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Abstract
Local river widening aims to reduce the flood risk and enable the self-morphodynamic development of the river. However, a 
large amount of transported sediments settles due to the flow velocity reduction in the widening. Assessing the flow and the 
grain motion is therefore a key factor to the sustainability of a local river widening project. The grain motion depends on the 
ratio between tractive forces and resisting forces, which can be evaluated through the local shear stress. The most common 
method to estimate shear stress in uniform flows is to determine the shear velocity based on the logarithmic distribution of 
velocity over depth. This involves knowing the velocity profile and in turn the flow structure. In the present study, morpho-
dynamic tests are conducted to explore the hydrodynamics and the grain motion of a local river widening in the framework 
of the 3rd correction of the Rhone River, the largest flood protection project in Switzerland so far. The ultrasonic velocity 
profiler method is used to measure velocity profiles at two selected cross-sections. The obtained velocity profiles allow for 
the assessment of local shear stress on the mobile riverbed. The results show a non-uniform distribution of the flow and the 
shear stresses. The flow conditions at the preferential channel are more favorable to grain motion compared to those at the 
river’s edges.
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Graphical abstract

1  Introduction

1.1 � River widening

Local river widening has become a mainstream approach to 
river management. It aims to reduce flood risk, and enable 
the self-morphodynamic development of the river (Formann 
et al. 2007; Berchtold et al. 2012), increasing its ecologi-
cal potential (Eawag et al. 2005; Rohde et al. 2005; Weber 
et al. 2009; Schirmer et al. 2014). During early morphologi-
cal studies regarding large river widenings, an increase in 
the mean bed elevation has been taken into account rela-
tive to the upstream and downstream channelized sections 
(Hunzinger 1998), a large amount of transported sediments 
would settle there due to the reduced flow velocity. Factors 
such as a poor design and/or a lack of sediment extraction 
can partially or fully inhibit the widening and its function. 
Assessing the flow and bedload processes in a large river 
widening is a key factor in understanding the sustainability 
of the project.

The 3rd Rhone River training work is the largest flood 
protection project in Switzerland (Canton of Valais 2015). 
A total of 140 km of the river will be widened, including 

several large and complex widenings (Jenzer et al. 2008). 
Approaching the town of Martigny, the Rhone River forms a 
nearly 90° bend, which has leads to large damages upstream 
related to flooding, according to the region’s hydraulic haz-
ards map (Canton of Valais 2020a, b). Therefore, this section 
was set as a priority area. It is planned to lower and widen 
the Rhone River bed as well as to create a large river wid-
ening between a upstream block ramp and the downstream 
bend, hereafter referred to as the Verney widening. The 
upstream bedload transport is estimated to be approximately 
30,000 m3 per year without extractions (Essyad et al. 2014). 
Therefore, the grain behavior in the widened area must be 
assessed to avoid filling.

1.2 � Sediment motion

The motion of grain particles depends on the ratio between 
tractive (shear) and restrictive (inertia, friction) forces (Shields 
1936). When internal forces are stronger than hydrodynamic 
forces, particles cannot be transported by the river. If the trac-
tive forces exceed the gravitational forces, then particles will 
be dislodged and start moving. This process is thus subject to a 
threshold, which has been studied by different approaches but 
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always consists of a separation curve between motion and no 
motion (Hjulström 1935; Inman 1949; Lane 1955; Sundborg 
1956).

The most common approach was proposed by Shields 
(Shields 1936). He linked the incipient motion with “a critical 
ratio of the applied bottom shear stress to the immersed weight 
of the grains” (Paphitis 2001), i.e., the Shields parameter ( �

cr
 ). 

His dimensionless ratio can be expressed as:

where �
cr

 corresponds to the critical bed shear stress, g cor-
responds to the gravitational force equivalent, �

s
 and � cor-

respond to the sediment and fluid densities, respectively, and 
d corresponds to the grain diameter. Shield’s results showed 
a relation between his parameter and the granular Reynolds 
number (Eq. 2) as well as a curved narrow band threshold 
divided into four specific regions.

where � is the kinematic viscosity and u∗ is the shear stress 
velocity. The latter parameter is calculated as follows:

where � corresponds to shear stress. Shear stress is a prop-
erty of the flow while critical shear stress is a property of the 
grains. As shown in the previous equations, shear stress is a 
key parameter for determining grain motion. If � exceeds �

cr
 , 

then � will be higher than �
cr

 . In this case, flow conditions 
overcome the resistance of the bed and grains will move.

Direct optical approaches have been applied to monitor 
inception of sediment motion, and bedload transport (Pilotti 
et al. 1997; Radice et al. 2006; Bohling 2009; Tal et al. 2012). 
However, they involve visual observations of the environment 
and require rather clear water and a flume setup. Several indi-
rect methods have also been proposed (Biron et al. 2004), that 
aim to assess grain motion by estimating shear stress. The most 
common estimation methods use local velocity measurements 
to determine u∗ (depth-averaged velocity in the vertically aver-
aged logarithmic velocity profile, single near-bed velocity 
observations, and slope of the near-bed velocity profile) (Wil-
cock 1996). Indeed, a logarithmic function exists between the 
shear velocity and the variation of velocity with height (Eq. 4) 
(Schlichting et al. 1979).

where � corresponds to von Kármán's constant (Von Kármán 
1930), u corresponds to the mean longitudinal velocity at 
height z above the bed, and z

0
 corresponds to the height at 

which the mean velocity is equal to zero (Worley 1972). 

(1)�
cr
=

�
cr

(

�
s
− �

)

gd

(2)Re∗ = u∗/d�

(3)u∗ =
√

�∕�

(4)
u

u∗
=

1

�
∗ ln

(

z

z
0

)

According to flume experiments on flows with bed-load 
transport (Gaudio et al. 2010a, b), Von Kármán's constant 
lies between 0.3 and 0.4; therefore an average value of 0.35 
has been applied.

In addition to computing high values of bed shear stress 
in a simple boundary layer (Biron et al. 2004), this method 
can only be used in a noncomplex flow field to ensure a 
logarithmic region (Duma et al. 2014). According to Bagh-
erimiyab and Lemmin (2013), the top limit of the log layer 
corresponds to 0.2 h (h = flow depth). However, the loga-
rithmic profile reestablishes quickly after disruption (Meile 
et al. 2008). The velocity profile must be known to apply this 
method, meaning that the flow structure must be determined.

1.3 � Velocimetry

In hydraulic research, velocimetry techniques are numer-
ous, e.g., particle image velocimeters (PIV) (Muste et al. 
1998), pitot tubes, electromagnetic velocimeters, propel-
lers, hot wires, hot films, laser Doppler velocimeters (LDV) 
(Muste et al. 1998), laser Doppler anemometers (Biron et al. 
1996), acoustic Doppler velocimeters (ADV) (Wang et al. 
2012), and ultrasonic velocity profiling (UVP) (Yamanaka 
et al. 2002). Some of these techniques depend on visibility, 
e.g., LDV, and PIV. As previously explained, optical instru-
ments work well in rather clear fluids with large particles. 
Moreover, the instrument location is often above or on the 
side of the flume. In addition, some methods need a turbid 
environment to work, e.g., LDV, ADV, and UVP.

UVP can measure an instantaneous velocity profile of 
river flow along a measurement line, using Doppler-shifted 
frequency in echoes reflected by transported sediments 
(Takeda 1986, 1991). In the field of hydraulics, some of its 
applications are characterization of flow (Hersberger 2002; 
Rosier et al. 2004; Kantoush et al. 2008), and/or bed mor-
phology evolution (Rosier et al. 2004; Guney et al. 2013). 
Nevertheless, post-processing can be applied to reveal more 
phenomena, e.g., the stability of gravel beds (Duma et al. 
2014).

The objective of the present paper is to determine and 
show how measured velocity profiles using ultrasonic veloc-
ity profiling can improve the estimation of bedload motion 
in a large-scale experiment with a complex geometry. The 
limits of the selected approach are as well considered.

2 � Experimental setup

2.1 � Study perimeter

The “Martigny bend” measure covers the perimeter between 
kilometers 39.7 and 35.0, although only the main segment 
between kilometers − 9.7 and 37.1 is physically modeled 
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(Fig. 1). The widening area (km 39.025–38.519) is located 
upstream of the Rhone River bend. It is 675 m long and 
between 90 and 100 m wide at the base of the banks. Its 
width can reach 200 m including the berms, while the cur-
rent channelized Rhone River width is less than 50 m.

2.2 � Similarities

The Rhone River hydraulic model respects the conditions 
of Froude similarity (Yalin 1971). The Froude number is 
thus the same at prototype and model scales. By respecting 
this similarity, all the scaling ratios can be related to one 
unique ratio, the geometrical scaling ratio (λ). Based on the 
perimeter to be modeled, and the available space for the 
model, the length ratio was fixed at 1:52. Therefore, time, 
velocity, discharge, and roughness scale factors are deter-
mined (Table 1). A noncohesive sand (Table 2) was used 

Fig. 1   Physical model perimeter (yellow line) and scaled cloud point at its initial state (orthophotos from Swisstopo)

Table 1   Scaling ratios based on 
Froude similarity

Parameter Scaling ratio

Length λ = 52
Velocity/time λ1/2 = 7.21
Discharge λ5/2 = 19′499
Roughness λ−1/6 = 0.52

Table 2   Grain size of the 
transported sediments and 
the riverbed sediments of the 
widening

Prototype 
scale (mm)

Model 
scale 
(mm)

d25 26 0.5
dm 43 0.8
d90 86 1.6

Table 3   Morphodynamic scenarios tested on the physical model (Source of data: Groupement du Coude du Rhone)

Bold values are tested during this research project

Discharge Solid discharge

Rhone river Dranse river Rhone river Dranse river

Prototype scale Model scale Prototype scale Model scale Prototype scale Model scale Prototype scale Model scale

(m3/s) (l/s) (m3/s) (l/s) (kg/s) (g/s) (kg/s) (g/s)

Q10 669 34.3 95 4.9 80 3.4 64 2.7
Q50 885 45.4 99 5.1 113 4.8 70 3.0
Q100 1260 64.6 144 7.4 169 7.2 152 6.6
Extreme flood 1600 82.1 204 10.5 220 9.3 310 13.4
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for simulating bedload transport. Prior to the tests, sediment 
motion at prototype and model scales was compared in the 
Verney widening. The results were close to the ones of the 
Lavey Run-of-River hydropower plant project (Bieri et al. 
2012) due to the project proximity.

2.3 � Scenarios

Two main sets of experiments are carried out: clear water 
tests and morphodynamic tests. Morphodynamic scenarios 
with a movable bed and sediment transport, aim to recog-
nize the erosion/deposition zones and evaluate the sedi-
ment transport capacity of the future Rhone and Dranse 
rivers, especially at their confluence zone as well as the 
upstream part of the bend. For the Verney widening, the 
bed grain size distribution corresponds to the transported 
sediment. The tested scenarios are presented in Table 3. 
All tests are conducted under steady-state conditions with 
a constant discharge corresponding to the flood peak. The 
present paper discusses only the results recorded during a 
simulation of a 100-year return period flood event (flood 
event with 1% probability of being equaled or exceeded 
in any given year).

2.4 � Initiated morphology

Prior to the measurement campaign with UVP (simulation 
of a 100-year Rhone River flood event), morphodynamic 
tests (with mobile bed and sediment feeding) with lower 
discharges were performed as shown in Table 3. As shown 
in Fig. 2, a specific morphology appeared in the Verney 
widening. An elongated deposit formed along the initial 

alluvial terraces partially covering them. This deposit con-
sisted of a succession of asymmetrical dunes. From its left 
limit to the Rhone River left bank, a smooth and large bed 
covered by asymmetrical ripples formed. This part will 
be referred to as the preferential channel. This asymmetry 
shows that currents are mainly unidirectional and steady 
(Best 2005). This observation confirms the initial assump-
tion of subcritical flow.

2.5 � Instrumentation

Flow velocities in the Verney widening are investigated 
using the UVP-DUO instrument from Met-Flow (Switzer-
land). This method has been applied in several research pro-
jects at The Platform of Hydraulic Constructions (PL-LCH) 
of the Ecole Polytechnique Fédérale de Lausanne (EPFL) 
since 1995 (De Cesare and Boillat 2006). These projects 
include interface detection between two-phase fluid (Amini 
et al. 2009), and mining pit development (Nilipour et al. 
2004).

Two ultrasonic velocity profiler transducers are installed 
on a mobile support for assessing both streamwise and cross-
wise velocities (Fig. 3). The 2 MHz transducer beams cross 
at a depth of 70 mm (model scale) and have a 15° ± 3° wave 
incidence angle to normal (θ). They are manually activated 
to avoid cross noise (Metflow 2002). The ultrasonic probe tip 
must be fully immersed in water, which reduces the record-
ing window except for the first recordable channel along the 
beam axis (4.07 mm). The UVP precision is 2.342 mm/s 
at the model scale. The probe support is moved along two 
existing rails at km 39.025 and 38.519 (boundaries of the 
widening). No velocity data could have been recorded 

Fig. 2   Verney widening in the physical model after morphodynamic



	 Experiments in Fluids (2022) 63:115

1 3

115  Page 6 of 16

elsewhere because of the required rail and the model width 
in the studied section. For each cross-section, the distance 
between two velocity profile measurements is equal to 0.1 m 
at the model scale (Fig. 5 [A4]). However, in some specific 
cases (presence of ultrasonic limnimeters, banks, etc.), this 
distance must be adapted. Each transducer station consists 
of 100 velocity records based on the ultrasonic parameters 
listed in Table 4. While the UVP method allows for the 
measurement of a velocity profile (Fig. 5 [A1]), the sig-
nal echo can also be recorded to detect the riverbed (Fig. 5 
[A6]).

As previously explained, the starting point of the record-
ing window does not correspond to the water surface. To 
check the discharge by calculating the integral of the stream 
velocity over the cross-sectional area of the flow, one ultra-
sonic limnimeter (US) per cross-section records the water 
surface elevation (WSE) before and after the UVP measure-
ments (Figs. 3, 4 [A2]). The limnimeter precision is 1 mm 
at the model scale.

Although the riverbed can be detected with the UVP echo 
signal, detection occurs only along the beam axis. And, the 
cross-sections have complex bedforms. To extend the veloc-
ity profiles, the riverbed must be characterized along the 
cross-section. A lidar survey is therefore carried out with a 
ScanStation P20 from Leica (Switzerland) mounted head-
down on a crane [A3]. With a wavelength of approximately 
808 μm, the lidar beam can pass through water and thus 
detect the riverbed (Hinkelammert et al. 2016). However, 
water turbidity is usually too high. As a result, lidar surveys 
are carried out under dry conditions with an empty model, 
which occurs at the end of the test, just after the UVP meas-
urements are performed (Franzetti et al. 1982). It is assumed 
that the bathymetry does change between the time of UVP 

measurements to the collection of the lidar survey. The P20 
precision is 3 mm at the model scale.

3 � Data processing

Data post-processing is summarized in Fig. 4. In addition 
to the acquisition [A], data post-processing is divided into 
three phases: preprocessing [B], flow structure assessment 
[C], and shear stress prediction [D]. The early phase consists 
of cleaning and transforming all data at prototype scale to 
merge the information for the next phases [B]. UVP records 
only the velocity component along the beam axis [B1]. 
By correcting it with the wave incidence angle to normal 
(Eq. 5), the velocity profile along the section plan can be 
obtained.

where v is the assumed horizontal velocity (stream or cross-
wise) and v

UVP
 is the velocity acquired with UVP along the 

measurement line.
Distance and velocity values are scaled according to the 

scale factors [B2]. The time-averaged velocity profile and 
the standard deviation are then calculated [B3] as well as 
the echo signal derivative [B4]. The riverbed channel cor-
responds to the derivative local extremum, and the US 

(5)v =
v
UVP

sin (�)

Fig. 3   Ultrasonic velocimetry profiling probe and ultrasonic limnim-
eter setup on the rail at km 38.519

Table 4   UVP transducer parameters

Parameter Value Unit

Cycle number 8 –
Repetition number 256 –
Number of profiles 100 –
Sampling rate 6.3 Hz
Voltage 60 V
Gain 3–6 –
Start point 4.07 mm
Channel distance 2.96 mm
End point 149.11 mm
Number of channels 50 -
Maximum depth 456.58 mm
Maximum velocity  ± 297.5 mm/s
Velocity resolution 2.342 mm/s
PRF 1.62075 kHz
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reflection is at its peak. The maximum detection error is 
equal to the channel width in the section plan (2.86 mm). 
After determining the riverbed elevation of the correspond-
ing UVP channel [B6], all the distances to the probes are 

adjusted in elevation [B7]. For B6, it is assumed that the 
bathymetry gradient is low between the section plan and 
the intersection point between the measurement line and the 
riverbed. The last step of the preprocessing phase consists 

Fig. 4   UVP data post-processing steps

Fig. 5   Example of linear regres-
sion on the semi-log profile of 
the mean UVP velocity profile 
of the measurement N°20 for 
the cross-section at km 38.519
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of removing the channels strongly influenced by the probe 
proximity, i.e., the first three channels in general, and extrap-
olating the velocity of the remaining top channel until reach-
ing the WSE [B8]. This process was not performed for the 
standard deviation results.

The next phase [C] is to assess the flow structure in 1D 
[C7] and 2D [C1-C6]. First, the flow area is determined by 
assuming a planar WSE [C1]. Velocity data are linearly 
interpolated between velocity profiles and extrapolated 
based on the nearest neighbor [C3] on a 0.1 m × 0.1 m grid 
[C2]. This resolution was selected as a standard value. The 
results are plotted for each cross-section and each direction 
(C4). The velocity magnitude is calculated for each grid cell 
according to the velocity projection on an assumed hori-
zontal velocity vector [C5]. The z component is assumed to 
be negligible. The discharge is thus estimated thanks to the 
integral [C6]. For both cross-sections, the integral discharge 
was less than 10% of the one applied.

The last phase [D] aims to assess the grain motion by 
computing the shear stress based on each individual stream-
wise velocity profile [D1-D5] and comparing it to the criti-
cal shear stress [D6-D8]. This allows for an analysis of the 
contribution of turbulent fluctuations with a frequency lower 
than the sampling rate (3.6 Hz). A regression of the velocity 
on lnz in the log layer was applied (Bagherimiyab and Lem-
min 2013) (Fig. 5). The channel window where the fitting 
occurs can be manually adjusted for improvement, especially 
at the bottom part. The profiles with a coefficient of deter-
mination (R2) lower than 0.85 are ignored in the later steps 
[D4]. Equation 3 and 4 are transformed and applied to cal-
culate the shear stress [D5]. According to Shields (Shields 
1936), the critical shear stress is a function of the dimension-
less critical shear stress ( �

cr
 ) and grain size ( d ) (Table 2). 

Only dm and d90 are used (Table 2), and �
cr

 in the Shields 
region IV is equal to 0.055 (Van Rijn 1984).

where s is the ratio between the sediment and fluid densities.

(6)�
cr
= �

cr
∗ � ∗ g ∗ (s − 1) ∗ d

P20 data must be processed before use in steps B6 and 
C1. Indeed, it acquires a point cloud in a coordinate sys-
tem centered on the laser transmitter. Because of its loca-
tion above the model (no access), P20 could not be leveled, 
and therefore, its own tilt affected the data. To correct this 
issue, the coordinate system is changed to a local system 
determined by a surveying company and based on a process-
ing integrated into Cyclone software developed by Leica. 
The aligned point cloud is then cut according to the model 
perimeter and cleaned around the rail shadow. After this 
step, the coordinate system is once again changed, with 
the tool Absolute Orientation (Matt 2021) based on Horn’s 
method (Horn and Schunck 1981) used to georeference data 
in the CH1903 + MN95 coordinate system (prototype scale). 
Finally, the bathymetry of the cross-sections was extracted.

4 � Experimental results

Once analyzed, the UVP results are used to study the flow 
hydrodynamic characteristics, i.e., velocity profiles and vari-
ations as well as bed shear stresses.

4.1 � UVP velocity profiles

1D averaged velocity profiles show some spatial trends 
along the cross-sections. Streamwise, the velocity profiles 
acquired in the preferential channel (Figs. 6, 7) show the 
highest velocities for each cross-section (Figs. 8, 9). The 
values are between 2.5 and 4 m/s. The profiles in the pref-
erential channel are logarithmic with a strong near-bed gra-
dient. Conversely, the velocity profiles on the sides of the 
channel tend to be less logarithmic and have lower veloci-
ties. The flow structure seems to be similar between the two 
cross-sections. For the cross-section at km 38.519, there is 
a secondary channel between 30 and 50 m (from 3 to 6).

Crosswise, the results highlight inverse trends between 
the two cross-sections, although the two velocity profile 
groups observed streamwise can still be distinguished 

Fig. 6   UVP measurement loca-
tions for the cross-section at km 
39.025
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(Figs. 10, 11). For the cross-section at km 39.025, the 
velocity values in the preferential channel are mainly nega-
tive, meaning a flow orientated to the left bank, while the 
velocity vector on the left bank tends to be oriented to 
the left. For the cross-section at km 38.519, the velocities 
in the preferential channel are between -0.5 and 0. The 
flow seems to be slightly oriented to the right. They are 
more scattered than those for the previous profile. This is 
also the case for the left and right bank velocity profiles. 
Moreover, the profiles are less smooth. The crossflow at 
km 38.519 seems to be more affected by the section and 
widening geometries (Figs. 9, 10, 11).

4.2 � Statistics of velocity variation

A flow is not only characterized by its streamwise and cross-
wise velocity components, but also by variations of these lat-
ter in space and time. High variations mean areas of complex 
flows. However, the method applied in the present paper is 
strongly affected by complex flows.

As a first step, the variation rates between velocity mag-
nitude and streamwise velocity are studied. The variation 
rates between the averaged velocity magnitude and the 
averaged streamwise velocity for both transects are near 0, 
meaning that the streamwise velocity is close to the velocity 

magnitude (Fig. 12). The crosswise is thus mostly nonsig-
nificant except for some specific parts above the right depos-
its. Their variation rate is higher than 0.2, and the crossflow 
component is thus not negligible.

Moreover, standard deviation for crosswise and stream-
wise velocities are derived and presented in Figs. 13 and 
14 in order to assess the temporal evolution of flow. The 
standard-deviation results are like the previous results and 
independent of the flow assessment direction. Lower stand-
ard-deviation area can be found in the preferential channel 
compared to those for the sides, especially above the dunes 
for both cross-sections. The velocities are more dispersed.

4.3 � Bed shear stress

In order to evaluate the flow capacity to move sediments, bed 
shear stresses are considered. Results are shown in Figs. 15 
and 16. Note that the bed shear stress is only calculated if 
R2 is greater than 0.85. At the km 39.025 cross-section, 
the shear stresses are mainly lower than τcr,dm. However, 
within and near the preferential channel, the values mostly 
ranged between τcr,dm and τcr,d90. The calculated shear stress 
exceeded τcr,d90 only for the profile at 111 m. For the cross-
section at km 38.519, there are three profiles in this case: 
two in the preferential channel and one at 80 m. In fact, the 

Fig. 7   UVP measurement loca-
tions for the cross-section at km 
38.519

Fig. 8   Averaged streamwise 
velocity profiles along the 
normalized depth for the cross-
section at km 39.025
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shear stress in the preferential channel always exceeds τcr,dm. 
Above the deposits, the shear stress is not calculated for 
six-velocity profiles, whereas for the upstream transect, the 
shear stress is not calculated for only three profiles. Moreo-
ver, the values are widely spread except for those of the 
right bank.

5 � Discussion

5.1 � A structured flow

All the previously presented results have similar patterns. 
The flow is structured in two parts following the bathymetry. 
Above the deepest part of the two transects, high veloci-
ties that show low dispersion and mainly occur in the flow 

Fig. 9   Averaged streamwise 
velocity profiles along the 
normalized depth for the cross-
section at km 38.519

Fig. 10   Averaged crosswise 
velocity profiles along the 
normalized depth for the cross-
section at km 39.025

Fig. 11   Averaged crosswise 
velocity profiles along the 
normalized depth for the cross-
section at km 38.519
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Fig. 12   Variation rate between the averaged velocity magnitude and the averaged streamwise velocity for the cross-sections at km 39.025 (a) and 
km 38.519 (b)

Fig. 13   Streamwise and crosswise velocity standard deviations for the cross-sections at km 39.025 (a) and 38.519 (b)

Fig. 14   Crosswise velocity standard deviations for the cross-sections at km 39.025 (a) and 38.519 (b)
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direction have been measured streamwise and crosswise, 
while low velocities that show high dispersion and are 
influenced by the crossflow have been observed above the 
deposits.

The inter-transect differences, especially in the cross-
wise direction, can be explained by their location and the 
upstream or downstream conditions. For example, the cross-
flow after 90 m at km 39.025 is mainly oriented toward the 
left bank because of the upstream block ramp. This effect 
has already been observed for purely hydraulic tests. The 
crossflow is oriented toward the right because of a recircu-
lation at the end of the block ramp. Conversely, the Verney 
downstream part is influenced by the Rhone River bend. 
Indeed, its cross-section narrows from km 38.739 (maximal 
width: 100 m) to km 38.113 (80 m width). This narrowing 
concentrates the flow, thereby increasing the velocity. The 

upstream and downstream structures thus influence the flow 
conditions in the Verney widening, which cause its struc-
turation. This phenomenon affects grain motion, at least at 
its boundaries, by ensuring favorable hydrodynamic condi-
tions in a specific area.

5.2 � Macroshape effects

The variation rate and standard deviation results show some 
local effects above the deposits at km 38.519. As shown in 
Fig. 2, the deposits on the right of the preferential channel 
consist of asymmetrical dunes. These macroshapes signifi-
cantly influence the flow, especially the first meters of the 
water column (Best 2005). In Fig. 17, all the velocity profile 
shapes are similar with a local maximum close to the riv-
erbed and a local minimum between 1 m and 1.5 m. Their 

Fig. 15   Bed shear stresses esti-
mated on the velocity log profile 
for the km 39.025 cross-section 
and critical shear stresses for dm 
and d90

Fig. 16   Bed shear stresses esti-
mated on the velocity log profile 
for the km 38.519 cross-section 
and critical shear stresses for dm 
and d90

Fig. 17   Velocity profiles 
(streamwise, crosswise and 
magnitude-wise) at 55 m for the 
km 38.519 cross-section
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similarity in height can be explained by their proximity to 
a 1 m high dune. These specific profiles correspond to the 
shear layers after the crest of a dune (de Cala et al. 2020). 
Unlike ripples, dunes interact with the full water column 
due to turbulent structures. The macroshapes thus explain 
the high variation rate and standard deviation observed pre-
viously for both cross-sections. The initial assumption of 
a logarithmic velocity profile cannot be respected near the 
dunes.

5.3 � Scale and steady condition influence

An important note is that these dunes seem to be a model 
artifact. Indeed, sand is used to simulated bedload transport, 
i.e., gravel. Even if dunes can appear in gravel beds (Qin 
et al. 2015), it is more common to observe alternate bars 
(Nelson et al. 2009; Jaballah et al. 2015), which are expected 
for the future Rhone River (Canton of Valais). This differ-
ence in river morphology has a huge impact on the results. 
By upscaling, dunes are retained as well as all the phenom-
ena related to them. Even if bedload transport similarity has 
been satisfied, only a length-distorted model can fulfil all 
modeling criteria of movable bed (Heller 2011) and main-
tain similarity with the river morphology. The steadiness of 
the system is also to be considered. Dunes last over time if 
hydraulic conditions are steady (Best 2005). However, dis-
charges have not been changed in this case to determine the 
morphological time of the study perimeter. Without rapid 
changes, dunes would not disappear.

5.4 � The preferential channel: area with conditions 
enabling grain motion

The Rhone River tends to return to its natural width despite 
the available space. Indeed, the width of the preferential 
channel is close to the width of the current channelized 
Rhone River. It was observed during the tests that the pref-
erential channel occupies only a width of 50 to 60 m within 
the widening zone, although the widening zone is much 
larger. This value corresponds to its natural width (before 
the river training works), which ensures a large sediment 
transport capacity (Zarn 1997; Yalin and Da Silva 2001). 
This has been confirmed with the shear stress results. The 
hydraulic conditions in the preferential channel enable the 
grain motion. Indeed, the computed shear stresses are mainly 

higher than the critical shear stress for dm. Therefore, fine 
particles (d < dm) are likely to move. For larger particles 
( d > dm), the motion conditions are achieved at isolated 
points. The calculated shear stress exceeds the critical shear 
stress for d90 only for four measurement locations. Based on 
these results, the preferential channel should be filled by the 
largest particles, which has not been observed.

Several explanations can be given. First, some grain sort-
ing might occur upstream of the observed model reach, leav-
ing some of the larger grains deposited upstream. The grain 
characteristics are the ones of the sediment introduced in 
the model. The grain mobility over distance is not consid-
ered. Secondly, Shield analysis considers only the interac-
tion between the fluid driving forces and a grain. However, 
grain-grain interactions can be as significant (Leeder 1979; 
Frey and Church 2011) to the point of the formation of a 
grain-inertial flow (Hanes and Inman 1985a, b). According 
to Sumer and al. (Sumer et al. 1996), the velocity of the top 
of this sheet-flow layer follows the logarithmic law, while 
the rest follows a three-quarter power law. Some observa-
tions tend to confirm the assumption of a grain-inertial flow 
at the bottom of the preferential channel. Indeed, the bottom 
of some velocity profiles, especially in the preferential chan-
nel, seem to not follow the logarithmic flow, e.g. the one 
shown in Fig. 4 (2nd channel from the bottom).

According to Wilcock (1996), dimensionless shear stress 
between 0.03 and 0.06 already corresponds to partial trans-
port therefore larger grains can be transported, especially 
within the already fully moving smaller particles. As shown 
in Table 5, most of the dimensionless shear stresses for  d90 
lie in this range. Moreover, the bathymetric survey shows 
insignificant changes in the preferential channel geometry 
during the measurement campaign with the bed in constant 
motion. This strengthens the idea that a sediment "conveyor 
belt" layer (Ferguson 1981; Kondolf 1997) at the bottom is 
formed, ensuring favourable conditions for the motion of 
larger grains. Visual observation confirms this assumption, 
but it needs to be further investigated.

6 � Conclusions

In this paper, the grain motion potential of a larger river 
widening was assessed. Shear stress was calculated based 
on the logarithmic function between shear velocity and 

Table 5   Mean dimensionless shear stress for dm and d90 for UVP measurements located in the preferential channel for the cross-section at km 
38.519

Measurement N° 23 22 21 20 19 18 17 16 15 14

τcr,dm 0.013 0.100 0.033 0.044 0.084 0.214 0.127 0.060 0.065 0.209
τcr,d90 0.006 0.044 0.014 0.020 0.037 0.095 0.056 0.027 0.029 0.093
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the variation in velocity with height. Velocity profiles 
were acquired with a UVP allowing flow structures to be 
observed. Then, grain motion was assessed by comparing 
calculated shear stress with the critical shear stress. The 
results show a great potential for this method when hydraulic 
conditions suit its application (logarithmic velocity profile). 
From the assessment, the following items were observed:

•	 A structured flow is observed upstream and down-
stream of the widening with higher and steady veloci-
ties in the preferential channel compared to velocities 
above the deposits.

•	 Dunes strongly limit the application of the methodol-
ogy presented in this paper. As shown, dunes are also 
moving, which indicates grain motion. However, these 
bedforms are retained while scaling up, even though 
they might not occur in reality. Moreover, the steadi-
ness of the tests reinforces their presence.

•	 Shear stresses are higher in the preferential channel 
than the critical shear stresses for dm and for d90 in most 
places along the preferential channel. This means bed 
particles are likely to move.

•	 Some grain sorting might occur upstream the observed 
model reach, leaving some of the larger grains depos-
ited upstream.

•	 Dimensionless shear stress lower than the presumed criti-
cal value of 0.055 corresponds already to partial trans-
port, therefore larger grains can be transported, especially 
within the already fully moving smaller particles.

•	 The bathymetric survey shows insignificant changes in 
the preferential channel geometry during the measure-
ment campaign with the bed in constant motion. The 
main explanation is that a sediment "conveyor belt" 
layer at the bottom is formed, ensuring favorable condi-
tions for the motion of larger grains.

Further experimental research on a lab setup must deal 
with improving the proposed methodology (turbulence 
measurements, turbulent kinetic energy method) (Biron 
et al. 2004) to apply it to more complex conditions, and 
to better assess the sediment transit in a large local river 
widening and how upstream and downstream structures 
affect the flow structure.

From the river engineering point of view regarding the 
Rhone River widening project, the decision has been taken 
to partially pre-excavate some morphologic structures in the 
future river widening such as the preferential channel, so that 
can act as a future bed load "conveyor belt" as previously 
portrayed by Kondolf (1997). The river is left to "do the rest" 
over time, with monitoring of the evolving bed morphology 
to prepare for potential corrective measures.
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