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ABSTRACT: We studied experimentally the developit of bedform instabilities on a rough r-erodible
bed as a function of the rate of sediment supphed, the coupling between the morphodynamics ob#te
deposits and the various modes of sediment transpidre experimental setup is a rectangular claiexd
that combines an innovative system to control gedgithe rate of sediment sup@, a digitizing system to
measure in real-time the 3D bed topography, and pdtticle tracking system to compute concentragiom:
files. We show that for each rate of sediment sypple bedform instabilities (barchans, transvelgees)
reach a steady-state geometry after a timescaleatng with Q. Steady-state bedform elevation increases
with Qn while migration speed is surprisingly constant. bedter understand these observations, we studied
how the flux of sediment transport is partitionestvieen bedload, suspended-load and bedform adwectio
flux. As Q. increases, the bedload part increases significaotbecome the dominant regime (~ 80 %).
These results show that the sediment availabilitygddition to flow conditions, plays a crucial @éaih the
morphology dynamics of the bedforms and in theiti@mtbetween the different modes of transport.

1 INTRODUCTION (Endo et al. 2005). We thus developed an experi-
mental flume in which sediment supply rate can be
Dynamics and laws which govern sediment transporprecisely set and bed topography digitized in atmos
and deposition in rivers are still misunderstoode T real-time to study how bed deposits and sediment
difficulty to progress on this topic arises frometh transport co-develop. We studied in particular the
complexity of the coupling between the developmentimescales of bedforms development and the rela-
of bedform instabilities, the retroaction on fludg- tionships between rate of sediment supplied, bed-
namics and sediment transport. For instancegifis forms geometry and the mode of sediment transport
ficult to predict precisely the proportion of seémt  (bedload, suspended-load and bedform migration).
supplied to a non-erodible channel that will besra
ported as bedload, suspended-load or via the migra-
tion of bed deposits. Yet, this has a lot of implic 2 EXPERIMENTAL SETUP AND PROTOCOL
tions from river management issues (Church et al.
1998) to fundamental research on the dynamics &.1 Experimental setup
river and landscape evolution at geological time-
scales (Turowski et al. 2007). Given the difficuity Experiments were performed in a rectangular closed
get good in situ data combining both fluxes and bedlume. The flume is 3 m long, 120 mm wide and 75
morphology, experimental approaches in laboratorynm deep (Fig. 1). Thanks to a rectilinear substrate
using flumes are therefore essential. It allowsaiw- laid at the bottom of the flume, the cross section
trol the parameters characterizing the natural comthe working area is reduced to 35 mm high and 120
plexity of rivers (temporal and geometrical aspgcts mm wide. Water flow is generated by gravity and a
and to investigate their respective influence am thvalve controls the flow rate. The cover and thelsval
transport and deposition processes. There are many the flume are transparent to ease the observatio
experimental studies concerning the formation obf flow and sediment. At the entrance of the chgnne
bedforms on erodible soils submitted to water flowa system ensures a constant and controlled sediment
(Ouriemi 2007, Langlois 2005, Charru et al. 2004). discharge into the flume, which can be tuned inde-
But there are few experiments investigating thependently of the water discharge. 20 cm further
deposition process on rigid (non erodible) soilsdown stream, the surface of the substrate is made

97



rough by gluing spherical beads on it over a distan the lower end, the rod is linked to a step-by-step
of 1m. At the end of the channel, water was fildere tor, whom we control the velocity. This motor al-
and returned to the tank by means of a pump. Sedbws a vertical displacement of the metal rod. A
ments used were glass beads well sorted,ub®dn  horizontal plate, 5 mm thick, 120 mm wide and
diameter and 2.5 g/chin density. long, is fixed at the upper end of the metal roel-S
eral holes were bored in the plate to allow Teflon
bars going through. These bars, whose role is ex-
_ plained later on, are quenched between the bottom
Eter and the cover of the channel, so that the plate can
o move upwards or downwards while the bars are kept
ot 0 571+ fixed (Fig. 2).
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Figure 1. Experimental setup.
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2.2 Experimental protocol
Figure 2. System of sediment supply.
At the beginning of each experiment, the sediment
supply system is filled up with glass beads. Then, At the beginning of an experiment, the plate lies
sediment discharge was adjusted and kept constaat the bottom of the flume, and is therefore below
for the whole duration of the experiment. We calrie the level of the substrate. The cavity is filledwith
out a set of experiments at a given water flow ratglass beads up to the level of the substrate. iBhe r
varying the sediment flow rates. The water floverat ing velocity of the horizontal plate,,¥ is controlled
was fixed at 71 L/min for all experiments. The sheavia the frequency of the step-by-step motor. As the
velocity measured above the rough bottom is 2.@late rises, sediment is eroded by the water flod/ a
cm/s, the corresponding Shields number is 0.4 anglansported into the flume. In the erosion process,
the Reynolds number is 14000. the presence of the Teflon bars is crucial: they en
We performed two types of measurements. Theure a homogeneous erosion of sediment on the sup-
first type of measurements concerned the morphoply area. In particular, they prevent the formatain
ogy of the sediment deposit on the rough part ef tha dune which would give an inhomogeneous erosion.
channel. For these morphological measures, a systefie bed surface of the supply system remains flat.
using Moiré principle was used (Breque and alThe injected vertical sediment ratg, @an be esti-
2004). The 3D topography of the deposits was therenated as follows:
fore obtained. The second type of measurements
dealt with the estimation of the different modes of Qin = Vup X poeads* @ x| (1)
sediment transport (bedload, suspension, ...). In par
ticular, we measured, by means of a particle tragki where ppeadsiS the glass beads density, the solid
system, the flux of suspended sediment particles. volume fraction and | the plate length. The natural
These two types of measurements were repeatepliestion which arises is to know whether the réte o
at regular time intervals\( = 30 s for the Moiré sys- the sediment eroded from the platg, &djusts itself
tem, andAt = 100 to 400 s for the particle tracking to the injected sediment rate,Q
system) during the whole duration of the experiment We made a set of calibration experiments to
We therefore had access to the temporal evolufion @valuate Qas a function of , at a given flow rate
the sediment deposit pattern and of the suspended 71 L/min. Q is estimated via the height of the bed
sediment flux. surface of the sediment supply system. After atshor
transient, the eroded sediment rates@bilizes to a
stationary value (Fig. 3). We found that the edwili
2.3 System of sediment supply rium value of Q adjusts exactly to the imposed
sediment rate Q (Fig. 4). This self-adjustment is
The system of sediment supply consists in a metglossible because the system can adapt the position
rod coming through the bottom of the channel. Athe sediment surface in order to increase or dserea
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locally the basal shear stress (via a reductioaror rough bottom. The deposits grow and eventually
augmentation of the flow cross section). In the fol reach an equilibrium (or steady) pattern.
lowing, the incoming sediment discharge will be re-3.1 Morphological description of the deposits

ferred to Q.

Sediment can thus be supplied at a constant aridepending on the sediment dischargg @o types

controlled rate at the entrance

of the flume.v@as

varied from 0.7 g:&m™ to 14 g.8.m*, for a water

flow rate of 71 L/mn. As specifi

ed earlier, the reor

of morphology appear. For low discharge, deposits
are isolated and have a crescentic shape: they look
like barchan dunes (Fig. 5a), observed in aeolian

sponding shear velocity in the working area is u* =case (Bagnold 1941).As;Qincreases, deposits are
2.6 cm/s. We can estimate the corresponding saturedore and more connected and loose their crescentic
sediment flow rate using Meyer-Peter and Miullershape: the crest becomes rectilinear and they look

law (Meyer-Peter E. & Miller R

. 1948):@~ 9 9.5

like transverse dunes (Fig. 5b). The transition be-

! m™. The important point to note is that the range ofween barchan dune and transverse dune occurs a

variation of @, extends from 0.1x t0 2xQ
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Figure 4. Eroded sediment rate gainst injected sediment

rate Q..

3 EXPERIMENTAL RESULTS

Qin ~ 0.1 Q4 Barchan dunes form therefore within a
very narrow range of incoming sediment ratg Q

< Qi < 0.1 Qa4 Additional experiments at different
water flow rate are needed to determine whether the
critical incoming sediment rate for the morphologi-
cal transition depends on the flow conditions.

Figure 5. a) At low sediment discharge, barchaneduiorm,
Qin < 0.1XQss: b) At high sediment discharge, transverse dunes
develop, @ > 0.1XQsa:

Here, we focus exclusively on the dynamics of the
transverse dune patterns which are invariant in the
direction perpendicular to the flow. We have meas-
ured the surface position, y = h(x,z) of the deposi
pattern and its evolution in course of time forfelif
ent incoming sediment rates.

Figure 6 shows the temporal evolution of the
mean height <h> of the deposit. We can observe a
transient where the mean height is increasing befor
it reaches a steady value, denotedeghit is worth
noting that <hz, is directly proportional to the spe-
cific mass (mass per unit surface) of the deposit:

We report here two set of experiments made with
two different bottom roughnesses: 106 and 250

um. At the beginning of each experiment, the chan-
nel substrate is cleaned, and the sediment supply s
tem is filled up with 10Qum grains. A few seconds
after the experiment is started (the water flow an

Mdep.: PbeadsX @ X < h 2q

()

whereppeadsiS glass beads density adis the solid

(yolume fraction.

The steady (or equilibrium) value <Q>is

the sediment supply system are triggered simultanggached faster with increasing sediment ratea@d
ously), sediment deposit patterns appear over the
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is larger as @ increases (Fig. 7). We can also note Another interesting feature is the coverage rate C
that <h>q.is independent on the bottom roughness. of the working area: C = s/S where s is the surface
covered by sediments and S the total surface of the

| working area. C is also related to the interdurecsp
2.4 ,...,.'........ ing reduced by the dune length: G\A&. Figure 12
° shows the equilibrium valuecgof the coverage rate
2.07 ® in the steady regime for different values of.@ in-
] o | ] y
164 o _.--"I-._-' creases with increasingi{Qbut seems to saturate to
£ ® . Yovrv? a value of 80 % when Qapproaches & If the
P o " \abhi b sediment discharge;{Js increased further, the cov-
< ] / a¥ W’ f
Vioosl e® u® vaWV" erage rate does not increase up to 100 %.
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Figure 7. < h z against @ for two bottom roughnesses.

We have also extracted from the surface positior

h(x,z), of the deposits several morphological fea ,50.085 -

tures: the height H of the dunes, their lengthhiejrt
aspect ratio R = H/ L, and the dune spaqir(§ig.

8).
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Figure 8. Geometrical parameters characterizingrdngsverse
dunes.

These features are found rather uniform along the
downstream direction. Figures 9-11 show the equi-
librium value Hq Reqandieq as a function of Q.

Heq (as well as bq which is not shown here) in-
creases with increasingQHowever, the aspect ra-
tio Reqdecreases with increasing, Quhich indicates
that Leq increases at a faster rate thag, s a re-
sult, the dunes tend to flatten ag Qcreases.
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Figure 10. Ryagainst @ for two bottom roughnesses.
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From the vertical concentration and velocity pro-
files of the suspended particles, we can calculae

64 u suspended sediment fluxsQTrhe bedload contribu-
tion to the transport is difficult to evaluate biyedt
60 . measurements. We estimated indirectly using mass
' conservation argument. In a steady regime, thé tota
T 56 L sediment transport rate <& > averaged over the
f« = study area is expected to be equal to the impased i
521 . coming sediment rate Q < Qror > = Qn . There-
. /) ST o fore, <> can calculated as follows:
48+ ° NG ®  rough 250um
T I.I T T T T T <QBL>=Qn_<Q)>_<%> (5)
0 2 4 6 8 10 12 14 16
Q,(@s"m’ Figure 13 shows the relative contribution of the
Figure 112.qagainst @ for two bottom roughnesses. different modes o_f sediment transport as a function
of the sediment discharge,QFor low seeded flow,
the three different contributions are on the same o
o . der of magnitude, while, as;fQncreases, the bed-
80 S load transport prevails over the two other modes.
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The last feature analyzed is the migration speed of Q, (@.s"m")

the deposit pattern. We found a surprising resiod:
migration speed in the steady regime appears to égure 13. : < @ >, < Q& >, and < @ > (reduced by €
independent of Q(Veq= 0.3 mm.3g). against Q.

3.2 Evaluation of the different modes of sedimenft DISCUSSION AND CONCLUSION
transport _ . .

We carried out an experimental study on sediment
The total sediment transport rate averaged over tH#ynamics in a flume in which the sediment supply

study area can be split in different contributions: ~ rate can be set independently of the water flow. rat
We reported measurements both on the bedform dy-

<Qror>=<Q>+<QE>+<QL> (3) namics and on the partiti_on between the different
modes of transport. We evidenced that the roughness

Qe. represents the bedload contribution while Q Of the bottom has no influence on the bedform dy-
stands for the part of the sediment transported dpamics, while the sediment supply rate, in addition
rectly by the fluid (suspension). The last conttibu 10 the flow conditions, plays a crucial role in the
Qb corresponds to the sediment transported by thgediment dynamics. o _
dunes during their migration. In the steady regime, A surprising observation is the existence of a
<Qp> can be easily estimated from the morphodySteady and fully developed state in the whole range

manics of the deposits. Indeed, we have: of the sediment supply rates investigated so fant(f
0.1xQa to 2xQ4 Where Qu is the saturated sedi-
<Qb> = pheadsX @ X Veq. X <h >q (4) ment rate predicted by the Meyer-Peter and Muller

law). It means that the system adapts itself tarthe
posed sediment supply rate through the variation of
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the bedform morphology. Besides, the stationaryuriemi M. 2007. Erosion, transport et instabilitéan lit de
morphology of the bedforms depends on the sedi- paf“ﬁ_“'es dans un tube. PhD Thesis. -
ment supply rate. The height and the spreadingeof t Turowski J. & Lague D. & Hovius N. In press, e cover

L s X . effect in bedrock abrasion: a new derivation aadnitplica-
deposits increase with increasing sediment supply iions for the modeling of bedrock channel morphglad

rate. - _ _ Geophys. Res.- Earth Surface.
Another striking result is the observation of a

deposition process in conditions where the flow is
not saturated in sediments;i{€Qsa). IN such condi-
tions, the fluid should be capable of transportatig
the sediment supplied and we would have a priori
expected an absence of deposits. This is not what i
is observed, since at arbitrary small sediment lsupp
rate, deposits always form.

We also showed that the migration speed of the
bedforms is independent of the sediment supply rate
although they have various amplitudes. This result
contrasts with the case of aeolian bedforms, where
the dune migration speed varies as the inversieeof t
dune height at a given wind shear velocity. Further
experiments are needed to determine whether the
migration speed of the bedforms depends on the
fluid flow rate.

Due to the peculiar setup configuration (absence
of free surface), the extrapolation of our resudts
rivers should be taken with caution. Our resultg-ne
ertheless suggest that a flow can transport more
sediments than what it is predicted by the Meyer-
Peter and Muller law. This outcome needs further
analysis of the hydraulic conditions in order to un
derstand better the coupling between the flow, the
bedform morphology and the sediment transport.

Our future investigations will focus on the modi-
fication of the flow conditions due to the presente
the bedforms and on the partition of the different
modes of sediment transport according to the fluid
flow rate.
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