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ABSTRACT

When increasing the rates of subcritical flow ontigeslopes, the bed successively produces
ripples, dunes and flat beds. Antidunes (definec las all bed undulations for which the
surface gravity waves are in phase with the bedilpyappear only in high flow rates and
may be found in some extreme natural flow evemsersely, on steep slopes flume
experiment £1% approximately) flows are supercritical and amiels were observed to
appear just after the beginning of sediment madiod to disappear for high flow rates. With
new experiments, this study aimed to improve thregligtion of antidune geometry on steep
slopes. An equation for antidune wavelength wasuded from dimensional analysis and
fitted to new experimental data. The equation wascassfully evaluated using a data set
extended to 167 values with data from the litegtobtained on both steep and gentle slopes.
This equation gave results very similar to the usmalytical equation from Kennedy when
tested on the results from gentle slope experimdnis proved to be better adapted for

antidune wavelength on steep slopes.
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INTRODUCTION

Flows over natural sediments generally develop drea$ consisting of ripples, dunes and
antidunes [Engelund and Hansen, 1967;Gilbert, 1914;Van Rijn, 1984]. Ripples and dunes
are downstream migrating bedforms that are triaarguh shape with a gently sloping
upstream face and a downstream face the slope ichwiearly equal the sediment’s angle of
repose. Antidunes have an approximate sinusoidgbesthat is usually characterized by a
wave lengthL and an amplitudé (Figure 1). They were first called antidunes byb&it
[1914] because they contrast with dunes in theeation of movement. Kennedy [1960] also
observed downstream migrating antidunes and extetide term to all forms for which the
surface gravity waves are in phase with the bedll@rdhis definition (including nonmoving
sinusoidal shapes) will be considered here. Ocnuer®f dunes and antidunes depends on the
sediment and flow properties. It is generally additthat ripples are associated with smooth
turbulent subcritical flows and dunes are assodiatgh rough turbulent subcritical flows,
whereas antidunes are associated with supercrilmak. A better comprehension of the
mechanisms controlling bedforms is very importaatduse they are associated with the
complex behaviour of both the flow resistance amdildiad transport equations. More
particularly, a better prediction of antidune getimecan help to analyse local scouring
associated with hydraulic structureSomiti and Lenzi, 2006] and to interpret paleo-floods
[Shaw and Kellerhals, 1977]. Antidune models also represent one (ofeisdy possible
mechanisms which may explain the formation of gept morphologies in gravel-bed
streams Chin, 1999;Curran, 2007;Lenz, 2001;Weichert, et al., 2008;Whittaker and Jaeggi,

1982].

Several theoretical developments on flow domaingapeng to antidunes were proposed

during the last decade€drling and Shvidchenko, 2002; Colombini, 2004; Colombini and
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Socchino, 2005; 2008;Deigaard, 2008; Engelund, 1970; Hayashi, 1970; Hayashi and
Onishi, 1983;Huang and Chiang, 2001;Kennedy, 1960;Kubo and Yokokawa, 2001;Parker,
1975; Raudkivi, 1966; Reynolds, 1965; Sammarco, et al., 2006]. All these developments
considered analytical solutions for the equationsegning the mean flow velocity and
sediment bedload transport rate. However, the ghens and equations were essentially
based on gentle slope experiments. On gentle shafibsfine sands, the bed successively
produces ripples, dunes and the flat beds clogeatsition when increasing the subcritical
flow rates. Antidunes appear only for very highafloates (in the upper regime as defined by
Simons and Richardson [1966]) and may charactexseme natural events. On steep slopes
(S>1% approximately) antidunes were also observedni@nse sediment transpofdey,
1975; Smart and Jaeggi, 1983] but in these (near) supercritical flowstidumes (as defined
above, i.e., a free surface and upper bed layphase) were also observed for relatively low
flow conditions both in the field (Figure 2 showstidunes observed on the Arveyron river in
june 2009 whereas the flow discharge was estimatdx half the 2 years RI discharge) Q
and in the flumeBathurst, et al., 1982a;Cao, 1985;Comiti and Lenz, 2006;Recking, et al.,
2008a;Shaw and Kellerhals, 1977]. Figure 3 presents the images of antidobé&sned with a
uniform gravel measuring 4.9 mm in diameter on a &#%pe as part of the steep slope
experiments (143 runs) presented in Recking eR@D8a]. This figure shows that for this
experiment, antidunes appear very close to th@igai motion flow condition (characterized
here by the ratio between the Shields nuntand its critical value for incipient motio)
and that wavelength increased when bed load inedeagsulting in a flatter bed as the
Shields number increased until the bed become gibrfélat. The shields number is the

dimensionless shear stress defined by:

6= r = [x‘JRbS :& S (1)
d(ps-pP)D g(ps—p)D D (s-1




79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

whereris the bed shear stre$$,is the bed hydraulic radiub, is the grain diametep; is the
sediment densityp is the water density argko/p is the relative density. The free surface
and bed deformation are maximum for approxima®@§ = 1.5 (suggesting that on steep
slopes, antidunes could arise in many natural 8patlleast on the rising and falling limbs of
the hydrograph), whereas in Simons and Richard4866]'s experiments antidunes were
observed ford 8. values in the [20-90] range. In both steep andlgesiope experiments,
antidunes were obtained in supercritical flows, foutvery different transport rates and flow
relative depth. This paper aims to verify wethegsth changing flow conditions affect the
antidune geometry by comparing antidunes produaedgentle and steep slopes. More
particularly, we will investigate whether wavelemgtquations proposed for gentle slope
flows remain valid on steep slopes, where the fti@pthh is on the order of magnitude of the

sediment grain sizb.

New flume experiments, data from the literature andemi-empirical investigation of
antidune wavelength will provide the analysis. Fies set of dimensionless parameters are
deduced from a dimensional analysis. Second, th@seneters are used with new steep slope
flume experiments (19 runs) to fit a relation giyithe antidune wavelength. Third, the model
is tested with data from the literature (148 ruasyl is compared to existing models. To

finish, the results are discussed.

MODELLING
Dimensional analyses
To identify the relevant scaling parameters, weditbe dimensional analysis method, which

assumes minimal a priori knowledge of antidune dyica. For the sake of brevity and
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clarity, we restricted the analysis to two-dimensiobedforms (also called long-crested

antidunes).

The antidune wavelength can be expressed as a function of nine variabesepresented
symbolically by:

L=f,(AR,U,Sv,p 0.9 D) 2)
whereA is the antidune amplitud®, is the bed’s hydraulic radius (obtained after sicl
correction of the measured hydraulic radReshW/[2h+W], whereh is the flow depth andlv
is the flow width),U is the mean flow velocity§ is the energy slope;is the water viscosity,
pis the water densityy is the sediment density,is the acceleration of gravity amlis the
grain diameter. Using the Buckinghams’s pi theoréem variables involving three basic
dimensions would give seven dimensionless pi terntsEqQ. 2 could be reduced to:

%: fz(F,Re,Re*,%,S,s) ®)
WhereF=U/(gh)**® is the Froude numbeRe=Uh/v is the Reynolds numbeRe*=u*D/v is
the grain Reynolds number (wheue=(gRS)’>=(770)°° is the shear velocity)R,/D is the
relative depth and=0/p is the relative sediment density. Since flows teep slopes are

rough Re*>70) and turbulent Re>2000), Re and Re* can be neglected (both for flow

resistance and bedload transport).

In Figure 3 antidunes appear with sediment trarispod wavelength increases as flow
conditions increase (characterized by tHé&. ratio), with amplitude remaining almost
constant (on the order of magnitude of the grammditer) until the antidunes completely
disappears whed=2.58. approximately. For this reason, we suggest lookarga relation

linking the antidune geometry to the Shields r&li@. The relative deptiR,/D, the relative
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densitys and the slop& can be rearranged to form the Shields number IEqrhe method
used in this study is original in that instead sfng a constant critical Shields streégswe
propose using a variation of this parameter witpslin reference to Lamb et al [2008] and
Recking [2009] (this choice will be considered lent in the discussion). The following
slope-dependent equation proposed in Recking[@D@Bb] is used:

6. = 0155%" (4)

Finally, considering a natural sediment mixtyog4 constant and equal to 2.65), Eq. 3 can be

written:

= 1,(6.6..F) )

Ull—

Experiments

New experiments were conducted at Cemagref to iigats Eq. 5. The experimental setup
was a 6-m-long flume. The flume width was varietinveen 0.05 and 0.102m. We used three
uniform sediments — 2.3 mm, 9 mm and 23 mm in diame and we varied the slope from 3
to 12.6%. The flow rate at the inlet was ensurea lopnstant head reservoir and measured by
an electromagnetic flowmeter. Before each experinfiEar a given material and a given
slope), we systematically measured the bed intidinarate (part of the flow discharge
flowing within the gravel bed), which was deducedni the total inlet flow discharge. The
sediment feeding system consisted of a customipedeyor belt device ensuring constant
feeding (see Recking et al [2008a] for further detRor each run, measurements were made
only after attaining a dynamic equilibrium conditja.e. near-equality of the feed and trap
sediment transport rates, and a near constantavesged bed slope. Train antidunes were
usually instable and observed over finite distangeserally not affecting the entire flume

length). The wavelengtih. was measured by dividing this distance by the rembf
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antidunes. Antidune height was difficult to measpirecisely. The flow velocity and the flow
depth were deduced from the flow dischafyasing the following friction equation for rough
turbulent flows, based on the analysis of 2282 #uand field flow resistance values

[Recking, et al., 2008b]:

v__ 625+ 5.75I09(LJ ©)
JOR.S O 0D

whereU is the vertically averaged flow velocity and

Rb -043 - (7)
an = E with 1< ar < 3.5

8
Qo = 780’85% with 1 <apr< 2.6 ®

whereag is a roughness layer coefficient taking into actaleviation from the logarithmic
profile on small relative depth flows (with an ieesing influence of the roughness layer) and
asr IS a bedload roughness coefficient taking intooaot additional flow resistance caused
by bedload. This flow resistance equation was eerior flat beds but proved to be valid for
flows with nonbreaking wave antidunes. The corresijieg wavelength and flow conditions
are summarized in Table ® is the dimensionless solid dischargengtein, 1950] defined
by:

o= I )
(s-1)gD°

Wheregs, [m*/s/m] is the volumetric transport rate per unit thid

Modd fitting
A functional relationship betwedD, 6, 8 andF is sought. The model will be investigated

in its simplest form, through a power equation:
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whereé, a, £ andy are constant values to be fitted from our expentaleresults. The best fit
of Eg. 9 (R2=0.99) gave the following equation (Kig4):

L 0.093% F (10)
D A

These coefficients allowed us to minimize to zér® inean erroe (wheregis the difference

between the measured and calculated valuk¥ with a standard deviatiom. = 0.02.

When rearranged with Eq. 1 and Eq.4, it was posdibleliminateD from both sides, and
considering a natural sediment of relative densiB.65, this equation could be reduced to:

L

E :168017F (11)

Similar equations could have been investigated toe antidune amplitudeA, but

unfortunately, we did not produce enough data vestigate this parameter.

MODEL VALIDATION AND COMPARISON
In this section, we test the models’ ability to neghuce measured wavelengthswith

available data from the literature.

The data set

We built a data set composed of 148 values fromnkdy [1960], Simons and Richardson
[1966], Shaw and Kellerhals [1977], Cao [1985] &Recking [2006], obtained in flume

experiments with near uniform sediments. The daan fRecking [2006] were produced in a
10-m-long, 0.1-m-wide flume in the Lyon LMFA labtoay (Laboratoire de Mécanique des

Fluides et d’Acoustique) and must be distinguistieth the new data produced at Cemagref.
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For these runs, the flow velocity was not computetl measured with a marker technique
similar to the salt dilution technique (see Reclip@06] for further detail). Only a few field
values are available from Kennedy [1960]. Howelke slope values were missing and,
given the fine grain diameter (approximately 0.3 ynia 0.001 slope was used for the
calculations. Actually the exact slope value is mety important because with a slope
exponent equal to 0.17, the model distinguishewdst gentle and steep slopes. For all runs,
R, was calculated with the measured flow depthsy afberection for side wall effects using
the procedure proposed by Johnson [1942] and neddifyy Vanoni and Brooks [1957]. The
data set is presented in Table 1 and indicatesatitédunes on steep slopes were obtained in
the 1.1 <@ &. < 2.5 range, whereas on gentle slopes antidunes atxained in the 10 €&,

< 90 range.

The data set was compared to the commonly admitb@dain permitting antidunes. These
limits were derived analytically and give the minim Froude numbef,, [Kennedy, 1960]
and the maximum Froude numbey [Parker, 1975; Reynolds, 1965] for the formation of

antidunes for a given wave numiker277L and flow depthh:

Fo2- tanhkh (12)
m kh

- 1 (13)
M khtanrkh

These equations were compared to the data segurd=b and gave a good estimate of the
flow domain permitting antidunes, whatever the sldgote that antidunes can also appear for

a Froude number as low as 0.8.

10
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Model validation

Figure 6 presents a comparison between the measuaedlengths and the wavelengths
computed with Eq. 11. The widely used wavelengthatign proposed by Kennedy [1960]
was also used for the comparison (Figure 7):

1 (14)

Models’ efficincy was tested by calculating a refatroot mean square error (RRMSE)

defined by:

,52 + 0'2 (15)
RRMSE = ~—*%

mes
where ¢ is the error calculated from the difference betwélge measured and calculated
values ofL anda; is the standard deviation ef The results are presented in Table 3. The
new model improves antidune wavelength predictionsteep slopes, but also on gentle
slopes. Figure 8 presents the calculated to medsati®s for each model and for increasing
slopes. As in a few cases the calculation errooaated with Eq. 14 was very large, it was
necessary to remove these outliers in order toulzts average values that were truly
representative of the data set. The new model gigsslts to withint10% for all slope
values. The bad score on the 3% slope correspandsctdata from Shaw and Kellerhals
[1977] (antidunes were obtained during a bed erosikperiment with no sediment feeding).
The model from Kennedy (Eqgs. 14) gave similar rissulith an overestimation on gentle

slopes and a progressive decrease of the prediatimnwith increasing slope.

Because in field applications the available paranseinay not be the flow depthbut the
flow dischargeQ, Eq. 11 was also tested by replacing meastge@nd F with values
calculated from the flow dischar@g using Eq. 6 (the algorithm presented in ReckR2@Pp]

takes into account a flume side wall effect). Wawnegth prediction was unchanged for steep

11
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slope experiments (RRMSE =0.25). The results wetexs good for gentle slope experiments
(Kennedy [1960] and Simons and Richardson [196@&Palbse they were associated with

smooth and transitional flow&¢* <70) for which Eq. 6 is no longer appropriate.

DISCUSSION

Physical significance

Kennedy's equation (Eq.14) was based on the cgleguation for small-amplitude waves
[Milne-Thomson, 1960] hypothesizing that flows can deform thermary to conform to a
streamline of a wave in a flow of infinite depthconsiders that for a given Froude number F,
only one combination is possible between the fl@ptdh and the bed deformatidn Doing

so, it implicitly considers that processes coninglithe flow resistance and bed load transport
are unchanged whatever the slope. However recediest have demonstrated that both the
mean flow resistance and bedload transport werengly affected by changing flow
hydraulics with changing slope:

(1) First, all the available flume and field data comid an increasing critical Shields
stress with increasing slope when plotted togefRecking, 2009]. This result was first
formulated by Shields himself (Shields [1936], d$-17) and was confirmed by several
authors after himAksoy, 1973;Armanini and Gregoretti, 2005;Bathurst, 1987;Bathurst, et

al., 1982b; Bettess, 1984; Bogardi, 1970; Graf and Suszka, 1987; Mueller, et al., 2005;
Shvidchenko and Pender, 2000; Shvidchenko, et al., 2001; Tabata and Ichinose, 1971;
Tsujimoto, 1991;Vollmer and Kleinhans, 2007]. This variation with slope is not as wobkl
expected when studying the gravitational effectingcon the grain alone and several
explanations were given for this. Shields considetevas the result of a change in cross-
section when the relative depth decreased, whetbass believed it was the consequence of

the drag shear stress calculation in presencerof tirag at low relative depttBiiffington

12
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and Montgomery, 1997]. However this finding was also confirmed flows over fine gravels
and without bedformsHecking, 2008] which argues for another explanation. Reaealyses
considered that gravitational effects acting on ¢jnains are balanced by near bed flow
velocity and turbulence changes with changingeslfyamb, et al., 2008; Recking, 2009].
Even though the origin of this variation could ag@peontroversial, the critical Shield stress
increase with increasing slope is considered heith, several consequences observed not
only on bedload transport, but also on flow resista as recalled hereatfter.

(i) The resulting critical Shields stress functi@S) improved bedload prediction quite
significantly in Recking et al [2008b] when the aahtions were based on the concept of
excess shear stress (i.edasf[ & 6(9)]).

(i)  We also found that bedload strongly impacts flogigtance RRecking, et al., 2008a].
With the findings reviewed above, this explains vehglope-dependent roughness parameter
k(S proved to greatly improve mean flow velocity petdn when used in the logarithmic
flow resistance equations favu* (Eqgs. 6 and 8).

These studies produced slope-dependy®), ©(S andU/u*(S) functions as a consequence
of the deviation from the law of the wall on stes#ppes and because of flow resistance and
bedload interactions. Thus, by impacting all par@msecontrolling antidunes when the slope
Is increased, these effects explain why antidueediption was improved by incorporating the
slope in the wavelength equation, throug(®). In addition, the good score obtained with Eq.
11 for any slope value may result from the fittiogthe 8(S) function (Eq.4) on the full

range of slopes (from 0.001 to 0.1) in Recking @8J0

Because it is not the gravitational effects asdediawith the changing slope that are

responsible for the observed changes in antidunengiy but the changing flow hydraulics

13
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associated with changing slope, Eg. 11 can be ttewrias a function of the friction
coefficient considering= (U/u*) 2F2 (whereU/u*=(8/)%° is the Darcy Weisbach coefficient):

L oo1erusu o (16)
R,

This equation provides information on the wavelaegh the F-kh plane for a given value of
U/u* (Figure 9). A complete physically based invest@atwould consist in deriving new

theoretical solutions incorporating these findings, this was not the purpose of this paper.

Antidune amplitude

In Figure 3 antidunes appear with sediment trarisprod the bed is flattened when the flow
condition increases. Table 4 presents the correpgnflow conditions and associated
theoretical wavelengths as predicted with Eq.ll.indicates that when&=2.56. the
wavelength should be 26 cm. The flume length captiny images was approximately 20 cm.
This suggests that for such high flow conditionscames were still presents, but because of
the low amplitude (approximately one grain diamebsmight) and because the short

observation window, they could not be observedebud, the bed appears flat.

Given that antidunes were produced with a very walgge of flume widths (0.05-3.2m),
another question concerns the effect of flume gégnun antidune geometry (characterized
by an amplitude:wavelength ratio). Given that amtiel amplitude data are rare, we also used
newly produced data to analyse the flume widthotfféigure 10 presents antidune amplitude
as a function of the wavelength. The first obseovais that antidune geometries measured in
our 0.1-m-wide flume are very coherent with theidumie geometries measured by Cao in a
0.6-m-wide flume. These steep slope antidunes hé following equation fairly well

(R2=0.97):

14
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A=0.03%L (17)
Antidune geometries measured on gentle slopeib-m-wide flume experiment by Simons
and Richardson [1966] are also coherent with thssilt despite a wider scatter. This suggests
that the flume width had no or little effect on idanhe geometry. These aspects should be

evaluated through new experiments in a future igason.

Field implications

The relevance of this research to field problemsedees discussion. Figure 2 presents
antidunes observed on a 3% slope gravel bed rikkerArveyon River in Chamonix, France).
Successive trains of antidunes with a wavelengthagbroximately 3m were regularly
produced at the same place and migrated upstreamn oqugickly over a distance of
approximately 50 m, before disappearing. Howevkis bbservation is rare under field
conditions. First, it appears to be rare to fingbesuritical flow conditions for long time
periods and long reaches (e.g. Grant [1997]; it lm@ymore typical to observe longitudinal
alternation of supercritical and subcritical flopSomiti and Lenzi, 2006]. Moreover, if on
some occasions antidunes can be observed aftairipoley, 1975], antidunes are usually
destroyed on falling water stageSafling, 1999], which renders field observations very rare
and comparisons difficult. The model fitted the fealues presented by Kennedy [1960] in

Figure 6 fairly well.

Another important aspect concerns the effect ofngsize distribution given that all the
experiments presented in this paper were condweithduniform or near uniform sediments,
whereas natural sediments are usually poorly soBetart and Jaeggi [1983] also obtained
flat beds with their uniform sediments at high flowensities (as was illustrated in Figure 3),

but they obtained antidunes with nonuniform bed amal in these flows. They did not

15
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provide wavelength values but they described “weakidunes. We suspect that such weak
antidunes did also exist in our experiments (sseudision above), but could not be observed.
We did not succeed in isolating the hydraulic sfpgties that could explain any differences
using Smart [1983]’'s data. However, it was dematstt that in presence of grain sorting,
hydraulics alone could not reproduce all phenomassociated with sediment transport
[Dietrich, et al., 1989;Iseya and Ikeda, 1987;Recking, 2006] and additional sediment mixture

properties are likely needed to fully understantidames in poorly sorted sediments.

CONCLUSION

This study intended to investigate antidune charastics on steep slopes and to compare the
results with available results previously obtained gentle slopes. Using a data set
comprising 167 values (19 newly produced data a#@l data from the literature) it was
shown that Kennedy’s theoretical model for the dwnt wavelength (Eq. 14) provided a
good estimation of measured wavelength, but wittreBesed efficiency (under prediction) as

slope increased.

A wavelength model based on dimensional analysik rew steep slope experiments was
proposed. This model proved to reproduce adequstegp slope data from the literature, but
also, to improve wavelength prediction on gentlepes when compared to Kennedy’s
models. This model incorporates parameters thasiargar to previous ones, i.e. the Froude
number and the flow depth, but it also takes intooant the changes in flow hydraulics
through a slope parameter as was demonstratedckirige[2009]. The available data did not

permit to make any definitive conclusion on antiesiramplitude.
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348 Additional steep slope data are needed to confiresd results. The grain sorting effects on
349 antidune geometry should also be investigated éartiecause all the available data were
350 obtained with uniform sediments only. Only longstesl antidunes were considered. Three-
351 dimensional antidunes are expected to have shadeelengths than those reported in this

352 paper Kennedy, 1963].
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FIGURES CAPTION
Figure 1: Schematic presentation of antidunes cheniaed by a sediment wave migration in
the upstream direction and a bed surface in phébkettve form of the water surface.

Figure 2 : Antidunes on the Arveyron river, a 3%yp& gravel bed river in Chamonix

(France). The wavelength was approximately 2m.

Figure 3: Images of antidunes for increasing flamditions characterized by the ra#bg..

Each image presents the free surface and the mgvangs.

Figure 4: Wavelength model fitting

Figure 5: Comparison between equations and avaikattidune data

Figure 6: Comparison between computed (with Eq.&i) measured wavelengths (77% of

the values are within the envel&ép0%)

Figure 7: Comparison between computed (with Eq.&) measured wavelengths (51% of

the values are within the envelop20%)

Figure 8: Calculated-to-measured wavelength raticeich model and different slopes (each

point represents a slope range, from left to rigkt0.005 - 0.007 - 0.01 - 0.03 - 0.05 - 0.07 -

0.09 - 0.12). Vertical lines represent the standindation.

Figure 9 : Wavelengths in the F-kh plane with cdagition of U/u* values

Figure 10: Amplitude versus wavelength
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TABLES

Run W D S Q u h Rb/D  Ulu*c F Re Re* 6 6 /6. [0) L A
(m)  (mm) (fs)  (m/s)  (cm) (m) (m)
1 0.05 23 00300 024 040 120 466 7.12 117 4800 129 0.085 1.48 5.28E-03 0.114
2 0.05 2.3 0.0300 0.28 0.42 133 514 712 116 5600 136  0.093 1.63 1.76E-02 0.143
3 005 23 00500 019 038 097 406 561 123 3700 154 0.120 1.87 6.34E-02  0.100
4  0.05 23 00700 013 031 084 351 416 1.08 2600 171  0.149 206 7.75E-02  0.095
5 0.05 2.3 0.0900 0.10 0.29 069 291 3.77 111 2000 177 0.159 2.05 4.05E-02 0.087
6 0.0 9 0.0516 150 061 241 256 565 126 14737 993 0.084 121 270E-03 0.295 0.015
7 0.10 9 0.0516 2.00 0.67 291 3.08 5.66 126 19593 1093 0.101 145 1.34E-02 0.360 0.014
8 010 9 0.0516 250 073 338 350 578 126 24512 1177 0.117 1.65 3.05E-02 0.399 0.015
9 0.10 9 0.0516 3.00 0.77 3.82 396 574 126 29448 1252 0.133 1.86 5.24E-02 0.431 0.011
10 0.0 9 0.0853 100 051 194 211 405 116 9820 1146 0.111 143 159E-02 0.243 0.014
11 0.10 9 0.0853 1.30 0.55 231 253 3.98 116 12756 1250 0.132 1.72  4.28E-02 0.315 0.013
12 0.0 9 0.0853 150 058 254 276 402 116 14709 1311 0.146 1.87 6.59E-02 0.349 0.013
13 0.10 9 0.0853 1.70 0.60 276 3.02 3.98 116 16662 1367 0.158 2.05 9.25E-02 0.350 0.013
14 0.0 9 01260 087 043 198 221 274 098 8538 1406 0.168 1.99 1.01E-01 0.243 0.015
15 0.10 9 0.1260 1.00 0.45 217 242 2.74 0.98 9813 1475 0.184 218 1.46E-01 0.237
16 0.10 9 0.1260 1.10 0.47 227 255 2.79 101 10780 1510 0.193 229 1.77E-01 0.274
17 0.0 23 01260 250 061 400 173 275 098 24528 5111 0.133 155 3.22E-02 0.446 0.022
18 0.10 23 0.1260 2.70 0.63 4.21 1.80 2.78 0.98 26489 5245 0.140 1.62 4.22E-02 0.465 0.017
19 0.0 23 01260 300 065 451 194 277 098 29396 5433 0.150 1.75 6.04E-02 0.555 0.022

Table 1: Flow conditions associated with antidunes
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545

N° Author Ref W D S Q U h (cm) Rb/D U/u* F Re Re* 0 0/6. [0) L A
(m) _(mm) (fs) __ (mis) (m) (m)
1 Recking 0.10 4.9 0.0300 140 057 2.46 457 7.02 1.16 9388 365 0.083 1.45 9.00E-03 0.230
2 Recking 0.10 4.9 0.0300 1.60 0.60 2.67 493 7.12 117 10435 379 0.090 1.57 1.60E-02 0.240
3 Recking 0.10 4.9 0.0500 0.70  0.47 1.49 290 563 1.23 5393 376 0.088 1.34 9.00E-03 0.140
4 Recking 0.10 4.9 0.0500 0.80 0.49 1.63 318 561 1.22 6031 393 0.096 1.46 1.60E-02 0.170
5 Recking 0.10 4.9 0.0500 0.90 0.51 1.76 342 562 1.23 6652 408 0.104 1.58 2.50E-02 0.190
6 Recking 0.10 4.9 0.0500 1.05 053 1.98 3.83 552 1.20 7520 432 0.116 1.76 4.00E-02 0.200
7 Recking 0.10 4.9 0.0500 1.20 055 2.18 421 547 119 8354 452 0.127 1.94 5.70E-02 0.230
8 Recking 0.10 4.9 0.0500 130 056 2.32 447 540 117 8878 466 0.135 2.06 6.90E-02 0.260
9 Recking 0.10 4.9 0.0500 150 0.60 2.50 478 560 121 10000 483 0.145 2.20 8.90E-02 0.290
10 Recking 0.10 4.9 0.0700 0.60 0.39 1.54 3.06 384 1.00 4588 456 0.130 1.80 3.40E-02 0.150
11 Recking 0.10 4.9 0.0700 0.70 0.44 1.59 315 428 111 5310 463 0.133 1.85 5.30E-02 0.180
12 Recking 0.10 4.9 0.0700 0.80 0.46 1.74 343 428 111 5935 484 0.146 2.02  7.40E-02 0.190
13 Recking 0.10 4.9 0.0700 0.90 0.49 1.84 361 444 115 6582 496 0.153 212 9.70E-02 0.210
14 Recking 0.10 9 0.0700 1.20 054 2.22 237 446 1.16 8308 1089 0.100 1.39 1.40E-02 0.260
15 Recking 0.10 9 0.0700 140 056 2.50 266 437 1.13 9333 1153 0.113 156 2.60E-02 0.310
16 Recking 0.10 9 0.0700 1.60 0.60 2.67 282 454 117 10435 1188 0.120 1.66  3.90E-02 0.360
17 Recking 0.10 9 0.0700 1.90 0.61 3.11 329 428 1.10 11707 1284 0.140 1.93 6.30E-02 0.380
18 Recking 0.10 9 0.0900 120 053 2.26 243 381 112 8260 1251 0.133 1.72 5.60E-02 0.260
19 Recking 0.10 9 0.0900 1.60 0.57 2.81 3.01 369 1.09 10247 1391 0.164 212 1.12E-01 0.330
20 Recking 0.10 9 0.0900 1.70 0.59 291 3.08 377 1.10 10751 1414 0.169 2.17 1.28E-01 0.380
21 Cao 105 0.60 22.2 0.0300 60.00 1.14 8.78 380 7.24 1.23 77360 3499 0.069 1.21 3.26E-04 0.900 0.040
22 Cao 106 0.60 22.2 0.0300 71.00 1.13 10.47 454 656 1.11 87715 3823 0.083 1.44 1.19E-03 1.135
23 Cao 107 0.60 22.2 0.0300 81.00 1.39 9.71 415 8.44 142 101984 3657 0.076 1.32 6.38E-03 1.395
24 Cao 108 0.60 22.2 0.0300 92.00 1.40 10.95 468 8.01 1.35 112326 3882 0.085 1.49 1.12E-02 1.265
25 Cao 127 0.60 22.2 0.0300 100.00 1.25 13.33 574 6.45 1.09 115385 4300 0.104 1.83 2.05E-02 1.268
26 Cao 117 0.60 22.2 0.0500 35.00 1.00 5.85 257 598 1.32 48813 3721 0.078 1.18 1.34E-03 0.620
27 Cao 118 0.60 22.2 0.0500 40.00 0.93 7.14 317 501 112 53854 4114 0.096 1.46 6.00E-03 0.740
28 Cao 123  0.60 22.2 0.0500 45.00 0.97 7.70 341 503 1.12 59681 4270 0.103 157 1.06E-02 0.725
29 Cao 119 0.60 22.2 0.0500 50.00 1.25 6.70 292 7.02 154 26300 3765 0.089 1.34 1.48E-02 0.888
30 Cao 120 0.60 22.2 0.0500 60.00 1.38 7.20 316 745 164 28300 3808 0.096 1.45 2.85E-02 1.040 0.050
31 Cao 121  0.60 22.2 0.0500 80.00 1.73 7.70 331 911 1.99 35500 3901 0.100 1.53 6.35E-02 1.115 0.045
32 Cao 122 0.60 22.2 0.0500 100.00 2.00 8.30 354 1018 2.22 41600 4085 0.107 1.63 1.03E-01 1.010 0.020
33 Cao 130 0.60 22.2 0.0700 30.00 0.94 5.31 236 496 131 42483 4207 0.100 1.39 2.26E-02 0.677
34 Cao 131 0.60 22.2 0.0700 40.00 1.16 5.70 254 590 1.55 61300 4094 0.108 1.49 5.01E-02 0.800
35 Cao 132 0.60 22.2 0.0700 50.00 1.49 6.70 245 771 184 88800 4292 0.104 1.44 1.07E-01 0.880
36 Cao 133 0.60 22.2 0.0700 60.00 1.42 8.20 3.09 654 158 102000 4689 0.131 1.81 1.37E-01 0.897 0.040
37 Cao 134 0.60 22.2 0.0700 70.00 142 8.22 3.60 6.06 1.58 91585 5203 0.153 2.12 1.40E-01 0.863 0.030
38 Cao 140 0.60 22.2  0.0900 40.00 0.87 7.70 341 336 1.00 53053 5756 0.187 2.41 9.69E-02 0.715
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317.53
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339.28
327.33
341.52
256.57
269.47
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232.83

17.06
20.32
17.59
19.61
18.29
17.05
17.24
16.81
13.32
14.56
15.05
19.26
18.38
16.80
16.37
17.64
17.06
15.32
17.85
14.91
15.14
14.53
15.18
14.39
13.44
14.28
15.06
12.21

1.24
1.56
1.34
1.49
1.46
1.59
1.70
1.66
1.26
1.19
1.30
141
1.55
1.49
1.20
131
1.26
1.14
1.39
1.15
1.19
1.15
1.29
1.20
1.20
1.20
1.33
1.18

97028
115386
249909
221314
172902
124341
154368
246881
256041
221109
256041
255381
306283
286652
178968
181310
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181440
177900
247819
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246286
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243731
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30
31
42
39
37
39
42
50
110
18
19
29
35
36
39
39
39
40
40
47
46
48
44
45
48
50
50
48

0.611
0.648
1.192
1.021
0.953
1.007
1.219
1.714
0.932
1.857
2.179
1.464
2.061
2.241
0.924
0.885
0.900
0.966
0.936
1.306
1.285
1.349
1.148
1.204
1.364
1.472
1.513
1.355

17.09
17.66
32.19
27.50
25.46
24.52
29.10
40.50
22.62
46.72
52.69
38.51
50.10
53.43
2541
24.41
24.80
26.83
24.83
34.79
34.34
35.83
29.57
30.75
34.13
37.77
38.13
32.40

5.48E+00
7.79E+00
1.52E+01
1.20E+01
1.05E+01
1.87E+01
1.75E+01
2.81E+01
5.20E+00
2.41E+01
7.22E+01
5.90E+01
1.06E+02
6.41E+01
8.88E+00
9.14E+00
8.60E+00
8.51E+00
1.17E+01
1.02E+01
9.79E+00
1.31E+01
1.17E+01
1.38E+01
2.99E+01
1.51E+01
3.66E+01
1.15E+01

0.762
0.853
1.158
1.158
1.128
0.914
1.097
1.768
1.494
1.676
1.859
1.341
2.530
1.280
1.036
1.036
1.036
1.006
1.036
1.341
1.219
1.189
1.097
1.128
0.945
1.219
1.219
1.036

0.024
0.030
0.027
0.024
0.088
0.064
0.076
0.082
0.094
0.043
0.070
0.037
0.055
0.015
0.070
0.061
0.061
0.061
0.079
0.012
0.030
0.024
0.064
0.079
0.073
0.015
0.094
0.049

Table 2: Data from theliterature
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548
549

550
551
552
553
554
555

556

557
558
559

560
561
562
563
564
565
566
567

Model Eq.14 Eq.11

Steep slope data 0.47 0.24

(S=1%, 72 values) (R?=0.78) (R2=0.95)

Gentle slope data 0.35 0.29

(S<1%, 76 values) (R2=0.89) (R2=0.93)

All data 0.40 0.28

(148 values) (R2=0.85) (R2=0.94)

Table 3: Relativeroot mean squareerror for model efficiency comparison

W D S Q V] H RyD Ulu*, F ) ae. L AL
(m _ (mm) (fs) (m/s) (cm) (m)
0.1 49 005 080 049 163 318 561 122 010 153 0.16  0.0309
0.1 49 005 090 051 176 342 562 123 011 169 0.17  0.0287
0.1 49 005 1.05 053 198 383 552 120 0.12 185 0.19  0.0256
0.1 49 005 120 057 211 4.05 578 125 0.13 194 020 0.0242
0.1 49 005 130 057 228 438 555 121 014 208 0.22  0.0224
0.1 49 005 150 0.60 250 4.78 560 121 0.15 229 0.24  0.0205
0.1 49 005 170 0.63 270 514 567 122 016 246 0.26 0.0191
0.1 49 005 200 0.69 290 547 6.02 129 0.17 260 0.27 0.0179

Table4 : Increasing flow conditions for the experiment presented in Figure 3and antidune wavelengths
calculated with Eq.11. The Steepness A/L was calculated by assuming a constant antidune height equals
the grain diameter 4.9mm.
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Figurel : Schematic presentation of antidunes cievized by a sediment wave migration in
the upstream direction and a bed surface in phébkettve form of the water surface.

L A

Figure 2 : Antidunes on the Arveyron river, a 3%ps gravel bed river in Chamonix
(France). The wavelength was approximately 2m.

6=1.426,

1.530,

1.690,

1.850,

1.946,

2.136,

2.290,

2.460,

Figure 3 : Images of antidunes for increasing ftmmditions characterized by the rafi®..
Each image presents the free surface and the mgvangs.
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Figure 4: Model fitting
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Figure 5 : Comparison between equations and aveiatiidune data
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Figure 6: Comparison between computed (with Egaht) measured wavelengths (77% of
the values are within the envel&ép0%)
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Figure 7: Comparison between computed (with Egabd) measured wavelengths (51% of
the values are within the envel&ép0%)
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Figure 8: Calculated to measured wavelength rati@ach model and different slopes (each
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0.09 - 0.12). Vertical lines represent the standidation.
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Figure 9 : Wavelengths in the F-kh plane with cdagition of U/u* values
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Figure 10: Amplitude versus wavelengths
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