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des personnes que je ne citerai pas directement mais qui ont tout de même
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ces trois années qui ont été intenses et rythmées par de nombreuses réunions,
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Transport of moderately sorted gravels at low
bed shear stresses: impact of bed

arrangement and fine sediment infiltration





Abstract

This PhD thesis aims to understand gravel dynamics in Alpine rivers at low
bed shear stress using laboratory experiments. Alpine river beds are often
poorly sorted and composed of sediments ranging from clay to pebble. To un-
derstand interactions between these classes is an issue for predicting bedload
rate. Original laboratory experiments were performed in a 18 m long and
1 m wide flume, under unsteady flows. Two types of bed were investigated:
unimodal and bimodal beds. A particular attention was paid to the bed
construction, which was conducted in order to obtain a nature-like bed with
different bed arrangements and degrees of clogging. Unimodal beds were
made of moderately sorted gravels with different bed surface arrangements.
Bimodal beds were made of moderately sorted gravels in which fine sedi-
ments (sand or silt) were infiltrated. Gravel rate was found to be impacted
by the bed arrangement degree, the fine sediment concentration within the
transport layer and the changes in bed properties due to fine sediment pres-
ence (bed cohesion, bed permeability). The more packed the bed is; the
more difficult it is to move gravels. The more concentrated in fine sediments
the transport layer is; the easier the transport of gravels is. The shape of
fine sediments can also be an important factor for modifying the gravel rate.
The presence of cohesive fine sediments within the bed matrix reduces sig-
nificantly the gravel rate. A phenomenological diagram was built to recap
the different processes controlling gravel transport. It provides a descrip-
tion of the overall bed responses to a hydrograph. Based on this diagram,
a methodology and recommendations were proposed to help understanding,
estimating and interpreting gravel transport in Alpine rivers. The method-
ology was discussed and applied to a field case made on the Arc River. We
also suggest a new dimensionless analysis for the construction of a new bed-
load predicting model involving parameters describing bed arrangement, bed
properties and fine sediment presence.

Keywords: sediment transport; fine sediment clogging; bed arrange-
ment; incipient motion; laboratory experiments.
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Transport de graviers à faibles contraintes :
impact de l’arrangement et de l’infiltration

du lit par des sédiments fins





Résumé étendu

Ce travail de thèse a pour objectif de mieux comprendre la dynamique des
graviers au sein des rivières alpines. Ces rivières sont souvent composées
d’une large gamme de sédiments, allant des argiles aux galets. Ces différentes
classes sédimentaires peuvent intéragir entre elles, ce qui peut rendre diffi-
cile l’estimation du transport d’une de ces classes (ex: le gravier). De plus,
ces rivières sont fortement anthropisées ce qui modifie significativement leur
état naturel d’équilibre (ex: la rivière de l’Arc-en-Maurienne est fortement
contrainte par des digues et régulée par des barrages). Les conditions hy-
drauliques des rivières alpines sont souvent proches des conditions de mise
en mouvement des graviers, que cela soit dans le chenal ou sur les bancs. Ces
conditions sont les plus fréquentes durant l’année et contribuent de manière
non négligeable à la dynamique de la rivière. C’est pourquoi, nous avons
choisi d’étudier le transport de graviers à faibles contraintes ou à relative-
ment faibles contraintes.

Cette étude est basée sur des expériences en laboratoire, réalisées dans le
canal inclinable de 18 m de long et de 1 m de large, d’Irstea Lyon-Villeurbanne.
Une attention particulière a été portée sur la réalisation des lits de graviers
dans notre canal. En effet, ils ont été crées dans le but d’approcher au mieux
la configuration des lits de rivières alpines, c’est-à-dire avec différents arrange-
ments et degrés de colmatage du lit par des sédiments fins (cohésifs ou non).
Deux types de lits ont été étudiés: des lits unimodaux et des lits bimodaux.
Les lits unimodaux sont composés de graviers modérément triés avec divers
arrangements de surface (lâche ou arrangé). Les lits dits lâches sont faits à
la main et sans compaction. Les grains sont disposés aléatoirement dans le
canal. En revanche, les lits dits arrangés sont des lits organisés qui ont été
soumis à la force de l’eau. Des structures ou formes de fond peuvent se former
sous l’action de l’eau. Les lits bimodaux sont constitués d’une matrice de
graviers modéremment triés dans laquelle des sédiments fins se sont infiltrés
(soit du sable, soit des sédiments fins de type limons). Dans le cas d’un lit
sables/graviers, le sable s’infiltre seulement en surface formant un bouchon.
En revanche, dans le cas d’un lit de limons/graviers, le limon s’infiltre du
bas vers le haut sur toute la profondeur de la matrice grossière. Après avoir
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créé ces lits, des expériences de transport de graviers ont été conduites en
écoulements instationnaires. Les conditions hydrauliques suivent un hydro-
gramme symétrique montant et descendant représentant un petit événement
de crue ou un scénario de chasse de barrage. Quinze expériences ont été
menées au total, dont sept sur lits lâches, trois sur lits arrangés, cinq sur lits
infiltrés par des sédiments fins.

Nos expériences ont permis de mettre en avant les processus clés régissant
la mise en mouvement des graviers. Deux approches ont été choisies pour
cette étude: à l’échelle globale et à l’échelle locale.

L’étude à l’échelle globale a montré que le transport de graviers était
contrôlé à la fois par la force de l’écoulement mais aussi par la mobilité
du lit. La résistance à l’écoulement (autrement dit la rugosité hydraulique)
et la mobilité du lit (autrement dit la contrainte de mise en mouvement)
sont toutes deux impactées par l’arrangement de surface, par la quantité de
sédiments fins dans la couche de transport (couche où les interactions entre
sédiments grossiers et fins s’effectuent) et par les changements de propriétés
géotechniques du lit dues à la présence de sédiments fins (perméabilité ou
cohésion/consolidation du lit). Plus le lit est arrangé, plus le transport de
graviers est difficile. Nos expériences ont montré que même un faible ar-
rangement du lit peut entrâıner de fortes modifications au niveau du trans-
port solide. Une méthode a été développée dans le but de caractériser
l’arrangement initial de la surface du lit. Cette méthode est basée sur la
mesure topographique du lit. Grâce à l’analyse de l’ensemble des élévations
du lit, différents critères peuvent être calculés et ceux-ci peuvent permettre
de classer le lit en fonction de son arrangement (lit lâche ou lit arrangé). Les
critères de surface sont la rugosité des grains, le degré d’armurage, la taille
des formes du lit et des différentes structures ainsi que l’orientation des grains
présents en surface. La présence de sédiments fins cohésifs dans la matrice
grossière réduit fortement le transport des graviers. Les sédiments fins non
cohésifs, eux, ont un effet lubrificateur sur les graviers. Plus la concentration
en sédiments fins dans la couche de transport est forte, plus le transport de
graviers est augmenté. Cette concentration est directement liée au mode de
transport des sédiments fins (charriage ou suspension) et à leur distribution
dans la matrice grossière.
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L’étude à l’échelle locale a montré que le transport solide était seule-
ment régi par la force de l’écoulement. Elle montre également que seul
l’arrangement local impacte la structure de l’écoulement. Selon cette anal-
yse, le transport est contrôlé seulement par la contrainte de cisaillement locale
(la friction du grain). L’analyse locale doit être poursuivie pour vérifier ces
hypothèses émises avec une base de données limitée.

Nos observations expérimentales nous ont permis de developper un modèle
phénoménologique récapitulant les différents processus contrôlant le trans-
port de graviers. Il décrit le comportement des graviers dans les différentes
configurations étudiées. Basé sur ce modèle, une méthode a été proposée
pour aider à comprendre, estimer et interpréter le transport de graviers.
Cette méthode a été appliquée et discutée sur un cas de terrain realisé sur
la rivière de l’Arc. Elle peut être aussi utilisée pour ajuster la contrainte
de mise en mouvement en fonction de l’état initial du lit dans les différents
modèles numériques.

Grâce à nos experiences, nous avons pu proposer une nouvelle anal-
yse dimensionnelle qui est une première étape avant de construire un nou-
veau modèle de transport sédimentaire. Cette analyse prend en compte des
paramètres décrivant l’arrangement du lit, les propriétés géotechniques du
lit et la présence de sédiments fins. La plupart des modèles existants ne
prennent pas en compte ces effets.

Mots-clefs: transport sédimentaire; charriage; colmatage; arrangement
du lit; mise en mouvement; laboratoire.
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Notations

Abbreviations

ADV Acoustic Doppler Velocimeter
DEM Digital Elevation Model
FS Fine sand
G Gravel
GRP Ground Reference Points
GSD Grain Size Distribution
H&L Hurther & Lemmin
LSPIV Large Scale Particle Image Velocimetry
Ms Medium silt
PDF Probability Density Function
PIV Particle Image Velocimetry
PST Phase-Space Threshold
S Sand
SS Sweet Spot
SNR Signal Noise Ratio
TKE Turbulent Kinetic Energy
US Ultrasonic Sensors

Symbols

a Major axis of the fitted ellipse formed by
the 2D structure function contour line [m]

ag Grain major axis [m]
aj Coefficient depending on Vectrino II geometry used to

evaluate the Doppler noise [-].
A Particle projected area on the photograph [m2]
AD Deposit area on the DEM [m2]
AE Erosion area on the DEM [m2]
AR Aspect ratio of the grain [-]
b Minor axis of the fitted ellipse formed by

Page XIV



the 2D structure function contour line [m]
bg Grain minor axis [m]
bj Coefficient depending on Vectrino II geometry

used to evaluate the Doppler noise [-].
cf fine sediment concentration [g/L]
c∗

f -TL Dimensionless volumetric fine sediment concentration
within the transport layer [-]

CD Friction coefficient [-]
Ci Surface average concentration of moving particles

on the image [-]
CI Circularity index [-]
CI-c Circularity index of coarse sediments [-]
CI-f Circularity index of fine sediments [-]
CT KE Empirical constant value used in the TKE-method [-]
Cu Bed consolidation indicator [kPa]
Cu-sat Bed consolidation indicator measured for

water-saturated bed [kPa]
Cu-20-30 % Bed consolidation indicator measured when bed water

content is about 20 - 30 % [kPa]
d Diameter of fine sediment [m]
da Arithmetic mean size of the sediment mixture [m]
dg Geometric diameter of fine sediments [m]
di Diameter such as i % of grains are finer by weight

(for fine sediments) [m]
D Grain diameter [m]
D∗ Dimensionless grain diameter [-]
Db Second-order structure function [m2]
D∗

b Dimensionless second-order structure function [-]
DG Gravel diameter [m]
DgX Geometric diameter of the sample X [m]
Di Diameter such as i % of grains are finer by weight

(for gravels) [m]
Dmix Representative diameter of the bed mixture [m]
Ds Scissometer reel diameter [m]
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Dt Grain travel distance [m]
Dx and Dy Longitudinal and transverse dimensions of the

camera range, respectively [m]
e Void ratio [-]
Eτ∗

ref
Maximum deviation of τ ∗

ref with respect to
the average τ ∗

ref [%]
E(z) Expected value of bed elevation z [m]
f Fine sediment content within the gravel matrix [-]
fc Cone factor specified by the norm

(penetrometer test) [-]
fG Proportion of gravels in the bed [%]
fmax Maximum fine sediment content that the gravel pores

can contain [-]
FA Buoyant force [N]
Fb Stabilising force applied on the bed [N]
Ff Force of the fluid [N]
FL Lift force [N]
Fr Froude number [-]
Fs Sand content [-]
g Gravitational acceleration [m.s−2]
G Force of gravity [N]
h Flow depth [m]
hp Penetration distance during the penetrometer test [m]
hs Height of infiltrated fine sediments [m]
Hs Scissometer height [m]
Hx, Hy Hurst exponents of x- and y-directions, respectively [-]
i (or j, k) index [-]
Ib Global bed slope [-]
Ic Channel slope [-]
Ifit,i Fitted longitudinal bed slopes [-]
Il Local bed slope [-]
J Energy slope [-]
k Bed permeability [m−2]
ks Hydraulic roughness [m]
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kscisso Spring stiffness of the scissometer [N.m/◦]
K Strickler coefficient [m1/3/s]
Kg Strickler coefficient representing

grain roughness [m1/3/s]
Kh Hydraulic conductivity [m.s−1]
Ku Kurtosis of bed elevation PDF [-]
lA Width of areas explored for computing

bed surface criteria at local scale [m]
L Channel length [m]
LA Length of areas explored for computing

bed surface criteria at local scale [m]
Lj,k Longitudinal distance between two points j and k

(used in the local slope calculations) [m]
mr Ratio between spatial lags and measurement steps

in the transverse direction used to compute Db [-]
M Number of measured elevation points in the

transverse direction on the DEM patch [-]
Mp Mass penetrating the sample during the penetrometer

test [g]
MD Total mass of deposited gravel [kg]
ME Total mass of eroded gravel [kg]
Mf Fine sediment mass in the sample [g]
MG Mass of gravels collected in baskets [kg]
Msample Total sample mass [g]
Mtot Total gravel mass transported during an experiment [kg]
n Number of measurements [-]
nr Ratio between spatial lags and measurement steps

in the longitudinal direction used to compute Db [-]
N Number of measured elevation points in the

longitudinal direction on the DEM patch [-]
np Number of moving particles on an image [-]
pX Porosity of the sample [-]
pf Porosity of the fine sediments [-]
pG Porosity of the gravels [-]

Page XVII



pm Porosity of the sediment mixture [-]
P Particle projected perimeter on the photograph [m]
Pc Clay percentage [%]
qs Bedload rate per unit of width [m2.s−1]
q∗

s Dimensionless bedload rate [-]
qs-ref Reference bedload rate [m2.s−1]
q∗

s-ref Dimensionless reference bedload rate
Q Water discharge [L.s−1] or [m3.s−1]
Qref-F Reference flow discharge at the falling hydrograph

limb [L.s−1] or [m3.s−1]
Qref-R Reference flow discharge at the rising hydrograph

limb [L.s−1] or [m3.s−1]
R2 Coefficient of determination
Rb Auto-correlation function [m2]
Rh Hydraulic radius [m]
Re Reynolds number [-]
Re∗ Particular Reynolds number [-]
Rek Permeability Reynolds number [-]
RI Roudness index [-]
Ro Rouse number [-]
s Relative grain density [-]
Sk Skewness of bed elevation PDF [-]
St Student coefficient [-]
t Time [s]
timage Time interval between two recorded images [s]
T0 - T5 Specific time in the diagram [s]
Tc Time of bedload collection (manual method) [s]
Tf Final time in the diagram [s]
Tr Fine sediment residence time [h]
Ts-max Maximal torsional moment applicable on a sample

during the scissometer test [N.m]
u Instantaneous longitudinal velocity [m.s−1]
u′ Longitudinal turbulent fluctuations [m.s−1]
u Time-average longitudinal velocity [m.s−1]
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u∗ Friction velocity [m.s−1]
u∗

DS Friction velocity calculated with the depth-slope
equation [m.s−1]

u∗
Log Friction velocity calculated with the log-method [m.s−1]

u∗
Re Friction velocity calculated with the Re-method [m.s−1]

u∗
T KE Friction velocity calculated with the TKE-method [m.s−1]

U Local depth-averaged longitudinal velocity [m/s]
Us Local longitudinal surface velocity [m/s]
UCS Unconfined compressive strength [KN/m2]
UCS∗ Dimensionless unconfined compressive strength [-]
v Instantaneous transverse velocity [m.s−1]
v′ Transverse turbulent fluctuations [m.s−1]
v Time-average transverse velocity [m.s−1]
VD Volume of deposited gravel [m3]
VE Volume of eroded gravel [m3]
Vv Void-space volume of a sediment sample [m3]
Vp Average velocity of the particles on the camera

field [m.s−1]
Vt Total volume of a sediment sample [m3]
w Instantaneous vertical velocity [m.s−1]
w′ Vertical turbulent fluctuations [m.s−1]
w Time-average vertical velocity [m.s−1]
w1, w2 Two instantaneous vertical velocities measured

by the Vectrino II [m.s−1]
w′

1, w′
2 Two vertical turbulent fluctuations measured

by the Vectrino II [m.s−1]
w1, w2 Two time-average vertical velocities measured

by the Vectrino II [m.s−1]
ws Settling velocity [m.s−1]
W Channel width [m]
W ∗ Dimensionless transport rate [-]
x Longitudinal direction [m]
x0 Longitudinal distance defined by the ellipse on the

contour plot [m]
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xAr Adjustment applied on τ ∗
ref in case of bed arrangement [%]

xCu Adjustment applied on τ ∗
ref in case of cohesive

fine sediment presence [%]
xcf1 Adjustment applied on τ ∗

ref in case of the presence of
a seal of non cohesive fine sediments [%]

xcf2 Adjustment applied on τ ∗
ref in case of the presence of

non cohesive fine sediments infiltrated from the bottom-up [%]
y Transverse direction [m]
y0 Transverse distance defined by the ellipse on the

contour plot [m]
z Vertical direction [m]
zbed Bed level [m]
Z0 Roughness length determine with the velocity profile [m]
ZL Height of the logarithmic layer [m]
ZR Height of the roughness layer [m]

α Average angle between emitter and receivers of the
Vectrino II [rad]

αj Angle between emitter and receivers of the Vectrino II,
j=[1:4] according to the considered beam device [rad]

δx, δy Sampling intervals in the x- and y-directions
for calculating Db, respectively [m]

Δx0, Δy0 Longitudinal and transverse scales of bed roughness,
respectively [mm]

δzsurf Water surface uncertainty [m]
Δx, Δy Measurement steps in the x- and y-directions

for calculating Db [m], respectively
Δzbed Bed level change [m]
κ Von Karman constant κ = 0.4 [-]
μ Water dynamic viscosity [kg/m/s]
μk k-order centered distribution moment [mmk]
ν Water viscosity [m2.s−1]
Φ Angle of rotation of the ellipse relative to the
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flow direction detected using a contour plot [◦]
Φrad Angle of rotation of the ellipse relative to the

flow direction detected using a contour plot [rad]
ρ Water density [kg.m−3]
ρs Gravel mass density [kg.m−3]
σg Geometric standard deviation of the GSD [-]
σj Doppler noise [m2/s2]
σ1−3, σ2−4 Doppler noise associated to beam 1 and 3

or to beam 2 and 4, respectively [m2/s2]
σs Bedload thickness [m]
σz-surf Standard deviation of the water surface measurements [m]
σz Standard deviation of bed elevations [m]
σzg Geometrical grain roughness [m]
σzl Longitudinal bedform roughness [m]
σzt Transverse bedform roughness [m]
τ Bed shear stress [Pa]
τ ∗ Dimensionless bed shear stress [-]
τ ′ Shear stress due to grain resistance [Pa]
τ ′

K Shear stress due to grain resistance
estimated using Manning Strickler relationship [Pa]

τ ′∗
K Dimensionless shear stress due to grain resistance

estimated using Manning Strickler relationship [-]
τ ′

l Shear stress due to grain resistance
estimated using local measurements [Pa]

τ ′∗
l Dimensionless shear stress due to grain resistance

estimated using local measurements [-]
τ ′′ Shear stress due to bedform or bed irregularity resistance [Pa]
τc Critical bed shear stress for the cohesionless

sediment having size equal ot the arithmetic mean size
of the cohesive sediment mixture [Pa] (Kothyari and Jain, 2008)

τcc Critical bed shear stress for the cohesive
sediment mixture [Pa] (Kothyari and Jain, 2008)

τcr Critical bed shear stress [Pa]
τ ∗

cr Dimensionless critical bed shear stress [-]
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τref Reference bed shear stress [Pa]
τ ∗

ref Dimensionless reference bed shear stress [-]
τ ∗

ref τ ∗
ref average [-]

τ ∗
ref-F Dimensionless reference bed shear stress

during the falling limb [-]
τ ∗

ref-R Dimensionless reference bed shear stress
during the rising limb [-]

τt Turbulent stress [Pa]
τν Viscous stress [Pa]
θs-max Maximal rotation angle during the scissometer test [◦]
θ(u,v) Rotation angle of the device in the plan (u, v) [rad]
θ(u,w) Rotation angle of the device in the plan (u, w) [rad]
υg Equivalent volume for spherical particle [m3]
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Chapter 1

Introduction

1.1 General context

1.1.1 Why study sediment transport?

Rivers are not only sources of risks such as floods or bridge instabilities,
but also are essential for drinking purposes, agriculture (irrigation), naviga-
tion and for energy production. They were first simply defined as a moving
mass of water but today, we know that river systems are worth to study
both hydraulics and sediment dynamics. Flow and sediments are in con-
stant interactions: flow is responsible for sediment transport that leads to
morphological changes within the bed; and these changes impact the flow,
etc.

In natural conditions, a river is considered at equilibrium when the sed-
iment supply is equal to what can transport the flow (Lane, 1955). Then,
sediment transport occurs without changing significantly the original river
morphology. If a perturbation occurs (natural such as floods or anthro-
pogenic such as engineering structures), the river answers with bed modifi-
cations (bed aggradation, bed degradation, bank erosion) in order to search
for a new equilibrium.

Bed erosion and its causes has been extensively studied this past few
decades because is largely connected to ecological or socio-economic issues
(Galay, 1983; Schumm, 2005; MacArthur et al., 2008). Indeed, as a conse-
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1.1 General context

quence of bed erosion, engineering structures can become unstable, environ-
ment and fish habitat can be altered, and problems of deposition can appear
at the downstream part of the river. Schumm (2005) assesses that bed erosion
can come from different causes, such as geologic, geomorphic, climatic, hy-
drologic, animal or human causes. Lots of anthropogenic activities alter the
natural morphological evolution of the rivers (MacArthur et al., 2008), such
as the exploitation of dams, the river channelization and the river dredging.

All these issues makes challenging the understanding of sediment trans-
port for engineering purposes. Today, the evaluation of solid transport re-
mains uncertain and complex because it depends on numerous parameters,
such as grain size and form, bed morphology, bed slope, water depth, bound-
ary roughness, bed material, hydraulics conditions, etc.

1.1.2 Morphology and sediment transport in mountain
rivers

In this thesis, we will focus on anthropogenic mountain rivers such as the
ones found in the Alps. In this part, we will recap the specificity of such
rivers.

Morphology in anthropogenic rivers

Many anthropogenic constructions affect the morphology of mountain rivers.
Due to a growing population, water resources of many rivers are over-exploited.
Lots of them are now channelized or regulated by dams to protect urbaniza-
tion and roads from floods and to product electricity (Irwin and Whiteley,
1983; Brooker, 1985; Booth, 1991). The main effect of channelization is that
the river becomes narrower, deeper and steeper (Schumm et al., 1984). In
that case, the in-channel flow and velocity increase and bed incision appears.
In addition, the straightening of the rivers prevents meandering and reduces
the ecosystem variability. Numerous previous works have noticed a decrease
in fish species after an operation of channelization (Huet and Timmersmans,
1976; Swales, 1980). Less shelters and spawning areas for fishes are present in
case of constraint rivers implying a loss of biodiversity (Wasson et al., 1998).
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The channelization also accelerates the sediment transfer to the downstream
part of the rivers that can create deposition problems.

Cross-sectional structures such as dams alter the sediment transport in
mountain rivers (Williams and Wolman, 1984; Morris and Fan, 1998). The
sediments transported from upstream are stopped and stocked within the
reservoir. This causes a sediment deficit downstream of the dam that can
lead to a progressive erosion of the downstream reach (Ligon et al., 1995;
Schmidt and Wilcock, 2008). The deposits of sediments within the reservoir
increase the risk of flood and also lead to a reduction in the storage volume
of the reservoir. Dam presence also regulates the flow in the downstream
reach which is generally only sufficient to mobilize fine grains leading to the
creation of an armored bed surface (Parker et al., 1982). To increase the
dam efficiency, flushing events are regularly scheduled. During the flushing
events, a large amount of fine sediments are released and might infiltrate the
downstream river reach that could disturb and degrade the aquatic habitat
(Wood and Armitage, 1997) by making exchanges between bed subsurface
and surface impossible (nutriment, oxygene). This past few years, there was
an increased awareness of the potential impacts of dams on environment
(Pizzuto, 2002; Ligon et al., 1995; Kondolf, 1995; Kondolf et al., 2014; Dany,
2016). Suggestions were proposed to manage dams and conduct operations
such as flushing events with more respect to the environment (controlled
release of sediments).

These rivers are also subject to dredging operations to allow for fluvial
navigation, or to recover raw materials for engineering constructions. Dredg-
ing of river beds is a main cause of river erosion (Lagasse, 1986). They can
be carried out in dams or in channelized rivers with the aim of enlarging the
river volume to rapidly evacuate floods. These operations largely impact the
river morphology.

Sediment transport in mountain rivers

River beds in mountains are often made of poorly sorted material (cohesive
or non-cohesive) with grain sizes ranging from clay to pebble (Miller, 1958;
Montgomery and Buffington, 1997), namely varying between few micrometers
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1.1 General context

to decimeters (see the classification of Wentworth, 1922). All these classes of
material can thus be in interaction making more difficult the transport rate
estimation. Figure 1.1.1 shows an example of bed material variability that
can be found in French Alpine rivers (gravel bar of the Arc-en-Maurienne
river).

Figure 1.1.1: Photograph of the bed material found on a gravel bar in the Arc-
en-Maurienne river. The size of the Wolman patron located on the bed
surface is equal to 40 cm.

Coarse sediments (pebble, gravel) are generally transported as bedload
whereas fine sediments (silt, clay) are transported in suspension only (Fig-
ure 1.1.2). Sand particles can be transported either as bedload or as graded
suspended load according to hydraulic conditions. For these reasons, no in-
teraction between fine and coarse sediments is generally considered. Yet, it
seems that their movement is linked (Curran and Wilcock, 2005; Kothyari
and Jain, 2008). The coarse sediments might impact the transport of fine
sediments, and vice-versa. For instance, the bed roughness generated by the
presence of coarse sediments can change during their transport and impact
the flow turbulence and thus can influence the particles in suspension (Wil-
son, 1966; Recking et al., 2008). In addition, the presence of fine sediments
infiltrated within a matrix of coarse sediments can increase or reduce the
bedload rate (Wilcock et al., 2001; Kothyari and Jain, 2008, among others).
The coexistence of fine and coarse sediments within the bed river make thus
difficult the understanding of sediment transport.
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Figure 1.1.2: Transport modes of coarse (bedload) and fine sediments (suspen-
sion) within a gravel-bed river.

In our study, we are interested in gravel-bed rivers which are largely
present in the Alps. Gravel-bed rivers were studied for decades: Buffing-
ton and Montgomery (1997) gave an exhaustive review on experimental and
in-situ studies performed on gravel beds and highlighted the complexity of
understanding the gravel transport, especially in case of poorly sorted sedi-
ments.

The distribution of fine sediments within the bed matrix is often inhomo-
geneous, making the bedload rate estimation even more difficult. Numerous
studies were conducted to understand the mechanisms of fine sediment infil-
tration (Gibson et al., 2009; Wren et al., 2011) but to our knowledge, none
focused on the impact of these infiltrated sediments on bedload rate. For
stream restoration and management of regulated mountain rivers, it is cru-
cial to understand the transport of multi-modal beds.

1.2 Bedload predictions

1.2.1 Grain motion

The movement of a grain is essentially driven by the flow and constrained by
the bed stability. The force Ff due to the flow on a particle of diameter D
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is proportional to the shear stress at the bed level τ generated by the flow
velocity gradient and to the surface of the particle:

Ff ∝ τD2 (1.1)

where D is the grain diameter.
The bed stability, or more precisely the force Fb, is defined as the dis-

tributions of the dislodging forces, which individual grains can resist before
moving (Tait, 1993):

Fb ∝ (Gn − FA) (1.2)

where Gn is the normal gravity force and FA is the buoyant force (principle
of Archimedes). Figure 1.2.1 recaps the forces involved in the grain motion.

Figure 1.2.1: Forces involved in the grain motion. G is the gravity force; sub-
script n and t denote the normal and transverse directions, respectively; FA

refers to the buoyant force; FL is the lift force; Ff is the flow force and Fb is
the stabilising force (bed stability).

The flow needs to overcome the stabilising forces applied on the bed to
move grain (Shields, 1936). This describes a deterministic approach which
supposes that the transition between no motion and initiation of grain motion
is discontinuous. The discontinuity is referred to the threshold for incipient
motion.

Another approach, namely the stochastic approach, supposes that the
transition between no motion and initiation of grain motion is continuous and
that the threshold for incipient motion does not really exist in a macroscopic
point of view. Over a rough gravel bed, the flow is turbulent composed
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of a succession of turbulent events with different magnitudes and randomly
distributed over time, such as sweeps and ejections. This stochastic flow
character and the grain-grain interactions control the sediment transport
(Einstein, 1937; Paintal, 1971; Ancey et al., 2008; Ancey et al., 2015; Houssais
et al., 2015). The sediments moves intermittently according to the event
magnitude and duration.

1.2.2 Existing formulations

To study the bedload transport using the stochastic approach, data at local
scale are needed. However, in most of studies, only data at global scale (i.e.
average over specific zone) are available. That is why, most of the bedload
predicting formulae remain based on deterministic approaches which focus
on the transport at global scale.

Historically, the bedload predicting models are based on the evaluation
of the excess bed shear stress (Meyer-Peter and Müller, 1948; Wilson, 1966;
Fernandez - Luque and van Beek, 1976; Wong and Parker, 2006; Buscombe
and Conley, 2012). The excess bed shear stress is a comparison between
the bed shear stress τ exerted by the fluid and the critical bed shear stress
τcr needed for the sediment initiation of motion representing the stabilising
force. Once the bed shear stress exceeds the critical bed shear stress (τ >

τcr), the movement happens. The bed shear stress is often analysed in its
dimensionless form, also called the Shields number (τ ∗) (Shields, 1936). It
represents the ratio between the hydraulic force and the submerged weight
of the sediment:

τ ∗ = τ

(ρs − ρ)gD
(1.3)

where g is the acceleration of gravity, ρs and ρ are sediment and water density,
respectively, and D is the grain size.

The bedload rate is also studied in its dimensionless form, q∗
s :

q∗
s = qs√

(s − 1)gD3
(1.4)

where qs is the bedload rate and s = ρs/ρ is the relative grain density.
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1.2 Bedload predictions

As an example of bedload predicting model, here is the well-known em-
pirical model of Meyer-Peter and Müller (1948):

q∗
s = 8(τ ∗ − τ ∗

cr)3/2 (1.5)

where τ ∗ is the dimensionless bed shear stress and τ ∗
cr is the dimensionless

critical bed shear stress equal to 0.047 according to Meyer-Peter and Müller
(1948).

τ ∗
cr is the value at which the transport begins which is practically im-

possible to measure directly. Its definition is related to the definition of the
onset of motion which has been subjected to numerous debates. No uni-
versal definition exists (Lavelle and Mofjeld, 1987; Dey, 1999; Beheshti and
Ataie-Ashtiani, 2008). Figure 1.2.2 represents a revised version of the Shields
diagram (van Rijn, 1984) which shows τ ∗

cr as a function of the dimensionless
grain diameter D∗ = [g(s − 1)/ν2]1/3

D, where ν is the water viscosity. All
data reported by Buffington and Montgomery (1997) were plotted in Figure
1.2.2, as well as the Soulsby and Whitehouse (1997) curve which is often
used to fit the revised Shields diagram. Data follow the overall shape of the
Soulsby and Whitehouse (1997) curve:

τ ∗
cr = 0.24

D∗ + 0.055 [1 − exp(−0.02D∗)] (1.6)

However, a significant scatter is present. For a given D∗-value, τ ∗
cr can vary

up to one order of magnitude. It reveals the difficulty of τ ∗
cr prediction.

Small errors in τ ∗
cr determination can lead to large errors in bedload rate

estimation with excess bed shear stress models. When τ ∗ >> τ ∗
cr, models

like Meyer-Peter and Müller (1948) model predict fairly the bedload rate.
However, they fail at low transport where bedload becomes highly intermit-
tent (Camenen and Larson, 2005). Unfortunately, these conditions of low
transport are the most frequent in natural streams. Figure 1.2.3, taken from
Camenen and Larson (2005) study, shows bedload rate as a function of the
ratio τ ∗/τ ∗

cr. It presents a comparison between bedload data and predict-
ing formulas, such as the one of Meyer-Peter and Müller (1948). For excess
bed shear stress formulas, the threshold was set at 0.04. The breakdown of
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Figure 1.2.2: Shields number versus the dimensionless grain size (data from Buff-
ington and Montgomery, 1997). The fit curve corresponds to Equation 1.6.

excess bed shear stress models is noticeable at low transport and seems to
be linked to the estimation of the threshold of motion itself. The plot of
the Meyer-Peter and Müller (1948) formula is very steep and non-linear at
low transport. Even after having highlighted this problem, the use of such
models remains predominant and convenient in engineering studies.

Figure 1.2.3: Comparison between bedload rate data and bedload rate predicted
using different bedload models as presented in Camenen and Larson (2005).

Some authors suggests improving the bedload predictions at low trans-
port by introducing models based on the ratio τ ∗

ref/τ ∗ where τ ∗
ref is the di-
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1.2 Bedload predictions

mensionless reference bed shear stress (Wilcock and Crowe, 2003; Camenen
and Larson, 2005; Recking, 2010). Such formulations allow prediction at low
sediment transport. The relationship of Camenen and Larson (2005) which
is based on an exponential relationship is given as an example:

qs(t)√
(s − 1)gD3

= 12τ ∗1.5 exp
(

−4.5τ ∗
ref

τ ∗

)
(1.7)

The Equation 1.7 is represented in Figure 1.2.3. τ ∗
ref is a surrogate for τ ∗

cr and
refers to the bed shear stress that produces a low but measurable reference
transport rate qs-ref (Wilcock et al., 2009). qs-ref is defined arbitrarily. As for
τ ∗

cr, τ ∗
ref depends on the grain diameter as suggested by the revised Shields

diagram, but also on other variables, such as bed slope, bed arrangement,
presence of fine sediments.

To sum up, no universal and accurate formulae exists. Most of the existing
formulations for q∗

s are functions of a term which represents the flow resistance
and a term which represents the bed stability. The flow resistance is often
described using the bed shear stress τ and the bed stability is characterized
either by the dimensionless critical bed shear stress τ ∗

cr or by the dimensionless
reference bed shear stress τ ∗

ref:

q∗
s = f(τ ∗, τ ∗

cr) (1.8)

or
q∗

s = f(τ ∗, τ ∗
ref ) (1.9)

One can wonder which parameter between the flow resistance and the bed
stability is the more important to study to improve the estimation of qs.

1.2.3 What are the variables influencing the onset of
motion?

A grain having a given size, shape and density can be transported differently
according to the bed arrangement on which it lies. Bedload displays a strong
dependence with grain protrusion, imbrication, compaction and presence of
structures or bedforms (Fenton and Abbott, 1977; Brayshaw et al., 1983;
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Kirchner et al., 1990; Hassan et al., 2006; Guney et al., 2013; Masteller and
N.J., 2017). The bed arrangement plays a significant role on the onset of mo-
tion. Bed arrangement will change according to the history of the stream, so
does the sediment incipient motion (Reid et al., 1985; Monteith and Pender,
2005; Turowski et al., 2011).

The presence of multi-sized grains on the bed can also impact the onset
of motion. It is now well-established that transport of a given particle over a
poorly sorted bed material differs from the transport over a well-sorted bed
material. In bed material with multiple size fractions, finer particles can be
hidden by coarser particles. The latter are then more exposed to the flow
making their motion easier. The concept of hiding-exposure was developed to
assess for the position of a grain relative to another grain having a different
size (Egiazaroff, 1955; Ashida and Michiue, 1972; Parker and Klingeman,
1982; Proffitt and Sutherland, 1983; Wu et al., 2000). The transport of
multi-sized grains remains an up-to-day issue, particularly the transport of
bimodal bed material. When gravels are in presence of fine sediments, their
incipient motion can either be enhanced (Ikeda and Iseya, 1988; Wilcock
et al., 2001) or reduced (Kothyari and Jain, 2008).

Several studies have related a potential impact of the river bed slope or
the relative roughness (ks/h, where ks is the hydraulic roughness and h is
the water depth) on the incipient motion (Shvidchenko and Pender, 2000;
Armanini and Gregoretti, 2005; Lamb et al., 2008; Recking, 2009; Prancevic
and Lamb, 2015). The effect of bed slope on bedload is controversial in the
literature. Chiew and Parker (1994) showed that τ ∗

cr decreases with increas-
ing bed slope. They attributed this behavior to an increase in gravitational
component in the downstream direction. Others found that τ ∗

cr increases
with increasing bed slope (Shvidchenko and Pender, 2000; Mueller et al.,
2005; Lamb et al., 2008; Recking, 2009). For instance, Mueller et al. (2005)
showed using field measurements performed on 45 different streams that τ ∗

cr

varies from 0.025 to 0.035 for rivers with slope ranging from 0.001 to 0.006
or from 0.06 to 0.12 for steeper rivers with slope ranging from 0.02 to 0.05.
This augmentation remains partially explained. Most of the researchers ar-
gued that, at high slope, stable bed structures and bedforms appear leaving
less energy for bedload transport (Shvidchenko and Pender, 2000). Others
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related this augmentation to change in relative roughness with increasing
slope (Lamb et al., 2008; Recking, 2009; Camenen, 2012). Indeed, at high
slope, the water depth is lower and often close to the height of the largest
grain. The flow structure and its turbulence are different according to the
ratio ks/h which affects the bed shear stress and consequently the bedload
rate.

These variables are crucial for bedload prediction. They seem to im-
pact both the flow resistance and the bed stability. This makes harder the
understanding of the mechanisms governing the bedload.

1.2.4 Uncertainties on the bed shear stress estimation

We have seen that physical processes can affect bed stability and so lead
to uncertainties in bedload estimation but this uncertainty can also results
from the estimation of the bed shear stress itself. The bed shear stress will
inform about the flow resistance on the bed. Bed shear stress can also change
according to the previous mentioned physical processes. Several methods
exist to determine and calculate it. Some of them are presented in this
manuscript (Section 7). Bed shear stress values obtained with these methods
need to be compared with caution. Indeed, some of them inform about global
bed shear stresses, also called total bed shear stresses, whereas the others
describe local bed shear stresses, at the grain scale.

It is important to remind that total bed shear stress τ can be divided
into a shear stress due to the grain resistance τ ′ and one due to the resis-
tance of bedforms or bed irregularities τ ′′ (e.g. structures, clusters, ripples,
preferential flow pathways). According to many authors, (Meyer-Peter and
Müller, 1948; Camenen and Larson, 2005; Petit et al., 2015), τ ′ is responsible
for the bedload transport. Unfortunately, in most studies, no indication is
given about bedforms making difficult the estimation of τ ′′. Buffington and
Montgomery (1997) estimated in their review about gravel-bed rivers that
τ ′′ can vary between 10 to 75 % of the total bed shear stress according to
the bed configuration. Considering this variation, if we compare local bed
shear stress with total bed shear stress, the difference can be significant. This
might impact the result of a bedload prediction.
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Most of the time, the bed shear stresses were evaluated using methods
describing global values. To be able to compare these values with local
values, one should apply corrective coefficients in order to take into account
the bedform impact (see Buffington and Montgomery, 1997). Even with
these corrections, error in bedload estimation can be significant.

1.3 Objective and scientific approach

The main objective of this thesis is to examine gravel dynamics at low bed
shear stress over moderately or poorly sorted bed materials representative
of mountain rivers using laboratory experiments. This work is intended to
find the main parameters governing gravel transport. In particular, effects
of the bed structure on flow resistance and bed stability will be clearly dis-
tinguished. Using original laboratory data, a method and some recommen-
dations that will help to improve the prediction of bedload at low bed shear
stress are proposed. This work intend to answer the following questions:

• How can we reproduce a bed representative of natural mountain streams
in laboratory?

• How can we improve bedload predicting models at low transport rate?

• Which parameters between bed stability and flow resistance are the
most critical for bedload prediction?

• What are the processes controlling bedload rate at local and global
scales?

• How can we calculate the bed shear stress and estimate a reference bed
shear stress in case of arranged beds with presence of fine sediments?

• What is the impact of bed arrangements and presence of fine sedi-
ments on the flow resistance and the bed stability? And how the flow
resistance and the bed stability changes affect the bedload rate?

• What is the impact of presence of cohesive fine sediments on bedload
rate?
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This study is based on experimental results collected in a 18 m long flume
in the laboratory of Irstea Lyon-Villeurbanne. Different types of beds (i.e. di-
verse bed arrangements and degrees of clogging) will be investigated to study
bedload in configurations close to what can be found in mountain rivers. We
will focus on packed and infiltrated with fine sediments beds, which are often
observed at the downstream end of dams in mountain rivers. The dynamics
of a given material (gravel) forming the structure of the beds is studied over
beds having different compositions. This work will be carried out at low
bed shear stress in order to focus on conditions close to the gravel incipient
motion. These conditions are frequent in rivers and generate a non negligible
amount of transported sediments over a year (Camenen et al., 2011). To
complete this work, different sediments (different sizes, non-cohesive and co-
hesive) and numerous measurement devices (laser-scanner, Acoustic Doppler
Velocimeter, ...) are available.

The manuscript is organized as follows:

• In the first part, the context and the different issues associated to this
study are presented .

• In the second part, the procedure retained to create gravel beds repre-
sentative of mountain rivers is explained and the experimental set-up is
described. Particular attention was paid to perform reproducible and
comparable experiments. Tools and methods necessary to process and
analyse the data such as the bed surface characterization method are
also presented.

• Results are presented and discussed in the third part. Experimental
results are analysed at different scales (global and local) to understand
the mechanisms and processes involved in gravel transport. Focus is set
on the bed arrangement influence as well as on the impact of fine sedi-
ment presence. Main factors impacting gravel transport are discussed,
apart from bed slope which is not investigated in our study. Previous
bedload predicting models are tested on our data. Using the experi-
mental observations, recommendations are given for improving bedload
prediction and then discussed with an in-situ experiment conducted on
the Arc-en-Maurienne river.
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• Main conclusions of the thesis are recapped in the last part. Suggestions
are given for further works on bedload analysis over poorly sorted bed
material.
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Chapter 2

Materials

2.1 Experimental facility

Sediment transport experiments were carried out in a 18 m long, 1 m wide
and 0.8 m deep tilting flume, located in the Hydraulic and Hydromorphology
Laboratory (HHLab) of Irstea Lyon-Villeurbanne, France (Figure 2.1.1). The
channel slope is adjustable from 0 % to 5 %. The channel is made of glass
allowing for visual observations. A closed recirculating system can be used
to supply clear water or a mixture of water and fine sediments (up to 0.5 mm
in diameter) in the flume. The water is pumped up from a tank located in
the basement to the upstream end of the channel.

The flume has a working length of 17 m (Figure 2.1.2). A honeycomb
is placed at the flume inlet to break turbulent structures generated by the
entering flow. The flow depth is controlled by a 1 m-long weir with adjustable
slope and height, installed at the downstream end of the flume. The weir is
used to ensure the flow uniformity. The flow was qualified as uniform when
its free surface was approximately parallel to the longitudinal bed profile.
The weir settings were determined after several trials. In our experiments,
the flow depth was the same (within ± 1 cm) at every sections of the channel
located between 6 and 18 m downstream of the flume inlet.

An automated mobile platform is set on two rails running along the chan-
nel sides, parallel to the channel bottom (Figure 2.1.1a). The platform can
move in various directions: longitudinal (x), transverse (y) and perpendic-
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(a) Tilting flume (b) Feeding system

Figure 2.1.1: Photographs of the main experimental installations: tilting flume
with the automated platform (a) and feeding system (b).

ular to the bottom (z). The origin of the axes is located at the right side
of the upstream end of the flume, at the bottom channel. All measuring
devices are installed on this platform, such as ultrasonic sensors (US) mea-
suring the water surface, an Acoustic Doppler Velocimeter (ADV) measuring
the flow velocity and turbulence and a laser-scanner measuring the bed to-
pography. The platform movements and the measurements are synchronized
and recorded using a home-made LabVIEW program.

Recently, a feeding system was installed at the upstream end of the tilting
flume (Figure 2.1.1b). It is constituted of a sediment reservoir and a conveyor
belt. The system can feed the flume continuously and uniformly along the
channel width with diverse sediments (large gravel to fine sand particles) and
feeding rates.

2.2 Instrumentations

The devices used during experiments are described in the following sections:
the ultrasonic sensors, the acoustic Doppler velocimeter and the laser scanner.
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Recirculation 
of water and 
fine sediments 

Sediment basket

1 m width

18 m long

Honeycomb
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platform
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and height
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sensors

Gravel bed
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y
z

ADV

Figure 2.1.2: Scheme view of the experimental set-up, installed in HH-Lab Irstea
Lyon-Villeurbanne.

2.2.1 Ultrasonic sensors

Ultrasonic sensor (US) is a non-intrusive instrument able to measure the
distance between its sensor and an object (fluid or solid). US transmits a
short ultrasonic pulse and measures the time between the emission and the
reception of the pulse echo on the object. The distance is computed from
this travel time.

In this study, US were used to determine the water surface or bed level.
The water surface was measured using three ultrasonic sensors (Microsonic
mic +130/IU/TC) installed on the automated platform (Figure 2.1.2) and
spaced apart from each other in the longitudinal direction by 40 or 50 cm.
Multiplying the number of ultrasonic sensors enabled to cover a larger zone
during the experiments. The mobile platform was programmed to measure
water surface at specific locations along the flume center line (every meters).
The measuring time was set to 30 seconds per location with a frequency of
50 Hz (about 1500 measurements). The water surface measurements at a
given location were then time-averaged. 30 seconds were sufficient to obtain
a converged signal and to smooth the potential water surface fluctuations.
The waterline along the channel was estimated using all these measurement
points. Uncertainty related to the water surface measurement, δzsurf, was
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estimated of about 0.1 mm, based on data from several experiments:

δzsurf = St
σz-surf√

n
(2.1)

where δzsurf is the water surface measurement uncertainty, St is the Student
coefficient, σz-surf is the standard deviation of the data set and n is the number
of measurements.

(a)

(b)

Figure 2.2.1: (a) Example of US data of initial and final bed levels at the flume
centerline for an experiment performed on a loose gravel bed. (b) Differ-
ences between initial and final bed levels. Deposit (Δzbed < 0) and erosion
(Δzbed > 0) zones can be identified.

Using the same devices and procedure once the channel is drained, ini-
tial and final bed surface elevations were measured at same locations as the
water surface. The flow depth h was estimated as the difference between the
measured water surface and bed surface, considered as the average between
the initial and final measured bed elevations. Bed level measurements could
not be carried out when water was flowing in the flume. Comparing initial
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and final bed states of all our experiments, we noticed that the bed level
change can reach up to 10 mm, namely just a little larger than the median
gravel size (D50 =6.8 mm) (Figure 2.2.1). The uncertainty linked to the wa-
ter depth measurement was at least of the order of the gravel size, because
of the uncertainty linked to the bed level determination.

2.2.2 Acoustic Doppler Velocimeter

Velocities were measured using a Nortek Acoustic Doppler Velocimeter (ADV)
(Vectrino II). The ADV is a profiling velocimeter that provides measurements
of the 3D-velocity at high rates (frequency up to 100 Hz). It consists of a
central transmitter that is surrounded by four receivers. It measures along a
sampling volume (cylinder of 6 mm in diameter and 3.5 cm in length) starting
4 cm away from the transmitter with a vertical resolution of 1 mm. Figure
2.2.2 shows the main characteristics of the device.

Figure 2.2.2: Overview of the main characteristics of the Vectrino II showing its
range of measurement, its configuration and its geometrical aspects. The
Vectrino II photograph was taken from the Nortek website.

Velocity measurement is based on Doppler effect. A sound wave is trans-
mitted to particles (or impurities) in motion in the water. The sound wave
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is then reflected back to the device with a frequency shift proportional to the
velocity of the moving particles. The flow velocity is assumed to be equal to
the particle velocity. It is thus important to make sure that particles within
the flow are small enough with a negligible fall velocity before starting the
measurement. In our case, particles were either impurities initially present
in the water or very fine sediments in suspension within the water column.
These sediments will be presented in the Section 2.3.

Four velocity values can be obtained with the Vectrino II. The raw veloc-
ities, directly measured by the ADV receivers, are located along the bisector
between the receivers and the transmitter (Figure 2.2.2). A transformation
matrix provided by the manufacturer is applied to compute velocities in
the reference coordinates (x, y, z) from beam velocities. The longitudinal
and vertical instantaneous velocities u and w1 are deduced from the signal
provided by receivers 1 and 3. Similarly, the transverse and second vertical
instantaneous velocities v and w2 are calculated using receivers 2 and 4. With
a sufficient sampling time (at least 3 minutes), time-average velocities can
be computed (u, v, w1 and w2) along with their associated turbulent fluctu-
ations (u′, v′, w′

1 and w′
2). According to device manufacturer, it is expected

that w1 = w2.
One of the advantages of this device is that the measurement is quick, at

high-frequency and along a whole profile of around 3.5 cm. The ADV seems
to be adapted for dynamic experiments, involving sediment transport for
example. Indeed, the ADV is able to record the position of the bed using the
point of maximum echo intensity received by the central transmitter. This
can be useful for experiments on mobile beds. In addition, with this device
it is possible to detect a grain passage and its impact on the velocity profile.

2.2.3 Laser-scanner

Tools measuring 3D bed surfaces have been recently developed, such as
bed profilers, laser-scanners and stereo-photogrammetry techniques. Laser-
scanner appears to be one of the most precise device for measuring bed
topography (Bertin and Friedrich, 2014).

The scanControl 2900 was used in this study (vertical resolution of 2 μm
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and around 1280 measurement points per laser profile, i.e 2D zone lightened
by the scanner) and placed on the mobile platform to cover a large zone
(Figure 2.1.2). Bed topography is determined lighting a 2D zone with a
red laser. The light is reflected diffusely by the bed and detected by the
device sensor. Bed elevation is estimated using the propagation time of
the light from the transmitter to the bed and back to the receiver. The
set of bed elevation profiles is then gathered on the same plot to draw bed
topography (Figure 2.2.3). The signal is able to cross the water surface
but its accuracy is largely reduced under water. Indeed, a part of the red
light can be reflected by the water surface or absorbed by the water. This
problem is accentuated if fine particles are present in the water. In this study,
topography measurements were conducted before and after experiments (i.e.
when the water was drained). In some locations, measurements were repeated
to check bed elevation profile overlapping (Figure 2.2.3).

Figure 2.2.3: Initial topography of a transect located at around 8.6 m from the
upstream end of the flume of a loose gravel bed. Each color corresponds to
one profile measured using the laser scanner. The line with the double black
arrows informs about the typical size of the used sediment.
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2.3 Bed material characteristics

2.3.1 Grain size characteristics

Different sediments were used to create beds within the flume. Bed materials
were chosen to be consistent with those found in mountain gravel-bed rivers,
namely with a wide range of grain sizes. In this study, we chose to study
bimodal materials as well as unimodal material for reference. In the following,
D and d denote diameters of the coarse and fine sediments of the bed material,
respectively.

Unimodal beds were composed of moderately sorted gravel particles (G).
Bimodal beds were made of the same gravel matrix infiltrated with fine sedi-
ments. Three types of fine sediments were used: two were cohesionless (sand
(S) and artificial fine sand (FS)), and one was cohesive (medium silt (Ms)).

Cumulative grain size distributions and main characteristics of the used
sediments are presented in Figure 2.3.1 and in Table 2.1, respectively. Gravel
particles, originally from crushed rocks, were quite angular with D50 = 6.8 mm
(where Di is the diameter such as, i % of grains are finer by weight) and with
a relative density of 2.65. Sand particles were well-sorted and natural, with
d50 = 813 μm. Fine sand (FS) particles consisted of non-cohesive glass beads
with d50 = 66 μm. Medium silt (Ms) particles were formed of cohesive glass
powder with d50 = 40 μm. Sizes of FS particles and Ms particles were similar
but the two types of fine sediments were different in nature (cohesive or not).

The grain size distribution (GSD) of the fine sediments was obtained
using a laser granulometer (CILAS 1190). The GSD of the gravel particles
was determined by sieving three gravel samples of 1 kg each.

Photographs were taken to show shapes of the different sediments (Figure
2.3.2). Post-processing these images with ImageJ software, several shape
indexes were calculated. Around fifty particles of each sediment material
were analysed to get statistically relevant indexes. It is important to precise
that the analysis were done in 2D. We neglect the grain thickness and assume
that the grain is orientated in a way that we have access to its major (ag)
and minor axes (bg). It is common to use the circularity index (CI), the
aspect ratio (AR) and the roundness index (RI) to characterize a particle
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Figure 2.3.1: Cumulative GSD of the different sediments used in this study.

Table 2.1: Main characteristics of the sediments.

Grain D16, d16 D50, d50 D84, d84 σg ws CI AR RI

(mm) (mm) (mm) (-) (m/s) (-) (-) (-)
G 5.13 6.8 8.78 1.3 0.34 0.84 1.4 0.71
S 0.602 0.813 1.12 1.4 0.11 0.84 1.5 0.70

FS 0.051 0.066 0.087 1.3 3.6.10−3 0.99 1.0 0.97
Ms 0.0097 0.040 0.067 2.6 1.3.10−3 0.75 1.8 0.63

Di and di are the coarse or fine diameters such as i % of grains are finer by weight,respectively [mm]; σg

is the geometric standard deviation (σg =
√

D84/D16); ws is the settling velocity computed with
Soulsby (1997) Equation; CI is the circularity index; AR is the aspect ratio; RI is the roundness index.

shape (Blott and Pye, 2008; Durafour et al., 2015). These parameters are
given by the following equations:

CI = 4π
A

P 2 (2.2)

AR = ag

bg

(2.3)

RI = 4A

πa2
g

(2.4)

where A is the area of the particle projected on the image, P is the perimeter
of the projected area of the particle, ag and bg are the major and minor axis
of the ellipse fitting the grain shape, respectively.
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FS 100 m 

G
1 mm 1 cm 

S
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Figure 2.3.2: Photographs showing the particle shape of each used sediment ma-
terial. Photographs of Ms and FS were taken with a microscope.

The circularity index measures the 2D grain shape deviation from a per-
fect circle (i.e. changes in form, symmetry or grain roughness). CI = 1 is
associated to a perfect circle. In case CI ≈ 0, this indicates an increasingly
distorted shape. The aspect ratio is related to the grain elongation (AR > 1),
representing the ratio between the major and minor axes of the particle fitted
ellipse. The roundness index RI defines the sharpness of the grain (particle
edge roughness) independently of its global form. RI = 1 corresponds to a
smooth grain. The lower RI is, the rougher the grain is.

2.3.2 Geotechnical properties

Table 2.2 recaps the geotechnical properties of the used sediments or associ-
ated mixtures (porosity, permeability, hydraulic conductivity, consolidation,
permeability Reynolds number). In this study, we will see that sediments in
a gravel-sand bed rivers are not homogeneously distributed across the ver-
tical direction. That is why, average geotechnical parameters of sand and
gravel-sand mixture are not detailed in Table 2.2.

Properties of G/FS and G/Ms mixtures were determined assuming the
bed matrix is composed of gravel particles in which fine sediments are in-

Page 30



Chapter 2 Materials

Table 2.2: Geotechnical characteristics of the studied mixtures.

Sediments pX k Kh Cu-sat Cu-20-30% Rek

[-] [m2] [m.s−1] [kPa] [kPa] [-]
G 0.42 3.6.10−8 0.35 0 0 15.7
FS 0.40 3.4.10−12 3.4.10−5 0 11-12 0.15
Ms 0.56 3.4.10−12 3.3.10−5 2.4-28 250-500 0.15

G/FS 0.17 1.9.10−11 1.9.10−4 / / 0.36
G/Ms 0.23 6.7.10−11 6.7.10−4 / / 0.68

pX is the bed porosity; k is the bed permeability; Kh is the hydraulic conductivity; Cu-sat is the bed
consolidation measured for water-saturated bed; Cu-20-30% is the bed consolidation measured when the
bed water content is about 20-30 %; Rek is the permeability Reynold number.

filtrated, clogging all the gravel pores. Porosity of unimodal bed materials
were estimated by measuring the ratio Vv/Vt (where Vv and Vt are the void-
space and total volumes (void + solid) of the sediment sample, respectively).
Porosity of sediment mixtures were calculated using Equations 2.5 and 2.6.

pm = pG − fmax (2.5)

where pm is the mixture porosity, pG is the gravel porosity and fmax is the
maximum fine sediment content that can contain the gravel pores (Ridgway
and Tarbuck, 1968). fmax value is calculated following Leonardson (2010):

fmax = pG(1 − pf )
⎡
⎣1 − 2.35 dg

D15
+ 1.35

(
dg

D15

)2
⎤
⎦ (2.6)

where pf is the fine sediment porosity and dg is the fine sediment geometric
diameter.

Bed permeability k was computed with the Kozeny-Carman relation:

k = p3
X

180(1 − pX)2 D2
gX (2.7)

where pX is the porosity of the sample and DgX is the geometric diameter of
the sample.

Hydraulic conductivity Kh was deduced from k (i.e. Kh = kg/ν). The
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permeability Reynold number, Rek, was determined to classify the beds as
permeable or impermeable and to characterize their influence on the flow
structure (Breugem et al., 2006; Manes et al., 2009):

Rek =
√

ku∗

ν
(2.8)

where u∗ is the friction velocity (u∗ =
√

ghIb). In Table 2.2, u∗ was calculated
for a standard case where h =0.07 m (the water depth) and Ib =0.01 (the
global bed slope). The latter were typical values in our experiments. Values
of Rek are not constant in our experiments, since u∗ varies; nevertheless they
stay close to this first approximation.

For large Rek (>> 1), the bed behaves like a permeable bed. For Rek < 1,
the bed acts like impermeable bed. In our study, G/FS and G/Ms beds were
considered impermeable whereas gravel beds were permeable.

Consolidation of fine sediments, Cu, was measured in the laboratory of
Irstea Aix-en-Provence using two standardized mechanical tests: a penetrom-
eter (French norms, XP CEN ISO/TS 17892-6, 2006) and a scissometer tests
(French norms, NF P 94-072, 1995). In the penetrometer test, Cu corresponds
to a dynamic penetration resistance, whereas in the scissometer tests, Cu is
the sediment resistance to a rotational moment.

The penetrometer was composed of a metallic rod on which a standard
cone was fixed as well as different masses according to the presumed sediment
resistance (Figure 2.3.3a). The rod could translate vertically. Before starting
the test, the cone tip was placed carefully on the sediment sample surface.
Then, the rod was released and its fall distance was measured. Cu was
computed using Equation 2.9.

Cu = fcMpg

h2
p

(2.9)

where fc is a cone factor specified by the norm, Mp is the mass penetrating
in the sample (rod, cone and masses) and hp is the penetration distance.

The scissometer was constituted of a reel fixed on a long rotative rod
(Figure 2.3.3b). The reel was composed of 4 blades. The reel was inserted
vertically in a fine sediment sample before rotating the device. A torsional
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(a) Penetrometer (b) Scissometer

Figure 2.3.3: Devices used for measuring cohesion: (a) penetrometer and (b)
scissometer.

moment was measured according to the imposed maximal angle of rotation
(θs-max). Cu was calculated as follows:

Cu = Ts-max

π(0.5HsD2
s + D3

s/6) (2.10)

where Ts-max is the maximal torsional moment applicable on the sample
(Ts-max = kscissoθs-max), θs-max is the maximal rotation angle, kscisso is the
spring stiffness, Hs is the scissometer height and Ds is the reel diameter.

Cu reported in Table 2.2 are averaged values given by the two different
tests. Tests were conducted on water-saturated (Cu-sat) and low water con-
tent (Cu-20-30%) sediment samples. Values presented in Table 2.2 show that
gravel, sand and fine sand particles are non-cohesive in comparison to the
medium silt sediment. The consolidation increases with a decrease in mois-
ture content. For Ms, Cu reaches values similar to those characterizing soft
rocks (Cu ≥ 250 kPa) when the water content is low.
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Experimental set-up

3.1 Protocol introduction

In the past century, channel experiments were largely used to study and
understand sediment transport. Experimental approaches were often chosen
as the procedure and control were easier than in field campaigns (Garcia,
2008). The interest of using laboratory experiments is linked to the possibility
of isolating a process controlling the others. However, the main limit is
associated to the difficulty to reproduce conditions close to real rivers. In
our protocol, particular attention was paid to approach closely regulated
mountain rivers.

The transport of coarse particles moving as bedload (e.g. gravels, cob-
bles) was largely studied (Buffington and Montgomery, 1997). Historically,
experiments were just performed on uniform sediments assuming that the
bed material was mono-disperse (i.e. with a single representative particle
size). Potential interactions between diverse grain size fractions were ignored.
Lots of sediment transport capacity formulas were derived from these exper-
iments (Meyer-Peter and Müller, 1948; Fernandez - Luque and van Beek,
1976; Parker et al., 1982, among others) and applied on rivers. Their uses
became rapidly questioned for river beds composed of poorly or moderately
sorted sediments.

Bedload transport for non-uniform sediments was then investigated (Parker
and Klingeman, 1982; Proffitt and Sutherland, 1983; Wiberg and Smith,
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1987; Wu et al., 2000), but still remains not fully understood. Numerous
mechanisms are involved making its understanding difficult. Several exper-
iments were conducted on disperse unimodal (Hassan and Church, 2000;
Hassan et al., 2006; Guney et al., 2013; Ancey et al., 2015) and bimodal /
multimodal bed material (Jackson and Beschta, 1984; Ikeda and Iseya, 1988;
Wilcock and McArdell, 1993; Wilcock et al., 2001; Wilcock and Crowe, 2003;
Curran and Wilcock, 2005; Curran, 2007; Jain and Kothyari, 2009; Li et al.,
2016). They revealed some factors impacting bedload rate, such as grain
exposure, degree of bed armoring, and presence of fine sediments. Our ex-
periment approach was motivated by quantifying and clarifying the impact
of these factors to take them into account in bedload models.

In previous studies, bimodal or multimodal bed material were quite homo-
geneous and man-made (Ikeda and Iseya, 1988; Wilcock et al., 2001; Curran
and Wilcock, 2005; Jain and Kothyari, 2009). However, fine sediment distri-
bution within natural bed is not necessarily homogeneous. Fine sediments
can infiltrate at some locations of the river bed (Wood and Armitage, 1999).
The final distribution of fine particles within the bed will depend on the fine
to coarse diameter ratio (Gibson et al., 2009). The formation of an infiltrated
bed and the associated mechanisms were largely studied (Gibson et al., 2009;
Leonardson, 2010; Wren et al., 2011; Herrero and Berni, 2016), but the im-
pact of infiltrated sediments on bedload rate still has to be explored. That is
why we chose to conduct sediment transport experiments on infiltrated beds.

Laboratory experiments are generally performed under steady state con-
ditions. However, most of the time, natural flows are highly unsteady over
time. In addition, they do not generate important coarse bedload rates, ex-
cept during floods. The conditions of low bedload are the most frequent and
contribute substantially to the river dynamics. We looked for the same con-
ditions in our experiments to better mimic natural rivers. Our measurements
were realized under uniform and unsteady flow conditions (hydrograph). The
choice of uniform flow was made to ensure a reliable and simple measurement
of the bed shear stress.

Experiments can be divided in two parts. Firstly, experiments are per-
formed on clean gravel beds to investigate the impact of bed arrangements
on bedload rate. These experiments are considered as references for the sec-
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ond part. Secondly, experiments are carried out on infiltrated beds formed
by either gravel and sand or gravel and silt/clay to focus on fine sediment
impact on bedload rate. Gravel matrix is the same in the two parts.

3.2 Preparation of the beds

Bedload transport experiments were conducted on several types of beds ap-
proaching natural river beds: clean gravel beds (unimodal beds) and gravel
beds infiltrated with fine sediments (bimodal beds). Sketches and pho-
tographs of these beds are presented in Figure 3.2.1.

In the rest of this manuscript, beds will be identified using the following
nomenclature:

• bed arrangement of the gravel matrix: L for loose, H for hybrid or P
for packed;

• sediments forming the bed material: G for gravel, S for sand, FS for
fine sand and Ms for medium silt.

For instance, L-G refers to a loose gravel bed and H-G/Ms refers to a hybrid
bed composed of gravel and medium silt particles.

3.2.1 Clean gravel bed formation

Clean gravel beds (L-G, H-G and P-G) are composed of only one class of
sediments: gravels. L-G beds denote loose, random and non-organized gravel
beds that were not rearranged by antecedent flows. To create L-G beds,
gravels were installed manually in the flume using a large scraper to obtain a
8 cm thick and flat bed surface, parallel to the flume bottom. In most of the
previous studies, experiments were performed on these types of beds even if
they are not representative of natural river beds.

P-G beds refer to packed and arranged gravel beds. In contrast to L-
G beds, antecedent long flows over a gravel bed were necessary to create
a P-G bed. P-G beds were realized in order to better mimic arrangement
of gravel bed rivers. The most suitable way to recreate natural river beds
in a laboratory is probably the water-worked bed methodology proposed by
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Figure 3.2.1: (a) Diagrams illustrating the different types of beds studied and
(b) lateral photographs of the beds during (left) and at the end (right) of the
infiltration phase.

Cooper and Tait (2009). The method consists in feeding sediments into a
running flume to create the bed. Consequently, the subsurface and surface
of the water-worked bed exhibit strong organization and complexity, close to
those found in the field. However, such methodology is difficult to apply for
forming a plane uniform bed in the channel during a limited time. Because
the feeding system was not installed during the first two years of my PhD
thesis, we use a different protocol in three steps using antecedent flows to
form our packed gravel beds (Figure 3.2.2).

The P-G bed preparation followed three steps (see Figure 3.2.2). First, a
L-G bed was installed manually in the flume (step (1)). Then, this bed was
subjected to a typical flow hydrograph (step (2)) with increasing and decreas-
ing steps of 5 L/s. At the end of this phase, a hybrid bed (H-G) was created,
meaning a bed that had just experienced a flood during a short time. During
step (2), the flow discharge Qref-F producing a specified reference transport
rate qs-ref at the falling hydrograph limb was determined. qs-ref denotes a low
bedload rate that can be accurately measured considering the large uncer-
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2 4 
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Couple of 
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Packed bed (P-G-i) 

 

Infiltrated bed (H-G/S-i),  
(H-G/FS-i) or (H-G/Ms-i) 

 

 

Couple of 
experiments 

1 

12 hours 

2-3 days 

3a 

3b 

* * * 

* * * 

(a) 

(b) 

Hybrid bed (H-G) 

Hybrid bed (H-G) 

Figure 3.2.2: Experimental protocol from bed preparation to bedload experi-
ment (a) for clean gravel beds and (b) for infiltrated gravel beds. Blue areas
correspond to clear water flow while orange areas correspond to fine con-
centrated water flow. (1) denotes the bed installation, (2) and (4) refer to
sediment transport experiments, (3a) and (3b) are bed arrangement phase
and infiltration phase, respectively. The symbol * indicates a drained bed
(can last a few days). Qref-R and Qref-F are the flow discharges for which
the initiation of gravel motion (during the rising limb) and the cessation of
gravel motion (during the falling limb) were observed, respectively.

tainty linked to bedload measurements at low bed shear stress. qs-ref was set
at 1.325 g.m−1.s−1 and defines the gravel incipient motion. Qref-F corresponds
to the discharge for cessation of gravel motion on a hybrid bed. The reference
discharge was not exactly the same between two experiments performed on
a loose bed because we were not able to reproduce the exact same initial
loose bed. This has been confirmed by laser scanner surveys of the bed sur-
face. Qref-F varied within the range of 60 - 65 L.s−1. In the third (step (3a)),
called arrangement phase, the flow recirculated at constant discharge equal
to Qref-F over the gravel matrix to enhance and organize a natural bed surface
arrangement. This phase lasted several hours (approximately 12 hours). It
was stopped when bedload rate became insignificant at the downstream end
of the flume. We considered that the P-G bed is created at the end of step
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(3a). Water was then drained out carefully from the flume, keeping intact the
P-G bed surface organization. Since the P-G bed preparation was carried out
with low gravel transport, the bed stabilized without significantly changing
its longitudinal slope (variation was around 5 % on average according to the
laser-scanner measurements). Laser scanner measurements also showed that
grain arrangements were present on a H-G bed, although not as pronounced
as for P-G bed.

Step (3a) is similar to a static armor layer creation in natural flow. In
rivers, extended periods of low flows with reduced sediment supply occur.
During these periods, the flow produces low bed shear stresses that entrain
only the fine or unstable particles present on the bed surface. This leads
to a coarsening of the bed surface, an increase in grain imbrications, and
to the creation of grain patterns such as clusters or microforms (Brayshaw
et al., 1983; Hassan and Church, 2000; Curran, 2010; Marion et al., 2003; Mao
et al., 2011). These changes enhance the bed stability (Church et al., 1998).
In our case, no strong bed surface coarsening was observed (Section 8.2.3).
Therefore, we chose to qualify our beds as packed rather than armored.

3.2.2 Infiltrated gravel bed formation

Infiltrated beds (bimodal beds: H-G/Ms, H-G/FS, H-G/S) were not prepared
by mixing homogeneously gravels and fine sediments as commonly done in
previous studies (Hill et al., 2017). Instead, these bimodal beds were prepared
by infiltrated fines into a H-G bed, thereby replicating natural vertical bed
structures (Figure 3.2.1).

Figure 3.2.2 illustrates how an infiltrated bed was prepared. First, an
initial bed (L-G or P-G) was subjected to a hydrograph (step (2)). That
way, a hybrid bed was obtained. The bed is designated as hybrid when
produced using a single hydrograph flowing either over a L-G bed or over
a P-G bed. In step (3b), the infiltration phase started. We chose to carry
out the infiltration phase over a hybrid bed because these beds are more
reproducible in laboratory in terms of bed surface arrangements than loose
beds. An infiltrated hybrid bed and a clean hybrid bed can thus be compared
by focusing only on the effect of fine sediment presence and by excluding the
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potential effects of changes in bed arrangement.
Two types of infiltration can be distinguished in rivers (Gibson et al.,

2009): bottom-up, also called unimpeded static percolation (USP), and
bridging (or sealing) (Figure 3.2.1). Bottom-up infiltration corresponds to
an interstitial infiltration of fine sediments along the vertical within the bed
matrix. However, bridging denotes a superficial infiltration of fine sediments
in the upper part of the bed matrix. The fine distribution within the bed is
controlled by the capacity of the coarsest fine grains to get through the finest
coarse grains and can be predicted using the Gibson et al. (2009) criterion,
which is based on D15/d85.

For the preparation of H-G/FS and H-G/Ms beds, a fine sediment-laden
flow recirculated along the flume under flow conditions yielding no gravel
motion. For these beds, the D15/d85 ratio was larger than 150. Accord-
ing to Gibson et al. (2009), USP is the expected infiltration mechanism for
D15/d85 ≥ 15.4, meaning that fine sediments should filled the beds from the
bottom upwards. This behaviour was indeed observed in our experiments
(see Figure 3.2.1). Part of fine suspended sediments penetrated into the
gravel bed due to turbulent events and fell down by gravity (Hamm et al.,
2011; Fries and Taghon, 2010). No fine particle got trapped at the surface due
to the large difference in diameters between fine and coarse particles. The
rest of fine suspended sediments remained in the water column and recircu-
lated with water. In order to keep an approximately constant concentration
during the infiltration phase (step (3b)), bags of fine sediments were added
periodically in the water tank. The infiltration phase stopped when the bed
was fully clogged, i.e. gravel matrix pores being fully filled by fines. The flow
discharge was then cut off and the bed was carefully drained.

During the infiltration phase, photographs were taken at several locations
along the flume length to evaluate the height of fine sediments infiltrated
within the matrix over time and to verify the clogging. When the infiltra-
tion height was stable over time and reached the bed surface, we assumed
that the bed was fully clogged (Figure 3.2.1). This assumption was verified
in some dedicated experiments with combined in-bed samplings (cylinders).
Cylinders were disposed into the beds at several locations and were filled
with gravels before starting the bed preparation and the infiltration phase.
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They were made of a 1 mm mesh grid allowing pore flows to pass through the
gravel matrix. Cylinders were infiltrated in the same manner than the rest
of the bed matrix. When the bed was clogged, water feeding was stopped,
bed was carefully drained and cylinders were removed. A geotextile material
placed initially at the cylinder bottom avoided fine sediment loss during the
extraction from the bed. Vertical fine sediment contents within the gravel
matrix, f , were calculated weighting each centimeter layers of the cylinders
before and after washing gravels from fine sediments (f = Mf/Msample, where
Mf is the fine sediment mass in the sample and Msample is the total sample
mass). These contents were then compared to the maximal fine sediment
content fmax that can accumulate the pores of the gravel matrix (Leonard-
son, 2010). When fmax was reached, the bed was considered fully clogged.
fmax equals to 0.24 and 0.18 for FS and Ms sediments, respectively. Cylinder
results showed that fine content vary between 0.15 at the surface to 0.24 at
the bed bottom for FS sediments and between 0.14 at the surface to 0.18
at the bed bottom for Ms sediments. The lower bed parts were effectively
clogged. However, the near bed surface was difficult to clog. In this region,
flows turbulence was probably too strong avoiding fine particle settling. Fig-
ure 3.2.3 shows cylinder results and associated photograph analyses of a bed
fully clogged with FS sediments. Fine content were measured twice: after
one day of infiltration (≈ 8 hours) and at the end of the infiltration (3 days
≈ 21 hours)), at two locations: around 6 and 9 m. The fine sediment height
was deduced from photographs taken at the same location of the cylinders.
Taking the stability of infiltration height as a criteria for characterizing a
fully clogged bed was quite verified in that case.

For the preparation of H-G/S bed, a feeding system located at the flume
entrance was used because sand was too coarse to recirculate within water.
The feeding system supplied sand continuously and uniformly across the
channel width. During step (3b), sand moved as bedload along the flume.
Sand particles entered into the gravel matrix but were quickly trapped within
the gravel pore spaces near the bed surface, thereby blocking infiltration
deeper into the substrate and creating a bridge (or seal). This behaviour
is consistent with Gibson et al. (2009) findings stating that bridging should
occur for D15/d85 ≤ 10.6 (for the present H-G/S bed, D15/d85 was equal to
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(a) (b)

Figure 3.2.3: (a) Fine content evolutions within the gravel bed deduced from
cylinder measurements and (b) height of fine sediment infiltrated during an
infiltration phase deduced from photograph analysis. Cylinders were located
at 6 and 9 m from the flume upstream end. Photograph were taken at the
same locations.

4.5). Step (3b) was stopped when a sand bridge at the surface was stable
along the flume length. Flow and sand feedings were cut off and the bed
was carefully drained. The stability was verified using photographs taken
during the experiments which enabled to evaluate the temporal evolution
of the infiltration depth. In case of sand presence, cylinders were not used
because their analysis was subjected to large uncertainties.

3.3 Protocol for the sediment transport ex-
periment

A sediment transport experiment consists in operating the flume with a
stepped flow hydrograph while collecting transported gravel periodically at
the flume downstream end, and while performing several hydraulic mea-
surements (see Figure 3.2.2, step (2) and step (4)). Each experiment was
denoted with its bed nomenclature completed by an experiment number i

(Table 3.1). Two experiments sharing the same experiment number refer
to one experiment couple, corresponding to two tests performed successively
with no manual gravel bed re-installation. For example, a sediment transport
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experiment conducted on a loose bed (step 2 in Figure 3.2.2) that was per-
formed before a bed arrangement phase (step (3a)) forms a couple with the
following sediment transport experiment performed on a packed bed (step 4)
(e.g. L-G-1 followed by P-G-1). Similarly, two experiments conducted before
and after the infiltration phase form a couple (e.g. L-G-5 and H-G/MS-5).

For all these experiments, the channel slope was set to 1 %. The selected
hydrographs simulate unsteady flow events, and are characterized by sym-
metrical rising and falling limbs with steady and uniform flow intervals of
15 - 20 minutes and flow transitions of 5 minutes. The hydrographs are not
continuous for practical reasons. Indeed, constant discharge plateaus were
necessary to carry out a large number of measurements (e.g. water depth
along the channel, local velocities and gravel transport rates) in a minimum
of time. The hydrograph plateaus were chosen to be much shorter than the
characteristic time for bed arrangement (several hours) (Church et al., 1998).
That way, it is expected that the gravels will behave the same way as if the
flow was truly unsteady. The flow should be unsteady from the point of
view of the gravel sediments. It could be therefore interesting to perform
experiments of gravel transport under continuous flow conditions (hydro-
graphs without steady plateaus) and compare the bedload rate obtained in
this case with the one obtained under discontinuous flow conditions. That
way, one could verify that the chosen hydrograph does not impact the gravel
behaviour. Similar hydrographs (i.e. magnitude, duration and sequencing)
were used for all experiments in order to compare them, while isolating bed
topography influence or fine sediment effect (see Appendix A). The hydro-
graphs for experiments H-G/S-7 and H-G/Ms were slightly modified. For
H-G/Ms experiments, the peak discharge of the hydrograph was increased
because the presence of Ms particles reduced the gravel rate. For H-G/S-7,
the hydrograph was reduced in time and magnitude because bedload rates
were too high due to the presence of sand particles. Steady flow intervals
and flow transitions were of 8 minutes and 4 minutes, respectively.

Before starting each sediment transport experiment, the surface of the
studied bed was photographed and scanned. That way, a general view of
the initial bed morphology and bed composition was obtained. Bed surface
parameters (e.g. roughness, structure lengths, gravel preferential orientation)
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were calculated using the laser-scanner data and the method presented in
Section 5. Bed elevations were also measured with US at the centerline.

During the experiments, transported gravels were collected manually in
the large rolling sieves and periodically (every 5 minutes or 4 minutes for
H-G/S-7 experiment) at the downstream end of the flume. The transported
gravels were then dried and weighed to deduce bedload temporal variations
(per unit width), qs(t) (see Section 4.1). Level of the water surface was
measured with ultrasonic sensors during each hydrograph plateau at every
meter along the flume centerline; the averaged water depth h was then calcu-
lated. Two or three velocity measurements were made per steady hydrograph
plateau at specific locations (around 7, 11 and 15 m) using the ADV located
on the mobile platform (Figure 2.1.2). Locations were carefully selected to
ensure a fully developed flow and to avoid the effects of the upstream end of
the flume. The ADV sampling time was set to 3 minutes to have enough and a
sufficient amount of data points for computing time-average velocities. Dur-
ing experiments involving fine sediments, side-view photographs were taken
at 5 locations along the channel length to observe the fine sediment evolution
within the bed and water column. The 5 locations were at around 7 m (right
and left flume sides), 11 m (right and left flume sides) and 15 m upstream of
the beginning of the channel. Photographs were taken at a 15 min frequency.
The two sides of the channel were monitored to verify that the bed evolu-
tion was similar along the channel width. The fine sediment concentrations
in the water column were measured in experiments involving Ms or FS fine
sediments during every hydrograph plateaus. Samples of suspended mate-
rial were taken simultaneously at the upstream and downstream ends of the
flume. They were filtrated and weighed in our laboratory to obtain the fine
particle concentration.

At the end of the sediment transport experiments, the bed was drained
and a topographic survey and series of bed surface photographs were carried
out to detect changes between initial and final bed states.

A total of fifteen bedload experiments were carried out among which ten
were realized to investigate bed arrangement impact and five were conducted
to examine the fine sediment effects. It important to know that these ex-
periments are expensive in time and staff. Indeed, it takes one month to
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realize an experiment couple (installation, bed creation, sediment transport
experiment, cleaning, bedload sample analysis) and at least three people are
necessary to perform a sediment transport experiment.

During the bedload transport experiments, we choose the shortest bed-
load sampling time possible for this installation in order to have the quasi-
instantaneous bed response to flow change. Indeed, it is known that qs highly
fluctuates over time and that the results will probably depend on the selected
bedload sampling time (Recking et al., 2012). This statement was verified
by conducting complementary experiments at constant discharge during sev-
eral hours and evaluating qs variability according to different averaging time
(Figure 3.3.1). Figure 3.3.1a shows that the bedload rate fluctuates over time
and decreases significantly until reaching a stabilization zone in conditions of
gravel starving. Once this stabilization zone is reached, the bed is considered
arranged, armored or packed. Figure 3.3.1b presents the mean bedload rate
computed over different times of bedload collection (from 5 min to 240 min).
Mean bedload rate is highly sensitive to the sampling time. Due to the de-
crease in gravel rates, qs can vary until more than 50 % if the sampling time
is sufficiently long in comparison to the value obtained with a sampling time
of 5 min. In our sediment transport experiments, steady hydrograph plateaus
were sufficiently long to collect 3 or 4 bedload samples (except for H-G/S-7
experiment where only 2 samples were collected) and still short enough to
minimize bed rearrangement. Repeating the measurements enabled to get
reliable bedload data while detecting part of qs time variability.

In our study, we characterize the gravel incipient motion using the gravel
flux. The onset of gravel motion is assumed to occur when the gravel rate
reaches a reference value. We set the reference transport rate for gravels at
qs-ref = 5×10−7 m2/s (=1.325 g/m/s). This arbitrary value is the same for
all the experiments in order to compare them. The associated dimensionless
bed shear stress is referred to the reference dimensionless bed shear stress
τ ∗

ref. It is clear that qs-ref should be adapted if another sediment was stud-
ied. For example, USWES (1935) studied sand sediments and related their
onset of motion to an arbitrary low transport rate equal to 1.6×10−7 m2/s,
which corresponds only to a few transported grains during 5 minutes in our
case with gravels. To avoid this problem linked to sediment size, Parker
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(a) Experiment results (b) Choice of averaging time

Figure 3.3.1: (a) Time variation of bedload rates obtained during a complemen-
tary experiment performed during more than 4 hours at constant discharge
(Q =55 L/s), the bedload collection time was equal to 5 min. (b) Illustration
of the mean bedload rate variations according to the chosen averaging times.

et al. (1982) suggested expressing the sediment incipient motion using a low
dimensionless transport rate, W ∗ = q∗

s/τ ∗3/2. W ∗ depends on the Einstein
(1942) bedload parameter (q∗

s = qs/(
√

(s − 1)gD3) and the dimensionless
bed shear stress τ ∗. The value retained for incipient motion conditions was
set to W ∗ = 0.002. Parker et al. (1982) definition was not chosen for our
experiment because the transport rates associated to their dimensionless cri-
terion (W ∗ = 0.002) were to small (of around 8×10−8 m2/s) and subjected
to large measurement uncertainties in our experiments. Our choice of taking
qs-ref =5×10−7 m2/s as the reference transport rate was strengthened after
comparing our experimental data with the Shields curve (Figure 1.2.2). Our
data agrees within 10 % of the Shields curve determined using the Soulsby
and Whitehouse (1997) Equation.

Using this original protocol, we were able to measure for each experi-
ments: the transport rate, the local bed shear stress, the global bed shear
stress and the surface arrangement. Figures shown in Appendix A present
typical data generated following bedload experiments. Table 3.1 recaps all
the gravel transport experiments carried out during this thesis and their main
conditions.
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3.4 Link with the field

3.4 Link with the field

Although the objective of this study was not to scale with specific field sites,
the consistence of the experimental set-up can be examined with regard to
natural processes. The set-up scaled with alpine rivers in terms of Shields
numbers (τ ∗), relative roughness (D50/h) and bed morphology planform
(plane beds) (see Table 3.1). The studied flows were turbulent (Re >2000)
and hydraulically rough (Re∗ > 70). The Froude number Fr varied from 0.85
to 1.22 indicating that fluvial and torrential flows were studied. However,
the used gravels were finer than the ones usually found in natural gravel
bed streams with longitudinal slopes of 1 %. Median grain sizes are usually
higher than 50 mm according to the river data base found on this website
http://www.bedloadweb.com/data. Gravel particles were finer in our exper-
iments because of experimental limitation in terms of maximum discharge
(Q = 110 L/s). With coarser grains, we would not have a sufficient range of
water discharge to generate measurable bedload rates. Accordingly, gravel
sediments were chosen finer but still coarse enough to keep a significant size
ratio between the gravel and fine sediments ensuring the fine sediment infil-
tration. These experimental conditions were chosen to approach the condi-
tion found on the Arc River, which is a French river highly studied in Irstea
Lyon-Villeurbanne (Jodeau, 2007; Jaballah, 2013).
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Chapter 4

Gravel transport measurements

In our experiments, we are interested in monitoring the gravel dynamics over
various types of beds. During experiments, gravels are transported as bed-
load. Practical and reproducible techniques are needed in order to compare
bedload rate of one experiment to another. Several methods were tested and
three will be presented in details in this part. According to the technique,
we will have information about the instantaneous bedload rate or about the
averaged rate over different time periods (5 min or at the experiment time
scale).

4.1 Bedload estimation using manual collec-
tion

Bedload rate was collected at the downstream end of the flume during a spe-
cific time period using large rolling baskets (Figure 4.1.1). The bottom of
the baskets was covered with a mesh with an opening of 1 mm retaining all
gravels (size range : 1 - 12 mm) while letting pass water and fine particles.
That way, only the gravel particles were collected. Conditions in our exper-
iments ensured that all gravels were transported as bedload, even the finer
particles close to 1 mm. Samples of transported gravels were removed from
the baskets, stocked, dried and weighed. The gravel rates is then deduced
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4.2 Bedload estimation using video measurements

using the following equation:

qs = MG

TcρsW
(4.1)

where qs is the bedload rate per unit of width, MG is the weight of gravels
collected in the basket, Tc is the time of collection, ρs is the gravel density
(ρs = 2650 kg.m−3) and W is the channel width.

Figure 4.1.1: Large rolling baskets used to collect gravel rates.

This technique requires at least two persons and is time and effort con-
suming. Main advantage of this method stands in the fact that very small as
well as high transport rates can be quantified accurately. However, the major
drawback is that no instantaneous values of transport rate can be estimated.

4.2 Bedload estimation using video measure-
ments

This method is based on image processing analysis of recorded frames of
transported gravels. It was developed for two main reasons:

• case 1: to record the transport rate at the downstream end of the flume
and compare it to the results of the manual collection;

• case 2: to measure the transport at different locations within the flume
and verify the uniformity of bedload during our experiments.
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Chapter 4 Gravel transport measurements

The image processing analysis code was written in Matlab. The following
parts detail the measurement procedure (Section 4.2.1), the method to com-
pute bedload rate using recordings (Section 4.2.2) and the validity tests of
the method (Section 4.2.3).

4.2.1 Measurement procedure

In case (1), a video camera was placed above the channel at the downstream
end of the flume, recording the gravel movement over the long weir (Figure
4.2.1a). The weir was uniformly white facilitating the detection of the parti-
cles. The lighting was not optimal and non-homogeneous in the laboratory.
Different sources of light created shades and object reflections in the recorded
frames making difficult the particle detection. To limit this problem, black
plates were installed on the flume sides and white light was projected from
above with a certain angle.

(a) case 1 (b) case 2

Figure 4.2.1: Installation for video measurements in case 1 (a) showing the video
camera and light orientation and in case 2 (b) showing the system for avoiding
free surface problems.

In case (2), a video camera and lights were installed in the same manner
as described previously. The installation was moved at several locations of
the channel during experiments (upstream, middle and downstream ends of
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4.2 Bedload estimation using video measurements

the flume). Transported gravels were not discernible from gravels forming
the bed matrix because of the free-surface movements and light reflections. A
system composed of a transparent film tightened and fixed to a wood-frame
was built to override the free surface effect (Figure 4.2.1b). The system was
delicately placed on the free surface before recording the transport rate.

4.2.2 Image processing analysis

In order to be post-processed, the recordings were separated in a succession
of images. The time interval between two images was chosen in order to
detect the particles movement and in order to limit the computation time:
Δtimage=1/10 s, so 10 images per second. In order to convert pixels values in
meters, it is important to place a scale in the video camera range. The video
camera was placed accurately parallel to the flume bottom in order to avoid
a step of image ortho-rectification. In function of the type of objective used,
images may require rectification or correction from potential distortion. The
images were then loaded in a Matlab code. The code was based on 3 steps:

• detection of the number of particles in motion,

• particle velocity calculation,

• sediment transport computation.

Number of moving particles - The process for evaluating the number
of moving particles between two successive images is presented in Figure
4.2.2. First, a subtraction between two successive images was made. A
new image was obtained showing zones of movement (colored zone) and a
zone without movement (black zone). Colored areas correspond to particles
either leaving the image or arriving. Using a color-threshold, two images
were generated: one representing the arrived particles on the video camera
range and one representing the left particles. These images were transformed
into gray-level images in order to regionalize each object. Regionalization
consists in finding pixels that belong to the same object and attributed them
a single identifier. This leads to the creation of a region. Code focused on
left particles because they were in motion. Indeed, arrived particles may
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Chapter 4 Gravel transport measurements

just represent the new location of the left particle. By counting the regions
on the left particle image, the number of moving particles can be deduced.
False regions corresponding to image noises (shadows, water-bubbles) were
detected and removed automatically using a threshold filter on the area values
of the obtained regions. Center coordinates of real regions were then saved.

Subtraction
& 

Thresholding

Left particle Arrived particleImage 1 Image 2

Left particle Arrived particleLeft particle Arrived particle

Gray-level

Regionalization

Figure 4.2.2: Illustration of the process for determining the number of moving
particles between two successive images.

Particle velocity calculation - In a second step, the velocity of each
particle in motion was calculated. To do so, we used the coordinate of each
movement regions (left and arrived particles). Centers of left particles were
compared with centers of arrived particles. If coordinates centers were close,
we assumed that there were the same particles. The arrived particle was in
fact the new position of the left particle. This assumption was valid if the
movement between two frames was sufficiently low. A visual verification of
this assumption was conducted on several random frames and was conclusive.
Once left and arrived particles were correctly associated, the distance between
them were computed using their coordinates. Each particle velocity was
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4.2 Bedload estimation using video measurements

deducted using the ratio between the particle covered distance and the time
between each image. Then, we averaged all particles velocities to obtain an
average velocity of the entire studied zone for a given time (< Vp >).

The association between left and arrived particles was not always simple.
Four cases were encountered:

• The numbers of left and arrived particles were equal to zero. In that
case, we set the solid transport to zero.

• The number of arrived particles is equal to the number of left particles.
In that case, no particular operation was needed. We simply associated
the neighboring particles.

• The number of left particles was larger than the number of arrived parti-
cles. Some particles left the image field under the flow influence. These
particle were thus not associated with arrived particles and were called
single particles. Because the movement was low between two images,
we assumed that a single particle had just left the camera video range.
To calculate its covered distance, we created a fictive arrived particle
that had as streamwise center coordinate the maximum coordinate of
the studied zone (i.e. upper edge of the image) and as cross-stream cen-
ter coordinate the same than the single particle (uni-directional flow).
Doing so, we probably underestimated some particles velocities and
consequently the transport rate. Another possibility would have been
to ignore these single particles. However, because the number of parti-
cles passing through the video camera range was low, we chose to keep
every particles.

• The number of left particles was lower than the number of arrived
particles. This means that some new particles reached the camera video
range. This time, the new arrived particles cannot be associated to left
particles. We decided to associate these new particles to fictive particles
that had the bottom edge of the image as longitudinal coordinate and
the same transverse coordinate as the new arrived particle because the
movement was assumed low between two frames and flow was uni-
directional.
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Chapter 4 Gravel transport measurements

Sediment transport computation - The instantaneous transport rate
(qs(t), where t is the time) was computed using the average particle veloc-
ity and the concentration in gravels on the movement image (ratio between
detected object area and total image area) at a given time t, assuming a
bedload thickness equal to D50:

qs(t) = Ci(t) 〈Vp(t)〉 D50 (4.2)

Ci(t) = np(t)υG

DxDyD50
(4.3)

where 〈Vp〉 is the surface average velocity of moving particles between two
specific frames, Ci is the surface average concentration of moving particles on
the movement image, np is the number of moving particles on this image, Dx

and Dy are the dimension of the camera range (longitudinal and transversal,
respectively) and υG is the equivalent particle volume (here, particles were
assumed to be spherical of D50 = 6.8 mm, υG = 4/3π(D50/2)3).

4.2.3 Validity tests

Several tests were conducted to verify the code efficiency. First, a test was
performed in ideal conditions (i.e. on a dry bed, so without effect of the
water surface). The code was able to detect all moved particles. In ideal
conditions, the code is thus reliable.

Secondly, specific tests in real conditions were conducted. In case 1 where
video were recorded on the white weir at the downstream end of the flume,
the code was able to calculate the transport rate (Figure 4.2.3). Instan-
taneous calculated transport rate was visually verified between images by
counting by eyes the number of moving particles and measuring their cov-
ered distance. A good agreement between number of particles detected by
the code and by eyes was found. In addition, calculated average transport
rate was compared with the one obtained with the rolling baskets. For ex-
ample during a test-experiment at water discharge Q = 70 L.s−1, the average
transport rate calculated with the code was about 4.7.10−7 m2.s−1 whereas
the one from manual collection was about 4.9.10−7 m2.s−1. The recording was
made during 1 min 30 and the manual collection time was 3 minutes. Video

Page 55



4.2 Bedload estimation using video measurements

camera range did not cover the whole width channel during experiment. Cal-
culated transport rate might be therefore underestimated or overestimated
if bedload rate was not perfectly uniform along the transverse. Although
the image processing analysis gave us the instantaneous transport rate, the
manual technique was retained. Indeed, the time to post-process the data
was too long (3 h 20 for post-processing a video of 1 min 30). In addition, the
data files would have been too heavy if the entire experiment was recorded.

Figure 4.2.3: Results of image processing analysis of a 1 min 30 recording made
during a specific test-experiment. Average particle velocity, number of mov-
ing particles, and instantaneous bedload rate are plotted as function of time.

In case 2, the code was not effective. First, the film system was difficult
to adjust without disturbing bedload rate. Once it was wet, it seems that the
bedload was accelerated even after profiling the wood frame of the film sys-
tem. This acceleration was probably due to a compression of the water depth
in the vertical direction from the film system. We decided to stop using this
system and to make video measurements by eyes (i.e. recording images from
above and counting the number of particles transported in the image). It was
difficult with the moving free surface, especially at high flow discharges, but
we managed to count moving particles and compute qs in specific experiments
to verify its longitudinal uniformity (case 2). Figure 4.2.4 shows a comparison
between bedload rates obtained using the manual method at the downstream
end of the flume and those obtained using the video measurements at sev-
eral flume locations (around x = 8 m and x = 17 m). Sediment transport
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Chapter 4 Gravel transport measurements

with video measurements corresponds to sediment transport deduced from
manual collection within 10 % error range. This means that gravel transport
seems to be uniform along the channel at least in a large temporal averaging
(1 min). However, some qs measured with video deviates strongly from the
ones obtained with manual collection (more than 50 %). These observations
highlighted a problem of qs non-uniformity across the channel width. In-
deed, along the transect some preferential pathways can be created during
an experiment due to the flow action. According to where the video camera
was located, the transport rate could be quite different: overestimated if the
video camera was located on a preferential bed pathways or underestimated
if it was placed around a zone of no-movement. To avoid the transversal non-
uniformity problem, we chose to focus on the manual technique (reference
method), which measures qs over the entire channel width. With material at
our disposal, it was not possible to take video of the entire flume width with
sufficient resolution.

Figure 4.2.4: Comparisons between bedload rates obtained using manual mea-
surements at the downstream end of the flume and using video measurements
at several locations along the flume (case 2). Data were collected during sev-
eral experiments performed on unimodal bed material.
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4.3 Bedload estimation using topographic measurements

4.3 Bedload estimation using topographic mea-
surements

Erosion and deposition areas were detected by subtracting initial and final
bed topographies (Figure 4.3.1). The total bedload rate, qs [m2.s−1], was then
deduced from the total gravel mass, Mtot, transported during an experiment:

qs = Mtot

TtotρsW
(4.4)

where Ttot correspond to the time period of the sediment transport experi-
ment and W is the channel width.

Mtot was estimated using the total mass of eroded (ME) and deposited
(MD) gravel particles (Equations 4.5, 4.6 and 4.7).

Mtot = ME − MD (4.5)

ME = ρsVE (4.6)

MD = ρsVD (4.7)

where VE and VD are the volumes of eroded and deposited gravels estimated
from topographic measurements, respectively.

In some experiment, measurements of the quasi-totality of the bed sur-
face were made with the laser scanner (transects of 70 cm from 1 to 16 m
every 6 cm). In that case, the erosion/deposition pattern of one transect was
assumed to be the same between this transect and the following one (i.e.
6 cm) in order to calculate the eroded/deposited gravel volume, VE and VD:

VE =
∑

i

0.06(1 − pG)AE-i (4.8)

VD =
∑

i

0.06(1 − pG)AD-i (4.9)

where i subscript denotes a specific transect and AE and AD are the erosion
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Chapter 4 Gravel transport measurements

and deposit areas of each transect, respectively:

A =
∫ W

0
(zb initial − zb final)dy (4.10)

When only longitudinal bed surveys were carried out, it was assumed
that the same erosion/deposition pattern as the one of the center line was
repeated along the channel width. Regarding Figure 4.3.1, one can see that
this hypothesis is admissible. Indeed, the erosion/deposition pattern at the
center line is representative to the global pattern of the channel. In that
case, the volumes were estimated as follows: VE = AE-c(1 − pG)W and VD =
AD-c(1 − pG)W , where c subscript denotes the centerline.

Figure 4.3.1: Erosion and deposit areas detected using laser-scanner bed surface
topographies at the end of experiment conducted on a loose gravel bed (L-
G-7). Red color corresponds to erosion area and green color corresponds to
deposit area.

Estimations of Mtot were verified by comparing them with the total gravel
mass collected using the manual technique. A variation of 10 - 15 % was
generally found between values which also corresponds to the uncertainty of
this method. For example, after the analysis of Figure 4.3.1, Mtot was 27 kg
whereas the total gravel mass collected at the end of the channel was 30 kg.
This difference could be reduced if the channel bed was totally surveyed with
a higher resolution.
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Chapter 5

Bed characterization

This chapter focuses on a method developed to characterize the bed with
parameters describing its slope, its surface roughness, the orientation of its
surface grains, the presence of fine sediments on its surface and its global
arrangement. This method is based on 3D topographic bed surface mea-
surements and considers the bed surface as a random field of bed elevations
z(x, y). This 3D-approach is increasingly used for gravel bed characterization
(Marion et al., 2003; Aberle and Nikora, 2006; Cooper and Tait, 2009; Mao
et al., 2011; Qin and Leung Ng, 2012). In this study, 3D measurements were
carried out using the laser-scanner (see Chapter 2).

5.1 Digital elevation model

A digital elevation model (DEM) corresponds to a 2D or 3D-view of the bed
surface elevations. DEM provides the basic data for bed characterization.
Statistical tools, such as bed elevation probability density function (PDF) or
variograms, were used to obtain bed characteristics (Nikora et al., 1998).

DEMs were produced from bed surface surveys covering diverse flume
areas using the laser-scanner (Figure 5.1.1):

• Longitudinal DEMs representing bed elevations along a line of the cen-
ter, right and left side of the channel;

• A set of transverse DEMs every 6 cm along the channel length giving
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Chapter 5 Bed characterization

an overview of the entire bed surface and allowing for the detection of
eventual bed-anomalies;

• Bed surface patch DEMs showing specific flume areas with high reso-
lution (spacing of 1 mm in x-direction and 128 measurement points per
centimeter in y-direction).

Figure 5.1.1: Schematic of the different bed surface areas surveyed by the laser-
scanner as well as the measurement density.

5.2 Direct measurements

In this section, bed characteristics estimated directly from the DEM are
presented. Photographs of the entire bed surface are also used to quantify
the fine sediment content on the bed surface.

Page 61



5.2 Direct measurements

5.2.1 Bed slope measurements

Local and global bed slopes were estimated using longitudinal DEM measured
at three locations: centerline, right and left sides of the flume. Figure 5.2.1
illustrates how the global bed slope is obtained. Data from 6 m to 16 m were
fitted with a linear law. The first meters of the flume were not taken into
account because they were located in an area where flow was not uniform
during experiments. In addition, this area was significantly eroded during
tests because of the absence of sediment feeding.

The global bed slope, Ib, was calculated using the average of the fitted
longitudinal bed slopes, Ifit,i, added to the channel slope value, Ic:

Ib =
∣∣∣∣∣
∑n

i=1 Ifit,i

n
− Ic

∣∣∣∣∣ (5.1)

where i refers to a specific longitudinal bed slope measurement (center, left
or right side), n is the number of measured longitudinal profiles (here, n = 3)
and Ic is the channel slope determined either by direct reading on a gradual
scale located at the downstream end of the flume or by measuring the flume
inclination using a ultrasonic sensor placed under the channel. The procedure
was done for obtaining the initial and final global bed slopes.

Figure 5.2.1: Longitudinal DEM showing initial and final bed profiles at the
flume centerline for an experiment performed on a loose gravel bed (L-G-1).
(Fits are used for determining global bed slopes.)

The local bed slopes, Il, were computed after smoothing the laser-scanner
data using a running average filter with a step of around 7×D50 which
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smooths effectively the variation at the grain scale:

Il,jk = zbed,j − zbed,k

Ljk

− Ic (5.2)

where zbed,j and zbed,k are bed levels at successive data points j and k, and
Lj,k is the longitudinal distance between them. Il values vary largely around
the mean bed slope (corresponding to the global bed slope). Figure 5.2.2
shows an example of Il distribution for initial and final beds of an experiment
performed on a loose gravel bed. The observations of the local scale inform
about the grain inclination on the bed surface. The distribution of the final
bed slopes is positively skewed (i.e. a larger range of positive local bed
slopes), reflecting a potential grain imbrication on the bed. Grains of the
bed surface overlap each other as tiles.

Figure 5.2.2: Example of local slope distributions computed along the channel
length on initial and final beds of the same experiment as in Figure 5.2.1
(L-G-1).

5.2.2 Bed surface grain size distribution

Bed surface grain size distributions (GSD) were estimated using the Line-
by-Number method (Fehr, 1987) on patch DEM images. Patch DEM images
were used to estimate the GSD rather than real bed photograph for which
shade and light problems were often present.
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5.2 Direct measurements

In the patch DEM images, grains were perfectly distinguishable because
of the high measurement resolution (Figure 5.2.3). The Line-by-Number
procedure consists in placing random lines over the bed surface patch DEM
and measuring the sizes of grains in contact with these lines. This technique
is non-intrusive, i.e. the bed arrangement is not modified after the mea-
surement. Grain size measurements were made using the software ImageJ.
To have representative GSD, at least 100 particles were measured per patch
DEM image.

(a) Initial patch (b) Final patch

Figure 5.2.3: Bed surface patches DEM determined using (a) initial and (b) final
bed topographic surveys of an experiment performed on a loose gravel bed
at around x= 7 m (L-G-6).

5.2.3 Fine sediment content on the bed surface

Photographs of the entire bed surface were made, and then stitched together
(with the software Image Composite Editor) to estimate roughly the propor-
tions of each sediment fraction on the bed surface (fine/sand/gravel parti-
cles). Stitching was facilitating if clear patterns between photographs were
recognizable. The stitched images enable to detect potential fine sediment
patches formed during experiments, by eyes or using color thresholds on
the images. Figure 5.2.4 shows two stitched images: one representing a
gravel/sand bed and one representing a gravel/fine sediment bed.
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(a) Experiment with sand/gravel particles

(b) Experiment with medium silt/gravel particles

Figure 5.2.4: Stitched bed surface photographs of (a) a gravel-sand bed (H-G/S-
7) and of (b) gravel-medium silt bed (H-G/Ms-6). For the sake of a better
visualisation, only a part of the flume is presented here: between x = 5 m
from the upstream end of the flume and the downstream end of the flume
(white weir).

5.3 Indirect measurements

Bed characteristics (e.g. bed roughness, bed structure, grain orientation,
etc.) can be computed using statistical tools, such as the probability density
function (PDF) of bed elevations around the mean bed level and variograms
also called 2D-structure functions (Nikora and Walsh, 2004).

5.3.1 PDF analysis

Bed parameters deduced from the PDF are presented hereafter. Figure 5.3.1
illustrates the typical PDF obtained during experiments conducted on gravel
beds with random organization. Diverse criteria can be deduced from this
kind of figures, based on their shape and symmetric nature. Differences can
be noticed between PDF describing the initial and final bed, which denote
that bed arrangements are not the same at the beginning and at the end of
the experiment.
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Figure 5.3.1: PDF of bed surface elevations before (initial) and after (final) an
experiment performed on a loose gravel bed (L-G-2).

Roughness estimation

In our study, we chose the standard deviation σz of the PDF of bed eleva-
tions around the mean bed level (second-order moment) as the parameter
representing the bed surface roughness. This roughness is geometric and dif-
ferent from the hydraulic roughness, ks, even if a direct link probably exists
between them. Lot of studies supposed that ks is related to a geometric
roughness that is often defined using a GSD characteristic percentiles (Di)
or percentile multiples of the bed material (Nikuradse, 1933; Yalin, 1977;
Bathurst, 1985; Wiberg and Smith, 1991). However, using Di as a geomet-
ric roughness means assuming that beds would have the same roughness as
long as they are formed of the same grain mixture. This assumption might
be verified for specific sediments involving no specific bed organization, but
probably not for moderately sorted angular gravel sediments. Indeed, same
gravel mixture can lead to several bed arrangements (Figure 5.3.1), having
consequently different geometrical bed roughness (Aberle and Smart, 2003).
The standard deviation of bed elevations seems to be a better geometric
roughness indicator because can take into account potential bed arrange-
ment changes.

Different roughnesses can be computed: the vertical grain roughness σzg

and the vertical roughness of the longitudinal and transverse bed-forms (σzl

and σzt). σzg was computed using bed elevations of patch DEM at the scale
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of a laser-scanner profile (≈10 cm) to avoid assessing for bed forms rough-
ness. On the contrary, σzl and σzt were calculated using bed elevations of
longitudinal and transverse DEMs at the flume scale (≈ 15 m for longitudinal
profiles and ≈ 70 cm for transverse profiles).

Degree of bed armoring

The development of a static armor layer occurs frequently in gravel-bed rivers
(Hassan and Church, 2000). The static armor layer appears after an extended
period of low flow condition combined with a reduced sediment supply over a
poorly sorted gravel bed (e.g. downstream of dams) (Wilcock and DeTemple,
2005; Orrú et al., 2016). In our experiments, we will try to replicate this
phenomenon. An armored bed corresponds to a bed which has a coarser
bed surface than its sub-surface. Conventionally, the degree of bed armoring
is defined using the armor ratio, which corresponds to the ratio between
the mean diameters of the bed surface and sub-surface (Guney et al., 2013).
Armoring is also related to changes in grain imbrication, arrangement as well
as clusters, that are not quantified by the armor ratio (Tan, 2012).

Figure 5.3.2: PDF shapes according to their values of skewness and Kurtosis.

Third-(skewness) and fourth-order (Kurtosis) distribution moments were
chosen for characterizing bed armoring degree. The skewness Sk represents
the symmetric or asymmetric nature of the PDF in comparison to a normal
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distribution:
Sk = μ3

μ
3/2
2

(5.3)

where μk = E((z − E(z)))k is the k-order centered moment and E(z) is the
expected value of the bed elevation z.
Sk = 0 is attributed to a symmetric distribution around the mean bed values
(Figure 5.3.2). Negative skewness is related to a PDF that is dilated to the
left of the mean value. This means that the range of values lower than the
mean bed level is larger than the one for values higher than the mean bed
level. Negative skewness probably reflects presence of holes, emerged grains
and random organization on the bed surface. Inverse behavior is observed
when the skewness is positive. Positive skewness is associated to an armored
or organized bed. In that case, the surface is smooth and coarse with several
emerged grains. Small particles fill holes reducing bed elevation dispersion
below the mean bed level.

The Kurtosis Ku characterizes the flatness or peakedness of the PDF
shape (Figure 5.3.2) and can be used to describe the bed regularity:

Ku = μ4

μ2
2

(5.4)

For a normal distribution, Ku = 3. Ku < 3 means that the PDF has a
bell-shape (i.e. wide flat distribution), so that the bed elevation values are
strongly scattered around the mean bed level. This describes an irregular
fluctuating bed surface. On the contrary, when Ku > 3 the PDF has a
peak-shape assessing for a more regular bed surface.

5.3.2 Variogram analysis

In the past few years, second-order structure functions Db have been used to
characterize gravel or sand bed texture (Robert, 1988; Robert and Richards,
1988; Nikora et al., 1998; Marion et al., 2003; Nikora and Walsh, 2004; Aberle
and Nikora, 2006; Cooper and Tait, 2009; Mao et al., 2011; Qin and Le-
ung Ng, 2012). These functions are also called variograms in hydrogeology.
They constitute an effective method to investigate the fractal properties of
bed surfaces. The principle is to detect systematic patterns in a spatial
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bed elevation distribution. Db exhibits the correlation between elevations at
various spatial scales in different directions:

Db(Δx, Δy) =
N−nr∑

i=0

M−mr∑
j=0

|z(xi + nrδx, yj + mrδy) − z(xi, yj)|2
(N − nr)(M − mr)

(5.5)

where Δx = nrδx is the measurement step in the x direction, Δy = mrδy is
the measurement step in the y direction, δx and δy are the sampling intervals
in the x and y directions, respectively, N and M are the numbers of mea-
sured elevation points in the x and y directions, nr and mr are the ratios
between measurement steps (Δx and Δy) and spatial lags (δx and δy) in each
directions.

For random field, the second-order structure function and the auto-correlation
function Rb(Δx, Δy) are related as follows:

Db(Δx, Δy) = 2(σ2
z − Rb(Δx, Δy)) (5.6)

When the autocorrelation function tends to zero, D∗
b = Db/2σ2

zg tends to 1
meaning that no correlation between bed elevations exists. D∗

b = 1 corre-
sponds to randomly distributed bed elevations. However, when D∗

b tends to
0, total correlation exists between bed elevations. Values larger than 1 in D∗

b

plot correspond to negative correlations.
Figure 5.3.3 shows two D∗

b plots obtained during our experiments. Figure
5.3.3a represents a typical plot for a bed with random organization. The plot
shape has a flat plateau around the no-correlation value (= 1). In this case,
correlation between bed elevations is rapidly lost at small lags. Figure 5.3.3b
shows a typical plot for an organized bed. A slope is visible in the D∗

b plots
before reaching a flat plateau at larger lags (plateau would have been more
visible if the size of the patch was larger). This means that bedforms or bed
structures are present on the bed surface.

Bed structure characterization

From D∗
b plots, different bed arrangement characteristic lengths can be de-

duced. Three distinct zones can be distinguished if we look at 1D-structure
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(a) Loose bed (b) Packed bed

Figure 5.3.3: Structure function plots obtained from bed elevation data of patch
surveys: (a) D∗

b plots of unorganized bed (L-G-1) and (b) D∗
b plots of orga-

nized bed (P-G-2).

function associated plots, namely D∗
b (Δx = 0, Δy) or D∗

b (Δx, Δy = 0) (see
Figure 5.3.4):

• a linear part at small lags (scaling region);

• a transition zone (region of bed-form characterization);

• a saturation zone at large lags (D∗
b = 1)

At small lags, the 1D-structure function can be approximated by a power
function (Nikora et al., 1998):

Db(Δx, Δy = 0)
2σ2

z

≈ Δ2Hx
x (5.7)

Db(Δx = 0, Δy)
2σ2

z

≈ Δ2Hy
y (5.8)

where Hx and Hy are the Hurst exponents. These exponents assess for the
rate at which the correlation decreases as the lag between bed elevations
increases. Hx and Hy values are inversely proportional to the degree of bed
surface complexity (Bergeron, 1996; Cooper and Tait, 2009). In our gravel-
bed experiments, Hx and Hy range from 0.49 to 0.55 and from 0.51 to 0.56,
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Figure 5.3.4: Typical 1D-structure function plots of a loose gravel-bed surface
(L-G-1).

respectively (see Appendix A). These values are consistent with those found
by Nikora et al. (1998).

The procedure to identify the longitudinal (Δx0) and transverse (Δy0)
scales of bed structures is presented in Figure 5.3.4. They are quantified by
plotting the 1D-structure functions in log-log scales and fitting the scaling
regions with Equations 5.7 and 5.8 until reaching the asymptotes of no corre-
lation considered equal to 1 (see the saturation region). Δx0 and Δy0 can be
then estimated using the intersection between the fitted scaling region and
the saturation asymptote (Figure 5.3.4). These parameters inform about bed
structures at the grain scale. The length of the transition zone can also be
used to have information about small-scale bed-form roughness.

Preferential grain orientation

Analyses of D∗
b contour plots provide information about preferential grain

orientation and alignment. For gravel beds, contour line shapes at small lags
(at the grain scale) can be either circular or elliptical. Circular shape indi-
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(a) Loose bed (b) Packed bed

Figure 5.3.5: Contour plots of the 2D structure function for (a) a loose (L-G-2)
and (b) a packed bed (P-G-2).

cates that no prevalent grain direction is present. Elliptical shape suggests
a preferential grain orientation in the direction of the ellipse main axis. Fig-
ure 5.3.5 shows examples of contour plots for a loose (non-organized) and a
packed (organized) gravel beds. The grains on the loose bed were not pref-
erentially orientated, whereas those on the packed bed were aligned in the
flow direction.

To quantify the intensity of particle preferential orientation, the following
variables obtained by fitting an ellipse on a specific contour line were used:

• Φ, the angle of rotation of the elliptical shape relative to the flow di-
rection; It gives the average direction of the grains.

• a/b, the ratio between the major (a) and the minor (b) axes of the
ellipse; The ratio a/b exhibits the magnitude of the effect. The higher
the ratio is, the clearer is the preferential orientation.

• x0/y0, the ratio between the longitudinal (x0) and transverse (y0) dis-
tances defined by the ellipse. The ratio x0/y0 indicates the orientation
and alignment of the grain main axis. When x0/y0 > 1, grain main
axis is aligned in the flow direction. When x0/y0 ≈ 1 and a/b ≈ 1, no
particular grain orientation is present on the bed surface. If x0/y0 < 1,
the grain main axis is mainly oriented in the cross-stream direction.
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Figure 5.3.6 shows the different variables and an example of a fitted ellipse
of a specific contour line of a packed bed. The parameters are dependant on
the selected contour line. Because we are interested in grain scale, we chose
to focus on the first contour line that reaches the value of the median gravel
diameter D50 in its transverse direction (y0 > D50).

Figure 5.3.6: Fitted ellipse of the targeted contour line of a packed bed (P-G-1).
Geometrical information describing the ellipse shape are reported.

Figure 5.3.7 presents the variations of parameters describing preferential
grain orientation and alignment on a packed bed according to different fitted
contour lines. Contour lines at larger lags informs about bedform or structure
orientations and not about the grain orientation.

Page 73



5.3 Indirect measurements

Figure 5.3.7: Variations of parameters defining preferential grain orientation and
alignment according to different isolignes. Data are derived from an experi-
ment performed on a packed bed (P-G-1). Black vertical line symbolizes the
retained isoligne for post-processing the data.
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Velocity measurements

During the last decade, ADV probes and ADV profilers have been increas-
ingly used for measuring velocity in field and laboratory because of its prac-
ticality. However, errors associated with these measurements are not always
clearly detectable and taken into account. Different noise sources were iden-
tified and methods for correcting the ADV data were suggested (Nikora and
Goring, 1998; Voulgaris and Trowbridge, 1998; Hurther and Lemmin, 2001;
Goring and Nikora, 2002; Craig et al., 2011; MacVicar, 2014). Recent spe-
cific studies focused on the validity of ADV profiler data recorded close to the
bed (Brand et al., 2016; Koca et al., 2017). For instance, Koca et al. (2017)
conducted experiments in which they compared velocity profiles obtained
with the PIV technique (Particle Image Velocimetry) and with the Vectrino
profiler. Considering PIV measurements as references, they concluded that
even after several noise corrections the Vectrino profiler data needed to be
interpreted with caution.

Because the use of PIV was not a possibility in our study, only the Vec-
trino II was used. Special attention was paid to post-treat the Vectrino II
data in order to obtain reliable velocity profiles. This chapter recaps all the
process and recommendations established to improve the Vectrino II data
and their interpretations.
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6.1 Analysis of the raw data

Figure 6.1.1 shows an example of raw velocity and turbulence profiles mea-
sured using the Vectrino II during an experiment performed on a loose bed.
The profile observations enable to detect several measurement problems.
First, transverse and vertical velocity profiles are expected to be equal to
zero in average, even if the measurement was not carried out along the entire
water column. In this example, representative of all the measurements, the
transverse and vertical velocities are equal to −0.031 m/s and −0.022 m/s in
average, respectively. The deviation of v profile from zero might inform us
of the potential presence of secondary currents in the channel transverse di-
rection. The deviation of w1 and w2 profiles from zero is probably the reflect
of a disorientation or misalignment of the device with the flow.

Figure 6.1.1: Examples of velocity and turbulence profiles measured using the
Vectrino II. Data were obtained during experiment conducted on a loose
gravel bed at 50 L/s (L-G-3). They are unfiltered and uncorrected. 1 and
2 refer to the two vertical velocity profiles (or turbulence components) mea-
sured with beams 1 and 3 and with beams 2 and 4, respectively. Orange
dashed line represents the bed level.
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Secondly, w1 and w2 are supposed to be equal because they both represent
the time-average vertical velocity profile (see Section 2.2.2). However, they
seem to have different behaviour near the bed (located close to 6 cm below
the Vectrino II probe, in this particular case). Bottom interference might be
present.

Thirdly, regarding the turbulence profiles and in particular u′ and v′,
one can see that the profiles tend to bend and not follow the classical lin-
ear decrease approaching the water surface. This is probably due to noise
contamination. In addition, as for w1 and w2, w′

1 and w′
2 should be similar.

Some variations are clearly detectable impacting consequently the u′w′
1 and

u′w′
2 profiles. It is thus necessary to apply correction on the data before

interpreting the results.

Figure 6.1.2: Examples of average SNR and average correlation profiles mea-
sured using all the Vectrino II beams. Data were obtained during the same
experiment as in Figure 6.1.1 at 50 L/s (L-G-3). These data are unfiltered
and uncorrected. SS indicates the location of the sweet-spot.

Figure 6.1.2 presents the average SNR (Signal Noise Ratio) and the av-
erage correlation profiles recorded by all the Vectrino II beams during the
same experimental conditions as in Figure 6.1.1. It shows that the signal
quality changes along the profile. This indicates that the data should be
interpreted with caution. The profiles have a parabolic shape with a max-
imum reached around 50 - 52 mm from the probe for the SNR profile. The
point of maximum SNR located between 50 - 52 mm is commonly called the
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”‘sweet spot”’ (SS). It corresponds to the location where the measurement is
the most reliable. At the lower end of the parabolas, the profiles reach local
minimums and sharply increase, suggesting that we approach the bed.

To improve the data, we recommend to apply the following filters and
corrections:

• a despiking filter as suggested by Goring and Nikora (2002);

• threshold filters for the SNR and for the correlation profiles;

• a correction for bottom interference;

• a correction for the Doppler noise;

• corrections for potential rotations of the device;

• a detection of the signal decorrelation influence on the measurements.

Details of each filters and corrections are given in the following sections.

6.2 Despiking method

Temporal series of velocity measurements are often contaminated by noise
called spikes (Figure 6.2.1). Spikes are corrupted data present in a sample.
Numerous causes can create spikes but ADV noise is still not fully understood
(lack of impurities in the water, particles entering and leaving the sampling
volume during the interval between sound pulses, turbulence at scales equal
or smaller than the measuring volume causing particle scattering) (Nikora
and Goring, 1998; Jesson et al., 2013).

A despiking method is an iterative process that identifies, removes, re-
places the contaminated data (by NaNs in our case) and reconstructs a new
and less corrupted signal. To post-treat our data, the despiking process ini-
tially developed by Goring and Nikora (2002), called Phase-Space Threshold
method (PST) was used. The method is based on a 3D phase-space plot in
which the velocity (u) and its derivatives (first (du/dt) and second (d2u/dt2))
are plotted against each other. A fictive ellipsoid with specific size, position
and orientation is added to this plot. The ellipsoid center coordinates are the

Page 78



Chapter 6 Velocity measurements

Figure 6.2.1: Comparison between raw, despiked and filtered (SNR and corre-
lation thresholds) instantaneous longitudinal velocities. Data were recorded
during the same experiment as in Figure 6.1.1 at 50 L/s (L-G-3), at a specific
vertical location (first cell from the probe) during 180 s at 50 Hz. The de-
spiking process was performed using the PST method of Goring and Nikora
(2002).

means of u, du/dt and d2u/dt2. For each pair of variables, ellipse axis lengths
and rotation angles are calculated. The points lying outside the ellipsoid are
designated as spikes and replaced by new values based on the neighboring
values or simply by NaNs. Once the new signal is reconstructed, a new ellip-
soid is calculated. The process is then repeated until the number of spikes
falls to zero. For further details, please refer to the publication of Goring
and Nikora (2002).

Figure 6.2.1 shows the effect of the despiking process on the instantaneous
velocity recorded during one of our experiments. After the despiking of this
specific time-series, more than 4 % of data were removed.

6.3 SNR and correlation filters

Data were filtered according to their SNR and correlation values. The man-
ufacturer (Nortek) suggests that data are reliable when their SNR are higher
than 20 dB and their correlation values are higher than 70 %. Threshold fil-
ters were thus applied to remove values with bad SNR and poor correlation.
Values were replaced with NaNs. Figure 6.2.1 presents data after threshold
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filtering. In that specific case, more than 35 % of data were removed from
the temporal series of the instantaneous longitudinal velocity. For the rest
of the study, if more than 40 % of the data were removed after the filtering
process, the data were not analysed and considered as inaccurate. Usually
the removed data did not exceed 30 %.

6.4 Bottom interference

Close to the bed, the velocity measurements can be affected by bottom in-
terference. They are not reliable and need to be removed from the velocity
profile. To detect the interference region, the method suggested by Koca
et al. (2017) was chosen. Comparing Vectrino profiler data with PIV data,
they proved that the zone affected by bottom interference ended at the same
distance than the location of the local minimum of the SNR profile (Figure
6.1.2). All the data below this local minimum will not be retained for the
interpretation of the results. It is important to note that the vertical extent
of the zone depends on the bed material properties (particularly on the bed
porosity) and on the probe’s proximity to the bed (Koca et al., 2017).

6.5 Doppler noise correction

The correction of Doppler noise in each velocity variances was performed
using the Hurther and Lemmin (2001) method (H&L). This method is appli-
cable if the device is correctly aligned with the flow during the measurements.
It is based on the assumption that the measured variances of velocities can
be decomposed into real variances and a noise term:

u′2
measured = u′2

real + ajσj (6.1)

v′2
measured = v′2

real + ajσj (6.2)

w′2
1 measured = w′2

1 real + bjσj (6.3)

w′2
2 measured = w′2

2 real + bjσj (6.4)
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aj = 1
2sin2(αj)

(6.5)

bj = 1
2cos2(αj)

(6.6)

where, u′2
measured, v′2

measured, w′2
1 measured and w′2

2 measured are the measured vari-
ances, u′2

real, v′2
real, w′2

1 real and w′2
2 real are the real variances, σj is the Doppler

noise associated with the device, aj and bj are terms calculated using the
device geometry and particularly the angle αj between the emitter and re-
ceiver, and j denotes a specific measurement cell (35 cells along 3.5 cm). u′2,
v′2, w′2

1 and w′2
2 can be affected with Doppler noise (see Appendix C for more

details).
To assess the noise that contaminates the variances, Hurther and Lemmin

(2001) suggest investigating the covariance w′
1w

′
2 that gives the true variance

of vertical fluctuations without contamination by instrument noise:

σj =
(
w′2

1 measured − w′
1w

′
2

)
b−1

j =
(
w′2

2 measured − w′
1w

′
2

)
b−1

j (6.7)

No noise contaminates the covariance because it is computed with uncorre-
lated beam velocities (see Appendix C). Equation 6.7 is valid for an ideal
case. In other words if w′2

1 measured = w′2
2 measured and if αj are the same for

each receivers.
Figure 6.5.1 shows the vertical velocity variance and covariance profiles

measured during the experiment chosen as example. It clearly displays that
the two vertical variances are not the same. The assumptions made for
validating Equation 6.7 are thus not correct in our case. Two different noises
can be calculated:

σ1-3 =
(
w′2

1 measured − w′
1w

′
2

)
b−1

j (6.8)

σ2-4 =
(
w′2

2 measured − w′
1w

′
2

)
b−1

j (6.9)

σ1-3 and σ2-4 correspond to the noises associated with the beam couple 1 - 3
(so, the noise contaminating u′2 and w′2

1 ) and with the beam couple 2 - 4 (so,
the noise contaminating v′2 and w′2

2 ), respectively.
In addition, Figure 6.5.2a presents the geometric angles between emitter
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Figure 6.5.1: Profiles of variances and covariance of vertical velocity. Noise 1-3
and noise 2-4 are associated with the variance calculated with w1 (variance 1)
and with the variance calculated with w2 (variance 2), respectively. The true
variance corresponds to the covariance w′

1w′
2. Data were extracted from the

same experiment as in Figure 6.1.1 during measurements at 50 L/s (L-G-3).

and receiver for each receivers and each measurement cells. These angles
were calculated using the transformation matrix beam/XYZ estimated and
provided by the manufacturer of the device for each measurement cells. The
transformation matrix can be written analytically as follows:

⎛
⎜⎜⎜⎜⎜⎝

sin(α1) 0 cos(α1) 0
0 sin(α2) 0 cos(α2)

− sin(α3) 0 cos(α3) 0
0 − sin(α4) 0 cos(α4)

⎞
⎟⎟⎟⎟⎟⎠

⎡
⎢⎢⎢⎢⎢⎣

u

v

w1

w2

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

b1

b2

b3

b4

⎤
⎥⎥⎥⎥⎥⎦ (6.10)

where α1, α2, α3 and α4 correspond to angles between emitter and receiver
1, 2, 3, and 4, calculated for each measurement cells, respectively (see Figure
6.5.2b which provides a definition sketch for these angles).

Figure 6.5.2a shows that the device is not perfect and that the angles
between emitter and receivers for each measurement cells vary according
to the considered receivers. To facilitate the correction phase, we choose
to impose the same angles for each receivers during our calculations. The
angles retained correspond to the average angles of all four receivers (angles
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α presented on Figure 6.5.2a).

(a) (b)

Figure 6.5.2: (a) Values of geometric angles between emitter and receiver for
each receivers and each measurement cells. α1, α2, α3 and α4 correspond to
angles between emitter and receiver 1, 2, 3, and 4, respectively. α corresponds
to the average angles. (b) Definition sketch for these angles.

Figure 6.5.3 shows the Vectrino II data after despiking, filtering and
Doppler noise correction in comparison with the despiked and filtered data.
The profile shape are now more consistent with the theory, in particular for
u′2 which after correction decreases along the water column. The noise for
v′2 does not seem to have been completely compensated.

6.6 Device rotation correction

It is very difficult, even in laboratory experiments, to set the Vectrino II in
perfect alignment with the flow. Rotation in the plan (u, v) may lead to
errors as well as rotation in the plan (u, w). These disorientation errors need
to be quantified. Koca et al. (2017) showed that if the device is rotated of
1◦, the turbulent kinetic energy profile and the Reynolds stress profile (u′w′)
vary of around 0.5 % and 4 %, respectively. Peltier et al. (2013) found that
a device rotation of 2.5◦ involve a variation of 14 % for the Reynolds stress
profile.
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Figure 6.5.3: Examples of velocity and turbulence profiles measured using the
Vectrino II. Data were obtained during the same experiment as in Figure
6.1.1 at 50 L/s (L-G-3). All data are despiked and filtered with the SNR
and correlation thresholds. In the legend, H&L denotes data corrected with
the Hurther and Lemmin (2001) method, R refers to data corrected of a
potential device rotation and NC are not corrected data. 1 and 2 refer to
the two vertical velocity profiles (or turbulent components) measured with
beams 1 and 3 and with beams 2 and 4, respectively. TKE is the turbulent
kinetic energy. Orange dashed line represents the bed level.

The rotation correction follows two steps. First, the data are corrected
from potential rotation in the plan (u, v). Then, they are corrected of a sec-
ond potential rotation in the plan (u, w). The rotation effect was estimated
by calculating two rotation angles with the assumption that the time-average
vertical velocity (w) and the transverse velocity (v) should be equal to zero
in average:

tan(θ(u,v)) = v

u
(6.11)

tan(θ(u,w)) = w

u
(6.12)
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where θ(u,v) and θ(u,w) are the rotation angles of the device in the plan (u, v)
and (u, w), respectively.

Same rotation angles are affected for all the data. Indeed, the device was
never moved during the thesis experiments. To minimize the effect of poten-
tial secondary currents, angles were calculated on the basis of spatially and
time-average velocity profiles. The spatially and time-average profiles were
obtained from 14 time-average individual profiles located along a channel
transect.

After the first rotation, new velocities, called temporary velocity (tmp),
are deduced:

utmp = u cos(θ(u,v)) + v sin(θ(u,v)) (6.13)

vtmp = −u sin(θ(u,v)) + v cos(θ(u,v)) (6.14)

wtmp = w (6.15)

The second rotation is performed and the corrected velocities are deduced
(urotated, vrotated, wrotated):

urotated = utmp cos(θ(u,w)) + wtmp sin(θ(u,w)) (6.16)

vrotated = vtmp (6.17)

wrotated = −utmp sin(θ(u,w)) + wtmp cos(θ(u,w)) (6.18)

Figure 6.5.3 present the Vectrino II data after despiking, filtering and rota-
tion correction in comparison with the despiked and filtered data. Due to
the rotation correction, the time-average vertical and transverse profiles now
approach zero in average. In addition, the correction has an effect on the
Reynolds stress profiles by diminishing its global intensity.

6.7 Signal decorrelation influence

According to our knowledge, no method exists for correcting the decorrelation
effect. It is still important to have it in mind when interpreting the results.
Decorrelation between beam signals is caused by a decreasing overlap between
beams (Figure 2.2.2). The maximum beam correlation is located at the sweet
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spot that is why it is the most reliable data point. Size of overlap zone
diminishes rapidly close to the probe and the bed. In this zone of decrease
in overlap, some particles might be seen by only one beam. This leads to
a loss in covariance between beam signals (Brand et al., 2016). Appendix
C shows how variances and different turbulent components are calculated
based on beam velocities. Regarding these calculations, one can see that
some variances are more affected by signal decorrelation than others. w′

1w
′
2,

u′w′
2, u′2, v′2, w′2

1 , w′2
2 are sensitive to the beam decorrelation because they

are calculated using covariances between different beam velocities. However,
u′w′

1 is not affected by this problem. In addition, we have seen that u′w′
1 was

not contaminated by Doppler noise. It might be the most reliable variance.
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Bed shear stress calculations

The bed shear stress τ is a key parameter for understanding sediment trans-
port and particularly bedload transport. It is often used to characterize the
sediment incipient motion via the Shields parameter. Various methods are
available to calculate or measure τ . Some of them are presented in the fol-
lowing section. In general, these methods are based on the determination of
the shear velocity, u∗ =

√
τ/ρ.

7.1 Methods

7.1.1 Depth-slope equation

The most commonly used method is based on a force balance between the
gravitational force and the friction force (Equation 7.1). This method is
known as the depth-slope method. It can be used only in uniform flows.
In that case, the estimated bed shear stress corresponds to a global reach-
averaged bed shear stress.

τ = ρgRhJ ≈ ρghIb (7.1)

where Rh is the hydraulic radius and J is the water slope.
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7.1.2 Logarithmic law method - log method

The logarithmic law method (log-method) is a local method based on the
analysis of the time-average longitudinal velocity profile and particularly its
logarithmic region. It consists in detecting and approximating the log-region
using the log-law (Equation 7.2).

u(z)
u∗ = 1

κ
ln

(
z

Z0

)
(7.2)

where u(z) is the time-averaged longitudinal velocity at the height z, κ = 0.41
is the Von Karman constant and Z0 is defined as the roughness length (the
height at which the time-averaged longitudinal velocity will be equal to zero,
if the logarithmic law would be applicable down to the bed).

From the fit of the profile with a log-law, the shear velocity and the
roughness height are deduced. Figure 7.1.1 illustrates the log-method and
its corresponding log-fit using velocity data of an experiment performed on
a loose bed.

The first difficulty of this method is to detect correctly the logarithmic
region within the profile. No universal way exists to determine its limits.
It is important to note that on a rough bed, the time-average longitudinal
velocity profile can be divided into two main layers: the inner and outer
layers. The inner layer is composed of a roughness layer located just above the
bed followed by a logarithmic layer. Several authors have made propositions
to define the roughness layer height ZR, so the beginning of the log-region;
many are related either to the bed sediment diameters (D), a characteristic
roughness length (Z0) or to the water depth (h): ZR = 50Z0 (Townsend,
1976), ZR = 5D (Raupach et al., 1991), ZR = 3D84 (Wilcock, 1996), ZR = σz

(Nikora and Goring, 2000) where σz is the standard deviation of the bed
elevations, ZR = 0.05h (Smart, 1999). Concerning the logarithmic layer end
(ZL), Katul et al. (2002) and Smart (1999) suggested that the logarithmic
layer ends at ZL < h/5 and ZL < h/2, respectively. The limits as defined by
Smart (1999) were used in our study (0.05h ≤ log-region ≤0.5h).

Another difficulty is related to the definition of the flow depth, so indi-
rectly to the determination of the bed level zbed. The flow depth is necessary
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to locate the log-region and approximate correctly our velocity data. The
definition of the flow depth is also very important when using the depth-slope
equation method. In our experiments, the bed is rough, the sediments can
be in motion and bedforms can appear; zbed is thus complicated to detect
and consequently h is also hard to estimate. As a first approach for zbed, we
choose to use the bed level detected by the Vectrino II.

Figure 7.1.1: Estimation of the bed shear stress using the log-method. These
data were obtained during the same experiment as in Figure 6.1.1 at 50 L/s
(L-G-3).

7.1.3 Reynolds stress method - Re method

Shear velocity can be determined using turbulent velocities profile (u′w′).
The total shear stress can be defined by the following equation:

τ = τt + τν = −ρu′w′ + μ
du

dz
(7.3)

where μ is the water dynamic viscosity.
It can be decomposed into a turbulent stress (τt) and a viscous stress (τν).
Far from the bed, the viscous shear stress can be neglected. It can also be
neglected closer to the bed in case of beds having rough boundaries. The
shear stress varies linearly and decreases along the water column. Close to
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the bed, the profile decreases rapidly reaching values close to zero at the bed
level.

This local method consist in extrapolating the Reynolds stress profile
(−u′w′) to the bed level in order to deduce u∗:

u∗2 ≈ −u′w′(z = zbed) (7.4)

As for the previous methods, the determination of the bed level zbed is essen-
tial to compute an accurate friction velocity. As a first estimation, we choose
to use the bed level detected by the Vectrino II. Figure 7.1.2 illustrates the
Re-method using data collected with the Vectrino II. In Section 6.5 and 6.7,
we see that the Reynolds stress profile u′w′

1 is not contaminated by noise nor
by signal decorrelation problems. The bed shear stress estimated using this
profile is probably the most reliable.

Figure 7.1.2: Estimation of the bed shear stress using the Re-method. These
data were obtained during the same experiment as in Figure 6.1.1 at 50 L/s
(L-G-3). In the legend, 1 and 2 refer to the Reynolds stress calculated with
w′

1 and with w′
2, respectively. The horizontal dashed yellow line corresponds

to the bed elevation.

7.1.4 Turbulent kinetic energy - TKE method

The turbulent kinetic energy profile (TKE) is increasingly used for estimating
the local bed shear stress (Kim et al., 2000; Biron et al., 2004; Pope et al.,
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2006; Wren et al., 2016). The TKE is defined as follows:

TKE = 1
2(u′2 + v′2 + w′2) (7.5)

where u′2, v′2 and w′2 are the velocity variances.

This method is empirical and largely used in oceanography. Simple rela-
tion between bed shear stress and the TKE were developed:

τ = ρCTKETKE (7.6)

where CTKE is an empirical constant value varying according to the studies
(CTKE=0.2 for Soulsby (1981), CTKE=0.19 for Stapleton and Huntley (1995)
(often used for gravel beds), and CTKE=0.21 for Kim et al. (2000)). In this
study, CTKE =0.2 was chosen for the calculations. These values of CTKE were
estimated for specific levels within the water column and specific hydraulic
conditions. Wren et al. (2016) do not confirm the constant proportionality
seen in Equation 7.6. They found that CTKE varies along the water column,
and according to the particle size, the bed roughness and the presence or not
of fine sediments within the bed. It is then important to keep in mind that
this method may not be adapted for our study.

Some studies suggest taking a single value of TKE for estimating bed
shear stress (for example, Biron et al. (2004) proposed to take the point at
approximately 0.1h). Because our measurements were not often reliable at
the same point, we choose to linearly extrapolate the TKE profile to the bed
level and take this value for the estimation of bed shear stress. The bed level
is the one detected by the Vectrino II.

Figure 7.1.3 illustrates the TKE-method using data collected with the
Vectrino II. The TKE profile is not affected by any device rotation. Indeed,
the TKE is nothing but a norm. However, all the velocity variances used
to calculate TKE are contamined by Doppler noise (see Section 6.5). This
might introduce errors in the estimation of the bed shear stress.
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Figure 7.1.3: Estimation of the bed shear stress using the TKE-method. These
data were obtained during the same experiment as in Figure 6.1.1 at 50 L/s
(L-G-3). The horizontal dashed yellow line corresponds to the bed elevation.

7.2 Sensitivity of the friction velocity estima-
tion to the bed position

Methods for friction velocity calculation are highly dependent on the chosen
bed location. The position of the bed level is often difficult to measure pre-
cisely, especially during sediment transport experiments. Sensitivity studies
are presented in Figure 7.2.1 for Re-method, in Figure 7.2.2 for TKE-method
and in Figure 7.2.3 for the log-method. Sensitivity tests were performed us-
ing velocity and turbulence profiles performed during a specific experiment,
where the topography around the velocity measurement was scanned. No
gravel movement was detected during the experiment, in that way the ex-
act position of the bed level was known. The bed location according to the
scanner is reported on the Figures 7.2.1, 7.2.2 and 7.2.3.

For the case of Re-method, an error in bed level estimation of around
+/- 5 mm leads to a maximum variation of +/-1.2 % for the bed shear stress
value (Figure 7.2.1). For the TKE-method, an error in bed level estimation of
around +/- 5 mm leads to a maximum variation of +/-3 % for the bed shear
stress value (Figure 7.2.2). These two methods have thus a small dependence
to the bed level position.
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Figure 7.2.1: Friction velocities computed with the Reynolds stress method as a
function of the chosen bed level location relative to the bed level estimated
with the scanner measurement.

Figure 7.2.2: Friction velocities computed with the TKE-method as a function
of the chosen bed level location relative to the bed level estimated with the
scanner measurement.

Page 93



7.3 Recommendations

Figure 7.2.3: Friction velocities computed with the log-method as a function
of the chosen bed level location relative to the bed level estimated with the
scanner measurement. Red filled circle indicates the friction velocity obtained
with a fictive bed level providing the best log-fit of the data.

This is not the case for the log-method. An error of 1 mm changes the
friction velocity value by about 5 % (Figure 7.2.3). For application of the
log-method, it is often advised to fit the experimental velocity data with the
method of least squares by varying the bed level position. A fictive bed level
that provides the best fit (best R2) is then evaluated. If we consider the
bed level equal to the fictive bed level, the bed shear stress value might vary
by about 79 % in comparison to the value calculated when considering the
bed level equal to the initial bed level measured by the laser-scanner. This
sensitivity study shows that the use of the log-method during experiments
on mobile beds remains questionable.

7.3 Recommendations

For the rest of the study, the bed shear stress estimated with the depth-slope
method is kept for the global scale approach and the one estimated with the
Re-method is chosen for the local scale approach. The global bed shear stress
includes the skin and form drag whereas the local bed shear stress describes
only the skin friction.

We recommend to use the Re-method because it is the less sensitive to
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the bed position and because the u′w′
1 profile is not contaminated by Doppler

noise, but just impacted by rotation effect due to measurement device mis-
alignment. We do not recommend the use of the log-method because of its
high sensitivity to the bed level position, although it is the only one able to
give estimate of the hydraulic roughness (ks = f(Z0)). The TKE-method
should not be used because the TKE profile is too affected by Doppler noise.

Furthermore, the Re-method is a local method based on physical bases
in contrast to the others. Indeed, the log-method is based on the assumption
that the velocity profile can be fitted with a log law and the TKE-method
is based on some empirical correlation between the TKE and the Reynold
stress values. The value of CTKE might not be constant or accurate for any
type of beds (Wren et al., 2016).
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Chapter 8

Gravel dynamics at the global
scale

This chapter focuses on the data resulting from the experiments of sediment
transport presented in Section 3 in Table 3.1. Only the global results are
presented here, i.e. the general results at the flume scale, with the aim
of determining the properties influencing the gravel dynamics at low bed
shear stresses and detecting the main parameters to take into account in
gravel transport models. To compare experimental results, we will refer
to a reference dimensionless bed shear stress characterizing condition of a
given low but measurable gravel transport. A phenomenological description
of the results is chosen to better apprehend processes governing the gravel
dynamics.

8.1 Literature review on transport of poorly
sorted sediments at low bed shear stresses

Few previous experimental studies have focused on the transport of poorly or
moderately sorted sediments. Some of them were dedicated to understand
the dynamics of unimodal and scattered GSD bed material under steady
flows, such as beds composed of poorly or moderately sorted gravel particles
(Hassan et al., 2006; Ancey et al., 2015). The main conclusion of these studies
was that the bedload dynamics reaches an equilibrium state after a temporal
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decline, if there was no coarse sediment feeding during the experiments. This
decline was linked to the development of a static armor layer on the bed
surface (Hassan and Church, 2000). The characteristics of the bed surface
changed during its development, such as the number of emerged particles
(Fenton and Abbott, 1977), the grain imbrication and compaction (Li and
Komar, 1986), the bed structures and bedforms (Laronne and Carson, 1976;
Brayshaw et al., 1983).

Bedload dynamics of unimodal beds during unsteady unidirectional flows
was also explored (Hassan et al., 2006; Mao, 2012; Guney et al., 2013). Bed-
load rate hysteresis was highlighted, reflecting changes in bed surface com-
plexity and organization during unsteady flows (Guney et al., 2013). All these
experimental studies agreed that the antecedent flow history and initial de-
gree of bed armoring are determinant for bedload rate prediction. These
experimental observations were consistent with in-situ observations (Reid
et al., 1985). Reid et al. (1985) noticed that in Turkey Brook River, for the
same hydraulic conditions, sediment transport rates differed from the rise to
the ebb of a flood. They showed that the bed shear stress for incipient motion
was up to three times higher than the one for cessation of movement. They
attributed this difference to the fact that the first mobilization of sediments
required destruction of pebble clusters present initially on the bed surface.
They thus associated these changes in critical bed shear stress for incipient
motion and in sediment mobility to a change in bed surface arrangement
during the flood. Depending on previous flows, the bed can become more or
less armored. Large and short floods can strongly reduce bed stability, thus
increasing sediment transport. Indeed, in that case, bed patterns or struc-
tures are broken, fine particles responsible of bed stability are preferentially
transported, and the bed becomes looser. However, if the bed is submitted
to a long period of medium floods, the bed stability will increase due to local
particle rearrangements, which in turns reduces the sediment mobility. This
field study raised the idea that it is important to take into account the bed
shear stress history of the river when predicting bedload transport (Monteith
and Pender, 2005; Ockelford and Haynes, 2013).

Other studies have examined the behaviour of bimodal beds, focusing on
the behaviour of a bed composed of a coarse matrix with the presence of
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fine sediments. It is now well-accepted that when fine sediments are present
into a coarse matrix, the mobility of the coarse sediments can change dras-
tically. Lots of studies investigated bed materials made of a sand and gravel
mixtures (Beschta and Jackson, 1979; Jackson and Beschta, 1984; Ikeda and
Iseya, 1988; Wilcock and McArdell, 1993; Wilcock et al., 2001; Wilcock and
Crowe, 2003; Curran and Wilcock, 2005; Curran, 2007; Hill et al., 2017).
Beschta and Jackson (1979) showed that by injecting finer particles (sand)
into a coarser matrix (gravel), the mobility of the coarser grain increased. Fol-
lowing their work, similar studies were performed under different conditions
and confirmed that the sand grains enhanced the coarser particle movements.
Curran (2007) showed that the gravel particles mobility increased with an
increase in sand supply, which was consistent with Ikeda and Iseya (1988) re-
sults. Wilcock et al. (2001) observed that the sand content has an important
non-linear effect on gravel bedload rate. They found that gravel transport
increased by orders of magnitude with 10 to 30 % of sand content present
on the bed surface. Following these observations, Wilcock and Crowe (2003)
developed a surface-base transport model for sand-gravel mixtures. Their
model incorporates a hiding function and takes into account the non-linear
effect of sand content present on the bed surface (Wilcock et al., 2001) by in-
cluding it in the computation of the dimensionless reference bed shear stress:

τ ∗
ref = 0.021 + 0.015e−20Fs (8.1)

where Fs is the sand content.
Hill et al. (2017) showed that when fine sediments disappeared from the bed
surface, the enhancement of the coarser grains was no longer apparent, even
if fine sediments were still present within the bed matrix.

Tests on the influence of small gravels on larger gravels revealed also that
their presence increased the coarser grain transport (Venditti et al., 2010).
Nowadays, stream restoration programs increasingly use the addition of finer
sediments into the river bed matrix in order to facilitate the coarse matrix
transport (Sklar et al., 2009; Koll et al., 2010), even if the response of such
fine sediment inputs is still not fully understood.

The general conclusion of all of these studies is that there is an undeniable
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effect of lubrication from the finer sediments. This lubrication effect was
often associated to a simple reduction in the overall bed grain size due to
the presence of sand (Wilcock et al., 2001). Other studies suggested that
the presence of fine sediments smoothed the bed surface, so reduced the bed
roughness and consequently the skin friction (Ikeda and Iseya, 1988). The
finer grains filling the bed surface interstices can also reduce the ability of
coarser grains in motion to come to rest (Hill et al., 2017), implying larger
travelling distance for the coarser grains.

Few laboratory and field studies explored the role of very fine sediments,
such as silt or clay on gravel transport in rivers (Jain and Kothyari, 2009;
Barzilai et al., 2013). Most of the previous investigations were carried to
characterize sediment transport in estuaries (i.e mixture of clay/silt/sand)
or in sewer systems (i.e. mixture of clay/silt/sand/gravel) (Mitchener and
Torfs, 1996; Sutter et al., 2000).

Jain and Kothyari (2009) observed that gravel transport decreases with
the increase in clay content. They noticed that large values of the clay per-
centage (Pc) and Unconfined Compressive Strength (UCS) of the sediment
bed (i.e. parameter that reflects the resistance of the bed to compression,
usually estimated using a soil mechanics test) significantly limit the bedload
rate. It is important to specify that during their experiments gravel particles
were in inter-contact.

Barzilai et al. (2013) realized a field study on the Nahal Eshtemoa river,
which had undergone strong bed composition changes in few years. They
observed that the value of bed shear stress necessary to put into motion
the coarse particles has doubled and that the bedload transport has reduced
following a large amount of silt and clay infiltration into the coarse matrix.
The reduction in bedload was probably due to this presence of very fine
sediments increasing the cohesion and consolidation of the bed matrix.

These laboratory and field observations are consistent with results found
on clay/silt/sand mixture in estuaries. Generally, this kind of mixture de-
pends on parameters such as clay type and percentage, water content in the
cohesive fraction, undrained shear strength, unconfined compressive strength
of the sediment mix and plasticity index. Clay or silt particles act as ce-
ment consolidating the bed material. Following these observations, Kothyari
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and Jain (2008) proposed a relationship for determining incipient motion of
cohesive sediment mixtures (τcc) based on bed material cohesion and clay
percentage:

τcc

τc

= 0.94(1 + Pc)3/2e−1/6(1 + 0.001UCS∗)9/20 (8.2)

where τc is the critical shear stress for the non cohesive sediment having
size equal to the arithmetic mean size of the cohesive sediment mixture, e

is the void ratio, Pc is the clay percentage, UCS∗ = UCS/((ρs − ρ)da) is
the dimensionless unconfined compressive strength and da is the arithmetic
mean size of the sediment mixture.

The understanding of the very fine and fine sediment influence on gravel
transport is still an up-to-date challenge in river hydraulics. Our experiments
were conducted on beds set to mimic mountain rivers, i.e. with diverse bed
arrangements and inhomogeneous vertical distributions of fine sediments (co-
hesive or not). Generally, the previous studied mixtures were man-made and
homogeneous as explained in Section 3.1. The presence of fine sediments in-
homogeneously distributed within the bed river might impact the transport
rate. Our experiments aim to examine the gravel movement of such beds.
First part of the gravel dynamics analysis at global scale will focus on the
influence of bed arrangement on bedload rate. Second part will present the
influence of fine sediments on bedload rate.

8.2 Dynamics over an unimodal gravel bed

This section relates the results concerning the unimodal beds, called loose (L-
G) and packed (P-G) beds according to their initial bed surface arrangement
(see Section 3.2 for the experiment nomenclature).

8.2.1 General results

Figure 8.2.1 presents an example of flow and sediment transport time series
during a couple of experiments. This example is representative of all other
experiments performed on loose and packed unimodal beds. For further
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(a) L-G-3

(b) P-G-3

Figure 8.2.1: Time variations of bedload (qs) and flow (Q) rates for the experi-
ment couple n◦ 3 (loose bed: L-G-3 and packed bed: P-G-3). Grid delimits
steady states from transitions zones. Black horizontal line corresponds to
the reference transport rate qs-ref. The left axis refers to the bedload rate
(orange) and the right axis refers to the water discharge (blue).
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details on these experiments, please refer to Appendix A. During the L-G
and P-G bed experiments, the bedload rate clearly increases and decreases
with the water discharge. Hydrographs were chosen to be similar from one
experiment to another (duration, magnitude and sequencing). The shape of
the bedload evolution for experiments conducted on a loose bed and on a
packed bed is similar with a single-peak shape. However, depending on the
initial state of the bed (loose or packed), the bedload intensity differs. In
addition, regarding a single experiment, differences between the rising and
falling limbs in terms of bedload rates can be perceived. For example, for
experiment L-G-3 (Figure 8.2.1a), the bedload rate is a little bit smaller
during the falling limb compared to the rising limb. These differences will
be analysed hereafter using another result representation.

Observing the results at the scale of hydrograph plateaus (see Figure 8.2.1
during steady states), one can evaluate a part of the temporal variability
of the bedload rate (Recking et al., 2012). Indeed, one can observe some
differences in the 5 min averaged bedload rates. The first bedload sample of
a plateau if often higher than the others. This might reflect the temporal
decline often observed in previous studies at constant discharge (Hassan et al.,
2006; Guney et al., 2013).

Figure 8.2.2 presents all the results obtained for unimodal beds. It shows
the dimensionless bedload rate q∗

s :

q∗
s = qs√

(s − 1)gD3
50

(8.3)

as a function of the dimensionless bed shear stress τ ∗:

τ ∗ = τ

(ρs − ρ)gD50
(8.4)

In this Section, the dimensionless bed shear stress corresponds to a total
dimensionless bed shear stress. τ ∗ calculated with the depth-slope equation
is generally the one determined in the field (Section 1.2.4).

For the sake of clarity, the bedload rates during the flow transitions are
not shown in Figure 8.2.2. The results related to rising and falling limbs
are separated in order to capture any possible differences in bedload evolu-
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(a) Rising limb (b) Falling limb

Figure 8.2.2: Evolution of the dimensionless bedload rate as a function of the
dimensionless bed shear stress for experiments performed on unimodal gravel
beds with different bed arrangements: (a) at the rising limb and (b) at the
falling limb. Green and grey shaded areas delimit data from experiments
conducted on loose beds to data from experiments conducted on packed
beds during the rising limb. These areas are reported on data at the falling
limb. The black horizontal line corresponds to the dimensionless reference
low transport rate q∗

s-ref = 2.2×10−4.

tion. Three or four q∗
s values are available for a given τ ∗ value (i.e. given

flow discharge). These values correspond to the three or four bedload sam-
ples collected during each steady plateau. Regarding the results, one can
see that a large scatter is present at very low bedload rates (i.e. different q∗

s

values for the same τ ∗ value), making difficult the comparison between exper-
iments. Indeed, at very low bed shear stresses, the bedload fluctuated sub-
stantially, making high-accuracy measurements delicate (Ancey et al., 2015).
That is why, we added on the figure a dimensionless reference transport rate
q∗

s-ref = 2.2×10−4 associated to a lower, accurate enough, measured bedload
rate qs-ref =1.325 g/m/s. Above this reference limit, the scatter is reduced
facilitating the result interpretation. The choice to set qs-ref =1.325 g/m/s
as the reference transport rate is discussed in Section 3.3. One should have
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in mind that qs-ref is seen in this study as a criterion for comparing our
experiments and not as the true incipient motion.

The difference observed between L-G beds and P-G beds is significant
during the rising limb. For a given q∗

s value, τ ∗ is globally lower for loose
beds than for packed beds. The reference dimensionless bed shear stress τ ∗

ref

(i.e. the dimensionless bed shear stress needed for generating the bedload
rate q∗

s-ref) for the packed bed can be from 5 % to 19 % higher than for the loose
bed (on average 12 %) if we compare two experiments of one couple during
the rising limb. If τ ∗

ref was chosen to be related to a lower qs-ref, the difference
between loose and packed would be more pronounced, but the relative trend
would be the same. Once again the τ ∗

ref is seen here as an indicator for exper-
iment comparison. Table 8.1 recaps the different dimensionless reference bed
shear stresses measured for each experiments conducted on unimodal beds.

Table 8.1: Dimensionless reference bed shear stress for each experiment con-
ducted on unimodal beds.

Experiment τ ∗
ref-R [-] τ ∗

ref-F [-] Experiment τ ∗
ref-R [-] τ ∗

ref-F [-]
L-G-1 0.068 0.069 P-G-1 0.072 0.072
L-G-2 0.058 0.064 P-G-2 0.070 0.068
L-G-3 0.065 0.067 P-G-3 0.073 0.073
L-G-4 / 0.070
L-G-5 / 0.064
L-G-6 / 0.067
L-G-7 0.064 0.070
τ ∗

ref [-] 0.064 0.067 τ ∗
ref [-] 0.072 0.071

Eτ∗
ref

[ %] 8.4 5.8 Eτ∗
ref

[ %] 2.4 3.8

τ∗
ref-R represents the dimensionless reference bed shear stress during the rising limb; τ∗

ref-F denotes the
dimensionless reference bed shear stress during the falling limb; τ∗

ref is the average of τ∗
ref-R or τ∗

ref-F for
each type of beds; E

τ∗
ref

is the maximum deviation in percent with respect to the average τ∗
ref according

to our experiments conducted on same bed types (E
τ∗

ref
= 100 × max

(
|τ∗

ref,i − τ∗
ref|

)
/τ∗

ref). τ∗
ref,i are the

different measured reference bed shear stresses for the same bed types.

We expected that all the data would collapse for one type of bed (either
L-G or P-G) since the same protocol was applied. However, significant dif-
ferences are observed for example between two L-G experiments (see L-G-1
and L-G-2), in particular in term of τ ∗

ref values (see Table 8.1). These differ-
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ences cannot all be explained by the measurement uncertainty and are more
pronounced for experiments performed on L-G beds during the rising limb.
This suggests that our experiments were not perfectly reproducible. We be-
lieve that the initial bed arrangement is the main cause for these differences.
Indeed, it was very difficult to reproduce the same initial loose gravel beds
in the flume. Some of them were probably looser than the others. The dif-
ference in bed arrangement was not visible by eyes but was detected using
the laser-scanner data. Values from Table 8.1 show that the deviation in
terms of τ ∗

ref for packed beds during the rising limb is significantly smaller.
It is thus easier to reproduce a packed bed (with the same kinds of arrange-
ment) than a loose bed. A method to classify our experiments between very
loose, loose, packed and very packed bed experiments is therefore needed in
order to compare them. We used the method presented in Section 5 and its
associated bed surface criteria.

Despite these differences, two main areas are distinguishable in Figure
8.2.2 during the rising limb. Data related to L-G bed experiments are
grouped together in the green shaded area of the (τ ∗, q∗

s) plot. Data re-
lated to P-G bed experiments are, on the other hand, grouped in the grey
shaded area, which corresponds to higher τ ∗ values for the same q∗

s . The
temporal variability detected in Figure 8.2.1 is also visible in Figure 8.2.2
where several values of q∗

s appear for the same τ ∗. The scatter due to the
temporal variability of bedload does not question these two distinct areas.
The intersection of these areas provides a location for data related to tests
on a slightly packed beds.

Differences between L-G and P-G beds are smaller during the falling
limb than during the rising limb. τ ∗

ref decreases for P-G bed experiments
whereas it increases for L-G bed experimentss. This will be discussed in the
Section 8.2.2. In addition, it seems that the data tend to gather in a single
area: the intersection area mentioned above. This behavior characterizes
hybrid beds (defined in Section 3.2). Somehow, the hydrograph seems to
reset previous shear stress histories, so that both hybrid beds resulting from
a loose or a packed bed present similar bedload dynamics and similar bed
surface arrangements.
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8.2.2 Hysteresis effect

Results show that bedload rates can vary differently on the rising and falling
limbs. Different transport rates can occur for the same hydraulic conditions
(or same bed shear stresses) between the rising and falling limbs. A hysteresis
effect can be easily observed on the graphs qs = f(Q) or q∗

s = f(τ ∗) (see
Figure 8.2.3).

Figure 8.2.3: Bedload hysteresis patterns for L-G-2 and P-G-2. The black hor-
izontal line corresponds to qs-ref. Black arrows indicate the direction of the
hysteresis loops. Bedload rates presented in this figure correspond to values
averaged over each steady plateau.

Different types of hysteresis loops have been described previously (Williams,
1989; Waters and Curran, 2015):

• the clockwise loop, when values of bedload rates are larger during the
rising limb than during the falling limb;

• the counterclockwise loop, when values of bedload rates are smaller
during the rising limb than during the falling limb;

• the single-line plus loop, when values of bedload rates differ only on a
part of the graph between the rising and falling limbs;

• the figure-8 loop, when values of bedload rates during the rising limb are
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8.2 Dynamics over an unimodal gravel bed

first larger then smaller (or smaller then larger) than the ones during
the falling limb.

Only clockwise bedload hysteresis patterns were observed for L-G bed
experiments. However, for P-G bed experiments, either no hysteresis or
counterclockwise bedload hysteresis patterns were observed. For example,
Figure 8.2.3 illustrates the two hysteresis patterns for L-G and P-G beds
of the experiment couple n◦ 2, namely a clockwise loop for L-G-2 and a
counterclockwise loop for P-G-2.

The hysteresis patterns seem to change according to the level of bed
arrangement. For the L-G beds, during the rising limb, gravels are easily
transported while re-arranging the bed and strengthening it. The bedload
rate is then lower during the falling limb. For the P-G beds, the opposite
is observed. The bed is initially packed and the gravel transport is initiated
for stronger bed shear stress values. If, during the rising limb, the bed shear
stress reaches sufficient values to break the grain structures and weaken the
bed surface, the transport can be easier during the falling limb. If not, the
gravel transport can be approximately the same during the falling limb and
the rising limb. With all these observations, one can see that there is a close
connexion between bedload rate and bed arrangement.

8.2.3 Impact of bed arrangement

Results of L-G and P-G bed experiments show that bedload rate depends
on the bed arrangement. But how can we quantify these effects of bed
arrangement? Which geometrical parameters impact the bedload rate? and
how? Is there any relation existing between τ ∗

ref and these parameters?
Bed arrangement can be characterized by geometrical parameters com-

puted from detailed topographic surveys (see Section 5). In Table 8.2, all
these parameters for each experiment performed on unimodal beds are re-
capped. Differences between L-G and P-G beds from one experiment couple
are noticeable. The geometrical grain roughness of the bed surface (σzg) is
smaller for P-G beds than for L-G beds, revealing a better bed surface parti-
cle imbrication and thus a smoother bed surface, except for the experiment
couple n◦2. This exception will also be seen at local scale (Section 9).
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8.2 Dynamics over an unimodal gravel bed

A decrease in bed surface roughness would lead to smaller flow resistance
(Smart et al., 2002; Aberle and Smart, 2003). The gravel transport should
thus be reduced for the P-G bed experiments in comparison to the ones on
L-G beds considering the same hydraulic conditions. This is consistent with
our results (Figure 8.2.2). Regarding the experiment couple n◦2, one can see
that the initial geometrical roughness of longitudinal and transverse bedforms
(σzl and σzt) are also particularly low for L-G-2. The L-G-2 bed is probably
better compacted and particularly flat. In that case, the friction energy is
not dissipated over bedforms leaving more energy to transport gravels. That
is why, bedload rate is higher for the L-G-2 bed compared to the P-G-2 bed,
even if the L-G-2 bed has a smaller geometrical grain roughness.

Figure 8.2.4 shows examples of bed elevation PDF measured on loose and
packed beds of an experiment couple. The analysis of this figure shows that
all skewness values are negative for loose beds (see Table 8.2), reflecting the
presence of holes on the bed surface. On the other hand, skewness values
are positive or close to zero for P-G beds, denoting an armoring process of
the bed surface (see Section 5.3.1 for more details). Indeed, holes previously
found in a L-G bed were filled by moving grains during the bed arrangement
phase, reducing the dispersion in bed elevations below the mean bed level.
P-G beds reflect a better grain imbrications. This can also be visualized
on DEM figures presented in Appendix B. No strong tendency is observed
concerning the Kurtosis value. All beds present a quite normal distribution
(close to Ku = 3).

Larger σzl and σzt values in the packed beds indicates a development of
bedforms that occurred probably during the arrangement phase. Bedforms
were not visible by eyes but present if we refer to the bed surface indicators.
Only preferential flow pathways could be visually identified.

No grain structure is present on the loose beds. Indeed, the structure
lengths are close to the grain size for loose beds (≈ D50). On the other hand,
for P-G beds, structures start to appear but their lengths do not exceed
2 × D50. If the GSD of the gravel was more scattered, the structures would
have been probably longer. The Hurst exponents (Hx and Hy) represent
the degree of bed surface complexity in the streamwise and cross-stream
directions. The lower the value is, the more complex the bed surface is.

Page 112



Chapter 8 Gravel dynamics at the global scale

(a) experiment couple n◦1 (b) experiment couple n◦2

(c) experiment couple n◦3

Figure 8.2.4: PDF of bed surface elevations of the three patch surveys measured
on the loose and packed bed of the experiment couples n◦ 1, 2 and 3.

Regarding the values in Table 8.2, one can conclude that packed beds are
more complex than loose beds.

The x0/y0, a/b and φ values indicates that gravels from loose beds present
no significant orientation (x0/y0 and a/b close to 1, and φ larger than 0), while
gravels from packed beds are clearly oriented in the flow direction (x0/y0

and a/b higher than 1, and φ approaching 0). Figure 5.3.5 illustrates these
grain orientations using the variogram contour plots of experiment couple
n◦ 2. The drag force for gravels orientated in the streamwise direction is in
average smaller than the drag force for randomly orientated gravels. It could
explain a part of the differences in the transport for L-G and P-G beds.

We have seen that results from loose and packed beds at the falling limb
(i.e. hybrid beds, see Figure 8.2.2) form a scattered data set among which
both beds cannot be distinguished. Topographic surveys of these hybrid
beds were also conducted and analysed. For all hybrid beds (resulting from
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8.2 Dynamics over an unimodal gravel bed

an experiment performed on a loose or a packed bed), the bed surface charac-
teristics were quite similar in terms of bed roughness, imbrication and grain
orientation (see Appendix B). This confirms that it is appropriate to use
the same nomenclature for all hybrid beds. However, the lengths of the bed
forms showed a significant scatter. It should be recalled that the total bed
shear stress τ can be broken down into a bed shear stress component due to
grain resistance, τ ′, and a bed shear stress component due to form resistance,
τ ′′. Sediment motion is generally attributed to the skin friction τ ′. To fur-
ther investigate the part of bed forms in the scatter of our data presented in
Figure 8.2.2, we estimated the skin friction to analyse the sediment transport
rate in our experiments.

Figure 8.2.5 shows q∗
s as a function of the dimensionless skin friction

τ ′∗
K , computed using Manning-Strickler equation and a Strickler coefficient

Kg = 21/D
1/6
50 ≈ 48.2 m1/3/s, which represents skin roughness assumed to be

identical for all experiments conducted on clean beds. The expression of τ ′
K

is thus deduced using the following equation :

τ ′
K = ρg

(
Q

WJKg

)3/5

J (8.5)

The same trend as in Figure 8.2.2 is replicated in Figure 8.2.5, namely two
areas with a different behavior can be observed during the rising limb versus
one area during the falling limb. The areas (green and gray shaded areas)
can nevertheless be redrawn and modified. Indeed, they appear smaller and
more distinguishable (see Figure 8.2.6). Assuming the same bed roughness
for all the clean beds during the falling limb seems reasonable considering the
analysis of the laser-scanner data. The scatter is reduced during the falling
and data are closer to a single curve. The analysis of the flow resistance
alone (τ ′ supposed equal to τ ′

K) seems to be sufficient to explain the bedload
dynamics during the falling limb. However, during the rising limb, differences
are still present between the beds, even ignoring the bed form effect on flow
resistance. Regarding the results, two points of discussion arise:

1. the flow resistance alone is not sufficient to explain the bedload behav-
ior. That way, one should take into account the effect of bed arrange-
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(a) Rising limb (b) Falling limb

Figure 8.2.5: Evolution of the dimensionless bedload rate as a function of the
dimensionless skin friction τ ′∗

K for experiments conducted on unimodal gravel
beds with different bed arrangements: (a) at the rising limb and (b) at the
falling limb. Green and grey shaded areas are the same as the one presented
in Figure 8.2.2. The black horizontal line corresponds to the dimensionless
reference low transport rate q∗

s-ref = 2.2×10−4.

ment on bed stability, for example by including in models a reference
shear stress value τ ∗

ref depending on flow history rather than a value of
τ ∗

ref that depends only on sediment grain size. Other parameters than
τ ∗

ref for assessing bed stability might be judicious, such as the slope of
the relationship q∗

s = f(τ ′
K), which is clearly different according to the

type of bed considered.

2. the flow resistance is the controlling parameter of the bedload dynamics
but is not properly estimated. τ ′

K is not a good estimate of τ ′. The
estimation of τ ′

K is probably mistaken, partly because of the hypothesis
of considering that beds have the same grain roughness (Kg) depending
on the GSD of the bed material.

One can wonder if the first or second or both points are valid. The analysis of
the laser scanner surveys supports the hypothesis of an incorrect estimation
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(a) Rising limb (b) Falling limb

Figure 8.2.6: Evolution of the dimensionless bedload rate as a function of the
dimensionless skin friction τ ′∗

K for experiments conducted on unimodal gravel
beds with different bed arrangements: (a) at the rising limb and (b) at the
falling limb. Green and grey shaded areas are redrawn in comparison to
Figure 8.2.5. The black horizontal line corresponds to the dimensionless
reference low transport rate q∗

s-ref = 2.2×10−4.

of τ ′∗ (point 2), but does not inform on the impact of bed arrangement on
bed stability. τ ′∗ can be estimated using local measurements of bed shear
stresses as it is presented in Section 9. In that case, τ ′∗ would be assumed
equal to the dimensionless bed shear stress measured at the local scale.

In the absence of further analysis, it is not possible to conclude if bedload
rate is impacted by bed arrangement because flow resistance or bed stability
or both depend on bed arrangement. For now, improving existing bedload
models requires assessing changes in both flow resistance and bed stability.
We suggest that bedload rate should depend on a reference dimensionless
bed shear stress τ ∗

ref and a hydraulic roughness ks that would be functions
of a combination of several bed surface parameters, such as grain roughness
(σzg), bedform roughnesses (σzl and σzt), bed armoring degree (SK), bed
structures (Hx, Hy, Δx0 and Δy0), and grain preferential orientation (x0/y0,
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a/b and φ):

τ ∗
ref = f

(
σzg, Sk, σzl, σzt, Δx0, Δy0,

a

b
, Φ, k

)
(8.6)

ks = f
(

σzg, Sk, σzl, σzt, Δx0, Δy0,
a

b
, Φ, k

)
(8.7)

The bed compaction between a packed bed and a loose bed is a priori
different but this parameter was not detectable using the scanner data. To
take into account the compaction, we suggest to include the bed porosity k

in the above equations but such parameter remains difficult to evaluate for
a large experiment (in-bed samples are necessary).

We were not able to exhaustively explain the link between qs and bed
arrangement parameters, nor to reduce the number of controlling parame-
ters. To achieve this, supplementary data are needed. Nevertheless, some
correlations between τ ∗

ref and bed surface indicators were highlighted (Figure
8.2.7). This could help to understand the impact of bed arrangement on
bedload transport.

Figure 8.2.7 shows that :

• τ ∗
ref increase is positively correlated with the decrease in geometrical

grain roughness (see Figure 8.2.7a);

• τ ∗
ref increase is positively correlated with the increases in bedform heights

and structure lengths (see Figure 8.2.7c, d, e and f);

• τ ∗
ref increase is positively correlated with the increase in bed armoring

degree (see Figure 8.2.7b);

• τ ∗
ref increase is positively correlated with the appearance of a preferential

grain orientation (see Figure 8.2.7g).

These correlations depend probably on the value chosen for τ ∗
ref. If τ ∗

ref was
lower, the trends might have been more detectable.
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8.3 Dynamics over an infiltrated bed

Figure 8.2.7: Relation between bed characteristic and its associated dimension-
less reference bed shear stress. Bed characteristics are either the grain rough-
ness (σzg), the PDF skewness (Sk), the longitudinal bedform roughness (σzl),
the transverse bedform roughness (σzt), the longitudinal structure length
(Δx0), the transverse structure length (Δx0), the parameters for grain pref-
erential orientation (a/b and Φ).

8.3 Dynamics over an infiltrated bed

This section relates the results concerning the bimodal beds, namely the
hybrid gravel beds infiltrated with sand (H-G/S), with fine sand (H-G/FS)
and with medium silt (H-G/Ms).

8.3.1 General results

Figures 8.3.1 and 8.3.2 show examples of flows and sediment transport evo-
lutions during a H-G/FS, H-G/Ms and H-G/S experiments. As for the L-G
and P-G beds (Figure 8.2.1), the bedload rates for H-G/FS and H-G/Ms
beds follow the water discharge with a single-peak shape. The bedload in-
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(a) H-G/FS-8

(b) H-G/Ms-5

Figure 8.3.1: Time variations of bedload (qs) and flow (Q) rates for H-G/FS-
8 and H-G/Ms-5 experiments. Grid delimits steady states from transitions
zones. Black horizontal line corresponds to the reference transport rate qs-ref.
The left axis refers to the bedload rate (orange) and the right axis refers to
the water discharge (blue).
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tensity seems to differ between the two types of experiments and between the
rising and falling limbs of the hydrograph. The shape of bedload evolution
for H-G/S appears to be different than the ones of the other beds, namely a
two-peak shape (Figure 8.3.2a). Considering the high transport rate during
this experiment, a duration of 8 minutes was chosen for the plateaus to pre-
vent from strong erosion. Two bedload samples of 4 minutes were collected
during each plateau. The first peak of high bedload rate occurred at very low
water discharge and was probably caused by the presence of a seal of sand.
The second peak appeared at a water discharge of around 60 L/s, similarly
to the increase in bedload observed for the L-G bed of the experiment couple
n◦ 7 (Figure 8.3.2b). Nevertheless, the bedload rate was six-time higher in
case of sand presence (Figure 8.3.2a).

Figure 8.3.3 shows all the results obtained on bimodal beds, revealing how
fine sediments affect the bedload rate. As in Figure 8.2.2, the dimensionless
bedload rate is represented as a function of the total dimensionless bed shear
stress. Rising limbs are still separated from falling limbs for clarity. Previous
areas defined for unimodal beds (Figure 8.2.2) are recalled in Figure 8.3.3 for
comparison.

Experiments on hybrid beds clogged with cohesive sediments (H-G/Ms
beds) gather in the area that previously corresponds to the P-G bed area
during the rising limb. In our experiments, clogging with cohesive fine sed-
iments has similar effects on bed mobility as gravel arrangement. Table 8.3
shows that τ ∗

ref was about 12 % higher for hybrid beds infiltrated with co-
hesive sediments compared to non-infiltrated beds. In addition, data from
H-G/Ms-6 have the same behaviour than the other data from H-G/Ms ex-
periments, even if the bed resulted from an initial P-G bed. The lack of
differences within hybrid beds is once again verified. During the falling limb,
data tend to join the L-G bed area, except for H-G/Ms-5. This exception
will be discussed later.

Bedload rates during the rising limb of experiment on H-G/FS bed were
similar to those observed during the falling limb for L-G beds (close to the
intersection area), indicating that FS has no influence on gravel dynamics.
Table 8.3 shows that τ ∗

ref for a H-G/FS is equal to the average of τ ∗
ref values for

loose beds, when looking at the rising limb. L-G and H-G/FS behave thus
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(a) H-G/S-7

(b) H-G-7

Figure 8.3.2: Time variations of bedload (qs) and flow (Q) rates for the exper-
iment couple n◦ 7: H-G/S-7 and L-G-7. Grid delimits steady states from
transitions zones. Black horizontal line corresponds to the reference trans-
port rate qs-ref. The left axis refers to the bedload rate (orange) and the right
axis refers to the water discharge (blue).
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similarly during the rising limb. However, during the falling limb, H-G/FS
bed behave differently. Data remained in the same area as during the rising
limb, but τ ∗

ref is smaller, indicating an influence of FS sediments on bedload
rate. The evolution of bedload follows a counter-clockwise loop, which was
not the case for L-G experiments.

(a) Rising limb (b) Falling limb

Figure 8.3.3: Evolution of the dimensionless bedload rate as a function of the
dimensionless bed shear stress for bimodal beds with different fine sediment
infiltration: (a) at the rising limb and (b) at the falling limb. Green and grey
shaded areas are the same as the one presented on Figure 8.2.2. The black
horizontal line corresponds to the dimensionless reference low transport rate
q∗

s-ref = 2.2×10−4.

For the gravel bed infiltrated with sand (H-G/S-7), the highly scattered
bedload rates make the results difficult to interpret. Figure 8.3.3 shows a
new area for the H-G/S experiment, with high bedload rates for τ ∗ values
being much lower than those for the other experiments. The gravel transport
rate is clearly enhanced in presence of a seal of sand. For this experiment, no
single dimensionless reference bed shear stress could be defined during the
rising and falling limbs.
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Table 8.3: Dimensionless reference bed shear stress for each experiment con-
ducted on bimodal beds, except for H-G/S-7.

Experiment τ ∗
ref-R [-] τ ∗

ref-F [-] Experiment τ ∗
ref-R [-] τ ∗

ref-F [-]
H-G/FS-8 0.064 0.058 H-G/Ms-5 0.071 0.073

H-G/Ms-9 0.072 0.067
H-G/Ms-6 0.070 0.069

τ∗
ref-R represents the dimensionless reference bed shear stress during the rising limb; τ∗

ref-F denotes the
dimensionless reference bed shear stress during the falling limb.

8.3.2 Hysteresis effect

Figure 8.3.4 illustrates the hysteresis patterns of the bimodal experiments.
For H-G/FS bed experiment, the bedload evolution draws a counter-clockwise
loop. The transport during the falling limb was thus easier than the one dur-
ing the rising limb. During the rising limb, bedload rates for H-G/FS bed
were similar to the ones for L-G beds suggesting that no fine sand influence
was present. During the experiment, fine sediments were rapidly washed
from the surface and progressively from the subsurface. The washed out
sediments were still present in the flow because recirculated with the wa-
ter. At the falling limb, FS reached a sufficient concentration within the
water column for gravels and fine sediments to interact. The flow was more
concentrated in very fine sediments, lubricating the bed.

Data from H-G/Ms tests follows counterclockwise hysteresis, meaning
that the transport of gravel is enhanced during the falling limb, except in
the H-G/Ms-5 test that shows a clockwise hysteresis. During the rising limb,
Ms is more difficult to wash out of the bed surface than FS because of its
cohesion. Gravel mobility is reduced due to the presence of cohesive Ms.
During the falling limb, the infiltrated bed was partially cleaned from Ms,
and then tends to behave like a clean H-G bed. The hysteresis patterns
seem to change according to the fine sediment residence time (Tr). This
residence time corresponds to the time during which the fines were present
in the drained gravel matrix before the beginning of the sediment transport
experiment (see Figure 3.2.2, the time between steps (3b) and (4)). The
longer this time is, the less erodible the bed material is. When the bed was
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Figure 8.3.4: Bedload hysteresis patterns for the different tests performed on
bimodal beds. The black horizontal line corresponds to qs-ref. Empty and
filled symbols represent bedload rates during the rising and falling limb,
respectively.

drained, the water content within the bed matrix decreased and the fine
sediments strongly consolidated. Clockwise hysteresis patterns was observed
for the experiment having the longest fine sediment residence time (12 days
for H-G/Ms-5 in comparison to 5 and 3 days for H-G/Ms-6 and H-G/Ms-9
tests, respectively). After removing fine sediments from the bed surface and
transporting some gravels of the first bed layer during the rising limb, the flow
in experiment H-G/Ms-5 encountered strongly consolidated fine sediments
located on the subsurface during the falling limb. It was easier to de-clog the
bed surface than the bed subsurface. This led to a reduction in bedload rate
during the falling limb. Based on the results, Tr appeared to be an important
parameter.

For H-G/S-7 experiment, no hysteresis loop was identifiable, reflecting
the complexity of this case.

8.3.3 Impact of geotechnical bed properties

H-G/FS and H-G/Ms beds are both infiltrated from the bottom-up with
fine sediments having similar grain sizes. However, the results show that the
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presence of fine sediments affected differently the gravel mobility. FS and Ms
sediments have actually opposite effects on bedload rates. In presence of Ms
sediment, the transport was reduced, whereas in presence of FS sediments,
the transport was enhanced. The size of the fines is therefore not the only
parameter to be considered when studying infiltrated beds. The geotechnical
properties of the gravel matrix can change depending on the type of infiltrated
fine sediments (Table 2.2). Bed permeability, consolidation and fine sediment
shape are also important parameters controlling qs.

Bed permeability k is mainly depends on the grain size and particle shape
of the coarse and fine particles. Previous studies have put forward the impact
of changes in bed permeability on hydraulic roughness (Manes et al., 2009;
Hamm et al., 2011). Hamm et al. (2011) measured bed shear stresses in open-
channel flows over permeable beds formed by glass beads (median diameter:
1.5 mm) or cobbles (diameters: 3 - 10 cm) and found them to be 1.5 to 2 times
higher than those for impermeable beds in equivalent hydraulic conditions.
This effect has been attributed to the momentum balance associated with
water exchange across the sediment-water interface (Manes et al., 2009).
This increase in bed shear stress facilitates sediment movement for permeable
beds. In permeable beds, the bed shear stress is distributed over a finite depth
instead of a surface as in an impermeable bed. The observation of the in-bed
water velocity profile suggests that this depth is limited to one or two grain
diameters and that most of the shear stress is applied on grains of the first bed
surface layer (Leonardson, 2010). In impermeable beds, the bed shear stress
acts predominantly on the upper part of the surface grain, whereas in the case
of permeable beds, it acts on the whole surface grain, therefore enhancing
grain motion. In our study, beds infiltrated with fine sediments from the
bottom-up have similar bed permeability (see the k parameter in Table 2.2),
which are much smaller than in the case of L-G beds. In addition, their
permeability Reynolds numbers (Rek smaller than 1) suggests that they can
be considered as impermeable beds (Breugem et al., 2006; Manes et al., 2009).
On the contrary, L-G beds are considered as permeable beds (high values
of Rek). Gravel mobility should be reduced on H-G/Ms and H-G/FS beds
compared to L-G beds. However, Figure 8.2.2 and Figure 8.3.3 show that this
was not always the case. If L-G beds (permeable) were put into motion with
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more ease than H-G/Ms beds (impermeable), the opposite behaviour was
observed between L-G beds (permeable) and H-G/FS bed (impermeable).
Therefore, other factors than bed permeability may also control the bedload
rate.

The decreased erodibility of a H-G/Ms bed can be attributed to a change
in bed stability due to the higher consolidation caused by the presence of
fine sediments (see Cu in Table 2.2) rather than a change in bed shear stress
profile due to bed permeability. The H-G/FS bed was not consolidated (Cu
= 0) compared to beds formed with Ms. The latter consolidates the gravel
matrix and prevents gravel from moving. It is important to recall that Cu, the
parameters characterizing the intensity of the consolidation, varies with the
water content within the bed. H-G/Ms beds with the longest fine sediment
residence time are the ones with the lowest bedload rate. This observation
is consistent with the assumption that the bedload rate decreases with the
increase in bed material consolidation. The longer the residence time, the
weakest is the water content of the bed material and thus, the more Cu

becomes significant.
The bedload rate difference between H-G/Ms and H-G/FS bed experi-

ments might also be linked to the shape of fine sediments. Several authors
have investigated the effect of grain shapes of coarse sediments on bed shear
stress (Li and Komar, 1986; Durafour et al., 2015). They found that par-
ticles with non-spherical shapes (flat, angular or elongated) have stronger
imbrication patterns than spherical particles. Li and Komar (1986) showed
that the bed shear stress required to put into motion non-spherical material
might be up to six times higher than the one for moving spherical parti-
cles. Durafour et al. (2015) observed that changes in bed shear stress were
controlled by changes in sediment circularity index (CI). Transposing these
findings for coarse particles to fine particles used in this study could explain
why H-G/FS beds were easier to move than H-G/Ms beds. Ms sediments
(CI = 0.75) contributed to consolidate the bed because of their shape, re-
ducing the sediment transport as opposed to spherical FS sediments (CI =
0.99). The significant dispersion of the GSD of Ms (Table 2.1) probably also
reduces the porosity and enhances the bed consolidation. In addition, the
increase in erodibility of H-G/FS bed may be attributed to a decrease in bed
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stability due to lubrication effect of the circular FS sediments washed out of
the gravel matrix.

8.3.4 Importance of fine sediment concentration

Tests showed that gravel transport increased in presence of cohesionless fine
sediments within the bed (fine sand and sand). This observation is consistent
with previous studies (Jackson and Beschta, 1984; Ikeda and Iseya, 1988;
Wilcock et al., 2001; Curran, 2007; Koll et al., 2010; Li et al., 2016). This
enhancement is often associated with a reduction of the mean grain diameter
characterizing the overall bed. This reduction depends directly on the fine
sediment concentration in the bed (Jackson and Beschta, 1984; Wilcock et al.,
2001; Hassan and Church, 2000).

In our case, the bedload rate was higher in the presence of sand than in
the presence of fine sand. Yet, the mean grain diameter of the bed was lower
for the H-G/FS bed than for the H-G/S bed. Therefore, previous indicators
might not be suitable for characterizing gravel transport with infiltrated beds.

In the H-G/FS experiment, gravel transport was not influenced by the
presence of fine sediments during the rising limb, whereas during the falling
limb it increased (Figure 8.3.3). Yet, we expect the GSD of the overall bed
surface to increase as part of the fines are washed out. The increase in
sediment transport might be explained by the fact that between the rising
and falling limbs, the fine sediment concentration within the flow increased
due to the re-suspension of fine particles. The concentration within the
transport layer was therefore higher (i.e. the concentration reached 1 g/L
during the falling limb). The transport layer is a thin layer at the bed
surface, where gravels are transported and where interactions between fine
and coarse sediments are present.

For H-G/S bed, the concentration in sand within the transport layer was
largely higher than for the H-G/FS bed entraining a higher bedload rates.
This is consistent with Wilcock and Crowe (2003) observations which predict
higher bedload rate when concentration of fine sediments reaches 30 %. Below
this reference value, the bedload is modified but with less intensity. This
could explain why gravels of H-G/FS bed were less transported than the
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ones of H-G/S bed. Fine sediment concentration within the transport for
H-G/FS was much lower than 30 %, but concentration was still sufficient
to affect the bedload rate. In addition, in case of H-G/FS experiment, the
fine sediments were circular, which enhances the lubrication of the gravel
particles in the transport layer. The shape of the fine sediments within the
transport layer could be also an important parameter controlling the gravel
dynamics. Regarding the results, we think that what matters for bedload
rate enhancement is the fine sediment content in the transport layer and not
in the bed as well as the shape of the fine sediments.

The content of fine sediments will depend on their transport mode: bed-
load (e.g. sand) or suspension (e.g. FS). Higher concentrations within the
transport layer are reached if fine sediments move as bedload (H-G/S bed
experiment) in comparison to when they are transported in suspension (H-
G/FS bed experiments). That is why, the gravel transport rate was higher
for the H-G/S bed experiment.

The H-G/S tests was also used to put forward the importance of consid-
ering the time-variation of fine sediment concentration within the transport
layer when studying gravel transport. Because gravel transport depends on
the fine sediment concentration, it is important to evaluate its temporal evo-
lution. Knowing fine sediment distribution within the bed (linked to the
type of infiltration) will help the prediction of the temporal evolution of the
volumetric fine sediment concentration within the transport layer (c∗

f -TL(t)).
The fine sediment distribution is linked to the type of infiltration so to the
ratio between coarse and fine particles (D15/d85). We suggest taking into
account c∗

f -TL(t) in new bedload predicting models.

8.4 Summary of the results and methodology
for bedload prediction

In this thesis, we proposed original experiments that enable to visualize and
understand the different mechanisms responsible for gravel movements, and
to estimate the reference bed shear stress in different bed configurations. Us-
ing all the experimental results, a diagram describing the phenomenological
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evolution of different beds responding to similar bed shear stresses is pre-
sented. Then, some recommendations were suggested to improve bedload
predictions. The proposed methodology is discussed and validate using an
in-situ experiment presented in Section 10.

8.4.1 Summary of the results

Figure 8.4.1 shows a schematic temporal evolution of different beds. Re-
sponse of various beds to a similar bed shear stress time series are plotted.
The diagram focuses on significant steps generating substantial changes in
the bed matrix characteristics and in the sediment transport rate. These key
steps are characterized by the times T0 to T5. In one line, an absence of box
means that no significant change occurred between the time considered and
the previous time. τ ∗

ref are represented with horizontal bold color lines and
plotted on the evolution graph (t, τ ∗) for each type of bed. The latter are
not quantitative values but are located on the (t, τ ∗) graph in order to be
compared qualitatively with each other. Each color is associated with one
specific bed (see colors of the box edges). τ ∗

ref-R corresponds to the dimension-
less bed shear stress for which the initiation of motion during the rising limb
was observed and τ ∗

ref-F corresponds to the dimensionless bed shear stress for
which the cessation of sediment motion was observed during the falling limb.
The bed arrangement and the degree of clogging described at T5 refers to
the final bed state Tf . These results in terms of reference bed shear stress
can be transposed in terms of reference water discharge at least for L-G and
P-G bed experiments (see the comparison between Figure 8.2.2 and Figure
8.2.5). The evolution is the same.

Loose and Packed beds (L-G and P-G)

Focusing on the red and black bed boxes in Figure 8.4.1, one can see that
a loose bed is put into motion (T2) before a packed bed (T3). Between
T2 and T5, the sediment transport rate for loose bed is higher than the
reference value. During this time lapse, the L-G bed packs and organizes
itself. The resulting bedload rate during the falling limb is lower than during
the rising limb for the same bed shear stress (clockwise hysteresis). The
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Figure 8.4.1: Description of the different bed evolutions during a hydrograph.
Each line in the upper part describes how a specific bed evolves during the
hydrograph schematized below. A color is attributed to each bed type (con-
tour of the box). Key times in this evolution are denoted T0 to T5 and
represented by shaded columns on both hydrograph and upper part of the
diagram. A missing box in the line means that no change occurred between
the time considered and the previous time. Horizontal color lines on the
hydrograph correspond to τ∗

ref-R and τ∗
ref-F for each bed type. Arrows inside

the boxes represent gravel transport. They are not scaled according to the
sediment transport intensity.
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opposite behavior is observed for the P-G bed (counterclockwise hysteresis),
meaning that the flow has probably started to break some grain arrangement
initially present on the bed surface (T3 - T4). The final states (T5) of both
beds tend to become similar as well as τ ∗

ref-F. A hybrid bed H-G is obtained.

Beds infiltrated with medium silt sediments (H-G/Ms)

The following description of the H-G/Ms behaviour is suitable for both hybrid
beds resulting from an initial loose bed or packed bed. At the beginning of the
rising limb (T0 - T1), gravel particles forming the H-G/Ms bed (green boxes)
are totally surrounded by fine consolidated sediments. The bed surface layer
of the matrix is first washed of its fine sediments (T2). At T3, gravel is
transported at the same τ ∗

ref-R as the P-G bed while fine sediments are still
washed of the bed. In our experiments, cementation and packed arrangement
have effects of similar magnitude on gravel transport. During the falling
limb, the bed behaves in the same way as a H-G bed. At T5, the H-G/Ms
bed surface tends to become similar to the H-G bed surface, as well as the
associated τ ∗

ref-F.

Beds infiltrated with fine sand sediments (H-G/FS)

The H-G/FS bed (purple boxes) evolves similarly to a H-G bed during the
rising limb, because the fine sediments are quasi-instantaneously (T1) washed
out of the bed surface. FS sediments are easily put in suspension because
they are non-cohesive and have a small Rouse number (Ro = ws/κu∗ ≈ 0.1).
As the dimensionless bed shear stress peak is reached, more and more FS
sediments are put into suspension, causing an increase in fine sediment con-
centration in the flow (T3). It is important to keep in mind that FS was
recirculated with water in our installation. This high concentration lubri-
cates the bed surface, enhancing the gravel transport (T3 - T4). The shape
of FS sediments is spherical (Figure 2.3.2), which may favor this lubrication.
During the falling limb, no strong organization is observed. The significant
gravel transport prevents from particle organization. If conditions of low
bedload rates were longer, grain organizations might appear. The final state
(Tf ) of the bed surface is significantly loosen with a reference bed shear stress
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τ ∗
ref-F lower than the other cases described above.

Beds infiltrated with sand sediments (H-G/S)

The bedload evolution for the H-G/S bed (yellow boxes) is marked by two
main stages. First, at low dimensionless bed shear stresses during the rising
limb (T1), the bed surface is highly concentrated in sand, which lubricates
and facilatates gravel particles rolling around their neighbours. The equal
mobility phenomenon was observed, meaning that gravel particles are trans-
ported as easily as sand (Parker et al., 1982). The highly concentrated sand
layer starts moving as bedload on the bed surface. The moving sand parti-
cles collide with gravel particles, destabilize them and finally entrain them.
As the sand layer is washed out of the bed surface, gravel transport rate
decreases. Although there was a sand feeding during this experiment, it
was not sufficient to maintain a large enough concentration at the surface
layer; consequently the gravel transport rate decreased. Once the bed shear
stress reaches the reference value (τ ∗

ref-R) found for the L-G beds, gravels are
transported significantly once again (T2). Even if the sand concentration
infiltrated into the bed is relatively low compared to what was on the bed
surface at the beginning of the experiment, it is still enough for increasing
drastically the gravel transport rate (T3 - T5). The intensity of this effect
may be attributed to the fact that both sediments (sand and gravel) are
transported as bedload.

8.4.2 Methodology/recommendations for bedload pre-
diction

Toward a new bedload model

The analysis of the summary of the experimental results enables to put for-
ward the important mechanisms governing the bedload rate. It gives clues
for starting to build a new sediment transport model.

Generally, two main difficulties appear when applying a bedload model.
The first difficulty is linked to the estimation of the efficient bed shear stress
for transporting sediment, and so of the hydraulic roughness ks to be used
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in the model. We have seen in Section 5.3 that ks was generally estimated
using a representative grain size of the bed material and that it might not
be the best parameter to use (Section 8.2.3). The second difficulty is re-
lated to the choice of the reference dimensionless bed shear stress that will
characterize the incipient motion (τ ∗

ref could be taken as equal to τ ∗
cr in some

studies). Throughout this study, we have seen that τ ∗
ref is highly subjected

to uncertainties and dependent on methodological procedures and initial ex-
perimental set-up conditions.

Besides the usual consideration of the grain size and grain density, pre-
vious authors identified several factors to take into account when predicting
bedload. For example, Wilcock et al. (2009) argued that bedload rate de-
pends on several variables describing the fluid, the sediment mixture and the
flow resistance. These variables are presented in Equation 8.8.

qs = f(τ, DG, Dmix, ρs, ρ, μ, fG) (8.8)

where DG is the representative diameter of the considered size fraction (in our
case the gravel fraction), Dmix is the representative diameter of the mixture
and fG is the proportion of the considered size fraction grains in the bed.

In this study, other impacting parameters linked to the bed topography
and presence of fine sediments were put forward. Concerning the bed topog-
raphy, we noticed that a change in bed surface arrangement could have strong
impact on the bedload rate. We also noted that a change in bed arrangement
could influence not only the flow resistance but also the bed stability. That is
why, we suggest taking into account the bed topography in future sediment
transport model. τ ∗

ref and ks depend thus on several indicators assessing for
bed surface organization as explained in Section 8.2.3.

We also focused on the presence of fine sediments, which impacts directly
the entire composition of the bed matrix. We showed that fine sediment
presence affects the geotechnical properties of the bed, and so may affect τ ∗

ref

and ks. For example, we observed that changes in bed permeability might
impact the flow resistance whereas changes in bed cohesion modify the bed
stability. That is why, we recommend including the bed permeability k and
the cohesion parameter Cu depending on the fine sediment residence time
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in future models. In our experiments, bed cohesion has a stronger influence
on bedload than differences in bed permeability. Each parameter must be
weighted differently in future models. We also propose to take into account
the particle shapes of the bed material which inform about the degree of
bed consolidation. The circularity index of fine (CI−f) and coarse (CI−c)
sediment composing the bed material can be retained as an indicator of bed
consolidation.

In addition, we saw that depending on the fine sediment concentration
within the transport layer, the gravel transport was modified. We suggest
adding c∗

f -TL in future models, which refers to the volumetric concentration
in fine sediments in the transport layer varying in time. To evaluate this
parameter, we pointed out that knowing the ratio between fine and coarse
sediments (D15/d85) was important. It helps to predict the type of infiltra-
tion (bottom-up or sealing) and consequently to predict the fine sediment
distribution within the matrix. During an episode of sediment transport,
the bed will erode and will face diverse fine sediment concentrations. The
bedload will be thus affected. We highlighted that fine sediments moving
as bedload are more efficient to lubricate gravels in comparison to those in
suspension. That is why, we also recommend to take into account the Rouse
number in models which informs about the capacity of a sediment to be put
in suspension. It defines the limit between bedload and suspension.

Using our results, a new dimensionless analysis is presented in Equation
8.9, qs should at least depend on the following variables:

q∗
s = f(τ ∗, τ ∗

ref) (8.9)

where τ ∗ depends on the flow velocity and ks and τ ∗
ref depends on bed ar-

rangement and fine sediment presence:
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where Φrad is the rotation angle of the chosen 2D structure function contour
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line in radian and C∗
u is the dimensionless bed cohesion:

C∗
u = Cu(Tr)

(ρs − ρ)gd50
(8.12)

Dimensionless analysis constitutes generally the preliminary step before
developing a model. Further step would be to collect more data in different
conditions to actually be able to develop a new model and reduce the number
of determining variables.

In Equations 8.10 and 8.11, c∗
f -TL depends mostly on the coarse/fine di-

ameter ratio (D15/d85) and on the Rouse number (Ro). To ensure the validity
of the dimensional analysis even when there is no cohesion within the bed,
1 + C∗

u was preferred instead of C∗
u. Based on our results, we assume that

ks, informing about the flow resistance and τ ∗
ref, informing about the bed

stability, depend on the same parameters. Our dataset was not sufficient
to reduce the list of determining variables. Nevertheless, based on our ob-
servations, some parameters seem to impact more the bed stability than
the bed mobility (flow resistance) and inversely. We think that the cohe-
sion/consolidation is more determining for the estimation of τ ∗

ref as well as
the fine and coarse particle shapes. For the calculation of ks, the impact of
the coarse particle shape might have been considered within the geometri-
cal roughness parameter σzg. k influences probably more the flow resistance
than the bed stability. In Equations 8.10 and 8.11, some variables might
be redundant as for instance bed arrangement parameters. Unfortunately,
we are missing data for confirming these assumptions and doing correlation
analyses between parameters.

Methodology to improve bedload prediction

As said before, we were not able to build an explicit bedload prediction model
using our experimental results. However, based on our experiments and on
previous studies (Wilcock and Crowe, 2003; Hassan et al., 2006; Jain and
Kothyari, 2009; Recking, 2009) we were able to develop a methodology for
improving bedload prediction in gravel-bed rivers.

The methodology is based on the adjustment of τ ∗
ref, which is a key pa-

rameter in bedload models, according to the bed arrangement and gravel
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matrix composition. It is described in the following and recapped in the Fig-
ure 8.4.2. It is important to note that this methodology typically depends on
the bedload model used for the prediction of bedload and more specifically
on the definition of τ ∗

ref in the model.
The methodology can be summarised as follows:

1. Estimate τ ∗
ref = τ ∗

ref1 as a function of the chosen bedload formula (e.g.
Meyer-Peter and Müller, 1948) and assume that it refers to the τ ∗

ref for
loose gravel beds. For example, if τ ∗

ref is assumed equal to the critical
dimensionless bed shear stress τ ∗

cr (Shields, 1936) in the formula, the
gravel GSD and existing diagrams or equations can be used to calculate
its value (Yalin and Karahan, 1979; Soulsby and Whitehouse, 1997).

2. Determine the characteristics of the studied gravel-bed: the level of bed
arrangement, the degree of clogging and the type of bed infiltration.

3. Adjust τ ∗
ref1 according to bed configuration:

• from 0 to +12 % according to the level of arrangement,

• from 0 to +12 % according to the level of consolidation,

• and from -40 to 0 % according to the concentration of non-cohesive
fine sediments in the transport layer.

These percentage values are given as an indication and are deduced
using our laboratory results (Table 8.1 and Table 8.3). They were
calculated using the percentage of difference of τ ∗

ref between experiments
from the same couple of experiments. An average is made for each type
of couples (loose versus packed and non infiltrated versus infiltrated
(with Ms, with FS or with S). The percentage of difference could slightly
increase if the arbitrary value for qs-ref was chosen smaller. However,
the trends (i.e. increasing or decreasing τ ∗

ref) remain the same.

4. Compute q∗
s using the new τ ∗

ref and the chosen bedload formula.

We do not claim that the above methodology provides quantitative val-
ues for τ ∗

ref. Even if the first estimate of τ ∗
ref is mistaken, the recommended

relative adjustment should still be valid and coherent. Further studies with
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different sediments (e.g. with a GSD more scattered, with more cohesive fine
sediments) and hydraulic conditions should be tested to validate the given
qualitative ranges of adjustments. The final bedload trends are in coherence
with those found in previous studies, namely a decrease in qs with strong
bed arrangement (Hassan et al., 2006; Guney et al., 2013) and in presence of
cohesive fine sediments (Jain and Kothyari, 2009; Barzilai et al., 2013) and
an increase in qs in presence of non-cohesive fine sediments (Wilcock and
Crowe, 2003; Curran and Wilcock, 2005). For now, the methodology can
be used to predict qualitatively the bedload behaviour, in case of arranged
beds and infiltrated beds (bottom-up, bridging, cohesive and non-cohesive
fine sediments). In Section 10 this methodology will be tested and verified.

 

Gravel 
bed 

Evaluation of the first estimate   

Bed characterization & adjustments of  

Bedload estimation 

Arrangement? 

Presence of infiltrated fine sediments? 

Cohesive? 

Seal? 

 

Yes 

No Yes 

 

)  

)  

Yes 
No 

No 

Yes No 

 

 

 

 between [0;12%] 
 between [0;12%] 
 between [-40%;0] 
 between [-9%;0] 

- Gravel size 
- Shields diagram 

- Adjusted  
- Bedload model 

Presence of infiltrated fine sediments? 

Cohesive? 

No Yes 

Seal? 

Yes No 

Yes 
No 

Figure 8.4.2: Methodology proposed to improve bedload prediction based on the
adjustments of τ∗

ref. xAr, xCu, xcf1 and xcf2 are the adjustments applied on
τ∗

ref according to the bed charaterization.
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8.5 Bedload rate estimation using existing mo-
dels

In this section, we evaluate some existing models for predicting bedload rate
in gravel-bed rivers. Results from these models are compared to our experi-
mental data in order to expose their limits and advantages.

8.5.1 One-state formulations

One-state formulations refer to models that characterize both the high and
low transport rates with a single relationship. Two different one-state for-
mulations were tested and compared to our experimental data:

• the Meyer-Peter and Müller (1948) formula (Equation 1.5), which is
one of the most used model in engineering,

• and the Camenen and Larson (2005) formula (Equation 1.7).

The Meyer-Peter and Müller (1948) formula is based on the excess of
shear stress needed to move grain. The Camenen and Larson (2005) formula
is based on the ratio between dimensionless bed shear stress and dimension-
less critical bed shear stress τ ∗

cr. For the two formulations, τ ∗
cr has to be

determined. This parameter is difficult to estimate and highly uncertain.
This uncertainty can lead to over or under-estimation of bedload rates.

Figure 8.5.1a and Figure 8.5.1b show the bedload rates estimated us-
ing the Meyer-Peter and Müller (1948) model and the Camenen and Larson
(2005) model for different τ ∗

cr, respectively. Our experimental data are su-
perimposed for comparison. The Meyer-Peter and Müller (1948) formulation
was not able to predict low bedload rates close to the incipient motion of
gravel (defined by τ ∗

cr). The Camenen and Larson (2005) formulation, that
was initially created to overcome this problem, largely over-estimated the
bedload rates. This over-estimation was observed for all the tested τ ∗

cr val-
ues. The model was able to reproduce some of our experimental results when
τ ∗

cr =0.09. This value of τ ∗
cr was nevertheless too high to be considered in

this study. Indeed, it was larger than the dimensionless bed shear stresses
generated by the flow during our laboratory experiments. In addition, only
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(a) Meyer-Peter and Müller (1948) (b) Camenen and Larson (2005)

Figure 8.5.1: Dimensionless bedload rate as a function of the dimensionless bed
shear stress τ ′∗

K ; results for loose and packed bed experiments. Red and black
colors represent data during the rising and falling limb, respectively. + sym-
bols show data related to experiments performed on loose beds. o symbols
show data related to experiments performed on packed beds. The black hor-
izontal line corresponds to q∗

s-ref = 2.2×10−4. The color solid lines represent
the model results (a) Meyer-Peter and Müller (1948) and b) Camenen and
Larson (2005)) according to the chosen τ∗

cr (τ∗
cr =0.047 for the blue line,

τ∗
cr =0.06 for the orange line, τ∗

cr =0.075 for the magenta line, and τ∗
cr =0.09

for the cyan line.

the results over loose beds were approached with this parametrization. The
loose bed case is not representative of natural rivers. These formulations
are thus not adapted for complex gravel-bed rivers, in particular with bed
arrangements.

Looking at Figure 8.5.1a and Figure 8.5.1b, one can see that the variation
of τ ∗

cr does not improve the bedload rate predictions. This suggests that the
estimation of τ ∗

cr is not the only point to focus on and that formulations need
to be reviewed and improved as a whole. One-state formulations as those
presented in this part cannot well predict both the high and low bedload
rates. In this case, high bedload rates were efficiently predict at the expense
of low bedload rates. Thus, the use of one-state formulas appears not adapted
for such study and the methodology proposed in Section 8.4.2 did not seem
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to be appropriate in that case.

8.5.2 Two-state formulations

To be able to predict both the high and low bedload rate, two-state for-
mulations have been developed (Wilcock and Crowe, 2003; Recking, 2010).
These formulations differentiate a state, which describes the high bedload
rates, from another state, which characterizes the beginning of motion and
low transport. These two states are governed by two different physics. For
example, low bedload rates are highly influenced by a change in geometrical
bed roughness, a change in bed porosity or a change in bed surface grain
imbrication in contrast to high bedload rates.

The formulation of Recking (2010) was tested and compared to our ex-
perimental results:

For τ ∗/τ ∗
cr < 2.3I0.08

b :

q∗
s = 0.00005

(
τ ∗

τ ∗
cr

)12.9

(8.13)

For τ ∗/τ ∗
cr > 2.3I0.08

b :
q∗

s = 14τ ∗2.45 (8.14)

Figure 8.5.2 shows q∗
s as function of τ ∗ and the results obtained with the

Recking (2010) model. In our experiments, the condition τ ∗/τ ∗
cr < 2.3I0.08

b

was always fulfilled; so Equation 8.13 was used. As for the previous equations,
τ ∗

cr needs to be estimated. The same values as in Section 8.5.1 were used as
well as τ ∗

cr =0.055, which gives more accurate results. The predictions of
bedload rates were better when using the Recking (2010) model than when
using the previous one-state formulations. The τ ∗

cr value that gave the best
results was in the range of dimensionless bed shear stresses used during our
experiments. The model properly approached the results obtained on the
loose beds. However, the relationship q∗

s = f(τ ′∗
K) for the results obtained on

packed beds was still not well reproduced.
As for one-state formulations, the adjustment of τ ∗

cr according to the bed
arrangement level (loose or packed) is not sufficient for improving the bed-
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Figure 8.5.2: Dimensionless bedload rate as a function of the dimensionless bed
shear stress τ ′∗

K ; results for loose and packed bed experiments. Red and black
colors represent data during the rising and falling limb, respectively. + sym-
bols show data related to experiments performed on loose beds. o symbols
show data related to experiments performed on packed beds. The black hor-
izontal line corresponds to q∗

s-ref = 2.2×10−4. The color solid lines represent
the model results (Recking, 2010) according to the chosen τ∗

cr (τ∗
cr =0.047

for the blue line, τ∗
cr =0.055 for the green line, τ∗

cr =0.06 for the orange line,
τ∗

cr =0.075 for the magenta line, and τ∗
cr =0.09 for the cyan line.

load prediction. Indeed, the slopes of the q∗
s = f(τ ′∗

K) relationships for loose
and packed bed results are different and this difference cannot be overrid-
den with only a variation of τ ∗

cr. Once again, the methodology presented in
Section 8.4.2 is questioned for these cases. For the results obtained during
experiments performed on infiltrated hybrid beds, it seems that the adjust-
ment of τ ∗

cr is more relevant. Indeed, in that case, the curves do not merge at
high bed shear stresses. The slopes of the q∗

s = f(τ ′∗
K) relationships for non

infiltrated and infiltrated hybrid beds are similar. The method is thus still
of interest for such cases.

Two-state formulation improves the bedload rate prediction for loose beds
at low bed shear stresses. However, such formulations still need to be re-
viewed by adding another parameter than τ ∗ and τ ∗

cr that will take into
account the effect of bed arrangement and presence of fine sediments on bed-
load rate. Indeed, the unique adjustment of τ ∗

cr was found to be insufficient
in case of arranged beds.
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Chapter 9

Hydrodynamics at the local
scale

The bed dynamics in our experiments was presented at the global scale in
the previous chapter. We will now focus on the characterization of the local
hydrodynamics of the different studied beds. The water-sediment interface
is investigated here because it corresponds to the zone where solid transport
is controlled and where turbulence is generated. Most of the momentum and
mass exchanges (nutriment, sediment and pollutant) take place around this
zone. In this chapter, the relation between flow and bed characteristics will be
studied, with a focus on the impact of bed configuration on flow structures.
The changes in hydrodynamics according to the initial bed configuration
will be analysed by comparing flow resistance indicators such as the friction
velocity and then examining the changes in flow structure and turbulence in
the water column.

9.1 Identification of the spatial variability

A measurement at the local scale is very complex and difficult to interpret
because of the spatial variability of the hydrodynamics on rough beds. Gen-
erally, a double-averaging of velocity measurements is made to overcome this
variability (Nikora et al., 2001). A specific experiment was performed in
order to highlight and quantify it. A loose bed was installed manually in
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the flume. The slope was set at 0.3 %. The bed was then subjected to a
small constant water discharge (Q ≈ 40 L/s) during several hours. No gravel
motion was detected. Twenty-five velocity measurements were conducted on
a specific small zone using the Vectrino II device. Measurement points were
distributed along a mesh of 5×5 cm. Before the beginning of the experiment,
this zone was surveyed in order to obtain a detailed topography. Figure 9.1.1
shows the measurement locations as well as the nearby topography. The ve-
locity measurements were realized upstream from a bump located between
x = 8.5 and x = 8.7 m.

Figure 9.1.1: Locations of the 25 velocity measurements and nearby initial to-
pography.

9.1.1 Impact of the bed spatial variability on friction
velocity

Using the measured velocity profiles, friction velocities were calculated at
each point (Figure 9.1.2). Three methods were tested (see Section 7.1): the
log-method (u∗

Log), the Reynold stress method (u∗
Re), and the TKE method

(u∗
T KE). The corresponding results are presented in 3 different plots (a, b

and c, respectively) on which the topography was added on the background.
Colored dots represent the intensity of the friction velocities.

We can first note that the variability depends on the method that we
consider. This observation is confirmed when looking at Figure 9.1.3 which is
in fact another representation of the spatial variability of the friction velocity
according to the three different local methods. The strongest variability is
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(a) log-method (b) Re-method

(c) TKE-method

Figure 9.1.2: Friction velocity (colored dots) computed with three different
methods ((a) log-method, (b) Re-method and (c) TKE-method) according
to their spatial positions. The bed topography around the velocity measure-
ment area is represented in grey scale.

observed for the friction velocities computed with the log-method (Figure
9.1.3). This variability is probably not due to topographical variations but
linked to the difficulty of friction velocity estimation using the log-method.
Indeed, the variability is of the order of the log-method uncertainty. In that
case, u∗

Log can vary up to ±0.01 m/s relative to the average value.

Friction velocities calculated with the Re-method as well as the one cal-
culated with the TKE-method seem to be more homogeneous over the mea-
surement area (Figure 9.1.2b and Figure 9.1.2c). As we saw in Section 7,
these two methods and particularly the Re-method are less subjected to un-
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Figure 9.1.3: Box plots illustrating the spatial variations of the friction veloc-
ity computed according to the three different local methods. Values are
compared with the global friction velocity calculated using the depth-slope
method.

certainties. u∗
Re and u∗

T KE values vary up to ± 0.003 m/s and ± 0.004 m/s
relative to their average value, respectively (Figure 9.1.3). The Re-method
is less impacted by the spatial variability. In the rest of the study, the u∗

Re

will be retained as a reference flow resistance indicator for local analysis (see
Section 7.3), although these values seem to differ strongly from the global
reference values obtained with the depth-slope equation, u∗

DS (around 15 %
smaller, see Figure 9.1.3).

Despite the differences between the 3 methods, we can notice that friction
velocity is more intense in line 5 (measurement points from 21 to 25) and in
the upper right corner (measurement point: 5). All these points are located
on a trough. This observation makes us think that the nearby topography
impacts the velocity profiles and so the friction velocity. In our experiment,
the changes in bed topography were small. Nevertheless, we tried to relate
the friction velocity intensity with local topographical parameters, such as
the nearby roughness (standard deviation of the PDF of bed elevations), the
nearby degree of armoring (skewness of the PDF of bed elevations) and the
nearby mean bed level. These parameters were computed on different area
sizes that could potentially influence the measurement. Areas were either
centered around a single measurement point, or located just upstream or
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downstream (Figure 9.1.4). In that way, we expected to determine which of
the upstream or the downstream topography influence the most the hydro-
dynamics. Lengths (LA) and widths (lA) of the areas were defined according
to the median grain size, D50. The sizes of the explored areas varied from 1
to 12×D50.

Figure 9.1.4: Definition of the areas that could influence the measurements of
the hydrodynamics (centered around the measurement point or placed at the
upstream or the downstream of the point).

For each area size (LA, lA), topographical parameters were calculated and
plotted against the associated friction velocity. The relationship between to-
pographical parameters and friction velocity was assumed linear and was
evaluated by calculating the coefficient of determination R2 of the fit. R2

close to 1 means that a linear relationship might exist between the two vari-
ables, whereas R2 close to 0 indicates no correlation exists. Figure 9.1.5
shows an example of a comparison between local friction velocities and their
associated topographical parameters (here, the armoring degree) computed
over an area of (8×D50, 2×D50). The area of (8×D50, 2×D50) is not partic-
ular but presented here as an example. Regarding this figure, a relationship
between these parameters seems to be present and is confirmed by the linear
fit (R2 ≈0.5). In that case, the R2 is not really significant, but we will see
that is one of the highest value we obtained (Figure 9.1.6)

Figure 9.1.6 shows R2 obtained for different area sizes and by fitting a lin-
ear law between friction velocity and topographical parameters. In that case,
areas were centered around the measurement point. Only the results with
the Reynold stress method are presented here. No relationship was detected
between u∗

Re and the bed surface parameters. Same conclusions were made
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Figure 9.1.5: Local friction velocities, u∗
Re−local, in function of the armoring

degree computed using the topography around each measurement points,
Sk−local. The armoring degrees were calculated using bed elevations of areas
of 2×D50 long and 8×D50 wide centered around each velocity measurements.
u∗

Re−zone and Sk−zone are average values computed over the entire measure-
ment zone.

when comparing bed surface parameters with u∗
Log or u∗

T KE. In addition, if
we considered areas located upstream or downstream the measurement point,
the trend remains the same. We were not able to find the area that influences
the most the measurements. The chosen bed surface parameters might not
be the most appropriate for this analysis or maybe, the linear hypothesis of
a relationship was too strict. However, the absence of relationship is coher-
ent with global results exposed in Section 8.2.3, where it was presented that
no relationship exists between a single bed surface parameter and the bed
shear stress. It was shown that the bed shear stress (or the friction velocity)
depends on a combination of several bed surface indicators.

9.1.2 Impact of the bed spatial variability on velocity
and turbulent profiles

The impact of local changes in bed surface topography on local flow structures
will now be evaluated. The different longitudinal velocity profiles and the
Reynold stress profile (−u′w′

1) measured on column 4 (i.e. points 4, 9, 14, 19
and 24 in Figure 9.1.1) are presented in Figure 9.1.7. The bed levels measured
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(a) relation u∗
Re/roughness (b) relation u∗

Re/mean bed elevation

(c) relation u∗
Re/armoring degree

Figure 9.1.6: Relationship between friction velocity and bed surface parameters
of the influencing area (roughness, mean bed elevation and degree of armor-
ing).

with the scanner around the measurement points are added on these figures
to better apprehend the impact of the bed topography on the flow structure.
The spatial variability of the profiles is also presented in Figure 9.1.8, which
presents local velocity profiles (Figure 9.1.8a) and Reynolds stress profiles
(Figure 9.1.8b) for the 25 locations in comparison to the spatially average
velocity and turbulent profiles, respectively. The spatially average velocity
and turbulent profiles were added on Figure 9.1.7 for comparison with local
profiles (black profiles).

According to the locations of the measurement, the velocity and turbu-
lence profile shapes vary significantly, particularly close to abrupt variations
in bed elevations (see, yellow and cyan profiles). This is more visible for the
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(a) Longitudinal velocity profiles

(b) Reynolds stress profiles

Figure 9.1.7: Longitudinal velocity profiles and Reynolds stress profiles of mea-
surement points located in column 4. Gray solid lines represent the bed level
profiles measured using the scanner at ±3 mm around the measurements
points. This zone of ±3 mm is close to the sampling volume of the ADV
device. Black solid line corresponds to the average bed level profiles which
is the average of all gray solid lines. Black arrows represent the spatially
average profile. Colored arrows refer to local profiles.
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Reynolds stress profiles (9.1.7b).

(a) Longitudinal velocities profiles (b) Reynold stress profiles

Figure 9.1.8: Variation of the longitudinal velocity profiles and Reynolds stress
profiles relative to their spatially averaged profiles.

Figure 9.1.9 presents the friction velocity values calculated using the local
profiles as a function of the friction velocity values calculated using the spa-
tially average profile. To obtain the local friction velocity values, the upper
part of the local Reynolds stress profiles were fitted up to their associated
local bed levels (i.e. bed levels where the local measurements were made).
The other friction velocity values were calculated using the spatially average
Reynolds stress profile instead of the local profiles. The average Reynolds
stress profile was fitted up to each bed elevations where the local measure-
ments were made. That way, several friction velocities from spatially average
profile were obtained. Then, the friction velocity obtained with local profiles
is compared with the one obtained with the spatially averaged profile. This
way, we show that the variation of u∗ is mainly linked to a change in flow
structure (shape of the profile) and depends little on the bed elevation. The
results show that the profile shapes can change strongly from the spatially
averaged profile to the point where local values of u∗ can vary up to ± 10 %
in comparison to u∗ values obtained from the spatially average profile.
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Figure 9.1.9: Friction velocities calculated with the local Reynolds stress profiles
as a function of friction velocities calculated at the same point but with the
spatially averaged Reynolds stress profile.

9.1.3 Impact of the bed spatial variability on sediment
transport experiments

During our sediment transport experiments performed on unimodal and bi-
modal beds, only two velocity measurements per steady hydrograph plateaus
were possible. No accurate spatial average can be made with only two points.
In that case, we need to have in mind that bed spatial variability can affect
the flow structure when analysing our results.

Figure 9.1.10 shows a comparison between the friction velocity values
obtained using the global method (depth-slope method), u∗

DS, and the ones
obtained using the three local methods for all our sediment transport exper-
iments (L-G, P-G and H-G/Ms experiments). Most of the time, the local
friction velocity differs from the global friction velocity. These differences in-
form about the spatial variability of the bed and probably about the intrinsic
uncertainty of the methods.

The values of u∗
Re and u∗

T KE are underestimated in comparison to the
global values. u∗

Log is sometimes overestimated or underestimated in com-
parison to the global value. Because u∗

Log are highly dependent on the mea-
surement method and subjected to large uncertainties, we will not consider
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these when analysing local processes responsible to sediment motion. We
will focus on u∗

Re values which are the less impacted in terms of measure-
ment method uncertainty and of spatial variability. The difference between
u∗

Re and u∗
DS is not more than −20 % whereas the difference between u∗

T KE

and u∗
DS is of around −35 %. We assume that u∗

DS values take into account all
the spatial variability (structure, bedforms, grain orientation, etc.), because
were calculated using longitudinally averaged values. u∗

DS can be assimilated
to the total friction velocities. In our case, the local measurements do not
take into account the friction induced by structures or bedforms, but just the
local grain friction or the friction induced by the nearby bed arrangement.
That is why the friction velocities calculated with Re-method are lower than
the global friction velocities.

Figure 9.1.10: Comparison between local and global friction velocities calculated
during all our sediment transport experiments. (Solid line represents the
perfect agreement between local and global measurements. Dashed and
dotted line represent a variation of ±20 % or ±35 % from the perfect agree-
ment, respectively.)
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9.2 Local dynamics of unimodal beds

9.2.1 Impact of bed arrangement on friction velocity

Figure 9.2.1 compares the global and local friction velocities for the entire
sediment transport experiments performed on unimodal beds. Data pre-
sented here are the ones collected during the rising limbs of the hydrographs
in order to focus on the impact of bed arrangement on the friction velocity.
The ratio between local and global values seems to be generally lower for
the packed beds than for the loose beds. In average, u∗

Re/u∗
DS is equal to

0.89±0.10 and 0.92±0.10 for packed and loose beds, respectively.

Figure 9.2.1: Comparison between local (u∗
Re) and global calculated friction ve-

locities (u∗
DS) for all sediment transport experiments conducted on unimodal

bed. Distinction between experiments performed on loose (L-G beds) and
packed (P-G-beds) is made. Solid line represents the perfect agreement be-
tween local and global measurements. Error bars represent the uncertainty
linked to the spatial variability discussed in Section 9.1.1.

This ratio might be assimilated to an efficiency coefficient quantifying the
friction force repartition. In other words, this ratio quantifies the part of the
friction force due to the grains and the one due to the bedforms or bed irreg-
ularities. In the experiments conducted on packed bed, the part associated
to the bedform friction seems higher. If we consider that the grain friction is
the one responsible for sediment transport, one can conclude that the trans-
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port should be reduced in experiments on packed bed in comparison to loose
bed experiments conducted for a same global friction force. Indeed, a part of
the global friction force is dissipated through the bedforms, leaving less force
to move the grains. This is coherent with results presented at global scale
in Figure 8.2.2. Values of u∗

local that are higher than u∗
DS might correspond

to measurements made on an area where the flow is locally accelerated due
to the presence of preferential pathways (Francalanci et al., 2012). Some
values of u∗

local are also probably mistaken due to the uncertainty of the local
measurements.

Observations made in Section 8.2 questionned about the impact of the
flow itself and bed stability on the sediment transport. Either the bedload
transport rate is controlled by the local flow friction only, as it is commonly
assumed, or the bed arrangement directly controls the bedload rate by chang-
ing the bed stability. Do two beds having two different bed arrangements
and subjected to two different flows (Q1 	= Q2) in order to obtain the same
local friction velocity (u∗

1 = u∗
2) produce the same bedload rate? If they

do (qs1 = qs2), it would mean that only the flow (through friction velocity)
controls bedload rate. In that case, bed arrangement has just an influence
on the flow resistance and not directly on the transport rate. If qs1 	= qs2, it
would mean that bed stability has a direct influence on sediment transport
rate.

Figure 9.2.2 shows the local dimensionless bed shear stress (τ ′∗
l ) as a func-

tion of the dimensionless sediment transport for all experiments conducted on
unimodal beds (L-G and P-G beds). τ ′∗

l is deduced from the determination
of the Reynold stress shear velocity. To build this Figure, the three mea-
surements of transport rates per hydrograph plateaus were averaged as well
as the two local friction velocity measurements. τ ′∗

l is assumed to be equal
of the dimensionless skin friction that is responsible for the gravel transport.
We believe that the skin friction approximation made using local measure-
ments is better than the one estimated with the classical Strickler friction
coefficient Kg presented in Section 8.2.3 (τ ′∗

K). Despite the large scatter in the
graph, it seems that the same bed shear stress is needed to produce similar
transport rate whether we are on a packed or a loose bed. The relationship
q∗

s = f(τ ′∗
l ) is similar. This suggests that the gravel dynamic is controlled
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by the skin friction only (flow resistance) and that the bed stability plays
a minor role. Based on the results at local scale, it is advised to improve
the determination of the flow resistance to improve the bedload prediction
rather than the estimation of the bed stability. Bed arrangement has only an
influence on the flow structure. The decrease in local friction velocity may
be linked to a smoothing of the bed surface due to a better grain imbrication
in case of experiments on P-G beds.

Figure 9.2.2: Comparison between dimensionless transport rate and dimension-
less local friction velocities (τ ′∗

l ) obtained for all sediment transport exper-
iments conducted on unimodal beds. Red and black colors represent data
during the rising and falling limb, respectively. + symbols show data related
to experiments performed on loose beds. o symbols show data related to ex-
periments performed on packed beds. Previous areas defined in Figure 8.2.2
are added for comparison. Error bars represent the uncertainty linked to the
spatial variability discussed in Section 9.1.1.
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9.2.2 Impact of the bed arrangement on velocity and
turbulent profiles

In this part, we explore the changes in flow structure and turbulence at the
vertical profile scale due to bed arrangement (loose and packed beds). Again,
it is important to note that only two velocity measurements were conducted
per hydrograph plateau and that it is certainly not enough to take into
account the spatial variability. When looking at the results, it is crucial to
have in mind the effect of spatial variability as emphasized in Section 9.1.2.
Trends observed might be of same order than the spatial variability.

In Figure 9.2.3 and Figure 9.2.4, only velocity profiles measured when
there is no transport are presented. It enables to focus on the impact of
changes in initial bed arrangements on local velocity profiles without taking
into account sediment transport. Others study investigated the impact of
sediment transport on the flow structure (Carbonneau and Bergeron, 2000;
Campbell et al., 2005; Dey et al., 2011). The lack of velocity data in our
experiments do not provide more information about the impact of gravel
transport on the flow structure.

Looking at the experiment couple n◦1 and n◦3 (Figure 9.2.3), one can see
some trends appearing. The near bed gradient for the Reynolds stress profile
is higher for a loose bed than for a packed bed. This implies a higher friction
velocity for the loose bed case. Turbulence intensities in the vertical and
longitudinal directions seem to be higher for a packed bed than for a loose
bed. The diminution for the loose bed case is linked to its larger roughness
which breaks large eddies into smaller eddies having smaller intensity. On
a packed (smoother) bed, the eddies are larger and contain more energy.
That is why, the turbulent kinetic energy should be higher for a packed bed
than for a loose bed. This statement is assessed for experiment couple n◦3
but not for experiment couple n◦1 where the TKE seems to be of the same
magnitude order for the two kinds of beds. No strong trend is noticed for
the longitudinal velocity profile, except that the velocity seems to accelerate
close to the bottom in case of packed beds. The acceleration is certainly the
consequence of a smoother surface.

Experiment couple n◦2 seems to differ from the other experiment couples
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(a) Experiment couple n◦1

(b) Experiment couple n◦3

Figure 9.2.3: Velocity and turbulent profiles for experiment couple n◦1 and n◦3.
Smaller values of turbulent intensity correspond to turbulent intensity in the
vertical direction. Filled symbols indicate the zone around the sweet spot.
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Figure 9.2.4: Velocity and turbulent profiles for experiment couple n◦2. Smaller
values of turbulent intensity correspond to turbulent intensity in the vertical
direction. Filled symbols indicate the zone around the sweet spot.

(Figure 9.2.4). Indeed, in that case, the packed bed has a stronger Reynold
stress bottom gradient in comparison to the loose bed. The turbulent inten-
sity and the TKE are larger for the loose bed than for the packed bed. This
gives the impression that trends differ from the ones found for experiment
couples n◦1 and 3. Looking at Table 8.2, one can see that in terms of bed
surface criteria, experiment couple n◦2 already differed from the others. In
particular, the roughness was higher for the packed bed than for the loose
bed. With this observation, one can think that it is the roughness that con-
trols the local flow structure. In our case, the local flow was not impacted
by structure at larger scales but only by the nearby roughness. Unfortu-
nately, we lack some data to confidently conclude about the impact of bed
arrangement on flow structure (e.g. double-average velocity and turbulent
profiles).
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9.3 Local dynamics of infiltrated beds with
Ms sediments

Velocity measurements were only performed on bimodal beds composed of
gravels and Ms sediments, because of technical problems. The local dynamics
over H-G/FS and H-G/S beds are not investigated in this section.

9.3.1 Impact of the fine sediment presence on friction
velocity

As for the experiments performed on packed beds, the ratio between local
and global friction velocities seems to be generally lower for the infiltrated
beds than for the non infiltrated hybrid beds (Figure 9.3.1). In average,
u∗

Re/u∗
DS is equal to 0.86±0.11 and 0.92±0.10 for infiltrated and associated

non infiltrated beds, respectively. This means that in the case of experiments
on infiltrated beds, the local grain friction decreases with respect to the total
bed friction. We can wonder how the supplementary energy is dissipated
as there should not be more bedforms or irregularities than in the loose or
hybrid bed case. Less friction force is thus dedicated to gravel transport. For
a same global friction force, the transport should be lower for experiments
conducted on H-G/Ms beds than for experiments performed on H-G beds.
This is coherent with the global results presented in Figure 8.3.3.

Figure 9.3.2 shows the local dimensionless bed shear stress (τ ′∗
l ) as a func-

tion of the dimensionless sediment transport for unimodal and bimodal loose
bed experiments (L-G and H-G/Ms beds). The method to build the figure
is the same as for Figure 9.2.2. Again, the relation between τ ′∗

l and q∗
s is the

same for both types of beds (infiltrated or not). The skin friction seems thus
responsible for grain motion. Bed stability has limited influence on gravel
dynamics, which was counter-intuitive in comparison to the results obtained
at the global scale, where both bed stability and flow resistance were found
to play a significant role in bedload transport. It is once again advised to
improve flow resistance determination to improve bedload prediction rather
than the estimation of bed stability. Presence of fine sediments infiltrated in
the bed has only an influence on the flow structure. The decrease in local
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Figure 9.3.1: Comparison between local (u∗
Re) and global friction velocities

(u∗
DS) calculated during sediment transport experiments conducted on hybrid

beds and infiltrated with Ms sediment beds (H-G/Ms). Solid line represents
the perfect agreement between local and global measurements. Error bars
represent the uncertainty linked to the spatial variability discussed in Section
9.1.1.

friction velocity for the H-G/Ms beds might be a consequence of a smoothing
of the bed surface or of a change in bed permeability due to the presence of
fine sediments.

We have seen in Section 8.3.3 that friction velocity can be modified when
fine sediments infiltrate the bed (Manes et al., 2009; Hamm et al., 2011).
Thus, mixtures having similar bed permeability should impact similarly the
local friction velocity. In addition, if it is only the local friction velocity
that controls gravel transport, these kinds of mixtures should behave in a
similar way. However, we noticed that this assumption was not verified when
comparing results from experiments performed on H-G/FS beds and H-G/Ms
beds. These beds had same bed permeability so potentially the same local
friction velocities, but gravel transport rates were not similar (see, Figure
8.3.3).

The trend in Figure 9.3.2 showing that it is only the local friction velocity
that controls the bedload rate should be examined with caution regarding
the uncertainties associated to the results. Two assumptions might explain
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Figure 9.3.2: Comparison between dimensionless transport rate and dimension-
less local friction velocities (τ ′∗

l ) obtained for all sediment transport exper-
iments conducted on L-G beds and H-G/Ms beds. Red and black colors
represent data during the rising and falling limb, respectively. + symbols
show data related to experiments performed on non infiltrated beds. sym-
bols show data related to experiments performed on hybrid infiltrated beds.
Filled ♦ correspond to hybrid beds resulting from packed beds. Previous
areas defined in Figure 8.2.2 are added for comparison. Error bars represent
the uncertainty linked to the spatial variability discussed in Section 9.1.1.

the difference between H-G/FS and H-G/Ms:

1. in case of H-G/FS, the non-cohesive fine sediments were probably
rapidly re-suspended in the water column and washed from the bed
deeper than if we were in presence of cohesive fine sediments. The
surface and subsurface was thus assimilated to the one encountered in
a hybrid bed without fine sediments. The fine sediments, still present
deeper in the bed, have probably no influence on the flow structure.
The local friction velocities for H-G/FS beds are certainly very similar
to those for L-G or H-G beds. That is why, their transport rates are
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alike during the rising limb of the hydrograph (Figure 8.3.3).

2. the bed stability would have a direct controls on the gravel transport
rate and not only an impact on the local flow structure. H-G/Ms beds
would be more resistant to the flow because they are more consolidated
than H-G/FS beds due to the presence of cohesive fine sediment within
their matrix. The range of local friction velocity explored is probably
too small preventing trends from emerging. The bed stability impact
is not detectable regarding our results.

Figure 9.3.3: Evolution of the local friction velocity according to the height of
the infiltrated fine sediments relative to the bed level (gravel level).

To verify the first assumption, we study the influence of the infiltration
height within the bed on the flow structure. During the infiltration phase
(step (3b) in Figure 3.2.2) at constant low discharge (Q =30 L/s), velocity
measurements were carried out regularly. Figure 9.3.3 shows the friction
velocities calculated according to the relative height of the fine sediment
infiltrated (hs) within the bed. The infiltration heights and the bed level
(zb) were measured by analysing side view photographs taken at the veloc-
ity measurement location. The velocity measurement was performed at the
same location during the entire infiltration phase and no gravels were trans-
ported. The potential variations observed in terms of friction velocity values

Page 162



Chapter 9 Hydrodynamics at the local scale

are thus only due to the presence of fine sediments infiltrated within the
bed. Regarding the results, no strong trend can be noticed, except maybe
when the fine sediment height reaches a threshold value, namely 75 % of the
total bed height. Beyond the threshold value, the friction velocity seems to
decrease with the infiltration height. The difference between H-G/FS and
H-G/Ms beds may be explained by this threshold value. The first 25 % of
the subsurface (namely 2×D50) were probably washed in the case of H-G/FS
bed experiment deleting the potential infiltration effect.

However, the observed trend are not so obvious. The hypothesis that the
bed stability impact the transport rate should not be dismissed.

9.3.2 Impact of the fine sediment presence on velocity
and turbulent profiles

The caution that needs to be taken when interpreting the results at the
vertical profile scale is the same as the one exposed in Section 9.2.2. In this
part, the focus is set on the impact of fine sediments infiltrated into the matrix
on the flow structure. To prevent from observing the effect of change in bed
arrangement, we chose to compare profiles obtained during the falling limb of
the hydrograph for the loose bed (hybrid bed) and obtained during the rising
limb of the hydrograph for the infiltrated bed. These profiles were measured
when there was no gravel transport. That way, the bed arrangements were
the same since the infiltration phase occurs at very low constant discharge
(no gravel motion).

Figure 9.3.4 shows vertical profiles as well as TKE profiles for both infil-
trated and loose beds. Two experiment couples are presented including one
involving a hybrid bed resulting from a packed bed (n◦6). The longitudinal
velocity is lower for non-infiltrated beds which can be assimilated to perme-
able beds. In case of infiltrated beds, the flow energy cannot be dissipated
into the bed matrix. As a consequence, we have a higher gradient velocity
close to the bottom. The Reynolds stresses are higher for unimodal beds than
for infiltrated beds. Permeable and rough surfaces generate more drag. The
turbulent intensity in the longitudinal and vertical directions are lower for
non-infiltrated beds. Indeed, in case of infiltrated bed, destruction of eddies
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in smaller ones is not as intense as in permeable beds. The TKE trend seems
to indicate that the turbulent energy is higher for non infiltrated beds, which
is in contradiction with the trend observed for turbulent intensities. Never-
theless, the difference in terms of TKE profiles are less pronounced than the
one observed for turbulent intensities.

Most of our results are coherent with the ones found by Wren et al.
(2011), namely a higher Reynold stress for non-infiltrated bed and a higher
turbulence intensity for infiltrated beds. Wren et al. (2014) noticed that the
trends were accentuated with flow strength. They also found that the TKE
was higher for infiltrated beds which is, unlike our results, coherent with the
turbulent intensity.
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(a) Experiment couple n◦5

(b) Experiment couple n◦6

Figure 9.3.4: Velocity and turbulent profile for experiment couple n◦5 and n◦6.
Smaller values of turbulent intensity correspond to turbulent intensity in the
vertical direction. Filled symbols indicate the zone around the sweet spot.
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Chapter 10

In situ Application - Arc River

10.1 Introduction

In situ experiments were performed on a gravel-bed river to study gravel
dynamic in real conditions and according to diverse initial stage of clogging.
The objective is to compare field observations with results obtained in the
laboratory (Section 8.4) and to test the methodology proposed in Section
8.4.2.

Field campaigns were carried out on a gravel bar located in the Arc River
(France). This river was chosen because of its large grain size distribution and
variability (gravel, sand, silt, clay) that could lead to various grain arrange-
ment and degree of bed clogging. In addition, the site is interesting because
regular flushing events from the upstream dams are scheduled by EDF every
years in June, with the exception of years for which a large flood occurred.
These flushing events are controlled operations enabling to simulate flood on
the gravel bar and the hydrograph is known in advance.

The studied site had been the subject of numerous investigations since
2005 (Jodeau, 2007; Jaballah, 2013). In particular, the use of the PIT-
tag technique since 2008 has brought a good knowledge about the bedload
dynamics over gravel bars (Camenen et al., 2010). Sediment transport ex-
periments were conducted during the flushing events of 2015 and 2016. A
similar experiment was conducted in June 2017 but will not be presented in
this thesis.
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10.2 Site presentation and field experimental
set-up

10.2.1 Location of field measurements

Field measurements were conducted on a gravel bar in the Arc River, located
in the French Alps in the Maurienne narrow valley (Figure 10.2.1). The catch-
ment area is about 2000 km2. The Arc-en-Maurienne River is characterized
by a nival hydrologic regime with mean water discharges from 6 - 8 m3.s−1 dur-
ing winter to 15 - 25 m3.s−1 during summer (Jodeau, 2007). The Arc River is
laterally constrained by dikes and regulated by many dams impacting signif-
icantly the natural river discharges and sediment transport. In particular, a
flow diversion exists after the St-Martin-la-Porte reservoir (up to 70 m3.s−1).
The Arc river bed is mostly composed of gravels but also of fine sediments
(cohesive and non-cohesive) provided by its tributaries (Arvan and Glandon
streams).

Figure 10.2.1: Overview of the patch installation in 2016.

The study site is located 15 km downstream of Saint-Jean-de-Maurienne.
The gravel bar is part of a system of alternate bars (Jaballah et al., 2015),
separating the channel into a main and a secondary channels (Figure 10.2.2a).
The gravel bar is easily accessible most of the year during low flow periods.
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During the year, the gravel bar is generally emerged, so no particle motion
exists. It is only during floods that the bar is underwater and that coarse
particles may be put into motion; we approximate that the bar should be
underwater for flow discharges around 100 m3.s−1.

(a) (b)

Figure 10.2.2: Overview of the studied site: (a) the gravel bar, the secondary
channel in the foreground and (b) the camera on a mast positioned on the
bank for LSPIV measurements.

10.2.2 Field experimental set-up

PIT-tag technique

Bedload transport is difficult to monitor in real rivers. Recently, PIT-tag
technique was developed and tested with success in mountain rivers (Lamarre
et al., 2005; Liébault et al., 2009; Rollet et al., 2008; Camenen et al., 2010).
It consists in measuring the travel distance of individual gravels previously
tagged with Passive Integrated Transponders (PIT).

In our study, PIT-tag technique was used to monitor the transport of
tagged gravels initially located on different patches on the bar. The PIT
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are developed by TIRIS Technology and distributed by Texas Instruments.
They are small enough (4×23 mm) to be inserted into natural gravel particles,
robust, battery-less and inexpensive (3 e per PIT). In our case, PIT were
carefully inserted into gravels having a size similar to the median grain size
of the bar (≈ 6 cm). Each PIT, and thus each tagged sediment, has its own
identifier. The tagged particle movements can be evaluated using a specific
antenna able to detect the PIT, associated with a DGPS in order to note
their locations. The overall uncertainty on the tagged particles position is
about 50 cm.

Patch preparation

Six patches of about one square meter were installed on the bar close to the
secondary channel (Figures 10.2.3 and 10.2.4). On the side of the secondary
channel, during the flushing event, bed shear stresses should be sufficiently
high to induce gravel motion and sufficiently low to limit their movement
onto the bar area. In that way, the probability to recover a tagged particles
should be high. Each patch contained 25 tagged gravel sediments, so in
total 150 tagged particles on the bar. The tagged particles were properly
distributed within the patch-surface: 5 rows and 5 columns, with a spacing
of 20 - 25 cm between each tagged particles.

Figure 10.2.3: Schematic view of the experimental set-up. The configuration of
the patches presented here is the one of 2015.
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Figure 10.2.4: Photograph of the patch installation in 2016. The six patches
(i.e. 2 clogged, 2 reference and 2 clean gravel patches) are marked with
metal sticks. Particles are pit tagged and colored differently according to
the patches.

Three types of patches having different degrees of bed clogging were re-
alized (Figure 10.2.4):

• 2 clean gravel patches, composed of gravel particles only. No clogging
was present in that case.

• 2 clogged patches, composed of few tagged gravel particles in a very fine
sediments matrix (silt, clay). Gravel sediments were scattered in a fine
sediment matrix which was not the case in our laboratory experiments
(gravel matrix was clogged with fine sediments).

• 2 reference unmodified patches, composed of a mixture of gravels, sand,
silt and clay particles. The gravel bed was naturally clogged by fine
gravel, sand, silt and clay.

Reference patches were carefully chosen to be representative of the gravel
bar configuration. They correspond to unmodified patches where natural
gravels were substituted by tagged gravel sediments. With these patches,
the bedload transport over the bar can be evaluated in an undisturbed state.

The preparation of the clean gravel patches was as follows. First, a surface
of approximately one square meter was excavated to a depth of approximately
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15 cm. Secondly, the excavation was filled with gravels initially present on the
bar. Their sizes were chosen to be close to the median grain size of the gravel
bar surface. These gravels were preliminary washed from any fine sediments
and randomly packed. Then, 25 tagged gravels were installed on the patch-
surface. This patch configuration is close to the loose bed configuration (L-G)
created in our laboratory experiments. With these patches, the gravel motion
on a bed free from fine sediments can be evaluated.

For the preparation of the clogged patches, the same excavations as the
ones for clean gravel patches were performed and then filled with fine sed-
iments only. Fine sediments were directly collected on the gravel bar or in
the secondary channel. Then, the 25 tagged gravels were partially buried
in the fine sediments in such a way that they still have a significant sur-
face contact with the flow during the flushing event. No contact between
tagged gravels existed. Thus, this patch configuration cannot be associated
directly to our laboratory configurations (e.g.: H-G/Ms and H-G/FS). In
that case, a clogged patch corresponds to tagged gravels embedded in a very
fine sediments matrix (silt and clay).

Before the flushing event, the exact position of the patches were measured
using a DGPS device. The initial position of each tagged gravel were then
deduced. After the flushing event, tagged particles were recovered using the
antenna and their position were recorded using a DGPS. Travel distances
were then calculated.

Hydrodynamic measurements

To understand the gravel transport, it is important to have a description
of the hydrodynamics over the gravel bar, and particularly over the patches.
That is why, velocity measurements, estimations of water levels, water slopes
and fine sediment concentration were performed during the flushing event.
The gravel bar topography including the secondary channel was also mea-
sured before and after the flushing event.

Water levels and water slopes were estimated using two pressure gauges
installed at the upstream and downstream ends of the gravel bar within the
secondary channel.
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During the flushing event, LSPIV (Large Scale Particle Image Velocime-
try) technique was used to measure the surface velocity over the gravel bar.
The LSPIV system was composed of a video camera fixed at the top of a
telescopic mast installed on the side embankment (Figure 10.2.2b). Movies
of about 30 s were regularly taken (in average every 30 - 40 min). Recorded
images were then processed using the software Fudda-LSPIV (Le Coz et al.,
2014). An ortho-rectification of the frames was made using Ground Refer-
ence Points (GRPs) positioned in the view field of the video camera (gravel
bar and side embankment, see Figure 10.2.2a).

The water discharge was also measured at the hydrometric station of Pon-
tamafrey, located at 9 km upstream the studied site (Figure 10.2.1). The time
for the wave to travel from Pontamafrey to Sainte-Marie-De-Cuine (gravel
bar) was estimated to be around 45 min (Camenen et al., 2015).

Fine sediment concentration was measured using water samples collected
manually every 30 minutes at the upstream and downstream ends of the
gravel bar and using a turbidimeter as well as an automatic sampler located
at the Pontamafrey station. Water samples were also carried out at a brigde
located at 2 km downstream from the bar.

10.3 General hydro-dynamical results

10.3.1 Flushing event hydrographs

Figure 10.3.1 shows the water discharges measured during the flushing events
of 2015 and 2016, along with the fine sediment concentration measurements.
These hydrographs are particularly different from the precedent years (An-
toine et al., 2013). Generally for this site, the flushing event follows a designed
hydrograph composed of two plateaus lasting both approximately 4 hours:
the first at 80 - 100 m3.s−1 and the second at 120 - 130 m3.s−1.

In 2015, the second plateau was not reached due to unexpected circum-
stances. The hydrograph of the 2015 flushing event was composed of a
unique plateau at around 100 - 110 m3.s−1 lasting approximately 6h30, be-
tween 10h30 and 17h00 (Figure 10.3.1a). The gravel bar was barely underwa-
ter, and bed shear stress over the patches were very low. The concentration
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(a) 2015 flushing event

(b) 2016 flushing event

Figure 10.3.1: Water discharges and fine sediment concentrations during the
flushing event of 2015 (a) and 2016 (b). Water discharge was measured
at Pontamafrey station and resynchronized to represent water discharge at
the gravel bar. The entire measurements of fine sediment concentration are
reported on the graphs: concentrations from the Pontamafrey turbidime-
ter, bar and brigde water samples, and from the Pontamafrey automatic
sampler.
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peak was also relatively low (around 13 g/L) compared to previous events
(Antoine et al., 2013).

In 2016, the design of the hydrograph was totally different from the pre-
vious years: the flushing event lasted longer (16 hours instead of 13 hours)
and the peak discharge was much higher (200 m3.s−1 instead of 130 m3.s−1)
(Figure 10.3.1b). The rising limb of the hydrograph was very rapid, namely
two and a half hour to reach the hydrograph peak. The hydrograph falling
limb was very long and composed of three plateaus: one around 190 m3.s−1

during 2 hours between 10h00 and 12h00, one around 160 m3.s−1 during 1h30
between 15h00 and 16h30 and one around 70 m3.s−1 during 3h30 between
19h30 and 23h00. It is important to note that on June 15th (the day be-
fore the flushing event), the water discharges reached unexpected high values
(peak at around 90 m3.s−1) due to large natural discharges. Our patches were
already installed on the gravel bar and during this event, they were under-
water. This small flood might have disturbed the gravel bar by feeding fine
sediments into our clean gravel patches, or by eroding a part of the fine sed-
iments present on the clogged patches. Examining photographs taken after
the June 15th flood, no movement of tagged particles nor strong difference in
terms of patch configurations were perceived. In addition, during the flush-
ing event, a flood of the Arvan River (tributary of the Arc, see Figure 10.2.1)
occurred between 11h00 and 24h00 with a peak at 21h00 and may be the
cause of the third plateau.

Because 2015 and 2016 flushing events were strongly different in terms of
hydro-dynamic, one can expect to find different coarse sediment dynamics.

10.3.2 Water levels and depths

Pressure gauges measured the evolution of the water levels during the two
flushing events. From these measurements, water depths and slopes can be
deduced. Calibrations of the pressure gauges were made using topographic
and water depths measurements made at the gauge levels before the be-
ginning of the events. For the two years, the two measured signals were
in concordance. There was however a small deficiency of the downstream
pressure gauge at the end of the 2015 flushing event (from 16h00 after the
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beginning of the flushing event to the end). The deficiency might be due to
fine sediments obstructing the membrane of the pressure gauge.

(a) Water depth (b) Water slope

Figure 10.3.2: Temporal evolution of water depth and water slope in the sec-
ondary channel for 2015 and 2016 flushing events. (Water depths and slopes
were estimated using the pressure gauges. Red circle symbols correspond
to data computed with a deficient pressure gauge.)

Figure 10.3.2a shows the water depth evolutions for the two flushing
events. In case of the 2015 event, only the water depth computed using
the upstream pressure gauges measurements is presented. The water depth
at the downstream was not plotted because of the deficiency of the down-
stream pressure gauge. In case of 2016 event, a difference of around 15 cm
was observed at the beginning of the event between the two calculated water
depth. This difference was rapidly erased and could be explained by the ex-
istence of an hydraulic control of the downstream on the secondary channel
at low flows.

Figure 10.3.2b shows the temporal evolution of the water slope within
the secondary channel. Water slopes were estimated using the water levels
deduced from the pressure gauges. Because the system was probably influ-
enced by the main channel and controlled by the downstream part, the water
slope was difficult to define. One can notice that it does not vary linearly
with the water discharge. Water slopes were estimated of around 0.67 % at
high flows (Q ≈ 100 m3.s−1) during the flushing event of 2015, and of around
0.60 % at low water discharge. The change in water slope present at the end
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of the flushing event should not be taken into account because it corresponds
to the period of the downstream gauge deficiency (red symbols). For 2016
event, the water slope reached 0.70 % at the beginning. When flow starts to
increase, it oscillated around 0.63 %, with a brief decreasing period at 0.55 %.
The slopes were quite similar between the two events. It is important to note
that the water slopes were calculated using only two pressure gauges located
at 140 m or 185 m from each other for 2015 and 2016 events, respectively.
These values obtained with only two fixed points are probably subjected to
large uncertainty, especially at low flows. This was confirmed when observing
the longitudinal water profile measurement made in 2015 before the event
(Figure 10.3.3). The water line was not uniform between the two pressure
gauge locations. Two riffles were clearly visible. The water slope at the stud-
ied site was roughly evaluated of around 0.1 % instead of 0.6 %. These water
slope uncertainties will be problematic for bed shear stress computation.

Figure 10.3.3: Water line measured before the flushing event of 2015. The unit
NGF corresponds to the general levelling of France.

10.3.3 Surface velocities over the gravel bar

Surface velocities over the gravel bar and within the secondary channel were
estimated using the LSPIV technique. Examples of surface velocity field are
given in Figure 10.3.4 for 2015 and for 2016 flushing events at two different
times.
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(a) 2015 at 06:40 (b) 2015 at 09:33

(c) 2016 at 07:00 (d) 2016 at 12:00

Figure 10.3.4: Velocity fields over the gravel bar and within the secondary chan-
nel estimated using the LSPIV system at 06:40 and 09:33 during the flushing
event of 2015 and at 07:00 and 12:00 during the flushing event of 2016. The
yellow lines represent the transect where the depth-average velocities were
calculated. P1 to P10 refer to the location of the Ground Reference Points
when they were not visible by eyes on the image. For 2015, the images
were orthorectified and for 2016 the images were orthorectified and rotated
relative to the targets on the bank.
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The LSPIV results combined with the transect topography enables the
estimation of the water discharge flowing over the gravel bar and within the
secondary channel. Detailed topographical surveys of 3 transects located
within the video camera field are available for the flushing event of 2015
whereas one is available in 2016. Figure 10.3.5 presents these transects for
the two years. They were located closed to the patches. That is why, we
assume that the dynamics over the patches was the same than the one over
the transects. Regarding Figure 10.3.5, one can notice that the distance
between the secondary channel bottom and the top of the gravel bar has
reduced between 2015 and 2016. In 2016, the top of the gravel bar was
still at the same elevation than in 2015 but depositions in the secondary
channel have occurred. A different dynamics between these two years was
then expected.

(a) 2015 (b) 2016

Figure 10.3.5: Topographies of transects located on the studied site, near the
patches. Three transects are represented for the flushing of 2015 and only
one for the flushing event of 2016.

Table 10.1 recaps the flow characteristics in the secondary channel de-
duced from the LSPIV measurements for the flushing events of 2015 and
2016. Total water discharges in the Arc river during the flushing events
were added for information. Looking at Table 10.1 and Figure 10.3.6a which
presents the water discharges within the secondary channel as a function of
the section-average velocities for the two years, one can notice that in 2016,
the water discharges in the secondary channel were obviously higher than
the ones in 2015 but that the section-average velocities were similar. This is
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Table 10.1: Flow characteristics in the secondary channel around the patch zone
at different time of the flushing events (2015 and 2016) deduced from LSPIV
video analysis and total water discharge of the Arc river.

Movie Water Wetted Section Water Arc
time level surface average discharge water

[hh:mm] [mNGF] [m2] velocity [m3.s−1] discharge
[m.s−1] [m3.s−1]

2015
06:40 454.91 2.12 0.20 0.43 28
08:15 455.01 3.09 0.43 1.33 36
08:30 455.07 3.74 0.61 2.27 48
08:50 455.13 4.53 0.80 3.63 66
09:33 455.12 4.41 1.73 3.2 79
10:09 455.17 5.22 0.91 4.76 80
10:56 455.23 6.34 0.84 5.35 105
11:53 455.26 6.91 1.02 7.02 108
13:08 455.25 6.72 0.90 6.1 115
14:00 455.20 5.78 0.86 5.03 99
16:00 455.26 6.91 0.98 6.79 106
17:04 455.15 4.87 0.60 2.95 83
17:46 455.12 4.41 0.53 2.35 61

2016
06:40 454.85 0.26 0.36 0.1 26
07:00 454.86 0.35 0.38 0.13 28
08:30 455.46 9.48 1.01 9.57 82
09:30 455.64 12.97 1.11 14.41 118
10:30 455.73 14.89 1.27 18.84 193
11:30 455.77 15.64 1.41 22.11 185
12:00 455.61 12.53 1.16 14.47 205
12:30 455.56 11.53 1.1 12.67 152
13:00 455.58 11.83 1.11 13.09 136
14:00 455.56 11.47 1.12 12.84 122
16:00 455.60 12.27 1.1 13.47 159
17:30 455.49 10.05 0.8 8.04 105
18:00 455.37 7.71 0.72 5.53 77
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explained by the local changes in bed morphology at the patch locations be-
tween the two years (Figure 10.3.5). Indeed, in 2015, the secondary channel
was deeper and narrower than in 2016 reducing its wetted surface and con-
sequently increasing its section-average velocity. On the contrary, in 2016,
the wetted surface was larger entraining smaller section-average velocities at
same discharges.

(a)

(b)

Figure 10.3.6: (a) Water discharges within the secondary channel in function of
the section-average velocities estimated using the LSPIV technique over the
patch zone. (b) Water discharges within the secondary channel in function
of the total water discharges of the Arc river.
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Figure 10.3.6b shows the relationship between the water discharge within
the secondary channel and the total water discharge of the Arc river. For
2015 and 2016, two distinct relations can be observed. This indicates that
the upstream hydraulic controls were different between the two years. This is
probably the consequence of a change in bed morphology around the entrance
of the secondary channel. These changes impact the flow along the secondary
channel.

Particular attention was paid to the description of the surface velocity
over the patches. Figure 10.3.7 shows the temporal evolution of the local
depth-averaged velocities estimated along the transects passing through the
patch zone for the two flushing events. In 2015, the local velocities over
the gravel bar were very low even during the peak hydrograph of the flushing
event (around 12h00). On the contrary, in 2016, the local velocities increased
rapidly on the gravel bar reaching a maximum at around 11h30 which cor-
responds to the hydrograph peak of the flushing event.

As the hydrodynamic was very different over the patch zone between
2015 and 2016 event, it was expected that the sediment dynamic would be
different too.

10.3.4 Bed shear stresses over the gravel bar

As for the laboratory experiments, bed shear stresses were calculated for the
field experiments at global (slope) and local (velocity) scales.

Global bed shear stresses over the gravel bar were calculated using the
depth-slope method (Equation 7.1). The water depth were deduced from the
pressure gauge measurements. As explained in Section 10.3.2, the estimation
of the water slope J was uncertain, impacting the bed shear stress value.
In addition, the flow was not uniform in the secondary channel, making
questionable the use of the depth-slope equation, at least for low flows.

Local bed shear stresses (τl) were estimated using the LSPIV measure-
ments over the gravel bar at different moments of the flushing events. The
method used for the computation was based on the log-law (7.2):

τl = ρCDU2 = ρ

(
κ

1 + ln(h/Z0)

)2

U2 (10.1)
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(a) 2015

(b) 2016

Figure 10.3.7: Temporal evolution of the local deth-averaged velocities along
the transects passing through the patch zone for 2015 and 2016 flushing
events. Black vertical lines represent the delimitation between the bank,
the secondary channel and the gravel bar. Hours indicated in the legend
correspond to times at which videos for LSPIV process were taken. Shaded
areas represent the locations of the patches within the gravel bar.
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where CD is a friction coefficient, h is the local water depth, U is the local
depth-averaged velocity estimated with the local surface velocity Us (U =
0.85Us), the coefficient 0.85 is a parameter taking into account the vertical
velocity profile shape (Moramarco et al., 2017), Z0 represents the roughness
height and is estimated here as Z0 = 30ks (Nikuradse, 1933), and ks is
the equivalent grain roughness assumed to be equal to 2D90 (Yalin, 1977;
Camenen et al., 2006), namely 0.16 m.

Figure 10.3.8 shows global bed shear stress calculated with the water
slope estimated from the pressure gauges in comparison to global bed shear
stress calculated with a constant water slope estimated to fit the LSPIV
values. Bed shear stress values from the LSPIV technique were obtained by
averaging the local bed shear stresses obtained using Equation 10.1 along the
transverse. To approach the LSPIV transverse-averaged values, a water slope
of 0.085 % and 0.14 % was estimated for 2015 and 2016 event, respectively.

Large difference between global bed shear stress values can be observed in
Figure 10.3.8. According to the calculations, the maximum bed shear stress
was either of around 80 Pa or 10 Pa for 2015 or of around 80 Pa or 18 Pa for
2016. Because the estimation of the water slope was highly uncertain, one
can think that the global bed shear stress values obtained with the LSPIV
process are the more accurate. However, the estimation of the bed roughness
in Equation 10.1 is practically as much uncertain. As we see in our laboratory
experiments, the roughness height is difficult to estimate. The mean value
ks = 2D90 is probably not correct for this field study, where sediments are
poorly sorted and bedforms are present. A ks based on parameters taking
into account the gravel bar arrangement might give a better estimation.

Looking at Figure 10.3.8, one can predict two opposite bedload behaviors.
Referring to the Shields diagram (presented in Section 1.2), the bed shear
stress necessary for moving gravels of around 6 cm is estimated at around
53 Pa. If we consider global bed shear stresses obtained with the pressure
gauges, gravel movement should be possible. However, if we consider τ esti-
mated using the LSPIV process, no gravel should be in motion. One should
be careful when using the Shields diagram value as reference value for describ-
ing the gravel movement. Indeed, sometimes, the value refers to a general
movement. It is then not excluded to have partial movement over the gravel
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(a) 2015

(b) 2016

Figure 10.3.8: Global bed shear stresses within the secondary channel during the
2015 and 2016 flushing events. Blue lines represent global bed shear stresses
obtained using the depth-slope equation and the instantaneous measured
water slope deduced from the pressure gauges. Cross symbols represent
transverse-averaged values of bed shear stress deduced from the analysis
of LSPIV data. Orange lines represent global bed shear stresses obtained
using the depth-slope equation and an estimation of the water slope chosen
to fit the LSPIV values.

bar at lower bed shear stresses.
Figure 10.3.9 shows the local bed shear stresses estimated over the patch

zone and in the secondary channel for 2015 and 2016 flushing event. During
the 2015 flushing events, local bed shear stresses over the gravel bar (patch
zone) barely exceeded 20 Pa. However, within the secondary channel, they
varied strongly until reaching a maximum of 35 Pa. For 2016, the behaviour
on the gravel bar was different. Local bed shear stresses were much larger
than in 2015 and varied rapidly, reaching a maximum of 33 Pa at the hy-
drograph peak (11:30). Within the secondary channel, the maximum values
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(a) 2015

(b) 2016

Figure 10.3.9: Temporal evolution of the local bed shear stresses along the tran-
sects passing through the patch zone for 2015 and 2016 flushing events.
Black vertical lines represent the delimitation between the bank, the sec-
ondary channel and the gravel bar. The hours indicated in the legend cor-
respond to times at which the videos were taken. Shaded areas represent
the locations of the patches within the gravel bar.

Page 185



10.3 General hydro-dynamical results

were similar to the one of 2015. For large discharges, local bed shear stresses
tend to homogenize along the secondary channel and on the gravel bar.

Figure 10.3.10 presents the temporal evolution of the local bed shear
stresses measured on the patch areas. It shows that in 2016 the values were
effectively higher than in 2015. Patches located close to the secondary chan-
nel (left) were differentiated from the others (right). The bed shear stresses
differed according to their position on the gravel bar. The patches close to
the secondary channel were exposed to higher bed shear stress, especially in
2015. More gravel movements were thus expected. In 2016, the difference
between the two areas was not strong. Similar bedload behaviors were thus
expected.

Figure 10.3.10: Temporal evolution of the local bed shear stresses on the patches
for 2015 and 2016 flushing events. Left denotes patches located close to
the secondary channel. Right refers to the other patches located more on
the gravel bar.

Regarding the local bed shear stress results and based on Shields diagram,
no movement of gravel sediments was expected on the gravel bar during the
two events (i.e. τ ≤ 53 Pa). Local estimations might have been underes-
timated because partial movements were observed in 2016. As for global
bed shear stress values, the underestimation might be caused by a wrong
estimation of the roughness height.
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10.4 Gravel dynamics

10.4.1 Observed movements

Figure 10.4.1 and Figure 10.4.2 present the studied site topography (from
the bank to the gravel bar via the secondary channel) before and after the
flushing event of 2015 and 2016, respectively. Initial locations of the patches
as well as final locations of the individual tagged particles (for 2016 only)
were reported on the figures. The black line corresponds to the transect
where the estimations of local velocities and bed shear stresses were made.
The tagged particles were differentiated following their initial position and
patch.

Figure 10.4.1: Topography of the gravel bar before and after the flushing event
of 2015. Location of the patches is reported on the graphs. (Coordinates
are in Lambert 93 and elevations are in mNGF.)

For the two campaigns, the gravel bar did not evolve significantly. How-
ever, a large quantity of fine sediment was deposited over the gravel bar after

Page 187



10.4 Gravel dynamics

Figure 10.4.2: Topography of the gravel bar before and after the flushing event
of 2016. Locations of the patches and of tagged particles are reported on
the graphs. (Coordinates are in Lambert 93 CC45 and elevations are in
mNGF.)

the event of 2015. In one case, no gravel transport was detectable (2015). In
the other case, it was clearly present (2016). In the following, we describe
the gravel transport over the bar for the two years. Then, a comparison with
our laboratory results will help to validate our proposed methodology.

Flushing event of 2015

During the flushing event of 2015, almost no gravel movement was detected.
This was coherent with the prediction made using the local bed shear stress
values estimated using the LSPIV measurements. Bed shear stresses were
though sufficient to move fine sediments. Figure 10.4.3 shows photographs
of patches taken before and after the flushing event of 2015. After the flush-
ing event, a large amount of fine sediments (mixture of fine sand, silt and
clay) were deposited on the patches. This deposition might have contributed
to limit the gravel movement, if fine sediments were cohesive and infiltrated
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(a) Before - reference patch (b) After - reference patch

(c) Before - clean gravel patch (d) After - clean gravel patch

(e) Before - clogged patch (f) After - clogged patch

Figure 10.4.3: Examples of photographs taken before and after the flushing event
in 2015. The three kinds of patches, namely reference, clean gravel, and
clogged patches are shown.
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within the coarse matrix (see diagram in Section 8.4). Limited gravel move-
ments were detected on one reference patch and one clean gravel patch. These
patches were the closest to the secondary channel, so were subjected to larger
bed shear stresses than the other patches (see Figure 10.3.10).

Gravel travel distance were evaluated after analysing the photographs
with the Matlab toolbox ”Image Processing”. The procedure is detailled in
the following. First, contour of each tagged particles were manually detected.
The automatic detection was excluded in that case, because of the large
amount of fine sediments polluting the particle edges. Then, images before
and after the flushing event were superimposed (see Figure 10.4.4). A step
of orthorectification using fixed points was necessary to compare the two
images. Finally, thank to the Wolmann scale placed on the photograph, real
gravel travel distances were calculated.

Figure 10.4.4 shows two examples of post-treated photographs. Only
patches where movements were detected are presented here, namely the ref-
erence patch and clean gravel patch close to the secondary channel. The
transparent image corresponds to the photograph taken after the flushing
event.

The reference patch was the most mobile. Two tagged gravels moved of
around 20 - 30 cm which corresponds to the longest travel distance recorded
after the 2015 event. The reference patch can be assimilated to the case L-
G/S in our laboratory experiments. In other words, the tagged gravels lied
on a bed infiltrated with a large amount of fine sediments having a wide grain
size distribution (fine gravel, sand, silt, clay). Fine gravels and sand could
be observed in both subsurface and surface layers. Their presence enhanced
the gravel transport, as the sand enhance the bedload in our laboratory
experiments.

Small movements of around 10 cm were detected on the clean gravel patch.
In reality, these movements were assimilated to a re-arrangement of the bed
surface (i.e. imbrication occurring at low bed shear stress). This behaviour
can be compared to the one found in our laboratory experiments during
the arrangement phase. In addition, the large amount of infiltrated fine
sediment might have clogged the bed, and reduce the bedload. This patch can
eventually be assimilated to the P-G/Ms bed of our laboratory experiments.
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(a) Reference patch

(b) Clean gravel patch

Figure 10.4.4: Detection of the gravel travel distance using image analysis. Con-
tours represent the location of the tagged particles after the flushing event.
White arrows point tagged particles in motion. The water flowed from left
to right.
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Following our experimental results and methodology, we predict that the
movement over this patch should be more difficult than if the patch was
loose and free from fine sediments.

Clogged patches, even the one close to the secondary channel, were immo-
bile. The bed shear stress applied on the bed was probably not sufficient to
move gravels. It is important to remember that these kinds of patches cannot
be assimilated to the H-G/Ms beds presented in our laboratory experiments.
That is why, in that case, the clogging is probably not the phenomenon pre-
venting the gravels to move. Using the 2016 observations, we will better
understand what really happened with these patches.

Flushing event of 2016

During the 2016 flushing event, movements of tagged particles were observed.
150 PIT were installed before the flushing event. 121 were recovered, namely
around 80 % of the particles. Several causes might explain the loss of tagged
particles in 2016:

• 1: tagged particles were transported to the main channel;

• 2: tagged particles were too close to each other preventing their detec-
tion by the antenna (Chapuis et al., 2014);

• 3: tagged particles were too buried because of the strong deposition
that occurred during the flushing event, making their detection impos-
sible by the antenna. Several particles were recovered at around 25 cm
deep.

Figure 10.4.5 shows that movements were different according to the con-
sidered patches. Tagged particles initially placed on a clogged patches did
not moved and 92 % of these particles were recovered. Causes 2 and 3 might
explain the 8 % lost. Tagged particles from reference and clean patches were
transported. 78 % of tagged particles from reference patches and 70 % of
tagged particles from clean patches were recovered at distances up to 40 m
(close to the main channel). Causes 1 and 3 are probably the main causes
for particles loss in that case. Particles from clean and reference patches
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have followed two different trajectories based on their initial position on the
gravel bar. The two clean patches were both installed close to the secondary
channel (Figure 10.2.4) whereas the two reference patches were on the bar
side. They clearly followed different preferential flow paths (Figure 10.3.4).
In Section 10.3.4, we highlighted that local bed shear stress tends to homog-
enize at high flows over the gravel bar. This might explain the similar travel
distances (between 10 to 25 m mostly) observed for the two kinds of patches
(Figure 10.4.7).

Figure 10.4.5: Topography of the patch zone after the flushing event of 2016.
Locations of the patches and of tagged particles are reported on the graphs.
Coordinates are in Lambert 93 CC45 and elevations are in mNGF.

Figure 10.4.6 shows that the travel distance was not associated with the
tagged particle mass (nor the tagged particle diameter). Particle diameter
measurements were not as precise as the one of the mass; that is why we
choose to present only the results in terms of mass. No correlation between
particle mass and travel distance was observed as well as no correlation be-
tween particle mass and immobile gravels or lost gravels. Grain diameter is
thus not the controlling parameter for bedload transport in this study. The
type of bed configuration is probably more important. The non-dependency
of the travel distance on grain diameter is coherent with previous bedload
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Figure 10.4.6: Grain travel distance in function of the grain mass. The trans-
port/no transport limit was fixed at 1 m to consider the measurement un-
certainty. Tagged particles were identified according to their patch config-
urations.

models, such as Meyer-Peter and Müller (1948) model (Equation 1.5) which
predict that the transport qs is not sensitive to the grain size once the bed
shear stress reaches values largely higher than the one required to put gravels
in motion.

Indeed, assuming τ ∗ >> τ ∗
cr, Meyer-Peter and Müller (1948) formula

becomes:
qs(t) ≈ 1

(s − 1)g τ 3/2 (10.2)

In our case, the assumption τ ∗ >> τ ∗
cr is not valid. Indeed, only a partial

transport was observed and bed shear stresses did not exceed the critical bed
shear stress for incipient motion estimated by the Shields diagram. Most of
τ ∗

cr values in Figure 1.2.2 were estimated for general transport (i.e. when the
mobilised sediments are representative of all the bed material GSD). If we
use another definition for incipient motion which does not correspond to a
general transport of gravels, as for instance the one used in our laboratory
studies, one can assume that τ ∗ >> τ ∗

ref. This means that τ ∗
ref < τ ∗

cr, if τ ∗
cr is

defined as in Shields (1936). With this assumption, the bedload rate is still
independent of the grain size.

Using the Meyer-Peter and Müller (1948) model (Equation 1.5) and the
temporal variation of the bed shear stress calculated in Figure 10.3.10, the
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travel distance, Dt, can be computed (Camenen et al., 2010):

Dt =
∫ T

0

qs(t)
δs

dt (10.3)

where δs is the bedload thickness generally assumed equal to 2×D90 (Came-
nen et al., 2006). In this study, the bedload thickness was small and not
larger than one grain size. That is why, we chose to take δs equal to D90.
The average travel distance measured in 2016 (Figure 10.4.6) as well as Equa-
tion 10.3 can be used to find the dimensionless reference bed shear stress of
the gravel bar. τ ∗

ref was estimated of around 0.018 for reference patches using
the values of τ(t) presented in Figure 10.3.10. Applying this value on results
from 2015 flushing event, a travel distance of around 80 cm was found which
is consistent with experimental observations. To recall, few movements of
20 - 30 cm were observed in 2015 flushing event.

Figure 10.4.7 shows that the travel distance distribution are quite similar
for tagged particles coming from the clean gravel patches and the ones com-
ing from the reference patches during 2016 flushing event. Bed shear stresses
were thus sufficient to move gravels present on these two types of patches and
for their respective positions to the secondary channel. Because the gravel
travel distance are similar for the two distributions, one can think that τ ∗

ref

for tagged particles on clean gravel patches and on reference patches were
quite close. However, in the case of the 2016 flushing event, the rising limb
of the hydrograph was very rapid and high bed shear stresses were rapidly
reached. It is thus possible that τ ∗

ref for tagged particles on the clean gravel
patches were effectively different from τ ∗

ref for tagged particles on the refer-
ence patches. Due to the rapidity of the rising limb, times of transport were
approximately the same for the particles of the two bed configurations, ex-
plaining why there is no strong differences in terms of gravel travel distance.
With this kind of experiment, we were not able to know which patches were
transported at first. Based on our experimental observations in the labora-
tory, we can hypothesize that the particles from the reference patches were
transported before the one of the clean patches. In 2016, the clean gravel
patches could be assimilated to the loose gravel bed case (L-G) studied in
our laboratory. Indeed, because of the quick rising limb of the hydrograph,
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we assumed that these patches were not able to re-arrange them-selves in
comparison to 2015 flushing event.

Figure 10.4.7: Distribution of the travel distances of the tagged gravels in func-
tion of their initial patch configurations during 2016 flushing event. The
transport/no transport limit was fixed at 1 m to consider the measurement
uncertainty.

The non-mobility of the gravels belonging to the clogged patches cannot
be explained by the same reasons as in the H-G/Ms experiments performed
on the laboratory. Indeed, in this field experiment, no contact were present
between the tagged grains forming the bed matrix. We think that during the
beginning of the flushing event, a large part of the fine sediments clogging
the patches were transported whereas the gravels were immobile. Due to
the re-suspension of the fine sediment and because no strengthened coarse
matrix were present on these patches, their general levels decreased creating
holes at the place of the patches containing the tagged particles. These holes
can be assimilated to bed irregularities, where bed shear stress intensities
were probably lower. So, the gravels could not be transported. In addition,
the particles transported from upstream the holes might have been trapped
by these irregularities. Then, these upstream grains might have covered the
tagged particles, making even more difficult the motion of the latter. This
might explain why several tagged particles from the upstream clean gravel
patch were located on the clogged patches at the end of the flushing event
(Figure 10.4.5).
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10.4.2 Comparisons with laboratory results

Regarding the results of the two flushing events, one can conclude that the
methodology proposed in Section 8.4.2 provides a good insight into field data
interpretation. The different transport behaviours observed on the gravel bar
are coherent with those observed in our experiments, namely:

• Tagged particles placed on the reference patches were the easiest to
move in comparison to particles from loose, packed or clogged beds
(conclusion from the 2015 flushing event);

• Packed or arranged beds were more difficult to move in comparison to
loose bed (conclusion from the comparison between 2015 event, where
the clean patch was assimilated to a packed patch, and 2016 event,
where the clean patch was assimilated to a loose patch because of the
rapidity of the hydrograph rising limb during this event);

• Tagged particles placed on clogged patches may be the harder to trans-
port (conclusion from 2016 event). The conclusion is similar to the one
found for the flume experiments, although it may be related to different
reasons, such as the absence of gravel matrix (i.e. no contact between
gravel particles);

• Grain size is not the only parameter controlling the transport: the ini-
tial bed surface configuration play an important role (conclusion from
2016 event).

It will be judicious to use the recommendations made in Section 8.4.2 as a
complement of the Shields diagram (Figure 1.2.2). The Shields diagram gives
only an estimation of the bed shear stress necessary to move gravel particles
in function of the particle diameter (τ ∗

cr =0.055 for coarse particles in our
case). In the field case, the simple use of Shields diagram predicted no gravel
motion for all patches. On the contrary, if we use the methodology and adjust
the critical bed shear stress estimated with the Shields diagram according to
the different configurations of the patches (arrangement, clogging), bedload
transport is predicted.
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The reference dimensionless bed shear stress has been predicted in the
previous section equal to τ ∗

ref =0.018 for the reference patches, so a decrease
of 67 % in comparison to the initial estimated Shields values. In the reference
patches, small bed arrangement are observed and fine sediments infiltrated
in the bed are present. Most of the fine sediments are non-cohesive sand
particle. If we refer to the methodology and Figure 8.4.2, the reference
bed shear stress should be adjusted up to -40 %. This estimation is lower
than the -67 % predicted. We believe that it is because τ ∗

cr estimated from
the Shields diagram refer to a general gravel transport. On the contrary,
in our methodology, the initial τ ∗

ref1 corresponds to the first low bedload
rate measurable with accuracy on a loose bed. τ ∗

cr is then over-estimated in
comparison to τ ∗

ref1. Our recommended adjustments are thus under-estimated
in that case because the initial reference dimensionless bed shear stress was
not the same.

Even if the estimated value proposed by the methodology is not quanti-
tatively correct, the relative and qualitative adjustments are still valid and
consistent.
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Chapter 11

Conclusions and prospects

11.1 General conclusion

The purpose of this study was to investigate the gravel dynamics at low bed
shear stress in case of moderately or poorly sorted bed materials (pebble,
gravel, sand, silt and clay) using laboratory experiments.

First challenge was to reproduce, in an 18 m long laboratory flume, bed
configurations approaching those found in mountain rivers (i.e. beds with
different arrangements and degrees of clogging). A reproducible protocol
and a method to create different types of beds were established. A total of
15 experiments were performed:

• 7 experiments on a loose bed (grains were randomly organized);

• 3 experiments on a packed bed (grains were arranged by the flow);

• 1 experiment on a bed infiltrated with fine sand (FS);

• 3 experiments on a bed infiltrated with medium silt (Ms);

• 1 experiment on a bed infiltrated with sand (S).

Second challenge was to determine a dimensionless reference bed shear
stress for the incipient motion of gravels, τ ∗

ref, which is often the key param-
eter used in previous bedload models. We made the assumption that τ ∗

ref

is a value corresponding to a minimum measurable bedload rate (i.e. qs =
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1.325 g/m/s). The study of sediment transport close to the onset of motion
showed that it is largely subjected to uncertainties (linked to methodological
procedures and experimental conditions). Yet, incipient motion condition
needs to be investigated because are the more frequent in rivers. Indeed,
bed shear stresses are often close to τref value in gravel bed rivers (Camenen
et al., 2012). Applying the same definition for incipient motion, we were able
to compare one experiment to another and assess how τ ∗

ref can vary according
to the diverse bed configurations.

Third challenge was to understand and characterize the physical pro-
cesses controlling the bedload rate at different scales (global and local). A
large amount of data was collected during sediment transport experiments
that enables to distinguish key processes influencing the bedload rate and
to develop a phenomenological model synthesizing all the experimental ob-
servations. Bed arrangement and fine sediment presence within the trans-
port layer were described as the determining factors for gravel transport. A
methodology and recommendations were then given for improving the bed-
load prediction based on the experimental results and the phenomenological
description of the gravel dynamics over different bed configurations. The
method was applied to a field case made on the Arc River. It can help to
interpret the bedload rate in natural rivers. It also provides clues for adjust-
ing variables of bedload models (such as hydraulic roughness and reference
bed shear stress) in numerical simulations.

All these results were encouraging and helped to better understand the
gravel transport over moderately or poorly sorted sediments. Further in-
vestigations are needed to clarify some points and assumptions in order to
develop a new bedload predicting model.

11.1.1 Approach at the global scale

The analysis of the gravel dynamics at the global scale showed that bedload
is controlled by flow resistance and bed mobility. The study showed that
bed arrangement and the presence of fine sediments within the bed matrix
(cohesive or not) highly impact the reference bed shear stress and the hy-
draulic roughness. The latter are the key variables for bedload models. The
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hydraulic roughness informs about the flow resistance and the reference bed
shear stress informs about the bed mobility.

To succeed in understanding the impact of bed arrangement on bedload
rates, a bed surface characterization method was developed to compare the
topography of diverse beds. The bed surface characterization enabled to
classify our beds according to their bed arrangement degrees. Bedload rate
was found to decrease with decreasing bed roughness, with increasing lengths
of structures or bedforms, with increasing grain imbrication and when the
grains were aligned with the flow direction. Our study highlighted that even
small differences in topography can lead to significant differences in bedload
rates.

The impact of the presence of cohesive and non-cohesive sediments on
bedload rate were also investigated. Their presence impacts the bed matrix
composition and changes the properties of the bed. Comparison between
beds infiltrated with fine sediments having similar grain sizes (H-G/FS and
H-G/Ms) have suggested that the grain size was not the only determining
parameter for understanding bedload rate. Bed permeability, bed cohesion
and sediment shapes were found to be significant too. An increase in bed
cohesion, which is directly related to the fine sediment residence time, makes
the transport more difficult. Similarly, angular fine sediments strengthen the
bed reducing the gravel transport. On the contrary, circular fine grains tend
to lubricate the bed. Comparison between beds infiltrated with cohesionless
sediments having different grain sizes (H-G/FS and H-G/S) have highlighted
that the fine sediment concentration within the transport layer influence the
bedload rate. When the concentration is sufficient, bedload rate is highly en-
hanced (the number of contacts between coarse and fine sediments increases).
This was previously observed with sand and gravel mixtures (Wilcock et al.,
2001).

11.1.2 Approach at the local scale

Analysis of the dynamics at the local scale enabled to identify the impact of
bed spatial variability on the local flow structure and friction velocity. The
friction velocity obtained using the Reynolds stress method were found to
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be the less impacted by spatial variability and uncertainties linked to the
computation method. The results showed that only the nearby roughness
controls the local flow structure and not the structures or bedforms present
on the bed surface. The local analysis was only performed under three kinds
of beds: loose, packed and infiltrated with Ms sediments beds.

The part of the friction force used to transport gravel was found to be
reduced in case of experiments conducted on packed and infiltrated beds. If
we consider that grain friction is responsible for the transport, its reduction
leads to a decrease in bedload rates, that was indeed observed. In case of
packed beds, a part of the total friction force was dissipated through the
bedforms. In case of infiltrated beds, we wonder where this energy were
dissipated since no bedforms were present.

Local results show that qs is mainly controlled by the flow resistance and
not by the bed stability. Indeed, same local bed shear stress is needed to pro-
duce similar qs. This assessment should be taken with caution because large
uncertainties were associated to local results. Regarding local observations,
bed arrangement and infiltration only influence the flow structure that will
consequently modify the bedload rate.

A complementary study on the influence of the infiltration height within
the bed on the flow structure proved that it is only when the distance be-
tween bed surface and height of infiltrated fine sediments becomes lower than
2×D50 that the local flow structure are affected. This result probably ex-
plains why gravels from H-G/FS and H-G/Ms beds behaved differently. In
case of H-G/FS, the fine sediment were rapidly washed from the bed surface
and subsurface. They were almost not present below the surface in the two
first gravel layers. The flow structure was not affected by the infiltration of
fine sediments, and the bed behaved like a H-G bed.

Bed arrangement and the presence of infiltrated fine sediments impact
the flow structure and turbulence. Accelerations of the flow close to the
bottom were seen for packed and infiltrated beds. For the packed bed, this
acceleration was due to a smoothing of the bed surface and for the infiltrated
bed it was due to a reduction of the bed porosity. Reynold stress profiles
were steeper in case of loose beds leading to a higher friction velocity. Tur-
bulence intensities were smaller for loose beds. Indeed, L-G bed have higher
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bed roughness which enhances the destruction of large turbulent eddies and
transforms them into smaller ones with less intensity.

11.1.3 Toward a general understanding of gravel trans-
port

Figure 11.1.1 shows the relationship between flow resistance and dimension-
less bedload rate for beds having different surface arrangements. Flow resis-
tance is quantified either using the dimensionless total bed shear stress, or
using the dimensionless skin friction estimated using the Manning-Strickler
equation (τ ′∗

K), or using the dimensionless skin friction estimated using local
measurements (τ ′∗

l ). Figure 11.1.2 shows the same relationship but for infil-
trated beds in comparison to non infiltrated beds. Analysing these Figures,
we can discuss the main mechanisms influencing the bedload dynamics.

The analysis of the results at the global scale shows that there is a large
scatter in the relation q∗

s = f(τ ∗) with distinct behaviors for loose and packed
beds (see Figure 11.1.2a). Taking into account the fact that we should con-
sider skin friction rather than the total bed shear stress in sediment transport
prediction (Figure 11.1.1b), the scatter is reduced but there is still a clear dif-
ference between loose (L-G-i Rising) and packed or hybrid beds (L-G-i Falling
or P-G-i Rising and Falling). With these observations, one can conclude that
both the estimations of flow resistance and bed stability are necessary to pre-
dict the sediment transport qs. In other words, if we want to predict qs with
classical formula, both the reference (or critical) bed shear stress value τ ∗

ref

and the parameter describing the flow resistance (often ks, which represents
the relation between discharge (or flow velocity) and bed shear stress) has to
be modified in case of packed bed instead of loose bed. We did not compute
skin friction for infiltrated bed but results with total bed shear stress (Figure
11.1.2a) suggest also the importance of flow resistance and bed stability in
the bedload rate prediction.

If we now look at the results at the local scales, one can note that the
relation q∗

s = f(τ ′∗
l ) is the same for all type of beds. No significant difference

in the relation q∗
s = f(τ ′∗

l ) is observed between loose and packed beds and
between non-infiltrated and infiltrated beds (see Figures11.1.1c and 11.1.2b).
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(a) q∗
s = f(τ∗) (b) q∗

s = f(τ ′∗
K )

(c) q∗
s = f(τ ′∗

l )

Figure 11.1.1: The q∗
s as a function of a) the total dimensionless bed shear stress

τ∗, b) the dimensionless skin friction τ ′∗
K and c) the dimensionless skin

friction τ ′∗
l ; results for all sediment transport experiments conducted on

unimodal beds. Red and black colors represent data during the rising and
falling limb, respectively. + and o symbols show data related to experiments
performed on loose and packed beds, respectively. The black horizontal line
corresponds to the dimensionless reference low transport rate.
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(a) q∗
s = f(τ∗) (b) q∗

s = f(τ ′∗
l )

Figure 11.1.2: The dimensionless bedload rate as a function of a) the total di-
mensionless bed shear stress τ∗ and b) the dimensionless skin friction τ ′∗

l ;
results for all sediment transport experiments conducted on non infiltrated
and associated infiltrated with Ms beds. Red and black colors represent
data during the rising and falling limb, respectively. + and ♦ symbols
show data related to experiments performed on non infiltrated and infil-
trated with Ms beds, respectively. The black horizontal line corresponds to
the dimensionless reference low transport rate.

Considering that τ ′∗
l characterizes flow resistance, it could mean that qs de-

pends on flow resistance only and not on bed stability. This suggests that
bedload rate is impacted by changes in bed arrangement and by fine sedi-
ment presence because flow resistance is impacted. One should have in mind
that large uncertainties were associated to these local results, which makes
difficult to conclude about the validity of the previous assessment.

11.1.4 Summary of the controlling parameters

The main mechanisms influencing the bedload rate were identified and partly
understood in this study. This part summarizes how bedload rate is impacted

Page 207



11.1 General conclusion

by changes in bed arrangement and fine sediment presence. The relative
importance between flow resistance and bed stability in the estimation of q∗

s

is also examined.
Figure 11.1.3 schematizes the effect of bed arrangement and fine sedi-

ment presence on flow resistance and on bed stability, so on transport rate.
Let’s consider a gravel-bed with no particular bed surface arrangements. A
flow is imposed on this bed, which generates a water-worked bed surface.
In that case, the gravel matrix becomes more compact and the bed poros-
ity decreases. The bed surface geometrical roughness also decreases. In
addition, more bedforms are observed on the water-worked bed. All the pre-
vious changes due to bed arrangement impact directly the flow resistance
by decreasing it. This leads to a reduction in bedload rate. The process of
arrangement also have an impact on structures and grain imbrications within
the bed. The latter increase, which conducts in a stronger bed stability and
reduces the bedload rate. To conclude, bed arrangement leads to a decrease
in bedload rate. The effect of bed arrangement on sediment transport due
to flow resistance changes prevails on the effect due to bed stability changes,
according to the local measurement results.

In comparison to a non infiltrated bed, an infiltrated bed has a smaller
bed porosity. Consequently, its flow resistance should be reduced and so its
bedload rate. Let’s consider a flow running over an infiltrated bed. The flow
would have some difficulties to remove fine sediments from the gravel bed
matrix in case of cohesive fine sediments. That is why, the porosity remains
low, so does the flow resistance and the bedload rate. On the contrary, non
cohesive fine sediments are easy to wash from the bed surface. The bed
porosity therefore increases until reaching the value corresponding to a non
infiltrated bed. That way, the flow resistance and the bedload rate are the
same as those of a non infiltrated bed. If the bed is infiltrated with cohesive
fine sediments, the bed stability increases because of the strong consolida-
tion induced by fine particles. This leads to a decrease in bedload rate. The
consolidation is probably related to the concentration of cohesive fine sedi-
ments in the gravel matrix. If the bed is infiltrated with non cohesive fine
sediments, the bed stability decreases due to the lubrication effect generated
by the fines. This conducts to an increase in bedload rates. The lubrication
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effect is proportional to the concentration of non cohesive fine sediments in
the transport layer as well as their shape. To conclude, in presence of non
cohesive fine sediments, the bedload rate is enhanced whereas in presence of
cohesive fine sediments, the bedload rate is reduced. In our studied cases,
the presence of fine sediments seems to impact in an equivalent manner flow
resistance and bed stability.

Imbrication /structure ↑ 
 

Bed stability ↑ 
  

 ↓  

 ↓  
Bed 

arrangement 
effect 

Porosity ↓ 

Roughness ↓ 

Dissipation due to bedforms ↑ 

 ↓   ↓  
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↓  ↓  

 ↓  

 ↑  
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Porosity = =   =  

Lubrication↑  
(  et  shape) 

 
Bed 

stability ↓  ↑  

 

 

Figure 11.1.3: Summary of the effect of bed arrangement and presence of fine
sediment on bedload rate.

11.2 Prospects

During this study, an important data set was collected providing the means
to better understand the gravel transport over moderately or poorly sorted
bed material. However, several questions remain unanswered. This part
present different suggestions for further works with the aim of improving the
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bedload transport knowledge and associated morphodynamics using a similar
experimental set-up (as the one present in Irstea Lyon-Villeurbanne) or using
other means.

11.2.1 Improvement of the flow and sediment trans-
port descriptions at local scale

Experiments using our installations

We saw that the gravel dynamics analysis at the local scale was difficult
to interpret because of a relative lack of data. It would be interesting to
perform experiments over the same bed configurations and for the same hy-
draulic conditions, but spending more time on local measurements to better
understand the dynamics at this scale. Several Vectrino II devices could be
installed on the mobile platform to measure at several locations at the same
time in order to double-average our data (average in time and space). In
that way, the effect of spatial variability could be avoided and only effect of
bed arrangement and infiltration on flow and turbulence structures could be
highlighted. The relationship between the hydraulic roughness ks and bed
arrangement parameters could be clarified. In addition, the turbulence and
its associated events (sweep and ejection) could be studied. Eventually, it
would give new clues for characterizing the incipient motion of gravels.

The measurements at the local scale could be made using the Particle
Image Velocimetry (PIV) technique when the fine sediment concentration is
not too high in the water column. Loose and packed beds could be studied
with this technique. However, it might be more difficult for infiltrated beds.
It could be possible with sand/gravel mixture if sand particles are mainly
transported as bedload.

Experiments in collaboration with an institute in Québec

During my thesis, I have helped B. Camenen to perform flume experiments
in the INRS laboratory in Quebec (Canada) in order to study the dynamics
of a fine and coarse sediment mixture using a medical CT-scan (Camenen
et al., 2017). The propagation of sand (ripples or dunes) was monitored over
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the coarse bed using the CT-scan. This device enables to have a detailed
description of the inside bed and its surface. Using these results, we hope
to be able to evaluate the evolution of bed properties (e.g. bed porosity)
and to characterize more precisely the process of infiltration (sealing). In
addition, during these experiments a PIV system was available. Using the
PIV measurements associated with precise bed surface measurements (as well
as bed properties), we expect to understand the impact of the infiltration on
the local flow structure and consequently on the bedload rate which was
measured at the downstream end on a the flume. All the data of these
experiments are not analysed, yet.

11.2.2 Improvement of the methodology for improving
bedload prediction

First of all, another validation of the phenomenological model and of the
methodology should be done using other experiments performed under the
same conditions and using the same sediments as those chosen for this study.
Multiplying the experiments takes a lot of time knowing that the duration
for carrying out an experiment couple is about one month. That is why, this
kind of validation was not done. At least three times the same test should
be done. It could help making the difference between general trends and
individual cases. In this phD thesis, we chosen to perform a wide range of
tests in different conditions, in order to cover a sufficiently wide range of
cases to build our phenomenological model as general as possible. Others
tests are nevertheless needed to improve the developed model and precise
our recommendations.

Case of multimodal bed material

The experiments were only performed on unimodal or bimodal beds. Yet,
in natural rivers, multimodal beds can be encountered. The methodology
needs to be expanded to multimodal cases. Using our actual sediments, one
can think of conducting experiments on gravel beds infiltrated with sand
and fine sand (H-G/S/FS) or with sand and medium silt (H-G/S/Ms). Two
types of infiltration would be present: sealing for the sand sediments and
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bottom-up infiltration for the Ms and FS sediments. The bed behaviour could
be modified because of the inhomogeneity of the fine sediment distribution
within the bed matrix.

Case of water-worked beds

To complete the dataset, sediment transport experiments on water-worked
bed (Cooper and Tait, 2009) need to be carried out. In our laboratory, the
sediment feeding system can be used to built such a bed. Then, sediment
transport experiments with the same hydraulic conditions (hydrograph) than
the others can be performed. The sediment feeding was installed during the
last year of my PhD thesis, that is why the water-worked method was not
used since the beginning of the study. Water-worked beds can be formed
by gravels only but also with multimodal bed material. In that latter case,
phenomena of grain sorting can be investigated. These new experiments
might enable to detect new areas in (q∗

s , τ ∗) plot and explore larger range
of incipient motion thresholds. A first test of experiment on a water-worked
bed is presented in the following.

One sediment transport experiment was conducted on a water-worked
bed composed of gravels only. The preparation of this bed was not easy and
reveals that the protocol needs to be improved. Some interesting observations
were nevertheless put forward.

We tried to create a water-worked bed which has approximately the same
thickness as the loose or packed beds (around 8 - 9 cm) to facilitate the com-
parison between experiments. Approximately 2.3 tons of gravels are needed
to realize such a bed. The construction of a water-worked bed is a long pro-
cess. We estimated specific hydraulic conditions and feeding rates in order
to create it in a limited time (2 days). We set the channel slope at 1.8 %
and the flow discharge at 45 L/s. It corresponds to a transport capacity of
the flow of about 25 g/s according to observations from sediment transport
experiment performed on a loose bed under these conditions. To ensure the
gravel deposition in the channel, the feed rate was adjusted to at least twice
the flow transport capacity. During the creation of the water-worked bed,
the flume was fed with a constant gravel rate of 70 g/s. In the middle of the
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construction, the channel slope was reset at 1.3 % because there was no more
deposition in the flume at 1.8 %.

Figure 11.2.1a present a DEM of the final state of the water-worked bed.
Bed elevations varies from 5 cm to 10 cm along the flume. The morphology of
the water-worked bed differs strongly from the one of loose or packed beds,
which were very flat. Here, the morphology is clearly more complex with
presence of bedforms and preferential flow pathways. It seems that gravel
bars start to appear. This change in morphology will probably influence the
transport rate.

(a) Water-worked bed before gravel transport experiment

(b) Water-worked bed after gravel transport experiment

Figure 11.2.1: Topography of the water-worked bed: (a) after its construction
in the flume of Irstea Lyon-Villeurbanne and (b) after the gravel transport
experiment.

Gravel transport experiment was performed on the water-worked bed pre-
sented in Figure 11.2.1a. Same experimental protocol as the one for experi-
ments conducted on loose or packed beds was used. The channel slope was
set at 1 % and the bed was subjected to a symmetrical hydrograph (rising and
falling limbs). No gravel feeding was present during this experiment. Figure
11.2.2 shows the flow and gravel rate variations during the experiment. At
the peak of the hydrograph, the gravel rates reach values up to 20 g.m−1.s−1

which are higher than the one obtained for the loose or packed gravel beds (of
around 10 g/m/s). The shape of the bedload evolution follows a single-peak
shape. Bedload intensity seems different during the rising limb compared to
the falling limb. Bedload rate is probably enhanced due to the presence of
bedforms. During the falling limb, bedforms are slightly smoothed reduc-
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ing progressively the bedload rate. Figure 11.2.1b shows topography of the
water-worked bed after the gravel transport experiment. Bars and forms are
less clear. The bed has changed its state of equilibrium.

Figure 11.2.2: Time variations of bedload (qs) and flow (Q) rates for an experi-
ment performed on a water-worked bed. (Grid delimits steady states from
transitions zones. Black horizontal line corresponds to the reference trans-
port rate qs-ref. The left axis refers to the bedload rate (orange) and the
right axis refers to the water discharge (blue).)

Figure 11.2.3 presents all the results obtained for unimodal beds as well as
the ones obtained during the experiment on the water-worked bed. It shows
the dimensionless bedload rate, qs, as a function of the dimensionless bed
shear stress, τ ∗. Regarding the data at the hydrograph rising and falling limb,
a counterclokwise hysteresis for the water-worked experiment was observed.
For this case, sediment transport is far from what we obtained at similar bed
shear stress for loose or packed beds. Data points are located in a new area
with high bedload rates for τ ∗ values being smaller. With these differences
between the diverse experiments performed on unimodal gravel beds, we
highlight the impact of a change in bed arrangement and/or the presence of
bedforms.

Case of rivers with alternate bars

Because rivers in the Alps are often constraint (e.g. the Arc river), it could
be interesting to analyse the morphological evolution of such rivers. The
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(a) Rising limb (b) Falling limb

Figure 11.2.3: Evolution of the dimensionless bedload rate according to the di-
mensionless bed shear stress for experiments performed on unimodal gravel
beds (loose, packed and water-worked): (a) at the rising limb and (b) at the
falling limb. (Green and grey shaded areas delimit data from experiments
conducted on loose beds to data from experiments conducted on packed
beds during the rising limb. These areas are reported on data at the falling
limb. The black horizontal line corresponds to the dimensionless reference
low transport rate q∗

s-ref = 2.2×10−4.)

beds of these kinds of rivers are often composed of alternate bars. These
bars have probably an influence on the bedload rate evolution and on the
sediment incipient motion. To understand the morphological evolution of
these mountain rivers, it is important to try to reproduce such beds in a
flume experiment (Lisle et al., 1991). Our channel side will represent dikes for
example. Using the proper setting, our actual installations could be sufficient
to create a bed with alternate bars. Indeed, the experiment on the water-
worked bed presented above was encouraging. Bars were almost created. The
global impact of the presence of alternate bars (unimodal or multimodal) on
the transport rate could be studied. Bars could be composed of gravels only
but also of a large range of sediments which is more representative of natural
river bars.
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11.2.3 Impact of bedload rate on fine sediment trans-
port

The study focuses on the bedload transport. The impact of fine sediment
transport on bedload was investigated. No tests were performed to under-
stand the impact of bedload on the fine sediment transport. Yet, fine and
coarse particles are continuously in interaction. It could be thus interesting
to complete this study with another point of view by focusing on the fine
sediments and the impact of the gravel presence on their transport.

11.2.4 Improvement of restoration operations

The experiments on bimodal beds monitored the evolution of the fine sedi-
ment height within the bed during an hydrograph. These observations could
be used to help some restoration operations in natural river which consists in
declogging the bed from its fine sediments infiltrated within the bed matrix.
The declogging process needs to be operated without transporting too much
the coarse matrix which constitutes the fish habitat. Other experiments
should be performed to quantify the efficiency of the declogging during such
operations (i.e. evaluate the declogging depth). Different hydraulic condi-
tions than a symmetrical hydrograph should be tested. An ongoing project
supervised by Irstea is dealing with these questions.

11.2.5 Use of different material

The gravels available for my PhD study were probably too sorted. Different
bed arrangements were difficult to obtain. We think that performing this
study with gravels having more scattered grain size distribution could reveal
stronger bed arrangements. Structures and bedforms would be clearer and
easier to detect. The difference between the bed surface criteria obtained on
the different bed configurations would probably be more identifiable. The
determining bed surface criteria influencing the calculation of ks and the
determination of τ ∗

ref could be clarified.
Experiments using more cohesive and natural fine sediments are needed

to investigate the cementation phenomena. These phenomena may strongly
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affects sediment transport in natural rivers. We have seen that the cementa-
tion depends on the fine sediment residence time. Several experiments could
be done to relate the degree of bed consolidation or cohesion (Cu) to the bed-
load rate in order to specify the relation between τ ∗

ref and Cu. Core samples
of the clogged beds and laboratory analyses might be needed to quantify Cu

as a function of the fine sediment residence time. Cu will also depends on
the type of fine sediments (organics presence, percentage of clay, etc.)
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(1998). Impact écologiques de la chenalisation des rivière. CEMAGREF,
Lyon. (In French).

Waters, K. and Curran, J. (2015). Linking bed morphology changes of two
sediment mixtures to sediment transport predictions in unsteady flows.
Water Resources Research, 51:2724–2741.

Wentworth, C. K. (1922). A scale of grade and class terms for clastic sedi-
ments. The Journal of Geology, 30(5):377–392.

Wiberg, P. L. and Smith, J. D. (1987). Calculations of the critical shear
stress for motion of uniform and heterogeneous sediments. Water Resources
Research, 23(8):1471–1480.

Wiberg, P. L. and Smith, J. D. (1991). Velocity distribution and bed rough-
ness in high-gradient streams. Water Resources Research, 27:825–838.

Wilcock, P., Potlick, J., and Cui, Y. (2009). Sediment transport primer:
estimating bed-material transport in gravel-bed rivers. Technical report,
U. S. Department of Agriculture, Forest Service, Rocky Mountain Research
Station.

Wilcock, P. R. (1996). Estimating local bed shear stress from velocity obser-
vations. Water Resources Research, 32:3361–3366.

Wilcock, P. R. and Crowe, J. C. (2003). Surface-based transport model for
mixed-size sediment. Journal of Hydraulic Engineering, 129(2):120–128.

Wilcock, P. R. and DeTemple, B. T. (2005). Persistence of armor layers in
gravel-bed streams. Geophysical Research Letters, 32(L08402):1–4.

Wilcock, P. R., Kenworthy, S. T., and Crowe, J. C. (2001). Experimental
study of the transport of mixed sand and gravel. Water Resources Research,
37:3349–3358.

Wilcock, P. R. and McArdell, B. W. (1993). Surface-based fractional trans-
port rates: Mobilization thresholds and partial transport of a sand-gravel
sediment. Water Resources Research, 29:1297–1312.

Page 235



BIBLIOGRAPHY

Williams, G. (1989). Sediment concentration versus water discharge during
single hydrologic events in rivers. Journal of Hydrology, 111:89–106.

Williams, G. and Wolman, G. M. (1984). Downstream effects of dams on
alluvial rivers. Technical Report 1286, United States Government Printing
Office.

Wilson, K. C. (1966). Bed-load transport at high shear stress. Journal of
Hydraulic Division, 92(6):49–59.

Wong, M. and Parker, G. (2006). Reanalysis and correction of bed-load
relation of meyer-peter and müller using their own database. Journal of
Hydraulic Engineering, 132(11):1159–1168.

Wood, P. J. and Armitage, P. D. (1997). Biological effects of fine sediment
in the lotic environment. Environmental Management, 21:203–217.

Wood, P. J. and Armitage, P. D. (1999). Sediment deposition in a small
lowland stream - Management implications. Regulated Rivers: Research
and Management, 15:199–210.

Wren, D., Kuhnle, R., Langendoen, E., and Rigby, J. (2014). Turbulent flow
and sand transport over a cobble bed in a laboratory flume. Journal of
Hydraulic Engineering, 140(4):167–176.

Wren, D., Ursic, M., Kuhnle, R., and Langendoen, E. (2016). Examining the
gengeneral of τ0/TKE for gravel and cobble beds with sand fill. Journal
of Hydraulic Engineering, 143(4).

Wren, D. G., Langendoen, E. J., and Kuhnle, R. A. (2011). Effects of sand
addition on turbulent flow over an immobile gravel bed. Journal of Geo-
physical Research: Earth Surface, 116(F01018):1–12.

Wu, W., Wang, S. S. Y., and Jia, Y. F. (2000). Nonuniform sediment trans-
port in alluvial rivers. Journal of Hydraulic Research, 38(6):427–434.

XP CEN ISO/TS 17892-6 (2006). Reconnaissance et essais géotechniques -
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Appendix A

Experimental data

This appendix recaps the important data measured during each experiments.

Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5 shows the temporal
evolution of gravel transport rates measured during an hydrograph for all the
experiments.
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(a) L-G-1

(b) L-G-2

(c) L-G-3

Figure 1: Time variations of bedload (qs) and flow (Q) rates for experiments on
loose beds. (Grid delimits steady states from transitions zones. Black horizontal
line corresponds to the reference transport rate qs-ref. The left axis refers to the
bedload rate (orange) and the right axis refers to the water discharge (blue).)
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Chapter A Experimental data

(a) P-G-1

(b) P-G-2

(c) P-G-3

Figure 2: Time variations of bedload (qs) and flow (Q) rates for experiments
on packed beds. (Grid delimits steady states from transitions zones. Black
horizontal line corresponds to the reference transport rate qs-ref. The left axis
refers to the bedload rate (orange) and the right axis refers to the water discharge
(blue).)
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(a) L-G-4

(b) L-G-5

(c) L-G-6

Figure 3: Time variations of bedload rates and hydraulic conditions for experi-
ments on loose beds. (Grid delimits steady states from transitions zones. These
experiments were performed to detect Qref−F ; that is why gravel transport rates
were only measured at the falling limb of the hydrograph.)
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(a) L-G-7

(b) H-G/S-7

Figure 4: Time variations of bedload (qs) and flow (Q) for experiments on a loose
bed and associated bed infiltrated with sand particles. (Grid delimits steady
states from transitions zones. Black horizontal line corresponds to the reference
transport rate qs-ref. The left axis refers to the bedload rate (orange) and the
right axis refers to the water discharge (blue).)
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(a) H-G/Ms-5

(b) H-G/Ms-6

(c) H-G/Ms-9

Figure 5: Time variations of bedload (qs) and flow (Q) for experiments on beds
infiltrated with medium silt particles. (Grid delimits steady states from tran-
sitions zones. Black horizontal line corresponds to the reference transport rate
qs-ref. The left axis refers to the bedload rate (orange) and the right axis refers
to the water discharge (blue).)
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Bed surface characteristics

B.1 L-G-1 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in Figure B.1.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.1.2 represents the resulting digital elevation models (DEM). Fig-
ure B.1.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure function Db associ-
ated to the 3 patches are given: one in 3D (Figure B.1.4) and one in contour
plot (Figure B.1.5).
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B.1 L-G-1 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.1.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.1.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.

Bed surface criteria

Table B.1a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.1b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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B.1 L-G-1 experiment

Figure B.1.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.1.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.1 L-G-1 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.1.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.2 P-G-1 experiment

B.2 P-G-1 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in B.2.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.2.2 represents the resulting digital elevation models (DEM). Fig-
ure B.2.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure function Db associ-
ated to the 3 patches are given: one in 3D (Figure B.2.4) and one in contour
plot (Figure B.2.5).

Bed surface criteria

Table B.2a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.2b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.2.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.2 P-G-1 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.2.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.2.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment
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B.2 P-G-1 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.2.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.2.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

B.3 L-G-2 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in B.3.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.3.2 represents the resulting digital elevation models (DEM). Fig-
ure B.3.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure function Db associ-
ated to the 3 patches are given: one in 3D (Figure B.3.4) and one in contour
plot (Figure B.3.5).

Bed surface criteria

Table B.3a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.3b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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B.3 L-G-2 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.3.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.3.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.3 L-G-2 experiment

Figure B.3.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.3.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.3 L-G-2 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.3.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.4 P-G-2 experiment

B.4 P-G-2 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in B.4.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.4.2 represents the resulting digital elevation models (DEM). Fig-
ure B.4.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure function Db associ-
ated to the 3 patches are given: one in 3D (Figure B.4.4) and one in contour
plot (Figure B.4.5).

Bed surface criteria

Table B.4a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.4b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.4.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.4 P-G-2 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.4.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.4.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment
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B.4 P-G-2 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.4.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.4.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

B.5 L-G-3 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in B.5.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.5.2 represents the resulting digital elevation models (DEM). Fig-
ure B.5.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure functions Db associ-
ated to the 3 patches are given: one in 3D (Figure B.5.4) and one in contour
plot (Figure B.5.5).

Bed surface criteria

Table B.5a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.5b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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B.5 L-G-3 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.5.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.5.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.5 L-G-3 experiment

Figure B.5.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.5.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.5 L-G-3 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.5.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.6 P-G-3 experiment

B.6 P-G-3 experiment

General bed surface surveys

No DEM of the entire bed surface is available. Three longitudinal bed surface
surveys are presented in B.6.1.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches Z1,
Z2 and Z3 were located at 6.6 m, 8.6 m, and 10.6 m from the downstream
end of the flume, respectively.

Figure B.6.2 represents the resulting digital elevation models (DEM). Fig-
ure B.6.3 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure functions Db associ-
ated to the 3 patches are given: one in 3D (Figure B.6.4) and one in contour
plot (Figure B.6.5).

Bed surface criteria

Table B.6a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.6b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.6.1: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.6 P-G-3 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.6.2: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.6.3: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment
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B.6 P-G-3 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.6.4: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.6.5: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.6 P-G-3 experiment

T
ab

le
B

.6
:

B
ed

su
rf

ac
e

cr
it

er
ia

of
th

e
3

pa
tc

he
s

su
rv

ey
ed

be
fo

re
an

d
af

te
r

th
e

se
di

m
en

t
tr

an
sp

or
t

ex
pe

ri
m

en
t.

(a
)

σ
z
g

S
k

K
u

Δ
x

0
Δ

y
0

H
x

H
y

x
0

y 0
a

b
x

0
y

0
a b

φ

(m
m

)
(m

m
3 )

(m
m

4 )
(m

m
)

(m
m

)
(-

)
(-

)
(m

m
)

(m
m

)
(m

m
)

(m
m

)
(-

)
(-

)
(◦ )

Z1
In

iti
al

3.
5

0.
20

3.
0

12
.0

10
.2

0.
49

0.
52

10
.9

6.
8

10
.5

6.
8

1.
6

1.
5

-0
.1

Fi
na

l
3.

5
0.

10
3.

0
11

.7
10

.4
0.

49
0.

51
9.

1
6.

8
8.

9
6.

6
1.

3
1.

3
-3

.1
Z2

In
iti

al
4.

2
0.

05
2.

8
14

.7
12

.7
0.

49
0.

53
9.

2
6.

7
8.

9
6.

6
1.

4
1.

3
1.

1
Fi

na
l

3.
1

0.
13

2.
8

8.
8

7.
9

0.
51

0.
53

9.
7

6.
9

9.
7

6.
9

1.
4

1.
4

-4
.4

Z3
In

iti
al

2.
9

0.
00

2.
9

7.
2

6.
4

0.
48

0.
52

9.
7

6.
8

9.
5

6.
8

1.
4

1.
4

1.
4

Fi
na

l
3.

3
-0

.0
6

2.
8

9.
0

8.
7

0.
51

0.
53

7.
5

6.
7

7.
2

6.
5

1.
1

1.
1

4.
5

(b
)

σ
z
g

S
k

K
u

σ
z
l

σ
z
t

Δ
x

0
Δ

y
0

H
x

H
y

x
0

y
0

a b
φ

(m
m

)
(m

m
3 )

(m
m

4 )
(m

m
)

(m
m

)
(m

m
)

(m
m

)
(-

)
(-

)
(-

)
(-

)
(◦ )

G
en

er
al

be
d

In
iti

al
3.

5
0.

08
2.

9
5.

1
4.

4
11

.3
9.

8
0.

49
0.

52
1.

5
1.

4
0.

8
Fi

na
l

3.
3

0.
06

2.
8

5.
7

/
9.

8
9.

0
0.

51
0.

53
1.

3
1.

3
-1

.0

Page 288



Chapter B Bed surface characteristics

B.7 L-G-4 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.7.1. Three
longitudinal bed surface surveys are presented in B.7.2.

(a) Initial state

(b) Final state

Figure B.7.1: DEM of the entire bed surface channel before and after the exper-
iment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.7.3 represents the resulting digital elevation models (DEM). Fig-
ure B.7.4 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure functions Db associ-
ated to the 3 patches are given: one in 3D (Figure B.7.5) and one in contour
plot (Figure B.7.6).

Page 289



B.7 L-G-4 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.7.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.7.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.7 L-G-4 experiment

Figure B.7.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.7a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.7b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.7.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.7 L-G-4 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.7.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.8 L-G-5 experiment

B.8 L-G-5 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.8.1. Three
longitudinal bed surface surveys are presented in B.8.2.

(a) Initial state

(b) Final state

Figure B.8.1: DEM of the entire bed surface channel before and after the exper-
iment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.8.3 represents the resulting digital elevation models (DEM). Fig-
ure B.8.4 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure functions Db associ-
ated to the 3 patches are given: one in 3D (Figure B.8.5) and one in contour
plot (Figure B.8.6).
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.8.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.8 L-G-5 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.8.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.8.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.8a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.8b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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B.8 L-G-5 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.8.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.8.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.8 L-G-5 experiment
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Chapter B Bed surface characteristics

B.9 H-G/Ms-5 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.9.1. Three
longitudinal bed surface surveys are presented in B.9.2.

(a) Initial state

(b) Final state

Figure B.9.1: DEM of the entire bed surface channel before and after the exper-
iment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.9.3 represents the resulting digital elevation models (DEM). Fig-
ure B.9.4 shows the probability density function of the bed surface elevations
for the 3 patches. Two representations of the structure functions Db associ-
ated to the 3 patches are given: one in 3D (Figure B.9.5) and one in contour
plot (Figure B.9.6).
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B.9 H-G/Ms-5 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.9.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.9.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.9 H-G/Ms-5 experiment

Figure B.9.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.9a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.9b reports the bed surface criteria
computed at the scale of the entire bed surface, either by averaging data of
the three patches or by using the transverse and longitudinal surveys of the
bed.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.9.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.9 H-G/Ms-5 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.9.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.10 L-G-6 experiment

B.10 L-G-6 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.10.1 where
data are missing due to a dysfunction of the laser-scanner device. Three
longitudinal bed surface surveys are presented in B.10.2.

(a) Initial state

(b) Final state

Figure B.10.1: DEM of the entire bed surface channel before and after the ex-
periment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.10.3 represents the resulting digital elevation models (DEM).
Figure B.10.4 shows the probability density function of the bed surface ele-
vations for the 3 patches. Two representations of the structure functions Db

associated to the 3 patches are given: one in 3D (Figure B.10.5) and one in
contour plot (Figure B.10.6).
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.10.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.10 L-G-6 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.10.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.10.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.10a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.10b reports the bed surface crite-
ria computed at the scale of the entire bed surface, either by averaging data
of the three patches or by using the transverse and longitudinal surveys of
the bed.
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B.10 L-G-6 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.10.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.10.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.10 L-G-6 experiment
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Chapter B Bed surface characteristics

B.11 P-G/Ms-6 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.11.1. Three
longitudinal bed surface surveys are presented in B.11.2.

(a) Initial state

(b) Final state

Figure B.11.1: DEM of the entire bed surface channel before and after the ex-
periment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.11.3 represents the resulting digital elevation models (DEM).
Figure B.11.4 shows the probability density function of the bed surface ele-
vations for the 3 patches. Two representations of the structure functions Db

associated to the 3 patches are given: one in 3D (Figure B.11.5) and one in
contour plot (Figure B.11.6).
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B.11 P-G/Ms-6 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.11.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.11.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.11 P-G/Ms-6 experiment

Figure B.11.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.11a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.11b reports the bed surface crite-
ria computed at the scale of the entire bed surface, either by averaging data
of the three patches or by using the transverse and longitudinal surveys of
the bed.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.11.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.11 P-G/Ms-6 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.11.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.12 L-G-7 experiment

B.12 L-G-7 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.12.1. Three
longitudinal bed surface surveys are presented in B.12.2.

(a) Initial state

(b) Final state

Figure B.12.1: DEM of the entire bed surface channel before and after the ex-
periment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.12.3 represents the resulting digital elevation models (DEM).
Figure B.12.4 shows the probability density function of the bed surface ele-
vations for the 3 patches. Two representations of the structure functions Db

associated to the 3 patches are given: one in 3D (Figure B.12.5) and one in
contour plot (Figure B.12.6).
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Chapter B Bed surface characteristics

(a) Center line

(b) Right side

(c) Left side

Figure B.12.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.12 L-G-7 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.12.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.

Page 326



Chapter B Bed surface characteristics

Figure B.12.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.12a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.12b reports the bed surface crite-
ria computed at the scale of the entire bed surface, either by averaging data
of the three patches or by using the transverse and longitudinal surveys of
the bed.
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B.12 L-G-7 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.12.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.12.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.12 L-G-7 experiment
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Chapter B Bed surface characteristics

B.13 H-G/S-7 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.13.1. Three
longitudinal bed surface surveys are presented in B.13.2.

(a) Initial state

(b) Final state

Figure B.13.1: DEM of the entire bed surface channel before and after the ex-
periment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.13.3 represents the resulting digital elevation models (DEM).
Figure B.13.4 shows the probability density function of the bed surface ele-
vations for the 3 patches. Two representations of the structure functions Db

associated to the 3 patches are given: one in 3D (Figure B.13.5) and one in
contour plot (Figure B.13.6).
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B.13 H-G/S-7 experiment

(a) Center line

(b) Right side

(c) Left side

Figure B.13.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.13.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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B.13 H-G/S-7 experiment

Figure B.13.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.13a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.13b reports the bed surface crite-
ria computed at the scale of the entire bed surface, either by averaging data
of the three patches or by using the transverse and longitudinal surveys of
the bed.
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Chapter B Bed surface characteristics

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.13.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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B.13 H-G/S-7 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.13.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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B.14 H-G/Ms-9 experiment

B.14 H-G/Ms-9 experiment

General bed surface surveys

DEM of the entire bed surface channel is showed on figure B.14.1. Three
longitudinal bed surface surveys are presented in B.14.2.

(a) Initial state

(b) Final state

Figure B.14.1: DEM of the entire bed surface channel before and after the ex-
periment of sediment transport.

Surveys of bed surface patches

In the following, initial and final states mean before and after an experiment
of sediment transport, respectively. Initial and final bed surface surveys were
performed on 3 zones distributed along the channel: downstream (patch Z1),
middle (patch Z2), and upstream (patch Z3). In this experiment, patches
Z1, Z2 and Z3 were located at 7 m, 10.9 m, and 14.8 m from the downstream
end of the flume, respectively.

Figure B.14.3 represents the resulting digital elevation models (DEM).
Figure B.14.4 shows the probability density function of the bed surface ele-
vations for the 3 patches. Two representations of the structure functions Db

associated to the 3 patches are given: one in 3D (Figure B.14.5) and one in
contour plot (Figure B.14.6).
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(a) Center line

(b) Right side

(c) Left side

Figure B.14.2: Longitudinal surveys of the bed surface before and after the ex-
periment of sediment transport.
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B.14 H-G/Ms-9 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.14.3: DEM of bed surface patches: left and right sides of this figure
correspond to initial and final states of the bed surface, respectively.
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Chapter B Bed surface characteristics

Figure B.14.4: PDF of the bed surface elevations for the 3 patches before and
after the sediment transport experiment

Bed surface criteria

Table B.14a recaps all the bed surface criteria calculated for the three patches
surveyed (initial and final states). Table B.14b reports the bed surface crite-
ria computed at the scale of the entire bed surface, either by averaging data
of the three patches or by using the transverse and longitudinal surveys of
the bed.
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B.14 H-G/Ms-9 experiment

(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.14.5: D∗
b plots for the three patches: left and right sides of this figure

correspond to initial and final states of the bed surface, respectively.
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(a) Initial patch Z1 (b) Final patch Z1

(c) Initial patch Z2 (d) Final patch Z2

(e) Initial patch Z3 (f) Final patch Z3

Figure B.14.6: Contour plots for the three patches: left and right sides of this
figure correspond to initial and final states of the bed surface, respectively.
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Appendix C

Doppler noise and variance
correction

This appendix shows how the variances can be expressed in function of the
beam signals of the Vectrino II and the ones which are affected by Doppler
noise.

u′2 = 1
4 sin2(α)

(
b′

1
2 + b′

3
2 − 2b′

1b
′
3 + 2σ1-3

)
(C.1)

v′2 = 1
4 sin2(α)

(
b′

2
2 + b′

4
2 − 2b′

2b
′
4 + 2σ2-4

)
(C.2)

w′
1

2 = 1
4 cos2(α)

(
b′

1
2 + b′

3
2 − 2b′

1b
′
3 + 2σ1-3

)
(C.3)

w′
2

2 = 1
4 cos2(α)

(
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2
2 + b′

4
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(C.4)
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1
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2 sin(2α)
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4 cos2(α)
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′
4 + b′

2b
′
3 + b′

3b
′
4

)
(C.7)

where σ1-3 and σ2-4 are Doppler noises associated with the beam couple 1-3
and with the beam couple 2-4, respectively, and α is the angle between the
emitter and receiver of the Vectrino II.
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Equation C.7 shows that w′
1w

′
2

2 is not contaminated by the Doppler noise
and obtained with uncorrelated signals. That is why, it is often defined as
the true variance.
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Transport of moderately sorted gravels at low bed shear stresses : impact of bed
arrangement and fine sediment infiltration

Abstract This PhD thesis aims to understand gravel dynamics in Alpine rivers at low bed shear stress
using laboratory experiments. Alpine river beds are often poorly sorted and composed of sediments
ranging from clay to pebble. To understand interactions between these classes is an issue for predicting
bedload rate. Original laboratory experiments were performed in a 18 m long and 1 m wide flume,
under unsteady flows. Two types of bed were investigated : unimodal and bimodal beds. A particular
attention was paid to the bed construction, which was conducted in order to obtain a nature-like bed
with different bed arrangements and degrees of clogging. Unimodal beds were made of moderately
sorted gravels with different bed surface arrangements. Bimodal beds were made of moderately sorted
gravels in which fine sediments (sand or silt) were infiltrated. Gravel rate was found to be impacted
by the bed arrangement degree, the fine sediment concentration within the transport layer and the
changes in bed properties due to fine sediment presence (bed cohesion, bed permeability). The more
packed the bed is ; the more difficult it is to move gravels. The more concentrated in fine sediments
the transport layer is ; the easier the transport of gravels is. The shape of fine sediments can also be
an important factor for modifying the gravel rate. The presence of cohesive fine sediments within the
bed matrix reduces significantly the gravel rate. A phenomenological diagram was built to recap the
different processes controlling gravel transport. It provides a description of the overall bed responses
to a hydrograph. Based on this diagram, a methodology and recommendations were proposed to help
understanding, estimating and interpreting gravel transport in Alpine rivers. The methodology was
discussed and applied to a field case made on the Arc River. We also suggest a new dimensionless
analysis for the construction of a new bedload predicting model involving parameters describing bed
arrangement, bed properties and fine sediment presence.

Keywords : sediment transport ; fine sediment clogging ; bed arrangement ; incipient motion ;
laboratory experiments.

Transport de graviers à faibles contraintes : impact de l’arrangement et de l’infiltration
du lit par des sédiments fins

Résumé Le but de cette thèse est de comprendre la dynamique des graviers au sein des rivières alpines
à faibles contraintes en utilisant des expériences en laboratoire. Ces rivières sont souvent composées
d’une large gamme de sédiments, allant des argiles aux galets. Ces différentes classes sédimentaires
peuvent intéragir entre elles, ce qui peut rendre difficile l’estimation du transport solide. Des expé-
riences en laboratoire ont été conduites en écoulements instationnaires dans un canal de 18 m de long
et 1 m de large. Deux types de lits ont été étudiés : lits unimodaux et bimodaux. Une attention par-
ticulière a été portée sur la réalisation des lits de graviers dans notre canal. Ils ont été créés dans le
but d’approcher au mieux la configuration des lits de rivières alpines, c’est-à-dire avec différents ar-
rangements et degrés de colmatage du lit par des sédiments fins. Les lits unimodaux sont composés de
graviers peu triés avec divers arrangements de surface. Les lits bimodaux sont composés d’une matrice
de graviers peu triés dans laquelle des sédiments fins se sont infiltrés (sables ou limons). Les processus
régissant le transport de graviers ont été mis en avant. Le transport de graviers est impacté par l’ar-
rangement du lit, la concentration de sédiments fins dans la couche de charriage, et par le changement
de propriétés du lit due à la présence de sédiments fins (cohésion, perméabilité du lit). Plus le lit est
arrangé, plus le transport est difficile. Plus la couche de charriage est concentrée en sédiments fins, plus
le transport est facile. La forme des sédiments fins est aussi un facteur important pouvant modifier le
transport des graviers. La présence de sédiments fins cohésifs dans la matrice peut considérablement
réduire le taux de graviers transportés. Un modèle phénoménologique a été développé pour résumer
les différents processus contrôlant le transport de graviers. Il décrit le comportement des graviers dans
les différentes configurations étudiées. Basé sur ce modèle, une méthode a été proposée pour aider à
comprendre, estimer et interpréter le transport de graviers. Cette méthode a été appliquée et discutée
sur un cas de terrain sur la rivière de l’Arc. Nos résultats nous ont également permis de proposer une
nouvelle analyse dimensionnelle pour la construction d’un modèle de prédiction de transport solide
prenant en compte des paramètres décrivant l’arrangement du lit, les propriétés géotechniques du lit
et la présence de sédiments fins.

Mots-clefs : transport sédimentaire ; charriage ; colmatage ; arrangement du lit ; mise en mouve-
ment ; laboratoire.
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