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Abstract
Almost all bedload transport laws proposed in the literature consider implicitely that the sediment 
flux is a local function of the shear stress [Garcia, 2006 and references therein]. They consequently 
ignore any relaxation effect, although the latter  is  recognized to control the development of 
bedforms. To account for this relaxation effect, Charru [2006] proposed a theoretical erosion-
deposition model of bedload transport. In this poster we report the results of an experimental 
investigation aimed at testing the prediction of this model. We study  the motion of bedload 
particles  in the ideal case of a  steady and uniform turbulent flow above a flat sediment bed of 
uniform grain size. Using a high-speed video imaging system, we visualize the trajectories of the 
entrained grains and measure the particles velocities, the length and durations of their flights and 
the density of moving particles. As far as we know, this study  is the first one to present 
measurements of all these quantities in the same experimental conditions. 

Our observations show that the particles entrained by the flow exhibit intermittent trajectories 
composed of the succession of periods of motion, hereafter called "flights", and periods of rest. 
During the same flight, a particle may go through phases of rolling, during which it moves in nearly 
persistent contact with the rough bed, and phases of saltation, during which it travels sufficiently 
high above the bed to reach high velocities. The experimental results support the erosion-
deposition model of Charru [2006] and allow us to calibrate the values of the different coefficients 
of the model. The results presented in this paper provide a valuable physical framework to describe 
bedforms developpement in turbulent flows. 

• An erosion-deposition model for bedload transport 
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q∗ a dimensionless sediment transport rate. The Shields
number τ∗ is a dimensionless shear stress [Shields, 1936].
Res is a settling Reynolds number computed from a charac-
teristic settling velocity Vs =

√
RgD. Note that the particle

Reynolds number Re∗ = u∗D/ν is related to the above num-
bers by Re∗ = Res

√
τ∗.

Determining the function f which relates q∗ to the set of
parameters τ∗, Res, R, S and H/D has been the goal of a
huge number of works either theoretical [Duboys, 1879; Ein-
stein, 1950; Bagnold , 1956, 1973; Ashida and Michiue, 1973;
Engelund and Fredsoe, 1976; Bridge and Dominic, 1984],
experimental [Meyer-Peter and Müller, 1948; Fernandez-
Luque and Beek, 1976; Wong , 2003] or based on the anal-
ysis of field data [Bagnold , 1980; Gomez , 1991]. The bed-
load transport laws most commonly used in the literature
are listed in Table 2. Although no relationship has gained
universal acceptance, some general features are accepted:

1. all formulas involve a threshold value of the Shields
number τ∗

c depending on Res and S and below which no
sediment is transported [Shields, 1936; Wiberg and Smith,
1987; Lamb et al., 2008],

2. they all predict the same dependence q∗ ∝ τ∗3/2 suffi-
ciently far from the threshold i.e. in the limit τ∗ $ τ∗

c .
The bedload transport laws listed in table 2 essentially

differ in their prediction close to τ∗

c . Two main groups
of equations can be distinguished. The first one predicts
q∗ ∝ (τ∗ − τ∗

c )3/2 [Meyer-Peter and Müller, 1948; Ein-
stein, 1950; Fernandez-Luque and Beek, 1976; Wong , 2003]
whereas the second one proposes q∗ ∝ (τ∗−τ∗

c )(
√

τ∗−
√

τ∗

c )
[Ashida and Michiue, 1973; Engelund and Fredsoe, 1976;
Bridge and Dominic, 1984].

An alternative way to consider the problem of bedload
transport is to write

qs = δv σ V (6)

where σ is the surface density of moving particles i.e. the
number of sediment grains into motion per unit bed area,
V is the average velocity of sediment particles and δv is the
volume of an individual particle. Understanding the physics
of bedload transport therefore comes down to determining
the dependence of both V and σ with the parameters τ∗,
Res, R,S and H/D.

This approach has motivated several investigations of
bedload transport at the grain scale. Francis [1973], Ab-
bott and Francis [1977] and later Nino and Garcia [1994],
Hu [1996] and Lee and Hsu [1994] investigated experimen-
tally the trajectory of an isolated grain propelled by a water
stream over a non-erodible bed. A second group of investi-
gations studied the trajectories of bedload particles over an
erodible bed [Fernandez-Luque and Beek, 1976; Van Rijn,
1984; Charru et al., 2004]. All these authors concluded that
small saltation jumps are the main form of bedload mo-
tion and tried to characterize the variation of the average
saltation height hs, the saltation length Ls and the average
particle velocity V with D and τ∗. Their results are sum-
marized in Table 1. Their conclusions about hs and Ls are
very different. But, to the exception of Lee and Hsu [1994],
they all found the same dependency for V

V = a (u∗ − bu∗

c) (7)

where u∗

c is the critical shear velocity at the threshold of
grain entrainment and a and b are positive coefficients re-
lated to the friction coefficient and an effective fluid velocity
at the height of the grains. The values of a and b differ from

one author to the other one (see Table 1). V is positive so
that b ! 1. Note that the case b = 1 implies that the particle
velocity cancels at the onset of sediment transport whereas
b < 1 corresponds to a situation where the particles move
with a finite velocity at the onset of sediment transport.

Francois, je te laisse ajouter quelques phrases sur Wiberg
etc... ok, ca reste a faire.

All the bedload transport laws discussed so far try to
establish a relationship between the local volumetric flow
rate of particles and the local shear stress exerted by the
fluid flow on the bed, with the fluid shear stress calculated
as if the bed was fixed. These relationships consider im-
plicitely that the particle flux is in equilibrium with the
shear stress, and consequently ignore any relaxation effect.
However, such relaxation is now recognized to control the
development of bedforms, especially ripples [Charru et al.,
2004]. In the case of sand particles in air flow, Sauermann
et al. [2001] and Andreotti et al. [2002] introduced a phe-
nomenological first-order differential equation for the sand
flux, which accounts for this relaxation through an acceler-
ation length &acc = ρs/ρD related to grain inertia. In water,
whose density is much larger than that of air, Charru [2006]
argued that this characteristic length would not be the most
relevant one, and developped an erosion-deposition model
of bedload transport for both viscous and turbulent flows.
This model, which makes quantitative predictions about the
dependence of σ and V with the control parameters, is de-
scribed in section 2. It was successfully tested against ex-
periments with viscous flows [Charru et al., 2004], but not
with turbulent flows. Indeed, despite the plethora of exper-
imental investigations of bedload transport in a turbulent
flow, measurements of relevant quantities such as V or σ
are either missing or inconsistent (see table 1).

In this paper, we address this problem by investigating
the motion of individual bedload particles entrained by a
turbulent flow in a small experimental flume. Our objectives
are to characterize the motion of individual bedload particles
and to establish their relationship to the macroscopic sedi-
ment transport in order to test the erosion-deposition model
of Charru [2006] in the turbulent case. To this aim, we per-
formed systematic measurements of the velocity and surface
density of the moving grains, together with the lengthes and
durations of the saltation flights. The analysis of the exper-
imental results within the frame of the erosion-deposition
model of Charru [2006] allows us to introduce relaxation
effects in the particle flux.

The paper is organised as follows. In Sec. 2, we briefly
recall the derivation of the erosion-deposition model of bed-
load transport of Charru [2006]. Section 3 is dedicated to
the description of the experimental setup and procedure.
The experimental results are presented in Sec. 4 and dis-
cussed in Sec. 5. The paper ends with a summary of the
results and conclusions.

2. An erosion-deposition model for bedload
in a turbulent stream

As stated by equation (6), the bedload flux is propor-
tional to σ, the number of moving particles per unit area.
For stationary and uniform flow, this density corresponds
to equilibrium between the particles eroded from the fixed
bed, and deposited onto it. For unsteady or nonuniform
flow, such as that over ripples or dunes, this equilibrium
may be broken, and the variation of σ(x, t) is governed by
the conservation equation [Charru et al., 2004]

∂σ
∂t

= σ̇e − σ̇d −
∂(σV )

∂x
. (8)

• The sediment flux 
reads 

average particle velocity

surface density of moving particles

volume of a particle

• The number of moving particles per unit bed area σ is related to exchanges with the fixed bed, 
through the erosion rate σe and the deposition rate σd, and to the divergence of the bedload flux. 
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2. An erosion-deposition model for bedload
in a turbulent stream

As stated by equation (6), the bedload flux is propor-
tional to σ, the number of moving particles per unit area.
For stationary and uniform flow, this density corresponds
to equilibrium between the particles eroded from the fixed
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∂t

= σ̇e − σ̇d −
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∂x
. (8)

..

• Bedforms develop on timescales much larger than the characteristic scale of sediment transport 
so that this latter is commonly assumed to adapt instantaneously to the bed topography. In this 
case of steady sediment transport over a varying topography, mass conservation reduces to
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Figure 2. (a) Photo and (b) schematics of the experimental setup. (c) Example of the cumulated
sediment mass recorded as a function of time at the flume outlet. (d) Granulometric distribution of the
quartz grains used in the experimental series 1 (!), 2 (") and 3 (◦).

of moving particles is found to be

σsatD
2 =

td

te
=

ce

cd

τ − τc

ρpV 2
s

. (15)

This equation predicts in particular a linear dependence of
σ with the bed shear stress (τ − τc). It can be rewritten in
terms of the Shields number

σsatD
2 =

ce

cd
(τ∗ − τ∗

c ) (16)

In this saturated regime, the sediment flux reaches its
saturated value given by

qsat = δvσsatV (17)

where δv is the volume of an individual sediment particle.

Steady flow over varying topography

The second situation is that of steady flow over varying
topography. Then, assuming that the particles have negli-
gible inertia so that their velocity V adapts instantaneously
to the shear stress, the erosion-deposition equation (8) gives
the following relaxation equation for the particle flux qs (σ
aussi s’adapte instantanment, non? Sinon, je ne vois pas
comment liminer le terme en ∂σ/∂t.)

&d
∂qs

∂x
= qsat − qs, (18)

where

&d = V td (19)

is a deposition length equal to the average length travelled
by a particle during a flight. Franois: j’ai rajout les quelques
mots prcdents car a permet d’introduire tout de suite l’ide
que la mesure des longueur de vol est une mesiure de &d.
It can be noted that this equation has the same form as
that proposed by Andreotti et al. [2002], but with a differ-
ent length scale.

As stated at the end of the previous section, one objec-
tive of the experiments presented below is to validate the
above model and determine the velocity coefficients a and
Vc and the erosion and deposition coefficients, cd and ce.
For the sake of simplicity, the settling velocity will be taken
as Vs =

√
RgD, which amounts to ignore the weak depen-

dence of the drag coefficient with the Reynolds number (it
is exactly the velocity of a sand grain of diameter 0.65 mm
in water).

3. Experimental setup and procedure

3.1. Setup

The experiments were carried out in a rectangular inclin-
able flume of width 9.6cm and length 240cm (Figure 2a) par-
tially filled with an erodible bed of quartz grains of density
ρs = 2650kg.m−3 (R = 1.65 ). The experimental procedure
consisted to prepare a flat sediment bed several centimeters
thick (typically 10 cm) by sweeping a rake, which tilt and
height is constrained by two rails parallel to the channel.
The bed slope S was measured with a digital inclinometer
(accuracy 0.1◦). Once the bed was ready, water was injected
by a pump at the upstream flume inlet with a constant flow
discharge per unit width Qw measured with a flow-meter
(accuracy 0.01 L/minute). To prevent any disturbance of
the bed, water was not injected as a point source but rather
it overflowed smoothly onto the river bed via a small reser-
voir (see Figure 2a and b). The reservoir extended across
the full width of the channel and therefore guaranteed a flow
injection that was uniform across the channel width. In all
experimental runs the discharge was high enough for the
flow to form across the full width of the flume.

Sediment particles transported by the flow settled out in
a constant water level overflow tank located at the flume
outlet. The tank rested on a high-precision scale (accuracy
0.1 g) connected to a computer that recorded the weight
every 10 s. The sediment discharge per unit river width qs

was deduced from the sediment cumulative mass. Figure
2c shows the mass of sediment accumulated in the overflow
tank as a function of time during a typical experimental run.
The same behavior was observed for each experiment. The

saturated sediment flux 
above a flat topography 

length necessary 
for the flux to  adapt to 
a change of bed topograhy

• Physical and dimensional resoning leads to :
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Figure 2. (a) Photo and (b) schematics of the experimental setup. (c) Example of the cumulated
sediment mass recorded as a function of time at the flume outlet. (d) Granulometric distribution of the
quartz grains used in the experimental series 1 (!), 2 (") and 3 (◦).
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flux

!d =
1
cd

V

Vs
D (1)

σsat =
ce

cd

τ∗ − τ∗c
D2

(2)

V − Vc

Vs
= a

(
τ∗1/2 − τ∗1/2

c

)
(3)

1

We used a high-speed video camera (500 ips) to 
track the trajectories of sediments (quartz grains) 
entrained by a turbulent flow in a rectangular flume 
over a flat sediment bed of uniform grain size.

We varied the slope S (0.2 to 6°),the flow discharge 
(2 to 32 L/min) and  the grain size (D =1.15, 2.24 
and 5.5 mm).

The vertical flow velocity profile measured using 
PIV is logarithmic as expected for the range of Re. 

• H/D = 2-10
• Shields number    = 0.06 - 0.25
• Reynolds number Re = 1500-6000
• Particles Reynolds number Re*= 12-500
• Settling Reynolds number  Res = 150, 430            
                                                         and 1650
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1984; Charru et al., 2004]. All these authors concluded that
small saltation jumps are the main form of bedload mo-
tion and tried to characterize the variation of the average
saltation height hs, the saltation length Ls and the average
particle velocity V with D and τ∗. Their results are sum-
marized in Table 1. Their conclusions about hs and Ls are
very different. But, to the exception of Lee and Hsu [1994],
they all found the same dependency for V

V = a (u∗ − bu∗

c) (7)

where u∗

c is the critical shear velocity at the threshold of
grain entrainment and a and b are positive coefficients re-
lated to the friction coefficient and an effective fluid velocity
at the height of the grains. The values of a and b differ from

one author to the other one (see Table 1). V is positive so
that b ! 1. Note that the case b = 1 implies that the particle
velocity cancels at the onset of sediment transport whereas
b < 1 corresponds to a situation where the particles move
with a finite velocity at the onset of sediment transport.

Francois, je te laisse ajouter quelques phrases sur Wiberg
etc... ok, ca reste a faire.

All the bedload transport laws discussed so far try to
establish a relationship between the local volumetric flow
rate of particles and the local shear stress exerted by the
fluid flow on the bed, with the fluid shear stress calculated
as if the bed was fixed. These relationships consider im-
plicitely that the particle flux is in equilibrium with the
shear stress, and consequently ignore any relaxation effect.
However, such relaxation is now recognized to control the
development of bedforms, especially ripples [Charru et al.,
2004]. In the case of sand particles in air flow, Sauermann
et al. [2001] and Andreotti et al. [2002] introduced a phe-
nomenological first-order differential equation for the sand
flux, which accounts for this relaxation through an acceler-
ation length &acc = ρs/ρD related to grain inertia. In water,
whose density is much larger than that of air, Charru [2006]
argued that this characteristic length would not be the most
relevant one, and developped an erosion-deposition model
of bedload transport for both viscous and turbulent flows.
This model, which makes quantitative predictions about the
dependence of σ and V with the control parameters, is de-
scribed in section 2. It was successfully tested against ex-
periments with viscous flows [Charru et al., 2004], but not
with turbulent flows. Indeed, despite the plethora of exper-
imental investigations of bedload transport in a turbulent
flow, measurements of relevant quantities such as V or σ
are either missing or inconsistent (see table 1).

In this paper, we address this problem by investigating
the motion of individual bedload particles entrained by a
turbulent flow in a small experimental flume. Our objectives
are to characterize the motion of individual bedload particles
and to establish their relationship to the macroscopic sedi-
ment transport in order to test the erosion-deposition model
of Charru [2006] in the turbulent case. To this aim, we per-
formed systematic measurements of the velocity and surface
density of the moving grains, together with the lengthes and
durations of the saltation flights. The analysis of the exper-
imental results within the frame of the erosion-deposition
model of Charru [2006] allows us to introduce relaxation
effects in the particle flux.

The paper is organised as follows. In Sec. 2, we briefly
recall the derivation of the erosion-deposition model of bed-
load transport of Charru [2006]. Section 3 is dedicated to
the description of the experimental setup and procedure.
The experimental results are presented in Sec. 4 and dis-
cussed in Sec. 5. The paper ends with a summary of the
results and conclusions.

2. An erosion-deposition model for bedload
in a turbulent stream

As stated by equation (6), the bedload flux is propor-
tional to σ, the number of moving particles per unit area.
For stationary and uniform flow, this density corresponds
to equilibrium between the particles eroded from the fixed
bed, and deposited onto it. For unsteady or nonuniform
flow, such as that over ripples or dunes, this equilibrium
may be broken, and the variation of σ(x, t) is governed by
the conservation equation [Charru et al., 2004]

∂σ
∂t

= σ̇e − σ̇d −
∂(σV )

∂x
. (8)

Particles entrained by the flow exhibit intermittent 
trajectories composed of the succession of periods of 
flights and periods of rest.

Two different kind of trajectories can be distinguished :

Rolling
strong interaction with the bed 
velocity oscillates with a periodicity on 
the order of the grain size.

Saltation
weak interaction with the bed 
much longer flights and velocities

The proportion of saltating 
particles is high whatever 

X - 2 LAJEUNESSE ET AL.: GRAIN SCALE INVESTIGATION OF BEDLOAD TRANSPORT

τ∗ =
u∗2

RgD
(3)

Res =

p

RgD3

ν
(4)

R =
ρs − ρ

ρ
(5)

q∗ a dimensionless sediment transport rate. The Shields
number τ∗ is a dimensionless shear stress [Shields, 1936].
Res is a settling Reynolds number computed from a charac-
teristic settling velocity Vs =

√
RgD. Note that the particle

Reynolds number Re∗ = u∗D/ν is related to the above num-
bers by Re∗ = Res

√
τ∗.

Determining the function f which relates q∗ to the set of
parameters τ∗, Res, R, S and H/D has been the goal of a
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stein, 1950; Bagnold , 1956, 1973; Ashida and Michiue, 1973;
Engelund and Fredsoe, 1976; Bridge and Dominic, 1984],
experimental [Meyer-Peter and Müller, 1948; Fernandez-
Luque and Beek, 1976; Wong , 2003] or based on the anal-
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are listed in Table 2. Although no relationship has gained
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1. all formulas involve a threshold value of the Shields
number τ∗

c depending on Res and S and below which no
sediment is transported [Shields, 1936; Wiberg and Smith,
1987; Lamb et al., 2008],

2. they all predict the same dependence q∗ ∝ τ∗3/2 suffi-
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c .
The bedload transport laws listed in table 2 essentially

differ in their prediction close to τ∗

c . Two main groups
of equations can be distinguished. The first one predicts
q∗ ∝ (τ∗ − τ∗

c )3/2 [Meyer-Peter and Müller, 1948; Ein-
stein, 1950; Fernandez-Luque and Beek, 1976; Wong , 2003]
whereas the second one proposes q∗ ∝ (τ∗−τ∗

c )(
√

τ∗−
√

τ∗

c )
[Ashida and Michiue, 1973; Engelund and Fredsoe, 1976;
Bridge and Dominic, 1984].

An alternative way to consider the problem of bedload
transport is to write

qs = δv σ V (6)

where σ is the surface density of moving particles i.e. the
number of sediment grains into motion per unit bed area,
V is the average velocity of sediment particles and δv is the
volume of an individual particle. Understanding the physics
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the dependence of both V and σ with the parameters τ∗,
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This approach has motivated several investigations of
bedload transport at the grain scale. Francis [1973], Ab-
bott and Francis [1977] and later Nino and Garcia [1994],
Hu [1996] and Lee and Hsu [1994] investigated experimen-
tally the trajectory of an isolated grain propelled by a water
stream over a non-erodible bed. A second group of investi-
gations studied the trajectories of bedload particles over an
erodible bed [Fernandez-Luque and Beek, 1976; Van Rijn,
1984; Charru et al., 2004]. All these authors concluded that
small saltation jumps are the main form of bedload mo-
tion and tried to characterize the variation of the average
saltation height hs, the saltation length Ls and the average
particle velocity V with D and τ∗. Their results are sum-
marized in Table 1. Their conclusions about hs and Ls are
very different. But, to the exception of Lee and Hsu [1994],
they all found the same dependency for V

V = a (u∗ − bu∗

c) (7)

where u∗

c is the critical shear velocity at the threshold of
grain entrainment and a and b are positive coefficients re-
lated to the friction coefficient and an effective fluid velocity
at the height of the grains. The values of a and b differ from

one author to the other one (see Table 1). V is positive so
that b ! 1. Note that the case b = 1 implies that the particle
velocity cancels at the onset of sediment transport whereas
b < 1 corresponds to a situation where the particles move
with a finite velocity at the onset of sediment transport.
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All the bedload transport laws discussed so far try to
establish a relationship between the local volumetric flow
rate of particles and the local shear stress exerted by the
fluid flow on the bed, with the fluid shear stress calculated
as if the bed was fixed. These relationships consider im-
plicitely that the particle flux is in equilibrium with the
shear stress, and consequently ignore any relaxation effect.
However, such relaxation is now recognized to control the
development of bedforms, especially ripples [Charru et al.,
2004]. In the case of sand particles in air flow, Sauermann
et al. [2001] and Andreotti et al. [2002] introduced a phe-
nomenological first-order differential equation for the sand
flux, which accounts for this relaxation through an acceler-
ation length &acc = ρs/ρD related to grain inertia. In water,
whose density is much larger than that of air, Charru [2006]
argued that this characteristic length would not be the most
relevant one, and developped an erosion-deposition model
of bedload transport for both viscous and turbulent flows.
This model, which makes quantitative predictions about the
dependence of σ and V with the control parameters, is de-
scribed in section 2. It was successfully tested against ex-
periments with viscous flows [Charru et al., 2004], but not
with turbulent flows. Indeed, despite the plethora of exper-
imental investigations of bedload transport in a turbulent
flow, measurements of relevant quantities such as V or σ
are either missing or inconsistent (see table 1).

In this paper, we address this problem by investigating
the motion of individual bedload particles entrained by a
turbulent flow in a small experimental flume. Our objectives
are to characterize the motion of individual bedload particles
and to establish their relationship to the macroscopic sedi-
ment transport in order to test the erosion-deposition model
of Charru [2006] in the turbulent case. To this aim, we per-
formed systematic measurements of the velocity and surface
density of the moving grains, together with the lengthes and
durations of the saltation flights. The analysis of the exper-
imental results within the frame of the erosion-deposition
model of Charru [2006] allows us to introduce relaxation
effects in the particle flux.

The paper is organised as follows. In Sec. 2, we briefly
recall the derivation of the erosion-deposition model of bed-
load transport of Charru [2006]. Section 3 is dedicated to
the description of the experimental setup and procedure.
The experimental results are presented in Sec. 4 and dis-
cussed in Sec. 5. The paper ends with a summary of the
results and conclusions.

2. An erosion-deposition model for bedload
in a turbulent stream

As stated by equation (6), the bedload flux is propor-
tional to σ, the number of moving particles per unit area.
For stationary and uniform flow, this density corresponds
to equilibrium between the particles eroded from the fixed
bed, and deposited onto it. For unsteady or nonuniform
flow, such as that over ripples or dunes, this equilibrium
may be broken, and the variation of σ(x, t) is governed by
the conservation equation [Charru et al., 2004]

∂σ
∂t

= σ̇e − σ̇d −
∂(σV )

∂x
. (8)

• σsat cancels below a finite value of τ∗ providing a 
natural way to define the critical Shields at the 
onset of sediment transport     .

• Above τ∗c , σsat verifies the predictions of Charru 
[2006]:

!d =
1
cd

V

Vs
D (1)

σsat =
ce

cd

τ∗ − τ∗c
D2

(2)

V − Vc

Vs
= a

(
τ∗1/2 − τ∗1/2

c

)
(3)

1

 4.6 +/- 0.2 

• Streamwise velocity PDFs are exponential.
   Transverse  velocity PDFs are gaussian.

• Identical results were obtained by Charru et al. 
[2004] for a purely viscous flow. PDFs are more 
likely to reflect the nature of the interaction of the 
particles with the bed than to result from the laminar 
or turbulent nature of the flow.

4.4 +/- 0.2 0.11 +/- 0.3 

X - 10 LAJEUNESSE ET AL.: GRAIN SCALE INVESTIGATION OF BEDLOAD TRANSPORT

Interestingly these results are identical to the one ob-
tained by Charru et al. [2004] for bedload particles entrained
by a purely laminar viscous flow. The exponential and gaus-
sian shapes of respectively the streamwise and transverse
velocities PDFs are therefore more likely to reflect the na-
ture of the interaction of the moving particles with the bed
than to be attributed to the laminar or turbulent nature of
the flow.

For each experimental run, we computed the average par-
ticle velocity V from the PDF of Vx using equation (25). The
results plotted as a function of

√
τ∗−

√
τ∗

c merge on a single
line as predicted by equation (14) (see Figure 6b). A fit of
the data by equation (14) leads to:

a = 4.4 ± 0.2 (27)

Vc√
RgD

= 0.11 ± 0.03 (28)

Equation (28) suggests that, at the threshold of sediment
transport, particles move with a finite velocity. This result
is supported by the experimental observation that, close to
the threshold, a particle dislodged from the sediment bed
does not stop immediately but may travel on a large dis-
tance. It is also consistent with the hysteretic nature of the
threshold of motion first evidenced by Hjülstrom Hjulström
[1935]. It probably also explains the difficulty to determine
the threshold of sediment transport from direct visualization
of the bed particles: small perturbations of the flow velocity
may indeed be enough to dislodge a grain and put it into
motion.

Although our data demonstrate unambiguously that the
particle velocity exhibits a finite value at the threshold of
sediment transport, estimating accurately this value remains
an experimental challenge. The determination of Vc is in-
deed extremely sensitive to the value of τ∗

c : a 10% change of
τ∗

c entrains a 30% change of Vc. This fact might explain the
important differences between the values of the coefficient b
of equation (7) available in the literature (see table 1).

Our particle velocity measurements are compared to pre-
vious investigations on Figure 8a where V/

√
RgD is plotted

as a function of
√

τ∗ (unfortunately the value of τ∗

c was not
available for several data sets preventing us from plotting
the data as a function of τ∗1/2 − τ∗1/2

c ). White and grey tri-
angles stand for the results of respectively Abbott and Fran-
cis [1977] and Lee and Hsu [1994] obtained by tracking the
motion of a single grain moving above a rigid non erodi-
ble rough bed. Black diamonds, white disks and grey disks
correspond to the data of respectively Fernandez-Luque and
Beek [1976], Nino and Garcia [1994] and the present study.
These three set of data were acquirred above an erodible
bed. Each author perfomed several series of experiments
working with different grain sizes and densities so that, al-
together, these data cover a range of Res going from 100 to
about 22000 and of τ∗ going from about 0.01 to 1.

Figure 8a shows that V/
√

RgD increases linearly with
τ∗1/2 for each series of data in accordance with equation
(14). A fit of each series of data by equation (14) allows
us to compute a for different values of Res. The results
are displayed on Figure 8b. Two different trends are visible
depending on the nature of the bed. For a single grain en-
trained above a rigid rough bed [Abbott and Francis, 1977;
Lee and Hsu, 1994], a is of the order of 13.2 ± 0.6 for the
whole range of Res explored (130 < Res < 3200). In the
case of an erodible bed (data of Nino and Garcia [1994] and
the present study), a remains comprised between 4.4 and
5.5 for an even larger range of Res (157 < Res < 21959).
To summarize, particles entrained by the flow move slower
above a mobile bed than above a rigid one.

This observation is apparently contradicted by the data
of Fernandez-Luque and Beek [1976]. Indeed, although ac-
quired with an erodible bed, their data are much closer to
the non erodible bed trend (Figure 8a). We have no straight-
forward explanation for that. Note however that Fernandez-
Luque and Beek [1976] estimated the average particle ve-
locity by establishing the time required by the particles to

cover a fixed distance. This method of measure is likely to
ignore movements smaller than this fixed distance and may
therefore biais the data. Indeed as noted by the authors
themselves, ”We obviously followed those particles that were
carried in suspension at almost the same velocity and not
those particles that were just being eroded and had a much
lower transport velocity.”

4.3. Characteristic length and duration of the flights

As already discussed, sediment particles exhibit intermit-
tent trajectories composed of the succession of periods of
motion or ”flights” and periods of rest. Using particle track-
ing, we measured the durations T and the lengths L of these
flights for all experimental runs. This operation had to be
performed using a semi-automatic procedure allowing us to
check manually that a given particle was correctly tracked
from frame to frame. These measurements were therefore
time consuming and the number of data was not enough to
obtain fully converged PDFs. Nevertheless, the so-obtained
histograms of T and L, examples of which are shown on Fig-
ure 9, exhibit well defined peaks corresponding respectively
to the most probable flight duration and length. These lat-
ter are the best experimental estimates of the deposition
time td and the deposition length "d, (introduced in section
2) that can be achieved with our experiments. Finally, let us
note that the two histograms of Figure 9 are skewed towards
respectively long lengths and long durations. This is prob-
ably linked to the exponential shape of the distribution of
streamwise velocity components but our data do not allow
us to explore such a connection.

Our measurements of td normalized to the character-
istic settling time (D/Rg)1/2 are plotted on Figure 10a.
td/(D/Rg)1/2 varies typically between 7 and 12. No clear
trend is observed suggesting that td scales at first oder with
the the characteristic settling time (D/Rg)1/2 independent
of both τ∗ and Res as predicted by equation (10). A fit of
the data leads to

td
p

D/Rg
= 10.6 ± 0.7 (29)

Many different expressions of the saltation length pro-
posed by previous authors [Fernandez-Luque and Beek,
1976; Abbott and Francis, 1977; Sekine and H.Kikkawa,
1992; Nino and Garcia, 1994; Lee and Hsu, 1994; Hu, 1996]
are summarized in table 1. We tested all of these equations
against our experimental data with no satisfying result. In
fact, the best result is achieved by plotting "d/D as a func-
tion of (τ∗1/2 − τ∗1/2

c ) (see Figure 10b). The data of the ex-
perimental series collapse on the same line suggesting that
"d/D increases linearly with (τ∗1/2 − τ∗1/2

c ) independently
of Res for the range of parameters explored in our exper-
iments. Our measurements of "d/D are compared to the
model predictions in the last section of the paper.

Franois: j’ai pas mal modifi cette partie en virant la nota-
tion Lp et en parlant en terme de "d. Vrifie que cette section
te convient et n’hsite pas corriger le cas chant.

4.4. Rolling and saltation

Bedload transport is usually considered to involve several
different kind of particle trajectories: rolling, sliding and
saltation. The experimental results discussed up to now,
including the flight length and duration, have been estab-
lished without distinguishing the kind of motion involved

• As predicted by dimensional analysis, the 
average flight duration scales as the time 
necessary to settle from a height of the 
order of a few grain sizes:

model prediction

• The experimental results validate the erosion-deposition model of Charru [2006] and allow us 
to calibrate its coefficients. 

• The model prediction are succesfully tested for:

model prediction

• Mass conservation applied to 
the hatched zone:

erosion 
rate

deposition 
rate
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a is a constant 
to be calibrated.
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• qsat measured with a scale 
located at the flume outlet

• The deposition length  

• Conclusion
• Our experiments provide a unique set of consistent data (surface density of entrained 
particles, flight length and duration, velocity distributions, sediment flux,...) that can be used by 
the community to test bedload transport models. 

• They allow us to validate and calibrate an erosion-deposition model which naturally accounts 
for the relaxation effect which controls the development of bedforms. 

• The next steps are:
1. to test experimentally the model predictions against bedforms developpement in turbulent 
flows,
2. to incorporate the effect of a more complex granulometric composition of the bed in the 
erosion-deposition model.
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where ce and cd are constants (to be calibrated) 
related to the erosion and deposition rates: 
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