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ABSTRACT: We report the results of an experimental investigation of bimodal bedload transport. The 

experiments are carried out in a tilted rectangular flume, partially filled with an erodible bed composed of 
a mixture of quartz grains of two different sizes (0.7 and 2.2 mm) sheared by a steady and spatially 
uniform turbulent flow. A high-speed video imaging system allows us to study the trajectories of the 
particles of both sizes. Here we discuss the influence of the sediment bed granulometry on the velocities 
of the large particles (D = 2.2 mm). The analysis of the experimental results shows that the PDFs of the 
streamwise velocity component of the large particles follow a gaussian law. This is different from the 
exponential PDFs measured with the same sediments but in the case of a bed of uniform grain size 
(Lajeunesse et al., 2010). Despite this difference, the mean velocity of the large particles V2 varies 
linearly with the shear velocity u*, following a law similar to the one measured with the same sediments 
but in the case of a bed of uniform grain size.  
 

1 INTRODUCTION 
 
The wide range of grain sizes found in most rivers, especially gravel bed rivers, poses a difficult 

problem for the prediction of bedload transport rate. As stated by Wilcock and Kenworthy (2002), grain 
size influences sediment transport in two different ways. For given flow conditions above a bed of 
homogeneous sediments, transport is controlled by the absolute size of sediments, small grains being 
more mobile than large ones. However, when the sediment bed is a mixture of different grain sizes, 
relative size effects tend to increase the transport rate of larger grains and decrease the transport rate of 
smaller grains (Wilcock, 1993, 2001, Wilcock and Kenworthy 2002). This effect is very sensitive to the 
composition of the mixture which can change during transport and in response to variations in flow and 
sediment supply. Relative size effects influence the transport rate of each individual size and, 
consequently, the overall transport rate in a gravel bed river (Kunhle and Southard, 1988; Wilcock and 
Crowe, 2003; Parker, 2006). They also control important fluvial processes such as patches formation 
(Nelson et al, 2010) or downstream fining (Paola et al., 1992; Paola and Seal, 1995). However the 
relationship between bed coverage, transport rate and bed shear stress is still poorly understood (Wren et 
al., 2011).  
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Determining how granulometry influences sediment transport has been the goal of a large number of 
studies. A first approach consists in avoiding part of the difficulties associated with specifying individual 
size distribution by predicting the total transport rate as a function of a single representative grain size, 
usually the median diameter D50 of the grain size distribution (Peter-Meyer and Müller, 1948). Within the 
frame of this approach, the volumetric transport rate per unit river width qs is related to the flow shear 
stress τ by the Peter-Meyer and Müller (1948) equation: 
 

                                                                   (1) 
 

 
where α is a dimensionless coefficient, qs

* is a dimensionless transport rate called the Einstein number 
and τ* is a dimensionless shear stress called the Shields number: 
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where g is the gravitational acceleration, ρ and ρs are the fluid and sediment densities. The critical Shields 
number τc* is the value of τ* below which sediment transport cancels (Meyer-Peter and Müller, 1948; 
Shields, 1936). This approach is practical because the only sediment information required is the 
representative size. It is however unable to predict changes in grain size and it is also likely to 
underpredict the transport rate of finer fractions which may be much larger than that of the coarser 
fractions (Leopold, 1992; Lisle, 1995). 

 A second approach consists in discretizing the grain size distribution into a finite number N of 
fractions of characteristic size Di. The transport rate qs,i of each fraction i is then modeled by a generalized 
form of the Meyer-Peter and Müller equation (Wilcock, 1988; Parker, 2006): 
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and Φi is the fraction of the surface of the bed covered with grains of size Di. κ, ε, β and τ*

c are empirical 
functions of the grain size distribution determined from flume experiments (Parker et al., 1982; Kuhnle 
and Southard,1988; Wilcock, 1998; Parker, 2006). τ*

c, for example, is usually related to the ratio Di/Dc, Dc 
being a characteristic size of the bed distribution, generally the D50 or the D84.  

The transport laws discussed so far rely on the fit of sediment transport rate curves established from 
flume experiments with two shortcomings. First, the physical signification of the coefficients involved in 
equation (3) is unclear. Secondly, these transport laws establish a relation between the local flow rate of 
particles and the local shear stress exerted by the fluid flow on the bed. These relations consider implicitly 
that the particle flux is in equilibrium with the shear stress, so that their use in non-equilibrium conditions, 
i.e., when the shear stress varies in space or time, is questionable (Charru and Hinch, 2006; Lajeunesse et 
al., 2010; Devauchelle et al., 2010; 2010b). 

 An alternative way to consider the problem of bedload transport is to decompose the transport rate as 
the product of ni, the number of moving particles of size Di per unit bed area, times their average velocity 
Vi  

€ 

qs,i = δi ⋅ ni ⋅Vi                                                           (5) 
 

where δi is the volume of an individual particle of size Di. A better insight into the problem of bedload 
transport can indeed be gained from separate measurements of ni and Vi as demonstrated by Lajeunesse et 
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al. (2010) in the case of sediments of homogenous size. Following this approach, we present here the 
preliminary results of an experimental investigation of bedload transport above a sediment bed composed 
of quartz grains of two different sizes (D1 =0.7 and D2 =2.2 mm) sheared by a steady and spatially 
uniform turbulent flow. Here, we focus on the velocity of the coarse particles, V2, and how it is influenced 
by the proportion of fine sediments.  
 
2 EXPERIMENTAL PROCEDURE 
 
2.1 Experimental Setup 

 
 

 
Figure 1 a) Pictures and b) sketch of the experimental setup; c) trajectory of a coarse grain recorded with the fast 

camera (τ2
* = 0.035, H/D2 = 6.25, S = 0.012, Res = 426.5 and Φ2 = 32%). 

 
The experiments were conducted in a tilted 9.6 cm wide laboratory flume with a working length of 240 

cm (Figure 1a). The bottom of the flume was covered with a sediment bed composed of a mixture of 
small (average size D1=0.7 mm and standard deviation 0.1 mm) and large (average size D2=2.2 mm and 
standard deviation 0.4 mm) quartz grains of density ρs=2650 kg.m3. Both grain populations follow a 
gaussian size distribution. 

The bed, typically 10 centimeters thick, was flattened by sweeping a rake, which tilt and height was 
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 reservoir (see Figure 1a). 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 5 s. The total sediment discharge per unit river width qs was deduced from the 
sediment cumulative mass. The initiation of the flow was followed by a transient phase which lasted for 
about two minutes. After this transient, the transport rate reached a steady state. All the experimental 
measurements described hereafter were performed during this steady state regime and as long as the bed 
was flat. 

Our setup provides real time measurements of the total sediment rate only. The fractional transport rates 
for each grain size, qs1 and qs2, were estimated by interposing a grid between the flume outlet and the 
overflowing tank once the steady state regime had been reached. qs1 and qs2 were then estimated by 
sieving and weighting the sediments accumulated over the grid.  
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Figure 2 a) Surface fraction of the bed covered with coarse grains Φ2 as a function of the mass fraction of coarse 

grains in the mixture fm. Stars: Φ2 values calculated from automatic image analysis, triangles: Φ2 values measured by 
direct counting of the coarse grains. The dashed line corresponds to a fit of the data by a sigmoid function. b) Views 
of the sediment bed with Φ2 = 0.1 (upper image) and Φ2 = 0.21 (lower image).  All the coarse grains are dyed in black 
for both pictures.  
 

Because we did not feed sediment at the river inlet, an erosion wave slowly propagated from the inlet 
towards the outlet of the flume. All our experiments were stopped well before this degradation wave had 
reached the middle of the flume where we performed our measurements so that it never interfered with 
our results. Indeed the slope of the river bed measured at the end of each experimental run was equal to 
the initial slope within the experimental accuracy. 

The water flow depth H measured with a ruler (accuracy ± 1 mm) on three locations regularly spaced 
along the flume was constant along the section of the flume (within the experimental accuracy). The flow 
was therefore uniform. In these conditions, the shear stress on the sediment bed and the shear velocity 
were estimated using the classical steady flow assumption  
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where g is the acceleration of gravity. The Shields number for each grain size i is then given by : 
 

   .                                                                (7) 
 

The accuracy on τ and τi
* results from the uncertainties on the measurements on H and S.  

The fraction of the surface of the bed covered with coarse grains Φ2 is an important parameter which 
needs to be estimated for each experimental run. This was achieved as follows. First, we performed a 
series of specific runs, for which all the coarse grains were dyed in black. Photos of the bed taken at the 
beginning and at the end of each experiment were processed to compute the surface of the image covered 
by the coarse grains. Dyeing the whole coarse grains population facilitates the measurement of Φ2. It is 
however a source of errors for the measurement of the particle velocity. This is why we performed a 
second series of experiments where Φ2 was measured from a direct counting of the coarse grains within 
the field of view. The values of Φ2 deduced from the two methods are plotted on figure 2 as a function of 
the mass fraction of coarse grains in the mixture fm. Both methods produce comparable results. Moreover, 
the values of Φ2 collapse on a curve which can be approximated by a sigmoid function of fm:  
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Therefore, Φ2 was computed for each experimental run by inverting equation (7). 
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2.2 Data analysis 

 
For each experimental run, we measured the instantaneous velocities of the coarse grains. This was 

achieved by dyeing in black a fraction of the coarse grains so that their trajectories could be tracked by 
processing the images acquired with a high-speed camera (250 images/s). The spatial resolution of the 
images was such that the particle diameter was about 50 pixels and the size of the field of view of the 
order of 20×20 particle diameters. Under these conditions, we were able to determine the position of the 
center of mass of a particle on an image with a precision of 0.5 mm. However the oscillations of the water 
surface, which are the main source of experimental error, degraded the accuracy of these measurements 
causing an apparent movement of particles at rest. The corresponding false velocities were calibrated for 
each experimental run by computing this apparent velocity. This allowed us to define a cutoff velocity in 
the range 1–3 cm s−1, depending on the water flow rate, below which the particle was considered to be at 
rest (i.e., the velocity measurement was not taken into account). 

Finally, the number of coarse moving particles per unit area of the bed n2 were also measured for each 
experimental run by counting the total number of coarse particles (whether dyed or not) moving between 
two successive frames within the field of view, and averaging over a sufficiently large number of frames 
for the mean to converge.  

 
3 RESULTS AND DISCUSSIONS 

 
 

 
Figure 3: Experimental probability density functions of the large particles velocities measured for  Φ2 = 0.11 

(experimental series 1) and  a) τ2
* = 0.032, b) τ2

* = 0.062 and c) τ2
* = 0.096. Dashed lines are best Gaussian fits.  

 
We performed two series of experiments corresponding to respectively Φ2 = 0.11 and Φ2 = 0.32. For 

each series of experiments, runs were performed with bed slopes ranging from 4.5.10-3 to 3.2.10-2 and 
water discharges ranging from 10 to 30 L min−1. The corresponding range of τ2

* is 1.75.10-3 to 9.6.10-2.  
The instantaneous values of Vx,2, the streamwise velocity component of the large dyed particles in 

motion, were measured for each experimental run as described in section 2. Several thousands of velocity 
measurements were thus performed for each experiment, allowing us to estimate experimentally the 
probability density functions (PDF) of Vx,2, samples of which are shown in Figure 3. For the explored 
range of parameters, the PDFs of Vx,2, are well fitted by a gaussian law (Figure 3).  They are therefore 
different from the exponential particle velocity PDFs measured for unimodal sediment transport (i.e. 
Φ2=1) (Lajeunesse et al., 2010). This difference suggests that the shape of the trajectories of the large 
grains is affected by the presence of a relatively large proportion of smaller grains. We believe that the 
presence of small grains surrounding the large grains favor saltation at the expense of rolling. This is 
however only a conjecture and more experimental work is needed to support that idea. 

For each experimental run, the mean velocity of the large particles V2 was computed from a gaussian fit 
of the PDF of Vx,2. The values of V2 are plotted as a function of u* on Figure 4 together with the data 
obtained with the same sediment but in the case of a bed of uniform grain size (Φ2 = 1).  For each 
experimental series, V2 varies linearly with u*, as already observed for a bed of uniform grain size 
(Lajeunesse et al., 2010). Moreover, for a given shear velocity u*, the mean particle velocity V2 increases 
with  the proportion of small particles, i.e.  when Φ2 decreases. 

A fit of the data by the function a·(u* - γ) leads to the values of the coefficients reported in table 1. The 
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increase of γ with Φ2 most likely reflects the decrease of the critical Shields number when the proportion 
of the fine particles increases.  

 

 
Figure 4: Mean velocity of the large particles V2 as a function of u*. Grey and black squares correspond to the 

experimental series 1 (Φ2 = 0.11) and 2 (Φ2 = 0.32). The circles correspond to the mean velocities measured with the 
same sediment but in the case of a bed of uniform grain size (Φ2 = 1) by Lajeunesse et al. (2010). Dashed lines are 

best linear fits. 
 

Table 1 : Results of the best linear fits of the coarse particles velocities from the 3 series. 
Series Φ2 a γ (m/s) 

1 0.11 5.6 ± 0.44 0.014 ± 0.002 
2 0.32 4.6 ± 0.33 0.015 ± 0.002 

Homogeneous 1 4.4 ± 0.2 0.031 ± 0.004 
 

4 CONCLUSIONS 
 
We have reported the preliminary results of an experimental investigation of bedload transport above an 

erodible bed composed of grains of two different sizes (0.7 and 2.2 mm) sheared by a steady and spatially 
uniform turbulent flow. Using a high-speed video imaging system, we tracked the trajectories of the large 
particles. The analysis of the experimental results leads to two important results : 

1. The PDFs of the streamwise velocity component of the large particles follow a gaussian law.  This is 
different from the exponential PDFs measured with the same sediments but in the case of a bed of 
uniform grain size (Φ2 = 1) (Lajeunesse et al., 2010). 

2. The mean velocity of the large particles V2 varies linearly with u* as already observed in the case of a 
bed of uniform grain size (Lajeunesse et al., 2010).  

We are currently pursuing this investigation by studying how the velocity distribution of the fine 
sediments, the threshold Shield stresses and the surface density of moving particles vary with the grain 
size distribution. 
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