bed structures in their passage. This phenomenon can happen partialy in the
downstream and central part of the flume and produce small peaks on the sediment
transport measured downstream. It also starts from the upper part of the flume and, in this
case, an important peak in sediment transport is observed, due to the washing of the bed
structures in the entire channel.

=

s ¥ P g
_— b

Figure 5.8: Coarse riffle formation in an experiment carried out without boulders.

The grain size distribution at the surface changes when the sediment transport starts to
increase. Figure 5.7b shows the bed state before a peak in sediment transport, when
Osout, 10~0sin (here at a normalized time of t'=0.28, cf. Figure 5.6). The surface grain size
distribution corresponds to the sediments supplied upstream. Boulders are still mostly
covered by sediments.

At the peak of bedload transport (Figure 5.7c, at a normalized time of t =0.43, cf. Figure
5.6) the sediments visible on the bed surface are very fine, the grain size being close to dso
(7.1 mm in this case), or dlightly larger. All grain sizes are transported and neither
longitudinal nor vertical segregation is visible. Practically no bedforms are visible at this

stage. The bed is often plane and water occupies the whole width, which is not the case in
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most parts of the flume during low bedload periods. During bedload bursts, boulders start

to get visible again but are not yet at the maximum of protrusion.

At the end of the burst in bedload transport, when gsout, 1050sin (Figure 5.7d, at a normalized
time of t =0.64, cf. Figure 5.6), the grain size distribution of the surface layer is again close
to the supplied mobile grain size distribution, where both fine and coarse gravels are
present. At this moment boulders have the highest protrusion. They may even be totally
exposed, and it is often at this moment that they may move, due to the scouring holes that

may form downstream or laterally by local erosion processes.

Due to the presence of boulders, the drag near the bed is increased. Moreover, macro-
roughness elements disrupt the flow and boulder exposure decreases the shear stress
available for sediment transport (cf. (Lenz et al. 2006; Yager et al. 2007)). Boulders do
however not cause the fluctuations, since pulses seem to be less frequent and with larger
amplitude without them. On the contrary, sediment transport pulses are more frequent and
with lower amplitude with the increase of the spatial density of boulders (Ghilardi 2013).
Yager et al. (2007) used a uniform grain size distribution for their tests, and did not
observe any bedload pulses, indicating that the pulses are not caused by the presence of
immobile boulders.

5.3.5 Sediment transport formulae

The following sediment transport formulae, developed for relatively steep rivers, are
applied to the measured data in order to estimate the bedload transport rate through time,
using time varying parameterization (e.g. (Recking et al. 2009)): Fernandez Luque and van
Beek (1976) formula (FLVB), Rickenmann (1991b), and Recking et al. (2008a) formula for
discontinuous bedload. Both Fernandez Luque and van Beek (1976) and Rickenmann
(1991b) avoid formulating hypothesis on the critical shear stress for incipient motion, thus
the value of 1, =0.045 is used. Recking et al. (2008a) suggest that t¢ =0.155°2 = 0.071,
this value is thus used for Reckings formula. Details on these formulae are given in
Appendix at the end of this chapter. The wall resistance herein neglected, as it generaly is

in mountain rivers since, athough the channel may be narrow, the resistance contribution
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is small compared to that caused by plunging flows, steps (clusters of boulders) or isolated
roughness (boulders) (Yager et al. 2012a).

Figure 5.9 shows the sediment transport measured and calculated according to the three
aforementioned formulae with all of them overestimating the measured sediment transport.
Although the Recking et al. (2008a) formula estimates the average sediment transport to be
almost double that of the measured bedload (cf. Table 5.2 later in the text), this formula
givesin average the smallest difference in the estimates. The Rickenmann formula gives an
almost constant overestimation of bedload (4x), whereas FLvB prediction fluctuates in
time and overestimates bedload by six times. Sediment transport calculated with Recking
and FLvB formulae show peaks shifted in time with respect to the measured transport. This
is due to the use of the total bed shear stress (z=pgR»S, where p is the water density, g the
gravity, R, the hydraulic radius, and S the slope), deduced for flow under uniform
conditions, and applied in most of existing sediment transport formulae. When the flow
velocities increase, the water depth (calculated as h=Q/(UB), where h is the water depth
and B the flume width) decreases, and thus bed shear stress decreases. Recking and FLvB
formulae are similar in the structure of g=a(7 -z ) and depend only on 7. Keeping the
bed slope (S constant, fluctuationsin 7, fully determined by variations of water depth, are
thus directly linked to the calculated bedload transport. This problem is partially avoided
by Rickenmann formula, due to the use of the Froude number to the power 1.1. This
number is linked to the velocity U to the power 3/2 and thus to the use of the Froude
number to the power 1.1 counteracts the impact of the total shear stress (proportional to
U¥?) in the peak shifting. Neverthel ess, peaks are smoothed by this formula.
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Figure 5.9: Measured bedload (Qsou10) and sediment transport estimated with formulae proposed by
Fernandez Lugue and van Beek (1976), Rickenmann (1991b), and Recking et al. (20083).

The above-mentioned formulae were modified according Yager et al. (2007) and Yager et
al. (2012a) in order to take into account the presence of boulders. Several modifications are
proposed in Yager et al. (2007) to account for the limited sediment supply and the presence
of rarely mobile macro-roughness elements, taking into account the scale An/A;, where A is
the total bed surface and A=A:-Ass IS the surface of the mobile bed. Yager et al. (2007)
suggests a shear stress partitioning method and argue that only part of the total bed shear
stress available by the flow acts on the mobile sediments contributing to sediment
transport, the so-called drag shear stress acting on mobile sediments, herein parameterized
by the square of the measured bulk velocity U in time, t=pCnU?/2, where Cn, is a drag

coefficient.

Severa researchers analyzed the value of C, in gravel-bed rivers. Yager et al. (2012a)
proposed a constant value of C=0.44, based on data collected by Marcus et al. (1992).
Working with this same data set, Scheingross et al. (2013) proposed a power law to

represent the coefficient Cy Cm =0.57(Rn /ds4,mobne)_°'96, giving an average value of

Cn=0.38. C;,, may also be calculated using the Variable Power Equation (VPE) proposed
by Ferguson (2007), as explained in Scheingross et al. (2013). In this approach, after
severd trids, the relative submergence is defined as Ry/dsp, since it estimates Cp, values
closer to those expected (average C,=0.08), allowing a good estimation of sediment
transport. Details are given in Appendix at the end of this chapter.
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Figure 5.10 presents the total exerted forces on the channel bed, computed as Azi=ApgR:S
where R, is time variable and corresponds to a channel-averaged value, and the drag forces
on mobile sediments AntmAnpwCnlU%2, Where C,, is estimated according to the three
different mentioned authors. Measured sediment transport is also represented in Figure
5.10.

Drag forces fluctuate jointly with sediment transport, independently of the formula used
for the calculation of Cy,. Tota forces present only small fluctuations and peaks are in

discordance with sediment transport peaks as discussed earlier.

The use of the drag shear stress, as proposed by Yager et al. (2007), reproduces the
fluctuations in sediment transport (measured and predicted values are in phase). Since the
use of bed shear stress is already overestimating the sediment transport (cf. Figure 5.9), the
drag coefficient function proposed by Ferguson (2007), corresponding to the only drag
shear stress smaller than the total shear stress, is selected hereinafter to be tested in the
modified formulae. The overestimation of drag forces by Yager et al. (2012a) and
Scheingross et al. (2013 is due to the high drag coefficient C,, values.

125 ; T T T 0.25

0.15 —Am‘tm Ferguson (2007)
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Figure 5.10: Tota bed forces Az applied on the total channel bed area and drag forces Az, applied on the
bed area occupied by mobile sediments, calculated according several authors proposition for C,, estimates
(left-hand side axis), and measured bedload (gs ot 10) (right-hand side axis).

Figure 5.11 presents the bedload calculated with the very same formulae as in Figure 5.9
but where the shear stress is modified according to Yager et al. (2007), using the drag
coefficient C, calculated according to Ferguson (2007). Measured transport is presented as
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well in Figure 5.11. This time, peaks of the predicted sediment transport adequately
follows the measured bedload for al the applied formulae and no shifting in time is present
anymore. A good correspondence between the shape of the measured bedload curve and
the shape of the curves estimated with transport formulae modified according to Yager et
al. (2007) is observed. This indicates that even if the fluctuations in bulk flow velocities
are smaler (¢/mean=0.11) than those observed for bedload transport (¢/mean=0.90, cf.
Table 5.1), they are enough to explain the amplitude in bedload pulses. Some parts of the
measured bedload curve are not well explained by velocity measurements indicating that
further investigation is needed to account for the presence of boulders. The bedload
transport estimations improve for all formulae when modified according to Yager et al.
(2007) using a drag coefficient calculated with the VPE of Ferguson (2007), as visible in
Table 5.2. However, Recking's formulae now underestimates bedload transport, mainly
because of the high dimensionless critical shear stress value (0.071) which is assumed to
be a function of the slope. For this formula, there is often no excessive shear stress (7 -
7o <0), where bedload was considered to be nil. Both FLVB and Rickenmann formulae
overestimate bedload by approximately 100%.
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Figure 5.11: Measured bedload (gsou10) and sediment transport formulae modified according Yager et al.
(2007) and using Ferguson (2007) for the C,, calculation in z,; Fernandez Luque and van Beek (1976),
Rickenmann (1991b), and Recking et al. (2008a).

All the modified sediment transport formulae have similar shapes with the difference
between them being small. Table 5.2 shows that, on average, Rickenmann (1991b formula
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is the one with the smallest difference, if Recking et al. (2008a) is excluded given the

reasons mentioned above.

The use of the drag shear stress on mobile sediments allows reproducing the bedload bursts
quite accurately. Nevertheless, a correct estimation of the drag coefficient Cy, is critical .-In
the VPE of Ferguson (2007), the use of dg, as grain size representative of the roughness
instead of dsp, induces an overestimation of bedload transport of about 15 times the

measured val ues.

Table 5.2: Deviation between the calculated and measured averaged sediment defined as
(Oscaic-Osoutar)/dsoutay fOr €ach formulae, original and modified according to Yager et al. (2007), using
Ferguson (2007) for the calculation of the drag coefficient (C,,) in the latter.

Fernandez Lugque and

Shear stress approach Recking et al. (2008a) Rickenmann (1991b) van Beek (1976)
7 (origina formulae) 0.7 2.8 53
7, (modified formul ag) -0.6 0.9 1.3

5.4 Conclusions

A long duration steep flume experiment, carried out with awide grain size distribution and
in presence of relatively immobile boulders, revealed an interaction between bedload and
flow velocity fluctuations and variations in morphological parameters, such as boulder
protrusion, bed surface occupied by boulders and number of hydraulic jumps. This could
be demonstrated by the analysis of time-series and confirmed by correlational and phase

analyses.

The duration of the cycles is the same for al the measured variables, however a delay
between the variables exigt, i.e. morphological parameters, influencing energy dissipation,
fluctuate with a time lag with bedload transport pulses. Bedload and flow velocities
fluctuate almost in phase, with the peak in velocities occurring just minutes before the peak
in bedload.
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Phase analysis shows that, when sediment transport starts increasing, values of
morphological parameters are at a minimum, suggesting that energy dissipation isalso at a
minimum value. Bedload starts decreasing again when morphological variable values are
at about 50% of their maximum value. When morphological parameters reach their
maximum value, the bedload transport has decreased until the average transport and soon
reaches a minimum value. Morphological parameters values continue to decrease until a

minimum, when bedload starts increasing again for a new cycle.

The observation of the experiment shows that, before a burst in sediment transport, the
channel bed is paved and boulders are not visible. Local deposition creates an almost
horizontal bed reach followed by steeper slopes downstream. On these, just before the
burst in sediment transport, the local slope can be very high with local flow velocity
increasing drastically. Eventualy, some grains are eroded downstream of these riffles. The
whole structure is then rapidly washed out and sediment discharge increases drastically,
causing the peak in sediment transport. The velocity is smaller when the protrusion is close
to its maximum, seemingly due to the additional flow drag induced by the boulders. Their
presence disrupts the flow and dissipates energy through the presence of hydraulic jumps
downstream of the boulders. After the peak in boulder protrusion, the latter slowly
decreases. During this time sediment transport measured at the outlet is very low. Once the
protrusion reaches a minimum, sediment transport starts to increase again. Thisis a clear
indication of the impact of boulders on sediment transport capacity, possibly due to

decrease in shear stress available for sediment transport.

Finally, the present paper shows that the total bed shear stress values fluctuate out of phase
to bedload pluses. On the contrary, the use of the drag shear stress, directly dependent on
flow velocity, gives bedload estimates fluctuating in phase with measured sediment
transport and with better bedload estimates. The choice of the drag coefficient is however
critical in order to obtain correct sediment transport estimates.

117



Chapter 5

APPENDIX TO CHAPTER 5

Sediment transport formulae
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Recking et al. (2008a) formulafor discontinuous sediment transport is
g =15.6(7" —0.158%75)’ (39)
where gs is the dimensionless sediment transport according to Einstein (1950) and 7

the dimensionless shear stress, usually calculated as:

T _ pgRnS (40)

(ps—p)gdso  (ps— p)gdso

where R, is the hydraulic radius, dsp the median grain diameter, ps=2650 kgm™ the
density of sediments, and p=1000 kgm® the density of water.

Recking assumes the shear stress to be proportional to the slope as 0.15S%%” = 0.071.

Rickenmann (1991b) formulais

. 31 (dw)” 2 [ .

s = S T T - Toa Frl'l 41
a \/S-l(dmj ( ) (1)
where Fr = is the Froude number and 7, is the critica dimensionless

U
J9Q/(UB)

shear stress, assumed to be equal to 0.045.

Fernandez Luque and van Beek (1976) formulais
q; = 5.7(2'* - T )3/2 (42)

where 7, isthe critical dimensionless shear stress, assumed to be equal to 0.045.
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Drag coefficient Cy,
e According to Yager et al. (2012a), based on Marcus et al. (1992) data set, the drag

coefficient has a constant value of C,,=0.44

e According to Scheingross et al. (2013), the drag coefficient follows a power law:
Cim = 0.57 (R / dsamobite) " (43)

Thisexpression is also based on Marcus et al. (1992) data set.

e Scheingross et al. (2013) propose to use the Variable Power Equation (VPE) of
Ferguson (2007) in order to calculate the drag coefficient. Ferguson (2007) states that:

u (8)"” aae (d /D)
u :(Tj = T (44)
[af+a§(d/D) }

where a,;=6.5 and a,=2.5. f is the Darcy-Weisbach friction factor and u the shear
velocity. d/D is the relative submergence, here assumed to be equal to Ry/dsp. The
above mentioned friction factor is then introduced in the C,, formula as proposed by

Scheingross et al. (2013):

*\2
Cn= Z[UU] (45)
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Period and amplitude of bedload pulsesin

a macr o-rough channel

This chapter analyses in detail the duration and amplitude of cyclic bedload fluctuations as
a function of several variables. Amplitude and duration of bedload pulses are determined
based on correlation analysis and it is shown that these clearly decrease when the stream
power increases. The boulder configuration influences sediment transport capacity and

thus the stream power needed to transport a given amount of sediments.
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Abstract: It is known that bedload fluctuates over time in steep rivers with
wide grain size distributions, even under conditions of constant sediment
feed and water discharge. Bedload fluctuations, which are a consequence of
grain sorting, are periodic and are related to fluctuations in the flow velocity
and bed morphology. The presence of large relatively immobile boulders,
such as erratic blocks which are often present in mountain streams, has a
strong impact on flow conditions and sediment transport. However, their
influence on bedload fluctuations has not been studied. Sediment transport
fluctuations were investigated in this study in a set of 38 laboratory
experiments carried out on a steep tilting flume under several conditions of
constant sediment and water discharge, for three different slopes (S=6.7%,
9.9%, and 13%). Sediment transport, bulk mean flow velocities and
variables describing the morphology were measured regularly during the
experiments. Periodic bedload pulses were clearly visible in al of the
experiments, along with flow velocity and bed morphology fluctuations.
Correlation analysis showed that the durations of these cycles were similar,
although they were not necessarily in phase. The pulses were characterized
by their amplitude and period as a function of various boulder spatial
densities and diameters. This chapter shows that for higher stream power,
the fluctuations decrease, both in cycle duration and in amplitude. The
presence of boulders increases the stream power needed to transport a given

amount of sediment, thus decreasing fluctuations.

Key words: Bedload fluctuations;, Sediment transport; Boulders, Steep
channel.
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6.1 Introduction

Despite the importance of mountain riversin the control of the sediment supply to lowland
mild-slope rivers (Wohl 2000; Yager et al. 2007), only a few studies were conducted on
steep channels, and these were primarily performed in the last two decades. Steep channels
are a subset of mountain rivers and are typically characterized by longitudinal slopes larger
than 4-5% (Comiti and Mao 2012) and by channel beds composed of coarse mobile
sediments and large and relatively immobile blocks or boulders (Rickenmann 2001;
Papanicolaou et al. 2004; Yager et al. 2007). Boulders can be found in steps spanning the
whole channel width (step-pool morphology) or in a more irregular manner (cascade
morphology) (Montgomery and Buffington 1997). In these streams, the water depth is
typically shallow in comparison to the roughness of elements such as the large boulders.
The latter are considered macro-roughness elements when the relative roughness, defined
as the ratio between the roughness scale and the water depth, exceeds the unit value
(Bathurst 1978).

The wide grain size distribution present on steep slopes has a noticeable impact on
bedload, causing its fluctuation even under constant water and sediment feed (Iseya and
Ikeda 1987; Frey et al. 2003). According to Iseya and Ikeda (1987), two main factors
cause sediment transport to fluctuate, namely, migration of bedforms and segregation of
the surface grain size distribution, which results in the formation of an armor layer. Iseya
and Ikeda (1987) showed that longitudinal sediment sorting occurs when graded sediments
are constantly fed into a flume, producing rhythmic fluctuations in the bedload transport
rate. Longitudinal sediment sorting influences sediment particle availability and determines
the magnitude of the sediment transport rate and its pulses. Recking et al. (2009) indicated
that this phenomenon is accentuated in low-flow conditions (small discharge) and is
associated with fluctuations of bed slopes, bed load and bed state. Recking et al. (2008b)
and Recking et al. (2009) carried out tests with uniform and wide grain size distribution on
similar installations and noticed that bedload fluctuations were not observed in setups with
uniform grain size distributions. This confirms that fluctuations are a consequence of grain

sorting in mixed sediment compositions.
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To the authors' knowledge, before the present study the impact of isolated boulders on
bedload transport was analyzed only by Yager et al. (2007). They carried out experiments
on steep slopes, in the presence of boulders represented by regularly spaced spheres, and
with uniform bed material. The isolated boulders present a morphology similar to what can
be found in nature in a reach characterized by a cascade morphology. Most sediment
transport equations estimate bedload transport rates based on the difference between the
critical and the total shear stress. Macro-roughness elements endure a significant part of the
total stress and disrupt the flow by altering the channel roughness (Wohl 2000; Yager et al.
2007; David et al. 2011). The form drag caused by boulders increases with the number of
boulders. Increased form drag results in lower shear stresses available at the bed for
sediment entrainment (Bathurst 1978; Lenzi et al. 2006; Yager et al. 2007; Yager et al.
2012a). Hence, the presence of boulders decreases the sediment transport capacity (Yager
et al. 2007; Ghilardi and Schleiss 2012; Yager et al. 2012a). The dimensionless boulder
distance /D (-), representing the boulder density, where 4 (m) is the average distance
between boulders of diameter D (m), and the protrusion of the boulders are directly linked
to the sediment transport capacity (Yager et al. 2007). Several parameters may be used to
account for the presence of boulders in bed shear stress and bed resistance equations.
These parameters generally pertain to the number of boulders, their cross section, the bed
area occupied by them, the distance between boulders and a drag coefficient (Bathurst
1978; Canovaro et al. 2007; Yager et al. 2007; Pagliara et al. 2008; Yager et al. 2012a).

Along with the form drag resistance caused by boulders, energy can be dissipated by spill
resistance due to flow acceleration and deceleration, which usually occur over or
downstream of steps in rivers (Curran and Wohl 2003; David et al. 2011). Energy losses
due to spill resistance are linked to the presence of hydraulic jumps downstream of steps or
boulders and are proportional to the drop height (Curran and Wohl 2003; Comiti and Lenz
2006).

Several authors noted the possible dependence of critical bed shear stress on the channel
gradient (Papanicolaou et al. 2004; Lamb et al. 2008; Recking et al. 2008a) and
morphology (Church et al. 1998), along with the channel roughness and hiding effects
associated with a wide grain size distribution (Buffington and Montgomery 1997; Lenz et
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al. 2006). Bed shear stress calculations require a precise knowledge of the channel
hydraulics, which present high local variability in mountain rivers. On the other hand,
according to Bagnold (1966), the stream power per unit width « depends on such bulk
channel properties as the river width and slope, combined with the discharge of the river,
as expressed in the following equation:

= pgqS=rU (46)

where p (1000 kgm™) is the fluid density, g (9.81 ms?) is the acceleration due to gravity,
q(m°s™m™) is the specific discharge, S (-) is the slope, = (Nm™) is the total bed shear
stress, and U (ms™) is the average flow velocity.

The stream power quantifies the rate of loss of energy as water flows downstream and thus
the power available for performing geomorphic work (Bagnold 1966; Ferguson 2005; Petit
et al. 2005; Parker, C et al. 2011). Bagnold proposed that the bedload transport rate
increases nonlinearly with stream power above a threshold or critical value. Petit et al.
(2005) suggested that the critical specific stream power increases with the bedform scale

due to the significant loss of energy available for sediment transport.

The objective of this paper is to show the relationship between sediment transport pulses
and the time-varying flow velocity and parameters representing the channel morphology
(boulder protrusion, boulder surface, and number of hydraulic jumps). This objective was
achieved by means of experimental tests conducted using alaboratory flume, for which the
bedload, bed morphology and flow velocity were continuously assessed. The results
presented and discussed in this paper are based on 33 experiments with boulders and 5
experiments without boulders, carried out for several different combinations of conditions
of time-constant water and sediment supply. A preliminary and partial anaysis of these
experiments is given in Ghilardi (2013). A correlation analysis between the observed
bedload fluctuations, velocity, and bed morphology is here shown for one of the tests
indicating that these factors fluctuate concomitantly in time, although not necessarily in
phase (cf. Chapter 5). The period and amplitude of the pulses in the sediment transport
were determined and their relation with the water discharge, bed shear stress, stream

power, and density of the boulders was anayzed.
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Following this introduction, the experimental methods are described, the results of the
analysis of the experiments are presented and discussed, and lastly, main conclusions are
drawn. The analysis of the results of one experiment is presented in detail. The same
analysis approach was applied to the remaining experiments, and the combined results are
discussed.

6.2 Research methods

The effect of randomly distributed relatively immobile boulders, reproducing a cascade
morphology as described by Montgomery and Buffington (1997), on bedload fluctuations
was investigated by means of laboratory experiments carried out on a steep (S=6.7%,
9.9%, and 13%), 8 m long (7 m usable), 0.25 m wide, tilting flume at the Laboratory of
Hydraulic Constructions (LCH) of the Ecole Polytechnique Fédérale de Lausanne (EPFL)
(Figure 6.1). The boulders, with mean diameters ranging between 1/3 and 1/2 of the flume
width, are herein defined as elements that are not transported by the flow. Water and
sediments were supplied at the flume inlet. Measurements of bedload, flow velocity and

several morphological parameters were performed as explained next.

<— Video camera (5)
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Bucket for
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velocity measurements Video camera field of view (2.5-3.5m) basket

\ J
T

Figure 6.1: Sketch of the experimental setup (left-hand side) and example of the channel morphology during

an experiment (right-hand side).
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Water discharge, fed constantly by the closed general pumping system of the laboratory,
was controlled by an electromagnetic flow-meter (+0.011/s). Sediments were constantly
fed into the system by a calibrated sediment feeder situated upstream (1 in Figure 6.1). A
filtering basket (2 in Figure 6.1) suspended from a balance (3 in Figure 6.1) recovered the
sediments at the outlet, where the weight (£1 kg) was measured every minute. The one
minute interval sediment discharge measurement was then averaged over a siding window
(Os,0ut.x, Where X represents the size of the window), to provide a smoothed overview of the
bedload time evolution. The size of the sliding window (X) is visually defined in order to
reproduce all peaks in sediment transport; for the several experiments, it ranged between 3
and 10 minutes. Sediments were recirculated between the sediment feeder and the
downstream basket. No sediment sorting occurred in the sediments introduced by the
feeder.

The average flow velocity U was measured every 15 minutes using a technique involving a
tracer dye and video analysis. A detailed description of the techniqueis given in Chapter 4.
This technique, based on the analysis of dilution of a colorant (tracer dye), permits the
measurement of mean bulk velocities through the channel reach. The passage of the cloud
of colorant inserted upstream in the reach (4 in Figure 6.1) was analyzed based on the
differences between images captured by a video camera (5 in Figure 6.1), with the
movement of the mass center of the cloud defining the average flow velocity (cf. Calkins
and Dunne 1970). The average of five independent velocity measurements, based on five
different colorant injections, was cal cul ated.

The protrusion P of four boulders was measured with a point gauge (£ 1 mm) during the
experiments at time intervals of approximately 10 minutes (2 to 3 minutes per boulder, in a
loop). P was calculated as the average vertical distance between the highest point of the
boulder and the four corners of this boulder (upstream, downstream, left and right) at the
gravel interface. For every measured boulder, the protrusion P was sub-sampled by linear
interpolation to have a value every minute (the same sampling rate for bedload
measurements). An average protrusion value between the boulders P,, was then calculated
for every minute of the experiment. The protrusion was then normalized with respect to the
boulder diameter: P'=P,,/D.
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Hydraulic jumps HJ were counted manually based on visual observation after the flow
velocity measurements were taken, i.e.,, about every 15 minutes. This parameter is an
indicator of the amount of energy dissipation and of the morphological variety of the
channel because hydraulic jJumps generally appear downstream of protruding boulders. The
number of hydraulic jumps was scaled and normalized by the number of boulders in the
flume using the following relation: HJ'=HJ/(NgsA), where A is the total flume surface and

Nss the number of boulders per square meter.

The surface occupied by boulders Ags measured parallel to the river bed (top view) and
called the “boulder surface,” was determined by means of video analysis. Each calculation
was performed using a single video frame. Ags was calculated either for every velocity
measurement or every minute, when the entire experiment was videotaped (cf. Table 6.1).
The boulder surface was scaled by the flume surface visible in the video to obtain a

dimensionless boulder surface, Ags .

The density of the supplied sediments was 2650 kgm, and the grain size distribution was
characterized by: dn=dss=11.9 mm, dzp=7.1 mm, and dgp=19.0 mm, where dy, is the mean
grain size, corresponding to des, and dy is the grain size diameter for which x% of the
sediments by weight have smaller diameters. Boulders were not taken into account in this
calculation and were not supplied as mobile sediments; they were instead placed in the
channel bed before the experiment. Boulders are relatively immobile elements, which
means that they are not transported by the flow, although they may move up to severa
times their diameter during experiments, mainly due to the scour holes formed around

them.

A plane bed of 0.2 m of thickness was prepared before the experiments and the boulders
were placed in the flume half covered by mobile sediments, which corresponded to a
protrusion of approximately 30% of the diameter (P'~0.3). The position of the boulders is
randomly determined, based on the dimensionless distance between boulders 2/D and their
diameter D used for a given test (cf. Table 6.1). The water and sediment supply were

started at the same time.

128



Period and amplitude of bedload pulsesin a macro-rough channel

A criterion to establish the relation between liquid and solid discharge was set, assuming
the relative immobility of the boulders and imposing that the boulders always protrude
after a burst in sediment transport. The test was stopped after one peak in bedload, when
the average outlet sediment discharge over the previous 10 minutes was roughly the same
as the sediment supply (Qsout,100sin, Values determined per unit width). In addition, we
verified that the cumulative average of the outlet sediment transport was within £15% of
the sediment supply at the end of the experiment. The cumulative average of the outlet
sediment transport (Qsoutav) 1S cOmputed for a given instant T as shown in Eq. (47), based
on the one minute interval sediment transport.

T
J- Os.out (t)dt
o 000

Os,out,av (T) = =

(47)

Table 6.1 presents the configuration of the experiments used for the analysis, characterized
by the slope S, the dimensionless boulder distance 2/D (a measure of boulder density based
on linear parameters, where /1 is the average distance between the boulders), the boulder
diameter D, the number of boulders per square meter Ngs, the water discharge q per unit
width, and the sediment supply Qsin per unit width. The main bulk results are presented as
well, such as the total average sediment at the outlet gseng (Where T in equation (47) refers
to the total duration of the test) calculated at the end of the test, the bedload standard
deviation oqs, the period of bedload fluctuations Tys (defined later in the text), the
normalized bedload amplitude oq/0send (defined later in the text), the mean flow velocity

U, and the Py the average of the average boulder protrusion (P,,) throughout experiment.

Table 6.1: Experiment details and main results. The symbols used to represent the experiments in Figure 6.5
to Figure 6.8 are given in the last column of the table. The filling of the symbols depends on A/D (inf
represents the tests without boulders, with an infinite distance), the shape on D and the contour line color on
the flume slope S. The line with characteristics in bold presents the results of the test described in detail in

sections 6.3.1 and 6.3.2. For tests with *, the boulder surface was measured every 15 minutes; for the others,
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the boulder surface was measured every minute. For tests with X, the number of hydraulic jumps was not

counted. The test numbers correspond to those given in Table 3.1 and in Appendix B.

S D D N q GinX10° | Qe X10° 0gx10° U Py T 0l Test
@ O (M M) (msmd (st msmd msmd (msh  (m)  (Min) gees() YT N
67 inf. - 00 00148 0057 | 0065 005 035 0000 155 090 * 16
67 inf. - 00 0015 0157 | 0100 0080 058 0000 135 08 * 22
* 67 inf. - 00 00162 0091 | 0119 0046 049 0000 51 039 * 26
* 67 2 0075 446 00209 0063 | 0024 0011 056 002 30 048 ¢ 8
* 67 2 0075 446 00391 0029 | 0146 0028 077 0027 10 019 ¢ 19
* 67 2 0100 251 00228 0101 | 0065 0029 071 0024 128 045 A 4
* 67 2 0100 251 00372 0134 | 0139 0019 070 0029 9 014 A 5
* 67 2 0100 251 00424 0134 | 0174 0031 084 0036 13 018 A 17
* 67 2 0125 160 00228 0134 | 0075 0028 064 0037 29 038 W 7
* 67 2 0125 160 00352 0134 | 0137 0018 070 0040 14 013 m 18
67 3 0075 200 00188 0134 | 0053 0035 052 0023 98 066 ¢ 6
* 67 3 0075 200 00212 0134 | 0104 0045 063 0031 60 043 ¢ 13
* 67 3 0075 200 00238 0134 | 0140 0034 070 0033 23 024 ¢ 24
* 67 3 0100 109 00177 0134 | 0061 0039 049 0024 56 064 A 15
* 67 3 0100 109 00233 0134 | 0124 0034 055 0031 21 027 A 20
* 67 3 0125 69 0023 0134 | 0112 0058 060 0043 110 052 @ 9
* 67 3 0125 69 00235 005 | 0119 0036 060 0054 23 030 @ 14
67 5 0075 69 00168 0056 | 0057 0052 053 0017 160 091 ¢ 11
*67 5 0075 69 00222 0056 | 0131 0048 058 0029 34 036 O 23
* 67 5 0100 40 00162 0056 | 0056 0033 042 0031 65 058 A 10
67 5 0100 40 00183 0056 | 008 0051 055 0028 63 059 A 21
* 67 5 0100 40 00223 0056 | 0135 0037 057 0046 8 027 A 27
67 5 0125 23 00156 0094 | 0060 0047 052 0027 161 078 [0 12
* 67 5 0125 23 00208 0094 | 0150 0056 063 0061 84 037 O 25
99 inf. - 00 00112 0094 | 008 0063 040 0000 193 072 * 29
99 3 0100 109 00131 0094 | 008 0089 038 0021 130 100 A 28
99 3 0100 109 00146 0136 | 0143 0053 053 0035 18 037 A 30
99 3 0100 109 00166 0192 | 0198 0039 061 0036 26 020 A 31
13 inf. - 00 00106 0192 | 0216 0101 028 0000 108 047 * 38
13 2 0100 251 00128 0146 | 0168 0038 041 0017 14 023 A 35
13 3 0075 200 00109 0146 | 0172 0125 036 0010 76 073 ¢ 34
13 3 0100 109 00107 0146 | 0145 0140 028 0016 163 097 A 32
13 3 0100 109 00114 0146 | 0199 0116 037 0013 53 058 A 33
13 3 0100 109 00124 0146 | 0254 0121 038 0025 69 048 A 39
13 3 0100 109 00118 0192 | 0261 0113 037 0021 58 043 A 40
13 3 0125 69 00104 0236 | 0165 0098 027 0035 112 060 W 37
13 4 0075 109 00118 0236 | 0266 0140 034 0013 45 053 ¢ 41
13 5 0100 40 00104 0236 | 0168 0074 037 0024 36 044 A 36
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6.3 Resultsand discussion

6.3.1 Datatimeseries

Pulses in the bedload per unit width (gsout,10), coupled with cyclic changes in the average
flow velocity (U) and the calculated morphological parameters (P, Ags, HJ), were
observed in al of the experiments. The durations and amplitudes of these pulses varied
among the tests. Both phenomena mentioned by Iseya and Ikeda (1987), grain sorting and
bedform migration, were observed (cf. Chapter 5).

Figure 6.2 presents the time series of the bedload, mean flow velocities (U), dimensionless
average boulder protrusion (P’), dimensionless boulder surface (Ags ), and dimensionless
number of hydraulic jumps (HJ") for the test signaled in bold in Table 6.1. Three bursts in
the sediment transport dsou: 10 and the morphological parameters (P, Ags , HJ') are clearly
visible, as well as coupled fluctuations in gs eyt 10 With U and the morphological parameters.
The interval between occurrences of their peak values was approximately 80 minutes.
Despite the low measurement resolution, two peaks were identified in the average flow

velocity U for this test. These peaks always corresponded to high sediment transport

values.
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Figure 6.2 Time series of the sediment supply (gsin), bedload at the outlet averaged over a 10-minute window
(0sout 10), cumulative average of the outlet bedload (gsouay), @nd dimensionless boulder surface (ABS*) on the left-
hand axis. Time series of the mean velocity (U), dimensionless average protrusion (P'), and dimensionless
number of hydraulic jumps (HJ") on the right-hand axis. Test with Nge=20 m™ boulders of diameter D=0.075 m,
D=3, g5;,=0.146 x10° m*s™m*, g=0.0109 m*s*m™* and S=13.0% (cf. Table 6.1, line in bold).
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The bedload transport per unit width varied from a minimum of 0.018 x10° m*s*'m™ to a
maximum of 0.460 x10° m*s*m™, with an average value of 0.172x10° m*s'm™ and a

standard deviation of 0.125 x10° m®*s*m™, corresponding to 72% of the average.

The morphologica parameters also exhibited notable fluctuations. These three parameters
(boulder protrusion, boulder surface, and number of hydraulic jumps) clearly fluctuated in
phase. The link between P* and Ags can be easily observed by approximating the boulders
as partially covered spheres: the projected surface increases as a function diameter and
protrusion when the latter is smaller than 0.5, remaining however constant for higher
protrusions. The link between P* and HJ can also be explained by the fact that a linear
relationship exists between P* and the protrusion downstream of the boulders (Ghilardi
and Schleiss 2012). Thus, the drop height increases with average boulder protrusion,
causing the formation of more hydraulic jumps, confirming the latter as a characteristic
channel morphology parameter.

Sediment transport starts to increase when the morphological parameters are at their
minima, close to or equal to zero. The protrusion, boulder surface, and number of hydraulic
jumps reach their maxima at the end of a sediment transport peak, when the average
bedload outlet over 10 minutes (gsout10) Corresponds to the inlet (gsin), which is followed
by a period during which sediment transport is below Qs;n.

The fluctuations in the flow velocities were smaller. Peaks in the flow velocity occurred at
almost the same time as the peak in the sediment transport. It is likely that a peak in the
average flow velocity would occur at approximately t=20 minutes, but the velocity

measurement interval, which was 15 minutes, did not permit capturing this peak.

As previously noted by Iseya and lkeda (1987) and Recking et al. (2009), bedload
fluctuations are linked to different bed states. A coarse plane bed, characterized by an
upstream reach with mild slopes and a steep downstream reach, form in channels during
low sediment transport periods, during which aggradation of the bed occurs. When the
downstream part becomes too steep, a structural failure occurs. Coarse surface sediments
are entrained, inducing the mobility of the fine sediments underneath them. This

contributes to sediment transport and to a clear burst in bedload transport, as observed in
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Figure 6.2. Before the peak, the boulders are generally not visible. At the peak in bedload
transport, the boulders start to be visible, thus enduring a part of the excess shear stress.
The sediment transport begins to decrease and a minimum in the bedload is reached just
after the peak in the morphological parameters. A coarse surface layer and the mentioned
plane bed structures start forming again, beginning another burst cycle in the bedload.
During the peak in bedload transport, fine-grained particles predominate in the bed grain
size distribution. At the bedload transport corresponding to average values (before and
after a peak), the surface grain size distribution corresponds to that of the supplied
sediments. This processis described in detail in Chapter 5 and Ghilardi et al. (2013).

6.3.2 Definition of amplitude and period of bedload pulses

Bedload pulses may be characterized by two parameters, their period (Tqs) and their
amplitude (oq/0send). The definition of the period of a bedload pulse is based on a
correlation analysis similar to the one performed in Chapter 5.

Figure 6.3 presents the normalized auto-correlation functions of the time-varying variables
presented in Figure 6.2. All of the variables, except bedload, are sub-sampled by linear
interpolation at regular intervals of 1 minute, the same sampling rate as the acquisition
frequency of the sediment transport. The first meaningful peak in the auto-correlation
function corresponding to the sediment transport occurs at a time lag of 76 minutes. This
time lag corresponds roughly to the period identified in section 6.3.1 for bedload pulses of
approximately 80 minutes (cf. Figure 6.2). A second peak in the auto-correlation function
for the sediment transport was observed at a time lag of approximately 142 minutes, or
approximately two times the time lag of the first peak, corroborating 76 minutes as a good

estimate of the duration of the fluctuations in the present case.

The shape of the auto-correlation functions of the morphological parameters and the
average velocities indicates, as expected, a cyclic behavior similar to that of the sediment
transport. This is the case even though these variables were measured with less time
resolution, given the experimental procedure followed (cf. chapter 6.2). Due to the duration

of the experiment (200 minutes) and the duration of one cycle (only three cycles were
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captured in this long experimental run), only the first correlationa peaks are statistically
relevant. An exception occurs for P°, for which the auto-correlation values are not
significant, although the shape of the function is similar to that of all of the other variables.
Nevertheless, their coincidence and clarity confer meaningfulness to the above
observations. The duration of the fluctuation in the sediment transport Tgs is defined as the
time lag of the first positive peak in the auto-correlation function of the bedload (cf. Figure
6.3).
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Figure 6.3: Normalized auto-correlation functions for: bedload (0sou10); Mean velocity (U); dimensionless
average protrusion (P’); dimensionless boulder surface (Ags ); and dimensionless number of hydraulic jumps
(HJ). Test with Ng=20m? boulders of diameter D=0.075m, /D=3, (;;=0.146 x10° m’s'm™,
0=0.0109 m*s*'m™ and S=13.0% (cf. Table 6.1, line in bold).

The amplitude of the fluctuations is defined as the standard deviation of the bedload ogs
divided by the cumulative average sediment transport gsenq Calculated at the end of the test:
oqd0send- The calculated periods and amplitudes of the bedload burst are shown in Table
6.1 for all tests, after application of the data treatment described here, together with the test
characteristics (S, A/D, D, Ngs, ) and other results (gsend, U, Py ).

134



Period and amplitude of bedload pulsesin a macro-rough channel

6.3.3 Analysisof amplitude and period of bedload pulses

The cyclic fluctuations described above and clearly visible in Figure 6.2 and Figure 6.3
were observed in al of the tests. A total of 38 tests were carried out for various boulder
configurations (4/D and D), flume slopes (S=6.7%, 9.9%, and 13%), and sediment supply
(0.029x10° to 0.236x10° m’s*m™) to further investigate bedload pulses in steep slopes in

the presence of randomly distributed large-scale boulders.

The normalized amplitude of the bedload fluctuations, as defined above, ranged between
13% for the smallest slope and 97% for the largest slope, while the duration of the
fluctuations varied between 9 (for S=6.7%) and 193 (for S=9.9%) minutes. The water
discharge needed to transport the sediments varied between 0.0424 m®s'm™ for the test
with a high density of boulders (4/D=2, D=0.100m) and the smallest slope and
0.0104 m*s*m™ for the smallest density of boulders and the steepest slope. The mean water
depth (calculated as h=g/U), ranged from 0.027 m to 0.053 m.

Figure 6.4 presents the relationship between the amplitude oq4¢/0send @nd period Tgs Of the
bedload fluctuations (cf. Table 6.1). The pulse amplitude clearly increases with the period,
which may be explained by the fact that, in longer cycles, the period during which low
sediment transport occurs is extended. For similar bedload rates, the volume of
accumulated gravel available to be released and to build a sediment burst is directly
proportional to the period of low sediment transport. Larger amounts of accumulated
gravel will induce more significant bursts in sediment transport, caused by the bed ripple
destruction, explaining the trend between amplitude and period illustrated in Figure 6.4.
The graph suggests that the pulse amplitude can increase up to a maximum of 100% of the
average sediment transport, whereas there is no apparent limit on the duration of a pulse.
No particular trend was confirmed when the data were analyzed partially channel slope,

boulder density, and boulder diameter.
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Figure 6.4: Relation between period Ty and amplitude oqs/0seng OF bedload fluctuations. The symbols used are
presented in Table 6.1.

When plotted against the liquid discharge, a clear link with both the period (Figure 6.5a)
and amplitude (Figure 6.5b) of the bedload fluctuations is observed. For high-flow
conditions (high @), the fluctuations become smaller in both period and amplitude. The
data points are grouped as a function of the flume slope (distinguished by the contour
color) and are aigned as a function of water discharge, both in amplitude and period.
When the water discharge increases, the period and amplitude of the pulses decreases. The
discharge needed for a given characteristic (period or amplitude) is smaller on steeper
slopes. Furthermore, a smaller decrease in water discharge is needed to obtain the same
increase in the pulse duration and amplitude on steeper slopes. This means that for steep
reaches, even a small change in hydraulic conditions can induce an abrupt change in
bedload transport. The effect of the boulder configuration is also perceptible in Figure 6.5.
For a given bedload pulse period or amplitude, the water discharge increases as the
dimensionless boulder distance (1/D) decreases (i.e., when a higher proportion of the bed
surface is occupied by boulders; the parameter is indicated by the fill color). No effect of
the diameter (indicated by the symbol shape) is visible in this plot. For a similar sediment
transport and a given slope, the discharge needed for equilibrium conditions is generally
higher for smaller /D (cf. Table 6.1, Ghilardi and Schleiss (2012)).
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Figure 6.5: (8) Period Ty and (b) amplitude oq/0send O bedload fluctuations as a function of water discharge

g. The symbols used are presented in Table 6.1.

The data in Figure 6.5 are clearly grouped as a function of the slope and aligned with
increasing liquid discharge. Both these variables enter into the calculation of the stream
power  (cf. EQ.(46)), which represents the rate of loss of energy as water flows
downstream. Plots of Tgs and oq4¢/0send @s a function of the stream power are given in Figure
6.6a and Figure 6.6b, respectively, which show that the duration and amplitude of the
fluctuations clearly decrease when the stream power increases. For higher stream power,
no grain sorting was observed during the tests, likely due to the higher energy available to
transport all the mobile sediment diameters. The absence of vertical sorting does not permit
the creation of coarse plane bed structures, the subsequent destruction of which causes
bedload fluctuations (cf. section 6.3.1 and Chapter 5). The attenuation of fluctuations is
rapid at first (increase in low values of stream power), but quickly reaches alower limit for
a stream power of approximately 15-20 Wm™. The stream power is especially high for
tests with /D=2 on the 6.7% slope (the four data points in Figure 6.6 that stand apart from
the rest of the data points and correspond to a stream power of approximately 25 Wm). In
these tests, the water discharge was considerably higher than in the other tests. This was

the case even for similar levels of sediment discharge, due to the extra flow resistance
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provided by the large density of boulders present and their protrusion from the mobile

sediments.
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Figure 6.6: (a) Period Tgs and (b) amplitude o4d/0seng Of bedload fluctuations as a function of stream power w.
The symbols used are presented in Table 6.1.

Extra resistance to momentum balance (momentum sink terms) induced by macro-rough
bed has two main sources (Nikora et al. 2001): form-induced or dispersive stresses, due to
the spatial and time intermittency of the turbulent velocity field in the heterogeneous river
bed, and pressure drag caused by flow separation and recirculation around the boulders.
The magnitude of the influence of the macro-roughness elementsin the flow isintrinsically
related to the spatial density of the individual macro-elements and in particular to the
distance between the elements. Depending on /D, boulders can act as individual or
interacting elements in the flow. For large A/D, boulders act individualy and as isolated
elements in the flow, and the shear layers around them do not intersect. When A/D is
smaller, the shear layers around boulders overlap and an interference type of flow is
formed, causing extra flow drag (Canovaro et al. 2007; Yager et al. 2007). For small A/D,
the flow is concentrated above the roughness elements, which are eventually submerged
and work as alayer whose collective roughness decreases with A/D. Canovaro et al. (2007)
found that a boulder density /D=2 (i.e., I'’=0.2, according to their definition, where I" is a
parameter representing the boulder density) is the threshold value at which the most
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interaction among boulders is observed, causing the drag to be maximum. According to
Canovaro et al. (2007) and our observations, this value seems to correspond to a maximum
state of interference flow, with a clear influence on the amplitude and period of the bedload
bursts, as observed in Figure 6.6. The results indicate that the stream power explains the
bedload fluctuation for a limited density of boulders above the threshold corresponding to

wake interference flow.

In Figure 6.7, the pulse duration and amplitude are plotted against the bed shear stress,
which is calculated as 7=pgR.S where R, is the hydraulic radius. Assuming a uniform
flow, the flume slope Sis used rather than the energy slope, which is acceptable in a reach-
averaged analysis. The bed shear stressis larger on higher slopes, but no clear trend in the
fluctuation period (Figure 6.7a) or amplitude (Figure 6.7b) can be discerned. Thus, the bed
shear stress does not seem relevant to quantifying fluctuations in the bedload. Figure 6.6
and Figure 6.7 show that the potential energy available to the stream (w), and not the total
bed forces acting on the channel bed (z), dictates the amplitude and duration of bedload

pulses and thus morphological changes.
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Figure 6.7: (a) Period Tgs and (b) amplitude o4/0sena Of bedload fluctuations as a function of bed shear stress
7. The symbols used are presented in Table 6.1.
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As suggested by several authors (Lenz et al. 2006; Yager et al. 2007; Yager et al. 2012a),
the presence of boulders decreases the excess stress available for sediment transport. The
relevant parameters characterizing the presence of boulders are generaly the bed surface

occupied by them and their number and protrusion.

In Figure 6.8a, the stream power is plotted against the surface occupied by boulders,
represented by Pi?Nes. A linear relation between these variables is observed. This behavior
underlines the important role of the presence of boulders in flow energy losses. However,
boulder protrusion alone cannot explain bedload fluctuations. The number of macro-
roughness elements, represented by the number of boulders, must be taken into account to
explain the rate of total energy losses w. Figure 6.8b illustrates the relation between the bed
surface not occupied by boulders and the stream power w. Figure 6.8c illustrates the
relation between the total number of hydraulic jumps in the experimental flume HJ and the
stream power w. The linear relationships among the morphological parameters presented in
Figure 6.8 and the stream power confirm that they yield redundant information and that
they all influence the sediment transport capacity and its time-varying nature. Figure 6.8
shows the clear dependence between stream power and bed morphology characteristics

which, in turn, are strongly related to the period and amplitude of bedload bursts.

6.4 Conclusions

The amplitude and period of bedload fluctuations was analyzed using the results of 38 tests
carried out with various flume slopes, boulder configurations (couples of /D and D), and
sediment supplies. Although these fluctuations are caused by the presence of graded bed
materials and not by macro-roughness elements, the presence of boulders does have an
effect on the sediment transport capacity and thus on the duration and amplitude of bedload
fluctuations. For high-flow conditions, sediment transport fluctuations decrease in both
period and amplitude. A higher discharge is needed to transport the sediments when

numerous boulders are present in the flume.
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flume HJ, asafunction of stream power w. The symbols used are presented in Table 6.1.

Bedload fluctuations characteristics are influenced by both the water discharge and the
slope. The amplitude and period of bedload pulses clearly decreases as the stream power
increases, accounting for the effects of both of the above-mentioned parameters. A direct
relation between the stream power and the presence of boulders, which can be explained in
terms of any of the morphological parameters (boulder protrusion, boulder surface or
number of hydraulic jumps) was found. This relation shows that the energy losses caused
by the boulders have an influence on both the sediment transport capacity and the bedload
pulse characteristics (period and amplitude). Decreases in the period and amplitude of
bedload pulses caused by increases in energy losses decrease morphological changes over
time. The results of this study show that the stream power explains the bed morphology
changes and bedload fluctuations better than the bed shear stress.
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Chapter 7

Sediment transport in steep channelswith

boulders

This chapter, written in the form of a scientific article, analyses the influence of boulders
on the sediment transport capacity on a steep channel. A sediment transport formulae is
proposed based on the data collected during the present research. Results are then

compared to existing formulae.
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Abstract: Most sediment transport equations overestimate the bedload rate
by several times when applied to mountain rivers. The overestimation
occurs since these formulations do not take into account the presence of
macro-roughness elements, such as large relatively immobile boulders, that
disrupt the flow and alter channel roughness. Sediment transport on steep
channels with boulders was investigated using 41 laboratory experiments
carried out on a tilting flume with several combinations of constant
sediment and water discharge, for three different slopes (S=6.7%, 9.9%, and
13%). The channel bed was composed of mobile sediments and immobile
boulders. Sediment transport, bulk mean flow velocities and variables
describing the morphology of the channel bed were measured regularly
during the experiments. The sediment transport capacity is clearly
decreasing with dimensionless boulder distance (a spatia density
parameter). It was observed that the critical discharge for incipient motion
of mobile sediments is dependent not only on the channel slope but also on
the boulder density, and a formula for critical discharge accounting for the
presence of boulders was developed. The link between the excess shear
stress relative to a critical value and the transport capacity is less clear than
the link between the latter and the excess discharge. A sediment transport
formula based on excess discharge relative to a critical value for incipient
motion of mobile sediments and considering the presence of boulders is
herein proposed. The critical discharge formulais used in existing sediment
transport formulae, showing an improvement of bedload estimates for the

present experimental data.

Key words. Bedload, Boulders, Steep channel, Sediment transport
equation.



Sediment transport in steep channels with boulders

7.1 Introduction

Despite the importance of mountain rivers in the control of sediment supply to lowland
mild-slope rivers (Wohl 2000; Yager et al. 2007), only a few studies were made on steep
channels, mainly during the last two decades. These rivers are typically characterized by a
stepped longitudinal profile (Chin and Wohl 2005; Comiti et al. 2009) and slopes ranging
from 0.1% to amost 20% (Papanicolaou et al. 2004). The channel bed is composed of
coarse mobile sediments, found generaly in the pools or scouring holes downstream of
steps, and by large relatively immobile boulders (Rickenmann 2001; Papanicolaou et al.
2004; Yager et al. 2007), that can be found in steps spanning across the whole channel
section (step-pool morphology) or in a more irregular fashion (cascade morphology)

(Montgomery and Buffington 1997).

To the authors knowledge, before the present study the impact of isolated boulders on
bedload transport in steep channels was analyzed only by Yager et al. (2007), which used
regularly spaced spheres simulating boulders and a uniform bed material. The presence of
macro-roughness elements endure a significant part of the total shear stress and disrupt the
flow by altering the channel roughness (Wohl 2000; Yager et al. 2007; David et al. 2011).
The form drag caused by the boulders increases with their number, implying lower shear
stress available at the bed for sediment entrainment (Bathurst 1978; Lenz et al. 2006;
Yager et al. 2007; Yager et al. 2012a). Hence, the presence of boulders decreases the
sediment transport capacity of rivers (Yager et al. 2007; Ghilardi and Schleiss 2011, 2012).
Boulder dimensionless distance A/D (a measure of spatial boulder density), where 1 is the
average distance between boulders of diameter D, and boulder protrusion from the lower
bed substratum are good proxies for sediment transport in mountain streams Yager et al.
2012b. A multitude of parameters may be used to take into account the presence of
boulders in bed shear stress and bed resistance equations (form drag). Nevertheless, they
generally resume to the number of boulders per unit area, their cross section, the bed area
occupied by them, the distance between boulders (i.e., a spatial density parameter) and a
drag coefficient (Bathurst 1978; Canovaro et al. 2007; Yager et al. 2007; Pagliara et al.
2008; Yager et al. 2012a). Along with form drag resistance caused by boulders, flow
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energy is dissipated by spill resistance, which is due to flow acceleration and deceleration,
usually over or downstream of steps (Curran and Wohl 2003; David et al. 2011). The
energy loss by spill resistance is linked to the presence of hydraulic jumps downstream of
steps or boulders and is proportional to the drop height (Curran and Wohl 2003; Comiti
and Lenz 2006).

Most sediment transport formulae have the following general form:
p=a(X-Xa) & (48)

Where q, is the bedload transport, which may be expressed in different units depending on
the equation (m°s'm™, kgs*m, or dimensionless; most often either the first or the last unit
are used), a, f, and y are empirical constants, S is the bed slope, X may be the liquid
discharge q per unit width (Rickenmann 1990), stream power » per unit width (Bagnold
1980), or, more commonly used, the dimensionless shear stress 7 (Fernandez Luque and
van Beek 1976), being X, the corresponding critical value at which the bedload begins.
The coefficient « is often expressed as a function of grain size diameters and liquid and
solid densities. The exponent £is often set to 1 (Schoklitsch 1962; Rickenmann 1990), but
can range up to 2 or 3 (Fernandez Lugue and van Beek 1976; Bagnold 1980; Wong and
Parker 2006). y has been found to vary between 1.5 and 2 by Meyer-Peter and Muiller
(1948), Schoklitsch (1962) and Rickenmann (1990) and found to be zero by Fernandez
Luque and van Beek (1976) and Wong and Parker (2006). Other more complex forms of
sediment transport formulae exist, but they can often be reduced to the afore-mentioned
form (Smart and Jaggi 1983).

Several authors highlighted the possible dependence of critical bed shear stress from the
channel roughness and hiding effects due to the wide grain size distribution (Buffington
and Montgomery 1997; Lenz et al. 2006), the channel gradient (Papanicolaou et al. 2004;
Lamb et al. 2008; Recking et al. 2008a) and morphology (Church et al. 1998). Bed shear
stress calculations need a precise knowledge of the channel hydraulics, which has a high
local variability in mountain rivers. On the other hand, Bagnold (1966) stream power (per
unit width) criterion, which quantifies the rate of loss of energy as water flows

downstream, and thus the power potentially available for performing geomorphic work
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(Bagnold 1966; Ferguson 2005; Petit et al. 2005; Parker, C et al. 2011), can be
approximated from such bulk channel properties as width and slope, combined with the
river discharge. Gomez and Church (1989) showed that the stream power has a more
significant correlation with sediment transport than any other hydraulic parameter.
Rickenmann (1990, 1991b) used another approach needing only gross channel properties:
the discharge itself, with the corresponding critical discharge, which is solely related to the
sediment grain size and the channel slope through a power law. Nevertheless, most
formula do not predict sediment transport consistently well (Montgomery and Buffington
1997; Yager et al. 2007).

The objective of this chapter is to analyze the influence of real boulders (and not idealized
boulders, such as spheres) on sediment transport capacity. This is achieved through flume
experiments where bedload, flow velocity, and bed morphology are assessed over time.
Results herein presented are based on 35 experiments with boulders and 6 experiments

without boulders, carried out for varying water and sediment discharges.

Following this introduction, the experimental methods are presented. Then, a general
characterization of bed morphology is described and the effect of boulders on sediment
transport capacity is analyzed. The steps leading to the proposal of a sediment transport
formula are then presented. Finally, the results of the herein developed formula are
compared with severa existing bedload transport formulae and main conclusions are

drawn.

7.2 Resear ch methods

7.21 Experimental setup and procedure

The impact of randomly distributed relatively immobile boulders on bedload fluctuations is
investigated by means of laboratory experiments, carried out on a steep (longitudinal
inclination of 6.7 to 13%), 8 m long (7 m usable) and 0.25 m wide, tilting flume at the
Laboratory of Hydraulic Constructions (LCH) of the Ecole Polytechnique Fédérale de
Lausanne (EPFL) (Figure 7.1a). Water and poorly sorted sediments are constantly supplied
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at the flume inlet. Bedload at the channel downstream section, bulk flow velocities and

morphological parameters are measured regularly during the experiments.

Sediment
feeder

<— Video camera

Balance

7.0 m

£ooo ¥ B

Bucket for \ Y d Filtering >| q,

slug injection Video camera field of view (2.5-3.5m) basket
a) b)
Figure 7.1: a) Sketch of the experimental setup and b) example of morphology during an experiment.

Water discharge, fed constantly by the closed general pumping system of the laboratory, is
controlled by an electromagnetic flow-meter (+0.01 I/s). Sediments are constantly fed into
the system by a calibrated sediment feeder situated upstream. A filtering basket suspended
to abalance collects the sediments at the outlet where the weight (1 kg) is measured every
minute. An averaged value of the sediment discharge is calculated over a dliding 10
minutes window (Qsoeut10) 10 provide a smoothed overview of the bedload fluctuations.
Sediments are recirculated between the sediment feeder and the downstream basket.
During the operation of the system no sediment sorting occurred in the gravel supplied by
the feeder.

Average flow velocity (U) was measured every 15 minutes by means of a technique using
dye-tracer and video analysis. Similarly to salt tracer measurements, the passage of the
cloud of colorant in the reach is analyzed based on the difference between images, the
movement of mass center of the cloud defining the average flow velocity (Calkins and
Dunne 1970). A velocity value is obtained by an average of five independent measures,
based on five different colorant injections. A detailed description of the technique herein

used is given in Chapter 4.

The protrusion (P) of four bouldersis measured with a point gauge during the experiments,

with atime interval of approximately 10 minutes (2 to 3 minutes per boulder, in a loop).
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For every measured boulder, protrusion is sub-sampled by linear interpolation to have a
value every minute. An average protrusion value between the boulders (P,,) is then
calculated for every minute of the experiment. The definition of boulder protrusion is
illustrated in Figure 7.2a.

Hydraulic jumps (HJ) are counted manually based on visual observation after flow
velocities measurements, i.e. about every 15 minutes. This parameter is an indicator of the
amount of energy dissipation and morphologica variety, since hydraulic jJumps generally

appear downstream of the protruding boulders.

The surface occupied by boulders parallel to the river bed (Ags), called in short “boulder
surface”, is obtained by means of video analysis and measured with a single frame. Ags is
obtained either for every velocity measurement or every minute, when the entire

experiment was videotaped (cf. Table 7.1).

The frontal area of boulders (Ai) and the bed surface occupied by boulders (A) can be
calculated as defined in Figure 7.2. The boulder diameter is reduced (Dy) to account for the
boulder protrusion, as defined in equation (49). It corresponds to the diameter of the circle
at the surface of the mobile sediments. This definition is helpful for the calculation of
boulder frontal area (Aif, (eg. (51)), cf. Figure 7.2a) and bed parallel area (A, (eg. (52), cf.
Figure 7.2b). A unit bed surface is defined A; (eg. (50)), similarly to Yager et al. (2007),
depending on the average distance 1 between randomly placed boulders (Figure 7.2b). In a
unit bed surface, only one boulder is present, as shown in Figure 7.2b, thus for a unit bed
area A;, the frontal surface occupied by boulders correspond to A;; and bed area occupied
by boulders corresponds to Ai. The mobile bed surface A, is calculated as the difference
between the total and the immobile bed surface (eg. (53)).

Dx =2 Pdv(D - Pav) (49)
A % 4 (50)
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( D/2(Dsin*(Dx/ D) - Dx)+ DxPu .
Af — 2 |f Pav<0.5D
< D/2(Dsin"(Dx/D)-Dx)+ DxP.
2 Sin” X - Dx |+ Dxlav .
a =722 P12 (D«/D)-Dx) if Pa>0.5D (51)
4 2
\
( D.2
A=rx n if Po,<0.5D
4
D2 .
A =T if P.>0.5D (52)
\
An=A-A (33)
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a) b)
Figure 7.2: @) Schematic front view of one boulder, with the definition of the protrusion P,,, the reduced
diameter D,, and the frontal area Ay; b) plan view with the definition of the bed unit surface A;, the immobile
bed surface A;, and the mobile surface A, The red dashed lines indicate the shape of real boulders.

The grain size distribution of the supplied sediments is characterized by: ds;=9.3 mm,
dr=dss=11.9 mm, dzp=7.1 mm, dgy=16.6 mm, and dyr=19.0 mm, where d,, is the mean
grain size, corresponding to dgs and dy is the grain size diameter for which x% in weight of
the amount of sediments have smaller diameters. Boulders are not taken into account in
this calculation and are not supplied as mobile sediments; they were instead placed in the
channel bed before the beginning of the experiments. Boulders are relatively immobile,
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which means that they are not transported by the flow, athough they may move even along
a distance of afew times their diameter during experiments, mainly due to the scour hole

formed around them.

An amost plane bed is prepared before the experiments and boulders are placed into the
flume half buried into mobile sediments, which corresponds to a protrusion equal to
approximately 30% of the equivalent sphere diameter approximately, since real stones are
used in this research. Water and sediment supply are started at the same time.

The imposed equilibrium condition between liquid and solid discharge (couple gs- Q) is
such that boulders are still relatively visible after a peak in sediment transport. The test is
stopped immediately after a peak in bedload, when the average outlet sediment discharge
over the last 10 minutes is equal to the sediment supply (Osout10¥0sin). The overal
cumulative average of the outlet sediment transport has to be within £20% of the sediment
supply at the end of the experiment (qs).

7.2.2 Experimental parameters

Table 7.1 presents the configuration of the experiments, characterized by slope S
dimensionless boulder distance 4/D, equivalent boulder diameter D, number of boulder per
square meter Ngs, water discharge g per unit width, and sediment supply gsin per unit
width. The main bulk results, averaged during the whole experiment are also presented.
This includes the total average sediment outlet gs, the mean flow velocity U, the average
boulder protrusion Py, the number of hydraulic jumps per square meter HJ, the immobile
bed surface per unit surface Ai/A; (eg. (50) and (52)), and the boulder frontal area per unit
surface Ai/A¢ (eg. (50) and (51)).

Table 7.1 (on the next page): Experimental parameters and main bulk results. The symbols used to represent
the experiments in Figure 7.3 to Figure 7.10 are given in the last column of the table. The filling of the
symbols depends on A/D (inf represents the tests without boulders, thus with an infinite distance), the shape
on boulder diameter D and the contour line color on the flume slope S. For tests with *, boulder protrusion

was measured at the end of the experiment. For tests with x, the number of hydraulic jumps was not counted.
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For tests with -, boulder surface was measured every 15 minutes, while for the others it was measured every

minute. The test numbers correspond to those given in Table 3.1 and in Appendix B.

S UMD D Ng q Gsnx10° | ux10° U By HI  AJA AJA Symb Test
©%) () (M %) Esm?h) @s'm?) [ms'm?) (msh m) M) () ) - N
x 87 2 0075 45  0.0209 0.029 0024 056 002 - 019 0048 ¢ 8
-67 2 0075 45 00391 0.134 0146 077 0027 22 021 0064 ¢ 19
x 67 2 0100 25 00228 0.057 0065 071 0024 - 017 0036 A 4
-67 2 0100 25  0.0372 0.134 0139 070 0029 14 019 0048 A 5
x 67 2 0100 25 00424 0.157 0174 084 0036 - 021 0064 A 17
x 67 2 0125 16 00228 0.063 0075 064 0037 - 019 0049 m 7
-67 2 0125 16 00352 0.134 0137 070 0040 13 020 0054 m 18
67 3 0075 20 00188 0.056 0053 052 0023 6 009 0023 ¢ 6
x 67 3 0075 20 00212 0.091 0104 063 0031 - 010 0034 ¢ 13
-67 3 0075 20  0.0238 0.134 0140 070 0033 12 010 0037 ¢ 24
-67 3 0100 11 00177 0.056 0061 049 0024 4 007 0016 A 3
-67 3 0100 11  0.0233 0.134 0124 055 0031 8 009 0023 A 15
- 67 3 0100 11  0.0240 0.139 0156 067 0025 - 008 0017 A 20
-67 3 0125 7  0.0236 0.101 0112 060 0043 4 009 0026 @ 2
-67 3 0125 7 00235 0.134 0119 060 0054 5 010 0035 @ 9
- 87 3 0125 7 00240 0.156 0171 090 0032 - 008 0017 m 14
-67 5 0075 7 00168 0.056 0057 053 0017 2 003 0005 ¢ 11
-67 5 0075 7 00222 0.134 0131 058 0029 4 003 0011 ¢ 23
-67 5 0100 4 00162 0.056 0056 042 0031 3 003 0008 A 10
67 5 0100 4 00183 0.094 0088 055 0028 2 003 0007 A =21
-67 5 0100 4  0.0223 0.134 0135 057 0046 4 004 0014 A 27
67 5 0125 2 00156 0.056 0060 052 0027 1 002 0004 [O0 12
-67 5 0125 2  0.0208 0.134 0150 063 0061 2 004 0014 [O0 25
- 6.7 inf - 0 00148 0.056 0065 035 0000 O 000 0000 % 1
67 inf - 0 00159 0.094 0100 058 0000 O 000 0000 % 16
- 6.7 inf - 0 00162 0.134 0119 049 0000 O 000 0000 % 22
x 67 inf - 0 00204 0.186 0151 072 0000 O 000 0000 % 26
99 3 0100 11 00131 0.094 0089 038 0021 2 007 0013 A 28
99 3 0100 11 00146 0.136 0143 053 0035 5 009 0027 A 30
99 3 0100 11 00166 0.192 0198 061 0036 5 009 0028 A 31
99 inf - 0 00112 0.094 0088 040 0000 O 000 0000 * 29
13 2 0100 25 00128 0.146 0168 041 0017 8 013 002 A 35
13 3 0075 20  0.0109 0.146 0172 036 0010 3 005 0007 4 34
13 3 0100 11  0.0107 0.146 0145 028 0016 2 005 0009 A 32
13 3 0100 11 00114 0.192 0199 037 0013 2 005 0007 A 33
13 3 0100 11 00124 0.236 0254 038 0025 5 008 0017 A 39
13 3 0100 11 00118 0.236 0261 037 0021 3 007 0013 A 40
13 3 0125 7 00104 0.146 0165 027 0035 3 008 0019 m 37
13 4 0075 11 00118 0.236 0266 034 0013 2 003 0006 ¢ 41
13 5 0100 4 00104 0.146 0168 037 0024 2 003 0006 A 36
13 inf - 0 0.0106 0.192 0216 028 0000 O 000 0000 * 38
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7.3 Results and discussion

7.3.1 Bed morphology

The presence of boulders influences the sediment transport pulses in steep rough channels
aswas previoudly identified in Ghilardi (2013) and in Chapter 6. It could be shown that the
period and amplitude of the bedload fluctuations decreases with increasing stream power.
The latter is higher when the number and protrusion of boulders increase, which also
means that there are more hydraulic jumps in the channel and that the bed surface occupied
by boulders is larger. These observations indicate that the presence of boulders stabilizes

the river morphology.

In the present chapter, data concerning the time averaged values of sediment transport,
flow velocity, boulder protrusion, boulder surface, and number of hydraulic jumps are used
to assess the influence of boulders on the sediment transport capacity.

Figure 7.3 shows the relationship among several measured morphological parameters. The
number of hydraulic jumps HJ per square meter, dissipating energy through spill
resistance, is clearly linked to the density (number per square meter) and the protrusion of
boulders (Figure 7.3d), being the latter representative of the drop height (Curran and Wohl
2003; Comiti and Lenz 2006). The bed area occupied by boulders Ags (measured by video
analysis) is also, not surprisingly, correlated to the number of roughness elements, their
diameter, and their protrusion (Figure 7.3b). For a given A/D, the surface occupied by
boulders Ags is similar, independent of the used diameter, when the ratio Pa/D is similar.
Figure 7.3c indicates that the measured bed surface occupied by boulders Ags (video
analysis through time) and its calculated value Ai/A; (eg. (50) and (52)), based on boulder
protrusion, diameter, and distance, are well correlated even if the value of A/A; assumes a
spherical form of boulders for the calculations on a unit surface, whereas Ags actually
measures the real boulder surface. Figure 7.3d, presenting the frontal area Ai/A: as a
function of the calculated bed area A/A;, reveals that data are grouped by dimensionless
boulder distance. The relation is not linear and the bed surface occupied by boulders

increases only up to a maximum value, and becomes constant when the protrusion is
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higher than the boulder radius, while the frontal area continues to increase with protrusion.
Moreover, the frontal areaincreases almost linearly whit boulder protrusion, while the bed

surface occupied by boulders increases faster for increase in small values of protrusion.
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Figure 7.3: Relations between : @) the number of hydraulic jumps and the boulder protrusion and number; b)
the measured bed surface occupied by boulders and the number of boulders and their protrusion and
diameter; c) the measured and calculated boulder surface, where the black line indicates the unit slope curve;
d) the frontal area of boulders and the bed surface occupied by these, per unit surface area. The symbols used

are presented in Table 7.1.

In Figure 7.4 it can be seen that the average bulk flow velocity increases as a function of
the discharge and is higher on steeper slopes for the same discharge, as expected. Data

obtained with a slope of 6.7% suggest that the velocity is lower when the dimensionless

154



Sediment transport in steep channels with boulders

boulder distance is smaller. Figure 7.4 shows that for four tests carried out with /D=2 with
a liquid discharge much larger than for the other experiments, flow velocities are only
dlightly higher. This may be a good indicator that the transport capacity is drastically
reduced when boulders are closely packed (4/D=2), confirming the observations made by
Yager et al. (2007) and Canovaro et al. (2007) on flow conditions. According to Canovaro
et al. (2007), the smallest flow velocities are observed for a roughness density equivalent
to A/D=2.
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Figure 7.4: Measured bulk flow velocity U as a function of unit discharge g. The symbols used are presented
inTable7.1.

7.3.2 Sediment transport capacity and beginning of sediment motion

7.3.2.1 Relation with the liquid discharge

In Figure 7.5 the sediment transport, measured along each test and averaged over time, asa
function of water discharge is presented. Reference tests without boulders as well as al the
boulder configurations (combinations of several D and A/D, except A/D=4), were tested for
several couples of solid and liquid discharge on the smallest slope (S=6.7%). For the 9.9%
slope, only the boulder configuration corresponding to /D=3 and D=0.1 m (three tests)
and one reference test without boulders were carried out. For the steepest slope (S=13%), a
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reference test without boulders, al the configurations with D=0.1 m and those with 2/D=3,
and an extra configuration with /D=4 and D=0.075 m (same boulder position as /D=3
and D=0.100 m) were tested, for atotal of 10 tests.

As expected, the tests are clearly grouped by slope (Figure 7.5). For a given liquid
discharge, higher bedload transport occurs at steeper slopes. This is highlighted by the
linear trend lines obtained for each slope, that do however not include the experiments with
/D=2 since these, with small boulder dimensionless distance, behave clearly differently
from the other configurations. A trend as a function of boulder dimensionless distance
(A/D) isdso visible. Thisis most evident on the smallest slope (S=6.7%), where the highest

number of tests with different boulder densities was carried out.

Experiments without boulders show a higher sediment transport capacity, indicating that
with boulders a greater liquid discharge is needed to transport the same amount of
sediments. The transport capacity decreases for decreasing dimensionless distances /D
(boulder more closely packed), as observed by Yager et al. (2007). Relatively small
differences are observed between A/D=5 and //D=3. For a dimensionless distance of 2, the
transport capacity decreases abruptly, especially for higher discharges. As mentioned by
Yager et al. (2007), the impact of boulders rapidly decreases with increasing distances, and
this also confirms Canovaro et al. (2007) observations about the higher effect of boulder
geometry on shear stress for /D=2 (i.e. I'=0.2, in their spatial parameter). This may be
related to the characterization of the flow around boulders changing from an isolated
roughness to a wake interference flow (Canovaro et al. 2007). In the latter case,

interference between boul ders become more important and more energy can be dissipated.

By further analyzing the data for each value of /D on the smallest slope (S=6.7%, Figure
7.5), the influence of the diameter becomes also visible. For a given sediment discharge,
slope, and A/D, the data are aligned with increasing discharge for decreasing diameters. For
example, for a sediment supply of 0.056x10° m®s*m™ on the 6.7% flume slope, the liquid
discharge needs to increase from 0.0148 m®s*m™ for the reference test without boulders, to
0.0156 m*s'm™ for a 1/D =5 and D=0.125 m (+5.4% with respect to the reference test), to
0.0162 m*s*m™* for D=0.100 m (+9.5% with respect to the reference test), and finaly
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0.0168 m*s*m™* for D=0.075m (+13.5% with respect to the reference test). This effect
may be due to the boulder diameter itself or the number of boulders, or both of them, since

for agiven A/D the number of roughness elements increases with the diameter.

Although the same trend as a function of 2/D and D is visible on the stegpest slope, the
impact of boulder configuration becomes amost negligible. Here again, the experiment
carried out for /D=2 is the only one detaching from the trend line, confirming the possible
change in boulder interaction and flow behavior, going from isolated roughness elements
to wake interference between boulders (Canovaro et al. 2007).
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Figure 7.5: Average sediment transport capacity gs (m’s’m™) as a function of water discharge q (m°s*m™).
Data are grouped by channel slope and linear trend lines are given for each sope, without taking into account

the experiments with 2//D=2. The symbols used are presented in Table 7.1.

In Figure 7.6 it can be seen in detail how sediment transport capacity is affected by the
flume slope for a given boulder configuration (/D=3 and D=0.100 m, Figure 7.6a) and by
the distance among boulders for a given diameter and a given flume slope (D=0.100 m and
S=6.7%, Figure 7.6b).

Figure 7.6a shows a clear linear relation between the liquid and solid discharge data for the
tested longitudinal inclinations of the flume. The slope of this linear trend increases with S
for /D=3 and D=0.100 m, which is consistent with the observation for the entire dataset

presented in Figure 7.5, with the exception of experiments characterized by a
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dimensionless distance of 4/D=2. In Figure 7.6, the discharge corresponding to the zero-
crossing of the vertical axis is the critical discharge (qc) for the onset of bedload. Figure
7.6a indicates that it increases with slope (0=0.0134, 0.011, and 0.0084 ms*m™, for
slopes of 6.7%, 9.9%, and 13% respectively, for experiments with /D=3 and D=0.1 m),
which is consistent with the observations made by Rickenmann (1990).

Figure 7.6b indicates that the influence of dimensionless distance A/D exists, but it is
secondary when compared to the slope effect. As it can be seen, q and gs within the same
boulder density (A/D) are linearly linked. For A/D=3 and /D=5 the slope of this trend is
similar to that of experiments without boulders, and generaly g values increase with
decreasing A/D, for the same s value. For the larger boulder density (1/D=2), the slope of
the linear relation between q and gs is smaller. These results indicate that the correlation
between A/D and the values of liquid and solid discharge is probably non-linear and
increases exponentially with decreasing distances between boulders. The critical discharge
for beginning of motion slightly increases with decreasing dimensionless boulder distance
(9=0.0087, 0.0117, 0.0144, and about 0.0150 m*s*m™ for experiments without boulders
and with A/D=5, 3, and 2 respectively). For small dimensionless distances (1/D=2), the
effect of boulders increases with the solid discharge (trend line slope smaller than for the
experiments without boulders), going from an increase of liquid discharge of
approximately 50% for the smaller solid discharge (about 0.060x10° m®s'm™) with
respect to the test without boulders, up to about 85-100% for the highest solid discharge.
More precisely, for a sediment supply of about 0.136x10™ m°s*m™ the corresponding
liquid discharge is increased of 10-15% for /D=5, 25-35% for /D=3, and up to 100% for
/D=2 compared to the reference test without boulders. This clearly indicates again that the
roughness elements need to be taken into account when evaluating the critical discharge

for the beginning of sediment motion in a mountain river with boulders.

In Figure 7.6, the critical discharge seems to vary linearly with A/D and as a power law
with the flume slope S A similar equation for critica discharge as a function of the
channel slope was found on steep flumes by Rickenmann (1990), with the critical discharge
dependent on the slope to the power -1.12. For a 6.7% channel slope, the very same value
of 0.0087 m*s'm™ is obtained from the linear regression presented in Figure 7.6b and from
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Rickenmann (1990) critical discharge formula. The critical discharge, and thus the bedload
transport capacity, is probably also a function of the boulder diameter or protrusion, as
suggested by the data alignment (tendency to a decrease in transport capacity for an

increasing diameter) in Figure 7.5.
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Figure 7.6: Average sediment transport capacity qs (m°s*m™) asa function of water discharge g (m*s*m™). a)
Effect of the flume dope for a given boulder configuration (/D=3 and D=0.1 m). b) Effect of dimensionless
distance A/D for a given dope (S=6.7%) and a given boulder diameter (D=0.1 m), and for experiments
without boulders. The linear trend lines are shown for each data set. The symbols used are presented in Table
7.1

With the data herein collected a formula for critical discharge (in dimensionless form
following Lenz et al. (2006)) is inferred, through a non-linear leas square solver, as a
function of the above-mentioned parameters, namely the flume slope S and the boulder
gpatia density 1/D:

G DY
G =¥ g0 (1--) 54
e 7 (54)

where g is a discharge per unit width (m®*s'm™) and g its dimensionless form. The

determinant coefficient of the equation is R°=0.87. Figure 7.7 plots the values of the
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calculated critical discharge according to equation (54) as a function of the values
measured based on Figure 7.6.
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Figure 7.7: Measured critical discharge as afunction of the critical discharge calculated according to equation

(54). The black line indicates the unitary slope curve.

7.3.2.2 Influence of the stream power

Figure 7.5 indicates that the sediment transport capacity is clearly afunction of both, liquid
discharge and channel slope. These two parameters are both used in the stream power
calculation, which has been shown to be a relevant indicator for period and amplitude of
bedload fluctuations ((Ghilardi 2013) and Chapter 6), and is thus presented in Figure 7.8
against the values of measured bedload.

160



Sediment transport in steep channels with boulders

0.30 I
0.25———————————————$A —————————————— i ————————————————
* | l
A 0.20F ~— ===, A‘ A SRR,
B 4% W A
E 015F-—--————————Hal.— A I —————————————-
o ﬂQ}“ ma?
E * N “ !
s 010L------—-%---Q_ o L ___]
*AA ! |
0.05 - ———— - ?‘;‘97‘#777; 7777777777777777 i 7777777777777777
. |
0.00 ! :
5 15 25 35

®=pgqs (Wm'?)

Figure 7.8: Measured sediment transport gs (m°s*m™) as a function of the stream power o (Wm?). The

symbols used are presented in Table 7.1.

As shown in Figure 7.8, the experiments are generally well aligned as a function of stream
power, only the experiments with /D=2 being clearly separated. Moreover, experiments
seem to be aligned as a function of dimensionless boulder distance A/D, without a
distinction as a function of the channel slope. This confirms that the boulder configuration
IS a relevant parameter to determine the sediment transport capacity as well,
complementing the variables already taken into account in the definition of the stream

power function.

7.3.2.3 Influence of the bed shear stress

The bed shear stress is another variable generally used as parameter to estimate bedload.
Figure 7.9 presents the sediment transport as a function of the bed shear stress (Figure
7.9a) and the drag shear stress on mobile sediments (Figure 7.9b). The correlation between
sediment transport and the shear stress seems weak. Nevertheless, according to Figure
7.9a, bedload capacity tends to increase with total bed shear stress 7 , which is defined as:

Fo PORS (55)
(105 = p) 9o
where p (1000 kgm™®) and ps (2650 kgm™®) are the liquid and solid density respectively, and

Ry (m) isthe hydraulic radius.
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The total bed shear stress is clearly higher on steep slopes, but no link to the presence of

macro-roughness el ements can be observed in the data.

The drag shear stress 7, acting on mobile sediments, presented in Figure 7.9b, is estimated
by the following equation:

o= 0.5pCrlU? (56)
(ps—p) gdso

where Cy, (-) is a drag coefficient, and U (ms™) is the mean flow velocity (Yager et al.
2007; Scheingross et al. 2013). According to Yager et al. (2007) and Lenz et al. (2006),
only the part of the total shear stress acting on mobile sediments contributes to sediment
transport. The drag coefficient Cy, is calculated with the Variable Power Equation of
Ferguson (2007) as suggested by Scheingross et al. (2013), with a relative submergence
defined as Ry/dso, Where R, is the hydraulic radius (cf. Chapter 5 for more details). The bed
drag shear stress (Figure 7.9b) is clearly higher on smaller slopes and the transport capacity
visibly tends to increase with the drag on mobile sediments. Nevertheless no trend of the
drag shear stress as a function of boulder density is visible. The bed drag shear stress
acting on mobile sediments is smaller than the total bed shear stress (Figure 7.9a),

confirming the observations of Yager et al. (2007) and Canovaro et al. (2007).

In order to estimate a critical bed shear stress (for both the total bed shear stress and the
drag shear stress acting on the mobile sediments), several formulae (Ferro 1999,
Papanicolaou et al. 2004; Lamb et al. 2008) and several constant values were applied.
These equations calculate the critical bed shear stress as a function of either the flume
slope or the relative roughness. For both, the total bed shear stress and the drag bed shear
stress acting on mobile sediments, a constant critical value supplied the best results
(o =0.091 for the total bed shear stress and ¢ =0.007 for the drag bed shear stress

acting on mobile sediments).
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Figure 7.9: Measured sediment transport gs (m°s*m™) as a function of a) the dimensionless total bed shear
stress 7 (-) and b) the dimensionless drag shear stress acting only on the mobile sediments 7, (-).The

symbols used are presented in Table 7.1.

7.3.3 Development of a sediment transport equation considering boulder influence

7.3.3.1 Equation form

Hereinafter, a sediment transport formula with the form of equation (48) is developed by
testing both liquid discharge and bed shear tress (total and drag reduced) as parameter
identified as X in the equation. The constant coefficient «, is often dependent on sediment
and fluid density, gravitational acceleration, and grain size (Smart and Jaggi 1983;
Rickenmann 1990). However the variation of these parameters was not assessed in the
present research and a was determined through regression anaysis of the data. In order to
obtain the coefficients a, £, and y, for both cases, using liquid discharge and bed shear
stress (total and drag) as main parameters, a power law regression is calculated based on

the curves of =a(X —X:)?S’, where gs is the dimensionless sediment transport

normalized as:

& (57)

qé =
\/( - 1} gd530
P
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Theliquid discharge is adimensionalized as earlier by the gravitational acceleration and the

dsp of the mobile sediments.

In equation (48), a critical value of parameters X (X) represents the threshold for the
beginning of movement of the mobile sediments, being the bedload directly related to the
excess of X compared to this.

A total of four equations are adjusted to equation (48). As discussed above, the critical
discharge (go) for the beginning of gravel motion varies as a function of S and /D,
according to equation (54) developed with the present dataset. However, in order to
analyze the need to take into account the influence of boulders on the incipient motion, a
constant value of critical discharge equal to g¢ =2.71 (-) is also used. For both the total
bed shear stress and the drag bed shear stress acting on mobile sediments, and as indicated
before, constant critical values supplied the best results and are equal to 7 =0.091 for the
total bed shear stress and 7 =0.007 for the drag bed shear stress acting on the mobile

sediments.

7.3.3.2 Correction factorsto account for boulders

As shown by the previous discussion of results, the sediment transport capacity is clearly
linked with the presence of boulders. As suggested by Yager et al. (2007), a correction
factor taking into account the presence of these may thus be introduced in the sediment
transport formula. Several correction factors depending on the morphological parameters
are hereafter tested, individually or in a combined fashion (cf. Table 7.2): A, represents the
mobile bed surface, calculated according to equation (53); At is the frontal area occupied

D-2Py

by boulders per unit surface calculated using equation (51); 1- represents the

wetted perimeters between boulders; (1-D)A™ is an indicator of the boulder spatial density.
The correction factors are introduced in equation (48) as shown in equation in (58). One or
more correction factors C can be applied to the sediment transport formula to account for
the presence of boulders. The dependence of the bedload to these factors may or may not

be linear, thus the optimal power coefficient ¢ is searched for each coefficient.

g =a(X - X.)’SCo..Co (58)
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Table 7.2, presents the bedload transport formulae herein devel oped, showing the constants
a, B, y, and & obtained for each form of formula and the performance of each formula. A
non-linear least square algorithm was applied to obtain these constants.

Table 7.2: Coefficients of the tested sediment transport formulae as a function of varying correction factors

and critical parameters. The last column gives the percentage error of sediment transport estimation when

compared to measured data (in bold the best results). The line is gray is further used as sediment transport

equation.
correction factor (Cy)
p;:rr;[rlr?etder base parameters AdA LAJA 1- D- 2R (-D)it Error
(Xer) a B Y el €2 €3 €4

O = 2.71 351 0.56 211 - - - - 25.1%
63.62 1.40 3.49 5.69 - - - 14.7%

24.19 1.25 3.06 - 15.99 - - 19.3%

16.45 0.75 2.74 - - 1.62 - 20.1%

47.06 113 3.24 - - - 1.32 16.4%

74.07 1.38 353 4.14 - - 0.47 14.2%

67.39 1.32 3.45 - 7.22 - 1.02 15.4%

O (eq. (54)) | 4.69 0.49 2.10 - - - - 20.6%
4.79 0.52 210 0.46 - - - 20.4%

4.82 0.53 2.10 - 1.68 - - 20.4%

4.65 0.50 211 - - -0.19 - 20.5%

4.68 0.49 2.10 - - - -0.02 20.6%

5.54 0.70 227 5.96 - - -1.62 17.6%

5.30 0.65 2.20 - 10.78 - -0.77 19.1%

e =0.091 0.37 0.00 0.94 - - - - 32.1%
0.42 -0.03 1.05 -0.63 - - - 32.0%

0.56 -0.09 1.26 - -4.85 - - 31.3%

0.45 0.01 0.97 - - 0.48 - 31.7%

0.37 -0.01 0.96 - - - -0.05 32.1%

0.68 -0.06 125 | -3.30 - - 0.79 31.4%

1.09 -0.12 1.53 - -13.45 - 0.81 29.9%

Tme =0.007 | 1.98 0.23 1.34 - - - - 29.6%
1.98 0.23 1.34 0.02 - - - 29.6%

1.89 0.21 1.36 - -2.02 - - 29.4%

3.15 0.24 1.47 - - 0.70 - 28.7%

2.27 0.24 1.36 - - - 0.13 29.5%

343 0.24 1.52 -2.99 - - 0.92 28.8%

3.65 0.22 1.58 - -10.37 - 0.83 27.9%
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7.3.3.3 Performance of the equations

For al the tested excess values (X-X), the equations obtained without the correction
factors to account for the presence of roughness elements are less performing than the

corrected equations with a correction factor.

Equations based on the excess of discharge perform better than equations based on the bed
shear stress. Thisis not surprising since in Figure 7.5 and Figure 7.9 aready a clearer link
between the liquid discharge and the bedload was noticed, when compared to the relation
between the |atter and the bed shear stress.

For equations based on the total bed shear stress (r - 7 ), the excess shear stress has an
amost zero value for the coefficient. Only the slope seems to be relevant and the
estimation error is of 32.1%. Coefficients obtained for the correction factors often present
illogical values and only dlightly decrease the estimation error, meaning that using total
bed shear stress may not be adequate to parameterize the sediment transport in presence of
boulders, as already argued by Yager et al. (2007) and Yager et al. (2012a).

Results obtained for equations based on the drag bed shear stress are more reasonable,
although the excess shear stress is considered through a low coefficient (approximately
1/4) and presents a high bedload capacity estimation error (29.6%). This means that the
dependency of the bedload transport from the drag shear stress is not strong. As suggested
by Yager et al. (2007), Yager et al. (2012a), and Lenz et al. (2006), only the shear stress
acting on mobile sediments participate to the bedload transport.

The excess discharge g-q. allows a better estimation of the sediment transport capacity,
even when no correction factor is applied, both with a constant critical value of g = 2.71
and with the critical value calculated as a function of the dimensionless boulder distance
and the flume slope (eg. (54)).

When estimating the bedload transport with the excess discharge using only the base
parameters (no correction factors), better results are obtained when working with avariable
critical discharge (eg. (54), error of 20.6%, cf. Table 7.2) than with a constant discharge

(error of 25.1%). When introducing the correction factors, the results improve drastically
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for the formulae based on the constant critical discharge. The correction factor with the
best improvement to the bedload estimate is ((A-D)2 )% (AwA) **, with an error of
14.2%. In the bedload formulae obtained with a critical discharge value according to eq.
(54), the improvement when introducing a correction factor in limited. In this case too, the
correction factor improving most the bedload estimate is ((A-D)4 ™) *%%(A/A)>%, with an
error of 17.6%.

The fact that such an improvement in bedload estimation is obtained when introducing a
correction factor in the formulae based on a fixed critical discharge, confirms that the

presence of roughness el ements needs to be taken into account.

However, as observed in Figure 7.6a and Figure 7.6b, the critical discharge is clearly a
function of the channel slope and the roughness element geometry, here identified as the
dimensionless boulder distance A/D. The fact that only a small improvement of bedload
estimates is obtained when introducing a correction factor considering the presence of
boulders as shown in equation (58) in a bedload formula using eg. (54) suggests that the
influence of boulders is observed mainly on the incipient motion of sediments, for the

range of sediment and liquid discharge used in the present research.

7.3.3.4 Proposed sediment transport formula

Apparently, on the dataset, a constant critical discharge value performs slightly better than
a variable value, although a dependency on the channel slope and /D exist and should be
taken into account. Furthermore, the critical discharge calculated according eq. (54) can be
applied in the presence of boulders in a steep channel, since it depends on local
characteristics of the river. On the contrary, it seems difficult to trandate the constant
critical discharge value to a channel presenting characteristics differing from those used in
the present dataset. Furthermore, the errors obtained for both approach are similarly low
and the differences are within the uncertainty associated to the experimental
measurements. Thus, we suggest using a bedload formula based on critical discharges
calculated according to equation (54). The following equation is proposed for sediment
transport capacity calculation on steep slopes in the presence of boulders:
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0. =4.695*°,/q - 0 (59)

where g (-) is the dimensionless liquid discharge, g (-) is the dimensionless critical
discharge calculated according to equation (54) and depending from the flume slope and
the dimensionless distance between boulders /D, where D (m) the boulder diameter, 1 (m)

the distance between boulders, and S(-) is the channel slope.

The estimation results based on equations (54) and (59) are compared to the measured data
in Figure 7.10. A larger scatter in the data points is observed for the 6.7% slope. This is
explained by the fact that, as observed in Figure 7.5, the influence of the boulder
configuration on the sediment transport capacity plays a bigger role on the lower slopes.
This observation isreplicated by eg. (59), thus decreasing the scatter between the measured
and the estimated sediment transport capacity for steeper slopes.
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Figure 7.10: Measured sediment transport capacity against calculated sediment transport capacity, calculated
as a function of the critical discharge calculated according equation (54). The black line indicates the unitary
slope curve. The symbols used are presented in Table 7.1.
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The constant coefficient 0=4.69, is generaly dependent on sediment and fluid density,
gravitational acceleration, and most importantly the grain size distribution of the mobile
sediments (Smart and Jaggi 1983; Rickenmann 1990), however, as mentioned before, the
variation of these parameters was not assessed in the present research. The grain size
distribution used in the present study is representative of those characterizing apines
rivers. Hersberger (2002) showed that the grain size distribution normalized by the mean
grain diameter is practically the same in most apine rivers. Thus, assuming the gravity
acceleration, and the fluid and solid density constants, the constant coefficient a=4.69 is
applicable to all apinerivers, where typically dgo/ds ranges between 2.5 to 6.0.

Equation (59) has been developed for slopes between 6.7% and 13% and dimensionless
boulders distance A/D>2. In case of boulders more closely packed, a change in flow
conditions is expected, as exposed by Canovaro et al. (2007). The ratio (w/D) the channel
width w to the of boulder diameter D ranges from 0.5 to 3.3, and up to infinite for tests
without boulders. The relative roughness d./h, where h is the average water depth, ranges

from approximately 0.22 to 0.45.

7.34 Comparison with existing sediment transport formulae

The equation herein proposed (59) is compared with the equations developed by
Rickenmann (1990, 1991b), based on the discharge, and by Fernandez Luque and van Beek
(1976) (FLvB), based on the bed shear stress. The FLvB formula is chosen because it was
aready modified by Yager et al. (2007) and the Rickenmann formula is chosen because it
is often applied to alpine rivers. According to Yager et al. (2007), the FLvB equation was
the most performing when modified to account for the presence of macro-roughness
elements, but the Rickenmann formula was not applied in their study. Yager et al. (2007)
suggested scaling by Aq/A: the existing sediment transport equation, to account for the
limited sediment availability. Moreover, they suggested that only the drag bed shear stress
acting on mobile sediments contributes to the sediment transport. Finally, only the mobile
sediments should be included in the characteristic diameters of the surface grain size
distribution (Yager et al. 2007).
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In formula based on bed shear stress calculations, Yager et al. (2007) do not suggest any
typical value for the critical shear stress, the constant value of 0.045 being used. However,
as shown in Figure 7.9b, the drag bed shear in often smaller than 0.045 and the critical
value of 0.007 here estimated is used (cf. Table 7.2). Coherently, the herein determine
value of critical bed shear stress (0.091) is used in the original FLvB formula.

The critical discharge formula originally proposed by Rickenmann (1990, 1991b) (cf. eg.
(31)), dependent on the bed slope and the dsp, is used in the original formula. The formulae
originally proposed by the author is here modified by introducing the critical discharge
formula herein developed (eg. (54)) in the original bedload equation. The modification
suggested by Yager et al. (2007) is aso applied on the Rickenmann formula (scaling factor
A/A) and on the FLvB formula (drag bed shear stress and scaling factor A/A). The
results are given in Table 7.3 (bedload estimation errors) and in Figure 7.11.

All the modifications of the original formulae to account for the presence of macro-
roughness elements (“modif. Ghilardi” and “modif. Yager”) improved the results of the
Rickenmann (1990, 1991b) and the Fernandez Luque and van Beek (1976) formulae. The
Rickenmann formula, based on the discharge per unit width, is performing better than the
FLvVB equation, based on the bed shear stress. This outcome was expected, given the
previous discussion on the results presented in Figure 7.5 and Figure 7.9, the Rickenmann
formula being similar to eq. (59), with different coefficients. When calculating the critical
discharge according to equation (54) in the Rickenmann formula instead of the critical
discharge proposed by Rickenmann, the estimation error is divided two. The multiplication
by the correction factor A,/A: proposed by Yager et al. (2007) only slightly improves the
estimates of Rickenmann formula based on the excess of discharge. On the other hand,
taking into account only the drag bed shear stress acting on mobile sediments and the
correction factor An/A;, in FLvVB formula based on excess of bed shear stress drastically
improves the bedload estimates, reducing the error by 40%. Figure 7.11 shows that the
sediment transport formula herein proposed (eq. (59)), is clearly performing better with our
data.
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Table 7.3: Mean estimation errors for the applied original and modified formulae.

E Rickenmann  Rickenmann FLvB
(5?9.) Rickenmann modif. modif. FLvB modif.
Y ager Ghilardi Y ager
Error 20% 481% 423% 235% 588% 345%
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Figure 7.11: Measured versus calculated sediment transport for several bedload formulae. The black line

indicates the unit slope curve.

7.4 Conclusions

The sediment transport capacity in a steep channel with boulders was analyzed through a

dataset of 41 experiments carried out with varying flume slopes and boulder configurations

(combination of boulder dimensionless distance and diameter) for several sediment supply

conditions.

It is shown that the channel slope has the strongest impact on the transport capacity,

namely in what concerns the critical discharge for beginning of motion. However, it isaso

clearly shown that the sediment transport decreases with dimensionless boulder distance

//ID. The impact of the boulder diameter D is also pointed out; for a given /D and a given

channel slope, the transport capacity seems to decrease with boulder diameter. When the

dimensionless distance corresponds to /D=2, the transport capacity decreases drastically,
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especially for higher discharges, probably due to a change in the flow pattern, going from a

flow between isolated roughness elements to a wake interference flow among boulders.

It is observed that the sediment transport in the channel is better explained by using the
discharge than the bed shear stress as parameter. The critical discharge at which incipient
motion occurs is shown to be related to both, the channel slope and the boulder
dimensionless distance. An equation to calculate the critical discharge for incipient motion
of mobile sediments on steep channels with boulders is proposed. Furthermore, an equation
to predict sediment transport in steep channels taking into account the presence of boulders
is proposed based on the present dataset.

Formulae based on excessive discharge (g-g.) perform better than formulae based on
excessive bed shear stress, even without taking into account the presence of boulders. It is
shown than when the presence of boulders is taken into account in the critical discharge
value, as suggested by eg. (54), there is no need to introduce a correction factor in the
bedload transport equation to account for the presence of boulders. No systematic
overprediction or underprediction of sediment transport is observed as a function of

boulder configuration.

The adaptation of two bedload formulae proposed by previous authors to account for the
macro-roughness elements clearly shows better results when taking into account the
presence of boulders. The existing formula based on excess discharge performs clearly

better than the formula based on the excess of bed shear stress.
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Further observations on mor phology and

sediment transport

This chapter contains further preliminary observations ensuing from the experimental work
that were not included in previous chapters.

Initially, some observations concerning the bed morphology are presented (8.1).
Following, an initial analysis of the flow hydrograph experiments, described earlier in
section 3.2.1d, is carried out (8.2). In section 8.3, the influence of the variation of the liquid
discharge on the sediment transport capacity is analyzed based on two experiments having
all other parameters constants. Finally, in section 8.4, complementary observations on the
relation between bedload pulses phenomena and the grain size distribution in the channel

bed are presented.
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8.1 Morphological observations

The protrusion was measured for all the boulders at the end of each experiment (cf. 3.1.4
and Figure 3.11b, values given in Appendix B for each test). Figure 8.1a, presenting the
relation between the protrusion downstream of boulders Pys and the average boulder
protrusion Pehg measured at the end of the experiments, show that a strong correlation

between these parameters exist.

Figure 8.1b gives the protrusion downstream of boulders Pys as a function of the protrusion
upstream Pys of these. As observed on steps and isolated roughness elements in mountain
streams, the protrusion upstream of boulders is smaller than the downstream protrusion
(David et al. 2011). The correlation between these values is high (R°=0.70) the
downstream protrusion representing 1.5 times the upstream protrusion. This observation is
particularly useful for field applications, when deciding where to measure the protrusion

around boulders or steps.
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Figure 8.1: Relation between the protrusion downstream of boulders (Py) and: @) the average protrusion
(Peng), where the trend line (black line) equation is Pg=1.16Pg,4, With a coefficient of determination R?=0.93;
b) the upstream protrusion (Pgs), where the trend line (black ling) equation is Pys=1.56P, with a coefficient
of determination R?=0.70. The symbols used are presented in Table 7.1.
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A correlation between the average protrusion throughout the experiments (P;) and the
average protrusion at the end of the experiment (Peng) is observed (Figure 8.2). Moreover,
the relationship between the two values of protrusion tends to be close to the 1:1 value
(Pend=Px ). This corresponds to the expectations since, as explained in section 5.3, boulders
protrusions starts to increase at the peak in sediment transport and has approximately an
average value at the end of the sediment transport burst, when gsin=Qsout10- The latter
moment corresponds to the end of an experiment (cf. 3.2.1). Thus, the values of boulder
protrusion at the end of the experiment correspond to the average values observed through
time during the experiment, confirming that the morphology at the end of a bedload burst
(end of the experiments) is representative of the average morphology through the
experiment. Peng IS based on the measurement of all the boulders present in the flume,
while P, is based only on 3-4 tests measured in a loop every 10 minutes during the

experiment (cf. section 3.1.4).
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Figure 8.2: Protrusion at the end of the experiment (Pg,q) as a function of average protrusion measured during
the experiment ( Py ). The black line indicates the unitary slope curve. The symbols used are presented in

Table7.1.

Figure 8.3 indicates that the proportion of boulders presenting hydraulic jumps

downstream of them (dimensionless number of hydraulic jumps, HJ) is clearly related to
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their average protrusion through time P;, which was measured continuously during the
experiment. In other words, as shown in Figure 7.3a, the number of hydraulic jumps per
square meter is linked to the number of boulders and their protrusion. Both morphological
variables present smaller values on the steepest slope but do not present any trend as a

function of the dimensionless boulder distance nor the diameter of the boulder.
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Figure 8.3: Dimensionless number of hydraulic jumps (HJ") as a function of the average boulder protrusion

(Py). The symbols used are presented in Table 7.1.

Figure 8.4 presents the relation between the discharge g and the number of hydraulic jumps
HJ" (Figure 8.4a) and the protrusion P, (Figure 8.4b). The values of these two
morphological variables tend to increase as a function of the specific discharge. This is
especially clear for the dimensionless number of hydraulic jumps (Figure 8.4a). The trend
has however a weak expression when analyzing the link between boulder protrusion and
discharge (Figure 8.4b). This suggests that as the liquid discharge increases, the spill
resistance and energy dissipation caused by the hydraulic jumps also increases (Curran
and Wohl 2003; Comiti and Lenz 2006).
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Figure 8.4: Relation between the unit discharge (q) and: a) the dimensionless number of hydraulic jumps

(HJ"); b) the average boulder protrusion ( Py ). The symbols used are presented in Table 7.1.

Figure 8.5 presents the ratio of frontal boulder area to immobile bed area (Ai/A;, cf. eq.
(51) and eq. (52)) as a function of the dimensionless number of hydraulic jumps
(HJ'=HJ/Ngg, Figure 8.5a) and the dimensionless boulder protrusion (P =P, /D, Figure
8.5h).

The dimensionless number of hydraulic jJumps increases with the ratio Ai/A (Figure 8.5a).
Figure 8.5b shows that the ratio A{/A; depends only on the ratio between the average
boulder protrusion and the boulder diameter (i.e. the dimensionless boulder protrusion P)
with practically a 1:1 relationship (Figure 8.5b). No trend as a function of boulder
configuration (/D and D) can be detected. This confirms that all the morphological
variables are strictly dependent from each other but are not necessarily linked to the
boulder configuration (A/D and D).
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Figure 8.5: Relation between the ratio of frontal boulder area to bed perpendicular boulder area A{/A; and: a)
the dimensionless number of hydraulic jumps (HJ'); b) the dimensionless average protrusion (P'), where the

black line indicates a unitary slope curve. The symbols used are presented in Table 7.1.

8.2 Experienceswith increasing discharge

Hydrograph experiments were carried out at the end of 22 experiments (cf. section 3.2.1),
on the water-worked bed morphology. During these experiments, no sediments were
supplied. The water discharge was increased gradualy by small steps of 0.0008 to
0.0020 m*s*m™. The mobilized sediments reaching the outlet were collected and their
grain size distribution was analyzed individually for each discharge. The discharge was
increased by small steps until, according to visual observations, grains corresponding to
dgo=19 mm of the mobile sediments were carried to the flume outlet, or until more than

4 kg of sediments were collected over a 10 minutes period.

These experiments allow assessing the impact of a flow hydrograph on a mountain river, in
situation of a water-worked bed morphology, when sediments are not supplied neither by
the upstream section nor by lateral movements. Although these tests are not carried out in
order to obtain incipient motion data, they give a useful insight on the topic. The obtained
data dlow inferring only on the grain sizes reaching the downstream section, where the
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gravel are collected, and not on initiation of motion in other sections of the flume. Local
grain movements were often observed even when no sediments were collected at the outlet.
These movements were generally occurring in pools downstream of boulders, but
sediments were not transported further downstream because the flow action was not
sufficient for bedload.

Asindicated by Figure 8.6, presenting the ratio of the dgp of the mobilized sediments (dgox)
to the dy of the total grain size distribution (bed material), the incipient motion occurs for
smaller discharges on steeper slopes. This confirms observations made in Chapter 7
regarding the critical discharge, which is decreasing for higher slopes (cf. Rickenmann
1990). On the smaller slope (6.7%), it is observed that for /D=3 and 5, the discharge to
mobilize a given grain size is smaller than in the absence of boulders. This is due to the
mobilization of sediments in pools downstream of boulders. The behavior changes when
the spatial density of boulders increases (1/D=2). In the latter case, Figure 8.6 shows that a

larger discharge is needed to mobilize agiven grain size.

Figure 8.6 shows that in most cases the mobilized grain sizes are smaller than the total
grain size (dgox/deo<1), even when the discharge increases. In Figure 8.7, indicating the
ratio dsp/dsp as afunction of the discharge, it can be noticed that on the 6.7% and the 9.9%
slopes, as soon as there is movement the ds is transported, except for the experiment with
the highest number of boulders (S=6.7%, A/D=2, and D=0.075 m, represented by black
diamonds). On the steepest slope, the transport starts more gently.

Figure 8.8 presents the ratio dn,x/dn, as a function of the discharge. It can be noticed that for
this grain size too, some experiments do not reach the transport of the dsp of the total grain
size (dmx/dm<l).

By comparing the graphs in Figure 8.6, Figure 8.7, and Figure 8.8, it is possible to notice
that the mobility of sediments increases with decreasing grain sizes. In other words, there
Is not an equimobility of the sediments, for which the sediments would move al for the
same value of dimensional bed shear stress, and thus the same value of discharge (Lenz et
al. 2006). Furthermore, the graphs show that, although sediments are mobilized early for
small discharges, the competent liquid discharge to mobilize the entire gravel bed is
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considerably higher. This leads to the need of defining competent critical values
corresponding to the beginning of sediment motion, for determined grain size ranges as
referred to in section 2.3.3 (Ferreira et al. 2007).
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Figure 8.9 reports the experiments carried out with the same configuration (/D=3 and
D=0.100 m). Points coming from the same experiment are linked between them by a line,
and correspond to a hydrograph applied after one sediment transport experiment. The
average protrusion at the end of the sediment transport experiment is also written in the
graph for every curve. As mentioned before, the experiment carried out on the 6.7% slope
needs higher discharges for incipient motion, however the motion has already started for
the smallest discharge used, of 0.008 m®s*m™.

Tests on the 9.9% dlope clearly show that the protrusion of boulders plays a role in
determining the incipient motion. The movement starts earlier when the protrusion is
larger. This is confirmed by the experiments carried out on the steepest slope. As
mentioned above, this is due to the higher energy of impinging jets in the pools
downstream of boulders. The higher the drop height downstream of boulders and the
sooner the transport starts. However, as argued by Yager et al. (2007), at higher discharges,
the sediment transport capacity decreases with increasing protrusion. In Chapter 7 it is
clearly shown that the presence of protruding boulders decreases sediment transport
capacity (cf. Figure 7.5). At higher discharges the transport capacity in channels without
boulders is clearly higher. This is inferable by looking at the curves of Figure 8.9. When
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the discharge increases, both on the 9.9 and the 13% flume slope, the moved grain sizeis
larger when the average protrusion of boulders is smaller. The present results (cf. Figure
8.6) indicate that the beginning of movement occurs for smaller discharges, when in
presence of sparse boulders (/D=3 and 5), confirming that the critical discharge should be
a function not only of channel slope, as proposed by Rickenmann (1990, 1991b), but also

of roughness geometry, both as afunction of A/D and boulder protrusion (cf. Chapter 7).
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Figure 8.9: Ratio between the dgox Of the mobilized sediments and the dyy of the bed material, as a function of
the discharge for /D=3 and D=0.100 m. Average protrusion Py is given for every curve. The symbols used

are presented in Table 7.1.

8.3 Effect of liquid discharge

Two experiments were carried out in order to analyze the influence of varying the water
discharge, for afixed sediment discharge, flume slope and boulder position. The data are
presented in Table 8.1. In order to analyze the influence of a change in the couple of solid
and liquid discharge, two experiments were carried out with exactly the same boulder
configuration (/D=3 and D=0.1 m) on the steepest slope.
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Table 8.1: Experimental parameters and results for two experiments carried out with the very same sediment

supply and boulder configuration, but with different liquid discharge. gs;, =0.236x10°% (m*s™m™).

S D D NBs q Osend x10° o Ra?/ Pend I:)us Pds HJ A|/A1 Aif/At
@) ) (M %) msmhH; mmhH) My m M m m M) &

13 3 0100 11 0.0124 0.254 038 0.025 0.028 0.019 0.036 5.2 0.08 0.020
13 3 0100 11 0.0118 0.261 037 0.021 0.023 0.019 0.029 2.7 0.07 0.015

As discussed in Chapter 7, and visible in Figure 7.5, a small change in the discharge
induces a high change in sediment transport capacity on the steepest slope. In order to
conserve the sediment transport capacity, morphological values need to adapt to the raise
in liquid discharge. Yager et al. (2007) findings suggest that in order to dissipate enough
energy to transport an equilibrium amount of sediments, boulders need to be more exposed
when the liquid discharge increases. Thisis confirmed by the present results, showing that
when the liquid discharge is increased by 5%, the average boulder protrusion through time
Py increases by 19%. The number of hydraulic jJumps clearly augments, as expected from

the relationship observed in Figure 8.3. The frontal surface rises by 25% as well.

For both the experiments, the average boulder protrusion through time (PRy) and the
average boulder protrusion at the end of the experiments (Peng) are practically equal (cf.
Figure 8.2). The details of the upstream (Pys) and downstream (Pgs) protrusion at the end of
the experiment indicate that the upstream protrusion is the same in both tests, while the
downstream protrusion is 20% higher in test 1. These results indicate that the energy losses
occur mainly due to energy dissipation downstream of boulders, through spill resistance
and hydraulic jumps. This suggests that even if in average the downstream protrusion is
about 1.5 times the upstream protrusion (cf. section 8.1 and Figure 8.1b), it may be
preferable to work with the protrusion downstream of boulders.
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8.4 Surface and transported grain sizes at varying bedload transport
stages

As detailed in Chapter 5, stages of sediment transport are related to different bed states. It
is shown that the surface grain size distribution changes with bedload stages. In Figure
8.10 (pictures of the same long duration experiment analyzed in Chapter 5), the vertica
sorting of grain sizes is shown at different bedload transport stages. Figure 5.7a indicates
that at low sediment transport events, the surface grain size distribution is coarse, with the
average diameter close to the dgy of the supplied sediments. Figure 8.10a reveals that
during these events, the underlying grains have a much finer size. When the coarse riffle
structures break down (cf. Chapter 5) sediment transport increases and the surface grain
size becomes finer (Figure 5.7c). This is confirmed by Figure 8.10b, where no vertica
sorting is visible during the peak of bedload. Finally, after a peak in sediment transport, the
surface grain size distribution corresponds to the supplied curve (Figure 5.7d). The frontal
picture of Figure 8.10c clearly indicates the presence of some coarser grains at this bedload

stage.

Y L] i

Figure 8.10: Evolution of bed morphology of the long duration experiment analyzed in Chapter 5 (cf. Figure
5.2): a) at 215 minutes, during extremely low sediment transport; b) at 256 minutes, at the peak of sediment
transport; c) at 282 minutes, after the peak of bedload, when Qs ou 10 IS €qual to gsin. The pictures are taken in
the central part of the flume (from Ghilardi et al. (2013)).

According to visual observations, at low sediment transport stages, only few coarse grains
were reaching the flume outlet. On the opposite, at intense sediment transport stages, the
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grain size distribution was finer, due to the mobilization of fine sediments previousy
trapped under the riffle structures. This phenomenon was already observed by Frey et al.
(2003). To confirm this observation, samples of mobile sediments were taken almost
simultaneously at the inlet and the outlet of the channel at varying bedload transport stages
during one experiment. The results are presented in Figure 8.11. As shown in Figure 3.6,
the supplied grain size distribution was constant in time. This confirms that bedload stages
were not induced by the supplied grain size distribution. However, a longitudinal grain
sorting occurred in the flume as shown by the variations in outlet grain size distribution
(Figure 8.11). During low sediment transport events, the distribution is much coarser. On
the other hand, during peaks in sediment transport, the grain size distribution is finer than
that of the supplied material. Finally, when the sediment transport at the outlet corresponds
to the inlet (Qsinrc0sout10), after a sediment transport burst, the gradation of the outlet
materials corresponds to the supplied grain size distribution. On average, the grain size

distribution of the outlet equals the gradation of the inlet.
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Figure 8.11: Mobile grain size distribution at the outlet at severa transport stages, average grain size
distribution at the outlet and at the inlet.

It was observed that a large peak in sediment transport occurs when the riffle structure
breakdown starts in the upstream part of the flume. Fine sediments laying under the coarse
surface are freed and enhance the destruction of coarse riffle structures in the downstream

sections. Observations indicate that the sediment transport starts to gently increase when
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the mobilization of fine sediments reaches the central part of the flume, but an abrupt
increase in bedload transport at the flume outlet is observed only when the mobilized fine
sediments reach the flume outlet.

Figure 8.12 shows the destruction process of a riffle. In Figure 8.12a, a coarse riffle is
shown just before its destruction. Only approximately half of the flume width is used by
the flow upstream and downstream of the riffle structure (cf. “No flow region” in Figure
8.123). The riffle is steep and has a rapid flow. In few seconds this structure can be
completely destroyed. The destruction starts from the steep riffle region. When the flow
becomes too fast, some coarse grains creating the riffles are mobilized and suddenly all the
bed upstream of the reach starts moving. This phenomenon occurs in only a few seconds,
as can be seen in Figure 8.12b, on a picture taken approximately 20 seconds after that
shown in Figure 8.12a. The movement of a large amount of fine sediments (Figure 8.12b),
previously buried under the coarse surface layer, enhances the destruction of riffles in the
downstream sections. After the destruction of ariffle, and in general during high sediment
transport events, all the flume width is occupied by the flow. This phenomenon of structure
formation and destruction is more evident in experiments carried out without boulders, but
can be identified also in tests with macro-roughness elements. During experiments with a
large spatia density of boulders (4/D=2), this phenomenon becomes however marginal,
because riffles can barely form, since the spacing between bouldersis small.

e .Flowdirection

Figure 8.12: Abrupt change in surface and transported grain size distribution during a riffle destruction. a)
Riffle just before the destruction; b) riffle after the destruction, about 20 seconds later. Test without boulders
on the 13% slope.
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Conclusions and further developments

In the following, the main conclusions reached in this work are listed in the light of the

motivations and objectives that were set in Chapter 1.
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9.1 Conclusions

In section 1.3, three main questions synthetized the motivation of the present research.
Concerning the link among bedload fluctuations, flow velocity and morphological
parameters, the answer is mainly given in Chapter 5, but it is approached ubiquitously
throughout the entire manuscript. This research work revealed an interaction between
bedload and flow velocity fluctuations and variations in morphological parameters, such as
boulder protrusion, bed surface occupied by boulders and number of hydraulic jumps. It is
shown that the duration of the fluctuating cycles is the same for al the measured variables,
however a delay between the variables exists, i.e. morphological parameters, influencing
energy dissipation, fluctuate with a time lag with bedload transport pulses. Bedload and
flow velocities fluctuate almost in phase, with the peak in velocities occurring just minutes
before the peak in bedload.

Data analysis and visual observations show that when the sediment transport starts
increasing, the values of morphological parameters are at a minimum, suggesting that
energy dissipation is adso a a minimum vaue. Bedload starts decreasing again when
morphological variable values are at about 50% of their maximum value. When
morphological parameters reach their maximum value, the bedload transport has decreased
until the average transport and soon reaches a minimum value. Morphological parameters
value continues to decrease until a minimum, when bedload starts increasing again for a
new cycle. This phenomenon is accompanied by the continuous formation and destruction
of coarse riffle structures through the channel. Moreover, it is shown that the grain size
distribution of the outlet sediments evolves through time, and is coarser during small
sediment transport events, fine during bedload peaks, and equal to the supplied grain size
distribution after a peak in sediment transport (gsin=0s out,10)-

The second research question referred to the influence of the presence of boulders on the
duration and amplitude of bedload pulses. The analysis of 38 experiments carried out on a
tilting flume treated in Chapter 6 shows that, although the bedload fluctuations are caused
by the presence of graded bed materials and not by macro-roughness elements, the
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presence of boulders does have an impact on sediment transport capacity, and thus on the

duration and amplitude of bedload fluctuations.

The influence of boulders on bedload fluctuations occurs through two different processes.
On one side, the presence of boulders obstructs the formation of the coarse riffles
responsible for bedload fluctuations. Well-developed stable riffles cannot form anymore in
the channel since their formation is hindered by the presence of boulders, locally
perturbing the flow. According to visual observation riffles tend to become smaller for
increasing spatial densities of macro-roughness elements. For the highest spatial densities
of boulders used in this research work, the fluctuations had small amplitude and duration.

Another factor influencing the fluctuation characteristics is the stream power. It is proved
that at higher stream powers the amplitude and period of fluctuations is decreased. A direct
relation between the stream power and the presence of boulders, which could be taken into
account as either of the morphological parameters (boulder protrusion, boulder surface or
number of hydraulic jumps), could be found, showing that the stream power needed to
transport the same average amount of sediments increases with boulder spatial density. The
decrease in period and amplitude of bedload pulses, caused by the increase in energy

losses, decreases morphological changes through time.

Finally, the last research question was about how boulders influence the sediment transport
capacity and the initiation of motion. In Chapter 7 this research proves that, although the
channel slope has the strongest impact on the transport capacity, the presence of boulders
needs to be considered when estimating the bedload transport capacity. The sediment
transport strongly decreases with dimensionless boulder distance 1//D and seems to
decrease with boulder diameter. When A/D=2, a change in behavior is observed: the
transport capacity decreases drastically, and this especially for higher discharges, probably

due to a change in wake interference between boul ders.

It is observed that the sediment transport is more related to the liquid discharge than to the
shear stress. The critical discharge at which incipient motion occurs is known to decrease
with channel dlope and the present work shows that it is also linked to boulder

dimensionless distance and seemingly the boulder protrusion. However, the present dataset

189



Chapter 9

is not large enough to infer aformula for critical discharge including the latter parameter.
The following equation for critical discharge, based on the channel slope and the roughness
geometry, is herein proposed:

q DY
= = G046 (1——) cf. eq. (54)
| v gds A

A classical form of sediment transport formulais fitted to the collected data
0. =4.695*°,/q - 0 cf. eq. (59)

Based on the present dataset, it is suggested that formulae based on excessive discharge (0-Qq),
or excess stream power, perform better than those based on excessive shear stress. It is shown
than when the presence of boulders is taken into account in the critica discharge value, as
suggested by eq. (54), there is no need to introduce a correction factor in the bedload transport
equation to account for the presence of boulders. No systematic over- or under-prediction of

sediment transport is observed as afunction of boulder configuration (4/D and D).

In steep channels, water depth and morphology are rapidly varying. It is thus difficult to
select representative cross-sections for measurements. For these reason, a new bulk
velocity measurement technique was developed during the present research and is
presented in Chapter 4. The herein developed method is based on a dye tracer
measurement technique and video analysis, its main advantage that it completely avoids
the problem of cross-section selection. The dye tracer method was compared to three
existing velocity estimation techniques and it proved to supply good bulk velocity
estimates. One of the main challenges of this technique are the light reflections on the
water surface, increasing with the channel slope. However, it was shown in Chapter 4 that

the misidentification of some colored pixels only slightly influences the velocity estimates.

9.2 Futurework

Several answers were given concerning the effect of boulders on the sediment transport
capacity and fluctuations. Nevertheless, further work is needed in order to fully understand

the influence of macro-roughness elements on the flow.

190



Conclusions and further developments

In particular, in Chapter 7 it was shown that taking into account the presence of bouldersin
an equation for the critical discharge drastically improves the bedload estimates. The
present results indicate that the critical discharge is a function of the channel slope, the
boulder geometry and the roughness protrusion. The first two parameters were included in
a critical discharge formula, as expressed in equation (54). However, the boulder
protrusion, or another parameter varying with the latter, could not be included in the
critical discharge formula. The effect of boulders on incipient motion of mobile sediments
should thus be studied more into detail.

According to equations (54) and (59), the influence of boulder protrusion was not taken
into account in the herein devel oped sediment transport formula. As observed by previous
authors, the boulder protrusion should however have an effect on the sediment transport. A
larger dataset is needed in order to test various hypotheses to account for boulder

protrusion.

Finally, an influence on bedload transport due to the boulder diameter was observed. It was
however not possible to infer whether the influence was related to the boulder diameter
itself or to the number of boulders present in the channel. Further experiments with the
same amount and position of boulders, using different diameters, are needed in order

explain the observed behavior.

Changes in behavior, both from the sediment transport capacity (Chapter 7) and
fluctuations (Chapter 6) point of view, were observed for dimensionless boulder distances
of MD=2. Thisislinked to changes in flow behavior, evolving from a flow among isolated
roughness elements to a wake interference flow. Further studies are needed in order to
fully understand the influence of such a behavior on sediment transport capacity and

fluctuations.

| believe that | have only scratched the surface in the issue of influence of boulders on flow
conditions and sediment transport capacity and fluctuations, and my feelings are that this
field will rapidly expand in the close future.
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A. Boulder configurations

This annex presents the position of boulders for each of the tested configurations as a
function 2/D and D. The flumeis 7 m long and 0.25 m wide.
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Boulder configurations
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B. Experiments

In this annex, a detailed description of each experiment presented in Table 3.3 is given.

For each test the average values are presented. For tests 4 to 41, the time series of the

measured values are presented, along with a correlation analysis and a phase analysis.

For tests 11 to 41 a reconstructed image presenting the central part of the flume at the end

of the experiment is shown.
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Appendix B

B.1 Testl
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 Inf. 0 0 0.0204 0.1857

Average results

qsend Xlo-s U Ra@ HJ A|/ A( Alf/ At Pend Pus Pds
(m’s*m?) (ms*) m ™ () ) (m) (m) (m)
0.1509 0.72 0 0 0 0 0 0 0
B2 Test2
Test parameters
S D D Ngs q Qsin X103
(%) ¢ (m) (m?) (m’s'm™) (m’s'm™)
6.7 3 0.125 6.9 0.0240 0.1555
Average results
qsend Xlo-s U Ra@ HJ A|/ A( Alf/ At Pend Pus Pds
(m’s*m?) (ms*) m ™ () ) (m) (m) (m)
0.1706 0.90 - - - - 0.032 0.019 0.035
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Experiments

B.3 Test3
Test parameters
S D D Ngs q Qsin X103
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 3 0.100 109 0.0240 0.1389
Average results
qsend Xlo-s U RaT/ HJ A|/ At Alf/ At Pend Pus Pds
(m’s*m?) (ms*) m ™ () ) (m) (m) (m)
0.1555 0.67 - - - - 0.025 0.018 0.026
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Appendix B

B4 Test4
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 2 0.100 25.1 0.0228 0.0574

Characterization of the fluctuations (average period T=128.3 min)

range (min + max) mean c o/mean
Osozs  0.0101 +0.1073x10° mPs*m™®  0.0651x10° m’s™m?  0.0225x10° m*s*m* 0.35
U 0.59 +0.77 ms* 0.71ms? 0.04ms* 0.05
P’ 0.19+0.36 0.24 0.04 0.15
Ags 0.162 + 0.213 0.188 0.014 0.07
HJ - - - -
Average results
qsegd_i(l(:)l_s U 1 R:& H_‘Jz Ai/ At Aif/ At Pend I:>us Pds
(m’s™m™) (ms™) (m) (m™) ) ) (m) (m) (m)
0.0646 0.71 0.024 - 0.17 0.042 0.021 0.019 0.020
Time series
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Correlation analysis
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Appendix B

BS5 Testb
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 2 0.100 25.1 0.0424 0.1570

Characterization of the fluctuations (average period T=13 min)

range (min + max) mean c o/mean
Osos  0.1107 + 0.2616x10° ms™m*  0.1740x10° m’s*m™®  0.0306x10° m’s™'m* 0.18
U 0.78+0.87 ms* 0.84 ms* 0.02 ms* 0.02
P 0.32+0.38 0.35 0.01 0.04
Ags 0.181+0.243 0.217 0.018 0.08
HJ - - - -
Average results
qsegd_i(l(:)l_s U 1 R:& H_‘Jz Ai/ At Aif/ At Pend I:>us Pds
(m’s™m™) (ms™) (m) (m™) ) ) (m) (m) (m)
0.1736 0.84 0.036 - 0.21 0.074 0.031 0.025 0.036
Time series
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Correlation analysis
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Appendix B

B.6 Testb6
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 3 0.075 20.0 0.0212 0.0906

Characterization of the fluctuations (average period T=60 min)

range (min + max) mean c o/mean
Osous  0.0151+0.2327x10° mPs*m™  0.1035x10° m*s™m?  0.0514x10° m*s™'m’* 0.50
U 0.59 + 0.72 ms* 0.63 ms* 0.03 ms* 0.04
P 0.27 + 0.50 0.41 0.06 0.14
Ags 0.041 + 0.112 0.094 0.014 0.15
HJ - - - -
Average results
qsegd_i(l(:)l_s U 1 R:& H_‘Jz Ai/ At Aif/ At Pend IDus Pds
(m’s™m™) (ms™) (m) (m) ) ) (m) (m) (m)
0.1040 0.63 0.031 - 0.10 0.039 0.022 0.017 0.026
Time series
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Appendix B

B.7 Test7
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 2 0.125 16.0 0.0228 0.0634

Characterization of the fluctuations (average period T=29 min)

range (min -+ max) mean c o/mean
Osout5 0+ 0.1560x10°° m*s*m* 0.0745x10° m*s*m™  0.0355x10°3 ms™'m’* 0.48
U 0.55+0.70 ms* 0.64 ms* 0.03ms* 0.04
P’ 0.25+0.38 0.30 0.03 0.11
Ags 0.175 + 0.249 0.212 0.014 0.06
HJ - - - -
Average results
s ena X107 U =N HI  AIA Al A Peng Pus Pas
(m’s*m) (ms™) (m) (m?) ) ) (m) (m) (m)
0.0746 0.64 0.037 - 0.19 0.056 0.024 0.020 0.028

Time series
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Correlation analysis
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Appendix B

B.8 Test8
Test parameters
S D D Ngs q Qsin X10°3
(%) ) (m) (m?) (m’s'm?) (m’s'm?)
6.7 2 0.075 446 0.0209 0.0287

Characterization of the fluctuations (average period T=30 min)

range (min + max) mean c o/mean
Osoz0  0.0025 +0.0528x10° mPs*m™®  0.0236x10° m’s™m?  0.0114x10° m*s*m* 0.48
U 0.55+0.58 ms* 0.56 ms* 0.01 ms* 0.01
P 0.25+0.32 0.29 0.02 0.09
Ags 0.186 + 0.233 0.208 0.011 0.06
HJ - - - -
Average results
qsegd_i(l(:)l_s U 1 R:& H_‘Jz Ai/ At Aif/ At Pend I:>us Pds
(m’s™m™) (ms™) (m) (m™) ) ) (m) (m) (m)
0.0236 0.56 0.022 - 0.19 0.055 0.019 0.016 0.023
Time series
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Correlation analysis
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Appendix B

B9 Test9

Test parameters
S D D Nis q Qsjn X10°
(%) ¢ (m) (m?) (m’s'm™) (m’s'm™)
6.7 3 0.125 6.9 0.0236 0.1011

Characterization of the fluctuations (average period T=110 min)

range (min + max) mean c o/mean

Osoo  0.0101 = 0.2189x10° mPs'm™  0.1122x10° ms'm®  0.0580x10° m*s*m™* 0.52

U 0.48 = 0.68 ms* 0.60 ms* 0.04 ms* 0.07

P 0.23+0.43 0.34 0.05 0.15

Ags 0.015 + 0.056 0.040 0.009 0.22

HJ 0.20 + 0.80 0.57 0.16 0.29

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1122 0.60 0.043 39 009 0.031 0.048 0.033 0.057

Final configuration

224



Experiments

Time series

1.0

0.5

() «CH 3 g
o 0% | 8 g
Auv 7 qS qs qS,
(Gsw)n _ _
@
3 3 S
I I < ] .
I I , g
T}
I I | “
I I |
I I |
, I
, i :
I I
“““ TR N
I \\Ju,n:.\\f\\ ] =
| | - ®
! \\\_\\.. ™
| \\\\\+\ ;ﬂ_ |
reeo | ™, |
, ~<l Y
| ..,.llll r> ~
, L2
\\\\\ [ £ v
, [ B 2T N 3
I | \\ A TS
, 1, I A o 4
| \\x N ,
e | P , ,
P , e | ,
Lt ! gl , ,
! ~ol e | , ,
| Pl
N A N, ” ,
I I 4v\\l\\\\ ---48 m : , ,
I < | : , 0
[P - 0 5
, LN, I O 5
X £ : n_v :
- .| -) uoie[a.10d
. -S! _
” N S )
, [N | £
o N . £
Y-S T
| | , I\I\ e w
, , | I“‘\ -~
| | \\.T\\nnsl
| L= -7
| \\\\\ ¢|\\\\ﬂ
(- DA I
i W \ | A\
\\\\\\\\ !
[T N
i | NS 8
! | ) R
i ! i
1 I
I
L
| | - mmn
\\\\\ Ir
I \\\\ﬁl..l\\\, 1
| | R 3
, e |
, | "~ g
| , P V- 2
, | mﬁ\ur\ >
, ,1\\\\\\\ I 5
, ,I\ I w
, I
, c
| i | i . §=]
=} =} M 3 =
S
0T °
¢ AH,EH.mmEv b H
=
S
(-) uonej@LI02-01NY

225

Time lag (min)

Time lag (min)



Appendix B

B.10 Test 10

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.100 4.0 0.0223 0.1343

Characterization of the fluctuations (average period T=85 min)

range (min + max) mean c o/mean

Osoo  0.0654 +0.2088x10° mPs'm™  0.1346x10° m’s'm®  0.0369x10° m*s*m™* 0.27

U 0.51 +0.66 ms* 0.57 ms* 0.03ms* 0.06

P’ 0.38+0.61 0.46 0.06 0.13

Ags 0.015 + 0.027 0.021 0.003 0.16

HJ' 0.71+1.14 0.89 0.10 0.11

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m (m)
0.1346 0.57 0046 36 004 0.016 0.047 0.031 0.056

Final configuration
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Appendix B

B.11 Test 11

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.075 6.9 0.0222 0.1343

Characterization of the fluctuations (average period T=34 min)

range (min + max) mean c o/mean

Oso1o  0.0277 = 0.2289x10° mPs*m™  0.1308x10° ms'm®  0.0477x10° m*s*m™* 0.36

U 0.52 +0.63ms™ 0.58 ms* 0.03ms* 0.05

P 0.27 + 0.60 0.39 0.06 0.16

Ags 0.018 + 0.035 0.028 0.004 0.15

HJ 0.33+0.83 0.55 0.12 0.22

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1307 0.58 0029 38 003 0.013 0.034 0.029 0.041

Final configuration
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Appendix B

B.12 Test 12

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.125 2.3 0.0208 0.1343

Characterization of the fluctuations (average period T=84 min)

range (min + max) mean c o/mean

Osoo  0.0201 = 0.3321x10° mPs*m™  0.1338x10° m’s'm®  0.0642x10° m*s*m™* 0.48

U 0.51 +0.65 ms* 0.62ms* 0.04 ms* 0.06

P’ 0.32+0.55 0.47 0.06 0.14

Ags 0.015 + 0.030 0.028 0.004 0.15

HJ' 0.25+1.25 0.74 0.23 0.31

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1503 0.63 0.061 17 004 0.018 0.056 0.044 0.061

Final configuration
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Appendix B

B.13 Test 13

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 3 0.075 20.0 0.0238 0.1343

Characterization of the fluctuations (average period T=23 min)

range (min + max) mean c o/mean

Osos  0.0503+0.2767x10° ms'm?  0.1421x10° m*s*™m™  0.0447x10° m*s'm* 0.31

U 0.66 = 0.75ms™* 0.70 ms* 0.02ms* 0.03

P’ 0.33+0.52 0.44 0.05 0.11

Ags 0.085 + 0.099 0.091 0.004 0.04

HJ 0.38+0.75 0.61 0.11 0.18

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1401 0.70 0033 122 010 0.043 0.029 0.022 0.034

Final configuration
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Appendix B

B.14 Test 14

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 3 0.125 6.9 0.0235 0.1343

Characterization of the fluctuations (average period T=23 min)

range (min + max) mean c o/mean

Oso1o  0.0327 = 0.2013x10° mPs'm™  0.1192x10° ms'm®  0.0361x10° m*s*m™* 0.30

U 0.53+0.67 ms* 0.60 ms* 0.03ms* 0.05

P’ 0.36 +0.52 0.43 0.04 0.09

Ags 0.068 + 0.079 0.074 0.003 0.04

HJ 0.40 + 1.00 0.70 0.18 0.25

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1192 0.60 0054 48 010 0.042 0.043 0.029 0.050

Final configuration
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Appendix B

B.15 Test 15

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 3 0.100 10.9 0.0233 0.1343

Characterization of the fluctuations (average period T=21 min)

range (min + max) mean c o/mean

Osows  0.0151+0.2566x10° m’s'm?  0.1251x10° m*s*™m™  0.0455x10° m*s'm’* 0.36

U 0.48 = 0.59 ms™* 0.55 ms* 0.03ms* 0.05

P’ 0.23 +0.40 0.31 0.05 0.17

Ags 0.087 +0.105 0.094 0.004 0.05

HJ 0.45 + 0.90 0.74 0.10 0.14

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1244 0.55 0031 80  0.09 0.027 0.035 0.025 0.044

Final configuration
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Appendix B

B.16 Test 16

Test parameters

S AD
(%) Q)

6.7 Inf.

Characterization of the fluctuations (average period T=50.8 min)

range (min + max)

o/mean

Osout,5 0.0151 + 0.2748x10°3 m3stmt
U 0.43+0.55 ms*

s

P

*

Ags
HJ

0.1187x10° m’s'm?  0.0539x10° m’stm*?

0.45
0.05

Average results

Pds
(m)

Osend X:I.O-3
(m’stm?) (msh)
0.1189 0.49

0.000

Final configuration
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Appendix B

B.17 Test 17

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 2 0.100 25.1 0.0372 0.1343

Characterization of the fluctuations (average period T=9 min)

range (min + max) mean c o/mean

Osos  0.0587 +0.2013x10° ms'm?  0.1398 x10° m*s™m™  0.0334x10° m*s'm’* 0.24

U 0.67 +0.75ms* 0.70 ms* 0.02ms* 0.02

P’ 0.23+0.35 0.29 0.03 0.10

Ags 0.178 +0.193 0.185 0.003 0.02

HJ 0.37+0.68 0.56 0.07 0.13

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1390 0.70 0029 141 019 0.055 0.036 0.027 0.041

Final configuration
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Appendix B

B.18 Test 18

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 2 0.125 16.0 0.0352 0.1343

Characterization of the fluctuations (average period T=14 min)

range (min + max) mean c o/mean

Osos  0.0587 +0.2117x10° ms™m*  0.1352x10° m*s*™m™  0.0342x10° m*s*m’* 0.25

U 0.63+0.74 ms* 0.70 ms* 0.04 ms* 0.06

P 0.27 +0.38 0.32 0.03 0.08

Ags 0.212+0.230 0.222 0.005 0.02

HJ' 0.75+0.91 0.84 0.04 0.04

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1365 0.70 0040 135 020 0.063 0.038 0.030 0.045

Final configuration
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Appendix B

B.19 Test 19

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 2 0.075 44.6 0.0391 0.1343

Characterization of the fluctuations (average period T=10 min)
range (min + max) mean c o/mean
Osows ~ 00922+02432x10°m’s  0.1470x10° m*s'm?  0.0346x10° ms'm? 0.24
u 0.74+0.81 ms? 0.77 ms? 0.02 ms* 0.03
P’ 0.30+0.40 0.36 0.02 0.06
ABS* 0.251 + 0.299 0.280 0.011 0.04
HJ' 0.33+0.58 0.49 0.06 0.13
Average results
Gsepa floj . Py HI - AAC AA Pend Pus Pas
(m’s™m™) (ms?) (m) (m™) ) ) (m) (m) (m)
0.1461 0.77 0.027 21.8 0.21 0.074 0.035 0.030 0.038

Final configuration
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Appendix B

B.20 Test 20

Test parameters

S AD
(%) Q)

6.7 3

Characterization of the fluctuations (average period T=56 min)

range (min + max)

o/mean

Osows  0.0050 +0.2365x10° m’s
0.35+0.59 ms*

u

s

P

*

Ags
HJ

0.0608x10° m*s'm? 0.0454x10° m’stm?

0.025 + 0.074

0.75
0.10
0.32
0.28
0.42

Average results

Osend X:I.O-3
(m’stm?)

Pds
(m)

0.0607

0.032

Final configuration
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Appendix B

B.21 Test 21

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.100 4.0 0.0162 0.0563

Characterization of the fluctuations (average period T=65 min)

range (min + max) mean c o/mean

Osoo  0.0050 = 0.1535x10° mPs*m™  0.0564x10° ms'm®  0.0325x10° m*s*m* 0.58

U 0.35+0.50 ms* 0.42 ms* 0.04 ms* 0.09

P’ 0.07 + 0.52 0.31 0.12 0.40

Ags 0+0.018 0.012 0.005 0.40

HJ 0.29 + 1.00 0.69 0.18 0.27

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.0565 0.42 0031 27 003 0.010 0.028 0.019 0.029

Final configuration
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Appendix B

B.22 Test 22

Test parameters

S AD
(%) Q)

Osin X:LO-3
(m’stm?)

6.7 0

0.0563

Characterization of the fluctuations (average period T=155 min)

range (min + max)

c o/mean

Osout,10 0+ 0.1887x10° m*s*m*
0.22+0.49 ms'l

u

s

P

*

Ags
HJ

0.0654 x10° m®s*m*

0.0588x10° m*sm? 0.90

Average results

Osend X:I.O-3
(m’stm?)

0.09 ms* 0.25
I:>end Pus Pds
(m) (m (m)

0.0654

0.000 0.000 0.000

Final configuration
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Time series
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Appendix B

B.23 Test 23

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.075 6.9 0.0168 0.0563

Characterization of the fluctuations (average period T=160 min)

range (min + max) mean c o/mean

Osout 10 0+ 0.2400x10° m*s*m* 0.0570x10°m’s*m™®  0.0517x10° m’s'm’* 0.90

U 0.39 + 0.69 ms* 0.53 ms™* 0.06 ms* 0.11

P’ 0+051 0.22 0.15 0.69

Ags 0+0.047 0.016 0.012 0.75

HJ 0+0.58 0.30 0.20 0.66

Average results
s ena X102 U Py HI  A/A AdA Pend Pus Pas
(m’s'm™) msh  m M ¢ (m) (m) (m)
0.0571 0.53 0.017 2 0.03 0.005 0.0240 0019  0.0300

Final configurat

ion
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Appendix B

B.24 Test 24

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 3 0.075 20.0 0.0188 0.0563

Characterization of the fluctuations (average period T=98 min)

range (min + max) mean c o/mean

Osoio  0.0050 = 0.1308x10° mPs*m™  0.0534x10° m’s'm®  0.0351x10° m*s*m™* 0.66

U 0.41 +0.69 ms* 0.52 ms* 0.07 ms* 0.14

P’ 0.17 + 0.47 0.31 0.07 0.22

Ags 0.013 +0.126 0.074 0.024 0.33

HJ 0.06 + 0.50 0.29 0.10 0.35

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.0528 0.52 0023 59 009 0.026 0.020 0.015 0.024

Final configuration
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Appendix B

B.25 Test 25

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.125 2.3 0.0156 0.0563

Characterization of the fluctuations (average period T=161 min)

range (min + max) mean c o/mean

s out 10 0+ 0.1736x10° m*s*m™* 0.0599x10° m’s'm™®  0.0474x10° m’s'm* 0.79

u 0.44+0.71 ms* 0.52 ms* 0.07 ms* 0.13

P’ 0.04 = 0.43 0.22 0.11 0.49

Ags 0+0.053 0.027 0.016 0.59

HJ 0+1.00 0.46 0.38 0.83

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.0604 0.52 0.027 1.0 002 0.006 0.046 0.034 0.057

Final configuration
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Appendix B

B.26 Test 26

Test parameters

S AD
(%) Q)

6.7 Inf.

Characterization of the fluctuations (average period T=134.5 min)

range (min + max)

o/mean

Osoo  0.0025 = 0.2358x10° mPs*m*
U 0.40 + 0.72 ms?

s

P

*

Ags
HJ

0.1002x10° m’s*m?  0.0795x10° m’stm*

0.79
0.21

Average results

Pds
(m)

Osend X:I.O-3
(m’stm?) (msh)
0.0996 0.58

0.000

Final configuration
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Appendix B

B.27 Test 27

Test parameters
S D D q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
6.7 5 0.100 0.0183 0.0936

Characterization of the fluctuations (average period T=63 min)

range (min + max) mean c o/mean

Osoo  0.0126 = 0.1929x10° mPs*m™  0.0882x10° m’s'm™  0.0520x10° m*s*m™* 0.59

U 0.52 = 0.58 ms* 0.55 ms* 0.02ms* 0.03

P 0.20+0.37 0.28 0.05 0.16

Ags 0+0.021 0.014 0.007 0.48

HJ 0.43+0.86 0.60 0.09 0.16

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh)  (m m? () (m) (m) (m)
0.0876 0.55 0028 24 003 0.008 0.039 0.026 0.043

Final configuration
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Appendix B

B.28 Test 28

Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
9.9 3 0.100 10.9 0.0131 0.0936

Characterization of the fluctuations (average period T=130 min)

range (min + max) mean c o/mean
Osout, 10 0+ 0.4323x10° m%s*m* 0.0898x10°° m®stm* 0.0883x10°° m*s*m* 0.98
u 0.29 + 0.55 ms* 0.38 ms*? 0.06 ms? 0.16
P 0.02 + 0.42 0.21 0.12 0.57
Ags 0+0.107 0.056 0.032 0.58
HJ' 0+ 050 0.18 0.12 0.66
Average results
Gsepa floj . Py HI - AAC AA Pend Pus Pas
(m’s™m™) (ms™) (m) (m) Q) ) (m) (m (m)
0.0891 0.38 0.021 2.0 0.07 0.015 0.018 0.014 0.025
Final configuration
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Appendix B

B.29 Test 29
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
9.9 Inf. 0.000 0.0 0.0112 0.0936

Characterization of the fluctuations (average period T=193 min)

range (min + max) mean c o/mean

Osow10  0.0330 + 0.3848x10° m’s*m?  0.2164x10° m®s*m?  0.1005x10° m®stm? 0.46
u 0.22 +0.39 ms* 0.28 mst 0.04 mst 0.15

s

p - - - -

*

Ags - - - -
HJ . . . .

Average results

s ena X102 U Py HI  A/A Al A Peond Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m (m)
0.0876 040 0000 00 000 0000 0000 0000  0.000

Final configuration
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Appendix B

B.30 Test 30

Test parameters

S AD
(%) Q)

q Osin Xlo-s
(mSS-lm-l) (mSS-lm-l)

9.9 3

0.0146

Characterization of the fluctuations (average period T=18 min)

range (min + max) mean o/mean

Osout3 0+ 0.3103x10° m*s*m* 0.1426x10° m*s'm™®  0.0705x10° m*s'm? 0.49

U 0.43+0.59 ms* 053 ms* 0.08

P 0.35 0.19

Ags 0.025 + 0.104 0.084 0.18

HJ' 0.42 0.25

Average results
Osena X10° HI  AA AA Pes
(m’s'm®)  (ms?) m? () ©) (m)
0.1434 0.53 45 009 0.031 0.035

Final configuration

266



Experiments

Time series

o g
(-) «CH 5 _ 5 N
sg G 6 G x @5
(O o o o oOa< I
n.v*n_ _ _ i 1
[
(;swn H
@ © < o o S
=] =] =} =} =] <2
T oy - S
I S I \ ¢
| | Sl ]
| | S8 |
I I L7 sv,
, ]
I v I ;o
I I, I I
\\\\\ (A A R I
| L7 I | -~
o I I
I H I I Vo
I ! I I I
I H I I I
I i I I I
I 1 I I o
\\\\\ T\L_\\T\\\J\\‘AM‘\\\Z
~
I i I I I
1
D\ S ” ”
\
I W I 1
LN
o
\\\\\ LN TN -8
| I\ I | =1
N
I [N I |
| [N | |
I I v I
I I N\ '
I I v R
| | N Vo o
\\\\\ I e e R B ) -l =
| | bl [
I I padl -
I LT t
| R | 4
| xal | ]
| Rl | i
\\\\\ [ R A AR S | R =
| N I [ W <
]
I v I .
| N | D Y
\
I v I L
I \ I \
| R | ~—
I 2 I ;T
7’
\\\\\ [ S U\\\O
4 [} <
% I I .
e I | '
I | | VS
N | | Nl
v
(AN I I By
[N I ! |
| Y, | i )
\\\\\\\\ | VL N S Y e
| S T | TS I3
| N f S
| N | s
)
I | I N
I I I Vo
I | I /o
| f | 1 A
1 A I |
S o © < N o°
= IS} <] <] o <]

S,
£0TX (LW s.w) b

Time (min)

05—~

() uone|a1109-ss01D

160

Correlation analysis

(-) uonej@LI02-0INY

160

80

Time lag (min)

Time lag (min)

267



Appendix B

B.31 Test 31
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
9.9 3 0.100 10.9 0.0166 0.1917

Characterization of the fluctuations (average period T=26 min)

range (min + max) mean c o/mean

Osos  0.0909 +0.3170x10° ms'm?  0.1989x10° m*s*m™  0.0492x10° ms*m’* 0.25

U 0.54+0.67 ms* 0.61ms* 0.04 ms* 0.06

P’ 0.12 + 0.46 0.36 0.07 0.19

Ags 0.075 + 0.109 0.095 0.007 0.07

HJ' 0.20 + 0.60 0.42 0.10 0.24

Average results
Oseqa X10°° g Py HI  AA AA Pend Pus Pas
(m’s'm™) msh)  (m m? () ¢ (m) (m) (m)
0.1977 0.61 0036 46 009 0.033 0.032 0.022 0.039

Final configuration
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Time series
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Appendix B

B.32 Test 32
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 3 0.100 10.9 0.0114 0.1917

Characterization of the fluctuations (average period T=53 min)

range (min + max) mean c o/mean

Oso1o  0.0054 = 0.4235x10° mPs*m™  0.1995x10° ms'm®  0.1162x10° m*s*m™* 0.58

U 0.28 = 0.56 ms* 0.37 ms* 0.07 ms* 0.18

P 0+041 0.13 0.11 0.85

Ags 0+ 0.094 0.040 0.034 0.85

HJ 0+ 0.60 0.22 0.18 0.81

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1992 0.37 0013 23 005 0.008 0.017 0.010 0.021

Final configuration
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Appendix B

B.33 Test 33
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 3 0.100 10.9 0.0107 0.1464

Characterization of the fluctuations (average period T=163 min)

range (min + max) mean c o/mean

Osoio  0.0050 = 0.6060x10° mPs*m™  0.1451x10° ms'm®  0.1401x10° m*s*m™* 0.97

U 0.22+0.38 ms* 0.28 ms* 0.03ms* 0.12

P’ 0+0.39 0.16 0.13 0.80

Ags 0+0.110 0.037 0.038 1.03

HJ 0+ 0.60 0.16 0.16 1.01

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1449 0.28 0016 1.8 005 0.010 0.021 0.012 0.029

Final configuration
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Appendix B

B.34 Test 34
Test parameters
S D D Nis q Qsjn X10°
(%) ¢ (m) (m?) (m’s'm™) (m’s'm™)
13 3 0.075 20.0 0.0109 0.1464

Characterization of the fluctuations (average period T=76 min)

range (min + max) mean c o/mean

Osoo  0.0176 = 0.4604x10° mPs'm™  0.1724x10° m’s'm®  0.1249x10° m*s*m™* 0.72

U 0.28 = 0.52 ms* 0.36 ms* 0.06 ms* 0.16

P’ -0.02 + 0.44 0.13 0.13 1.01

Ags 0+0.098 0.035 0.030 0.86

HJ 0-+0.56 0.15 0.15 1.01

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
01721 0.36 0.010 31 005 0.008 0.023 0.017 0.029

Final configuration
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Appendix B

B.35 Test 35
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 2 0.100 25.1 0.0128 0.1464

Characterization of the fluctuations (average period T=14 min)

range (min + max) mean c o/mean

Osos  0.0168 +0.3774x10° m’s'm?  0.1630x10° m*s*m™  0.0855x10° m*s*m* 0.52

U 0.38 = 0.45 ms* 0.41 ms* 0.01 ms* 0.03

P’ 0.12+0.33 0.17 0.04 0.20

Ags 0.053 + 0.168 0.127 0.023 0.18

HJ 0.26 + 0.47 0.34 0.04 0.12

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1675 0.41 0017 85 013 0.026 0.028 0.019 0.034

Final configuration
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Appendix B

B.36 Test 36
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 5 0.100 4.0 0.0104 0.1464

Characterization of the fluctuations (average period T=36 min)

range (min + max) mean c o/mean

Osos  0.0352+0.4126x10° m’s'm?  0.1669x10° m°s*'m™  0.0824x10° m*s'm* 0.49

U 0.31+0.49 ms* 0.37 ms* 0.04 ms* 0.11

P’ 0.04 = 0.44 0.24 0.07 0.29

Ags 0+0.020 0.014 0.006 0.45

HJ 0.14+0.71 0.43 0.12 0.29

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1675 0.37 0.024 1.7 003 0.007 0.040 0.036 0.037

Final configuration
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Appendix B

B.37 Test 37
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 3 0.125 6.9 0.0104 0.1464

Characterization of the fluctuations (average period T=112 min)

range (min + max) mean c o/mean

Osoo  0.0075+0.3522x10° mPs*m™  0.1643x10° m’s'm®*  0.0987x10° m*s*m™* 0.60

U 0.23+0.37 ms* 0.27 ms* 0.03ms* 0.13

P’ 0.05+0.43 0.24 0.12 0.48

Ags 0+0.112 0.049 0.036 0.73

HJ 0.08 + 0.58 0.40 0.13 0.31

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.1645 0.27 0035 27 008 0.023 0.039 0.026 0.051

Final configuration
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Appendix B

B.38 Test 38
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 Inf. 0.000 0.0 0.0106 0.1917

Characterization of the fluctuations (average period T=108 min)

range (min + max) mean c o/mean
Osoio  0.0330 = 0.3848x10° m’s'm™®  0.2164 x10°m’s'm®  0.1005x10° m*s*m™* 0.46
U 0.22+0.39 ms* 0.28 ms* 0.04 ms* 0.15
P - - - -
Ags - - - -
HJ - - - -
Average results
s ena X102 U Py HI  A/A AdA Pend Pus Pes
(m’s'm™) msh  m M) ¢ (m) (m (m)
0.2158 0.28 0.000 00  0.00 0.000 0.000 0.000 0.000

Final configuration
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Appendix B

B.39 Test 39
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 3 0.100 10.9 0.0124 0.2355

Characterization of the fluctuations (average period T=69 min)

range (min + max) mean c o/mean

Osoo  0.0201 = 0.5333x10° mPs*m™  0.2530x10° ms'm®  0.1205x10° m*s*m™* 0.47

U 0.31+0.46 ms* 0.38 ms* 0.04 ms* 0.12

P’ 0.01+0.43 0.25 0.12 0.47

Ags 0.003 + 0.090 0.058 0.023 0.39

HJ 0.20 +0.70 0.48 0.10 0.22

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.2536 0.38 0025 52 008 0.020 0.028 0.019 0.036

Final configuration
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Appendix B

B.40 Test 40
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 3 0.100 10.9 0.0118 0.2355

Characterization of the fluctuations (average period T=58 min)

range (min + max) mean c o/mean

Osoo  0.0327 = 0.5333x10° mPs'm™®  0.2611x10° ms'm®*  0.1128x10° m*s*m™* 0.43

U 0.24+ 051 ms? 0.37 ms* 0.06 ms* 0.16

P 0+0.42 0.21 0.13 0.60

Ags 0+0.101 0.045 0.030 0.66

HJ' 0+0.70 0.25 0.18 0.73

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.2611 0.37 0021 27 007 0.015 0.023 0.019 0.029

Final configuration
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Appendix B

B.41 Test 41
Test parameters
S D D Nis q Qsjn X10°
(%) ) (m) (m?) (m’s*m?) (m’s*m?)
13 4 0.075 10.9 0.0118 0.2355

Characterization of the fluctuations (average period T=45 min)

range (min + max) mean c o/mean

Osouts 0+ 0.5757x10° m*s*m? 0.2630x10° m*s'm’* 0.1621x10° m*s*m’* 0.62

U 0.27 = 0.50 ms* 0.34 ms* 0.05ms* 0.16

P 0+0.50 0.17 0.11 0.66

Ags 0+ 0.067 0.025 0.022 0.86

HJ 0+0.70 0.20 0.18 0.91

Average results
s ena X102 U Py HI  A/A AdA, Pend Pus Pas
(m’s'm™) msh  m M) ¢ (m) (m) (m)
0.2657 0.34 0.013 22 003 0.006 0.023 0.015 0.026

Final configuration
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