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NOTATIONS

A Cross-section area

C Chezy resistance coefficient
Ct Bed resistance coefficient

d Flow depth

D Grain diameter

Dy Grain diameter (subscript denotes % finer)
f Darcy-Weisbach friction coefficient

Fr  Froude number Fr=U/(gHY?

Fs Sand fraction at the bed surface

Ks Bed roughness

n Manning resistance coefficient
P Width averaged value of parameter P= levfo Pdy

Q Flow discharge
q Specific discharge (q=Q/W)
Qs Sediment discharge at equilibrium flow condition
Os Bedload transport rate per unit widthsf@4/W)
Osv  Volumetric bedload transport rate per unit width=QJ[Woy)
R Hydraulic radius
Re Reynolds number Re=UR/
Re* Roughness Reynolds number Re*=urD/
Geometric slope
S Energy slope

S Relative density (357 ,0)



tana Dynamic coefficient of internal friction
U Vertically averaged flow velocity

u(z) Mean flow velocity at z level

u* Shear velocity:.u* = W
w Channel width
z Height above the bed
a Bed roughness to grain diameter ratiglk
@  Dimensionless transport rate®=gs/[g(s-1)D* *°
K Von Karman coefficient (0.4)
Fluid density
JoX Sediment density
T Bed roughness shear stress [K/m
r Grain shear stress [N/fh
r’ Shear stress induced by form resistance [§/m
r*.  Critical Shields stress corresponding to grainraimtment | ]
*n  Mobility Shields stress corresponding to the traos from partial to full mobility [ ]

r* Shields parameter calculated for diameter[): *x = 7[(,0s-0)gDy



ABSTRACT

Because it is difficult to measure bedload sedintemtsport in rivers during flooding, flume
experiments have been widely used for studying mhechanisms involved and for
constructing bedload transport equations. HoweWeime experiments usually involve
several simplifications concerning the sediment emalt (usually a uniform grain size
distribution is used) and the flow conditions (Uguanaintained high for one-dimensional
transport and no bed meandering), which can haemgtconsequences when the flume-
derived equations are used in the field. This mampispresents the results of my research on
this topic and aims to fill the gap between tharftuand the field. The three parts of the
manuscript concern the hydraulics, the thresholdditimns for bedload transport, and
bedload transport rates. It is shown that largendiars such aBg, are recommended for
matching the results obtained in the flume andhia field, both for flow resistance and
threshold dimensional shear stress. The comparsstass trivial for bedload transport as (i)
most flume bedload transport were measured for siiggar stress and almost full mobility of
the bed sediments, whereas in the field, measursnusnally correspond to partial transport
(the finer fractions are transported whereas ttesast fractions are maintained at rest) and
(i) because of nonlinearity, 1D flume derived etiras tend to underestimate bedload

transport when they are used with width averagéal. da

RESUME

En raison de la difficulté a mesurer le charriagesdles rivieres en crue, I'expérimentation en
canal a trés largement été utilisée pour étudgeniécanismes impliqués et pour élaborer des
équations. Cependant, les expériences en canaliquept généralement plusieurs
simplifications concernant les sédiments (génératgrane distribution uniforme est utilisée)
et les conditions d'écoulement (généralement maie élevées pour un transport
unidimensionnel), ce qui peut avoir des conséquefarges lorsque les équations qui en sont
issues sont utilisées sur le terrain. Ce manugoggente les résultats de ma recherche sur ce
sujet et vise a faire le lien entre le laboratatee terrain. Les trois parties du manuscrit
concernent I'hydraulique, les conditions de débeitndouvement, et la modélisation du
charriage. Il est montré que les grands diametkssdue leDgs sont recommandés pour
comparer les résultats obtenus au laboratoire relesterrain, a la fois pour la résistance a
I'écoulement et pour la contrainte adimensionnainde& en mouvement. La comparaison est

moins triviale pour charriage car (i) le charriagelaboratoire a souvent été mesuré pour des



contraintes de cisaillement fortes et une mobgjitési totale des sédiments du lit alors que sur
le terrain, les mesures correspondent habituelle@am transport partiel (les fractions les
plus fines sont transportées alors que le fractbns grossieres sont maintenus au repos) et
(ii) en raison de la non-linéarité du phénomeéne glguations 1D issues du canal ont tendance
a sous-estimer le charriage lorsqu’elles sontsétds sur le terrain avec grandeurs moyennées
sur la section.



1. INTRODUCTION

Bedload prediction is of primary importance foretvengineering, fluvial geomorphology,
eco-hydrology, environmental surveys and managenagrt hazard prediction. For instance
bedload transport impacts the bed morphology, thek® stability, and the safety of
associated infrastructures. Sediment transporse @ first-order importance for the quality
and complexity of in-channel habitats in the aguatvironment (Pitlick and Van Steeter,
1998).

Policies and guidelines are being developed ta latverse impacts of sediment, whether
too much or too little. One recent example is theogean Water Framework Directive
(WFD), issued by the EU in 2000 with the specifmagof establishing a framework for
protecting water resources in member statgld, 2000). Among the attributes of rivers
required to maintairhigh ecological status, the WFD lists several enviromiale quality
standards related directly to sediment transpadt ggomorphology“The continuity of the
river is not disturbed by anthropogenic activiteasd allows undisturbed migration of aquatic
organisms and sediment transpofEU, 2000, p. 40) and,“Channel patterns, width and
depth variations, flow velocities, substrate coiotis and both the structure and condition of
the riparian zones correspond totally or nearlyalbt to undisturbed conditioig EU, 2000,

p. 40)

This is why prediction of sediment mobility (in quay and quality) has become a central
guestion in numerous river restoration projectsfoasnstance for the Rhone river (Gaydou,
2012) or the Rhine river (Schmitt et al., 2012):ewlwill the sediment move? What will be
the river response when adding sediments? Whiah swould be used to obtain a stable
channel, or a channel of ecological interest? Rstance Figure 1la shows the reinjection of
sediments in the Rhine River near Kembs (France)Oatober 2010, for ecological
restoration. In mountain streams, sediments camatingirectly the safety of populations, as
shown in Figure 1b. Despite almost one centuryeséarch dedicated to this topic, even in the
most developed countries, management agenciesastilithe resources to effectively predict

bedload transport in rivers and associated riverphnadynamic.



Figure 1: (a) Injection of 25000m3 of sediments foecological restoration of the Rhine
River near Kemb (photo Alsace.fr) (b) Sediment depsition on the Domenon River and
its impacts on population safety (Photo Belleudy)

Sometimes, practitioners can use field measurentemslibrate a sediment curve, but
most of the time such data do not exist becausesumieg bedload in the field is a difficult
and time-consuming task. This is why they must eyptomputational methods, often
established with flume experiments. Usually experits were performed with appropriate
Froude (Fr) and grain Reynolds number (Re*), foniliude. But the major simplifications
differentiating the flume and the field is that masaterials used in the laboratory are either
artificial materials or natural sediments of neartyform grain size distribution. Doing so, it
is implicitly considered that bedload transportoidly the result of the flow and sediment
interaction. This is not true: when sediments @fiedent grain sizes are mixed, their strongly
interact during their movement (either by gravitydry flows or under the action of water),
through complex grain sorting phenomenon (Frey@ndrch, 2011).

A good understanding of bedload transport als@sstates having a good description
of the flow, and more particularly of the sheaest exerted by the flow on the bed. This is
why flow resistance equations have also widely b&tedied in the flume. However, except
for a few studies, both topics (flow resistance dwetlload transport) were studied in
independent research. In addition, for long, resdérived from fluid mechanics (especially
the law of the wall) has served as a basis for mvgineering. However, the flow hydraulics
change with the bed sediments and morphology, &nmdef measurements validated for
lowland sandy rivers are not necessarily validgmvel and cobble-bed rivers, especially on

steep slopes mountain streams (Figure 2).
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Boulders Cobbles Gravels Sand
300mm <D 20 <D <300 mm 2< D< 20mm D <2mm

l~ 3%

, _/’~’1%l | Slope

| THE HYDRAULIC AND ASSOCIATED |:>
SEDIMENT TRANSPORT CHANGE

Figure 2 : Changes in bed characteristics with thelope, from lowland sandy-rivers (on
the right) to steep slopes boulder streams (on tHeft).

Width-averaged flow parameters are usually coneatlen field operations (except
when a 2D-numerical or a physical model is used)weer, another major difference
between the flume and the field is that flume obas®ons and measurements are one-
dimensional (usually the flow is chosen such tbatl depositions can not form) whereas in
the field, transport of sediments is usually thepmnse to a two-dimensional flow field
associated with a large variance in the bed ana fionditions over the section. This has
strong consequences when section-averaged datsade(which is often the case) because
relations linking bedload transport and the flomditions are non-linear.

What are the consequences of flume simplificatmmshe measured bedload transport
and, consequently, how long can the flume derivgagaBons be used in field applications?
Figure 3 compares flume and field data sets (10y2hres, the x-axes plots the dimensionless
shearr and the y-axes plots the dimensionless bedloadpmt®; both terms are defined
latter in this manuscript) and the Meyer-Peter @ideller equation (Meyer-Peter and
Mueller, 1948), probably the most widely used badltransport equation. Three conclusions
can be drawn from this figure: (1) the flume and field data collapse only for a limited flow
range, (2) the scatter is large (to a given sh#ass bedload transport can cover almost 6
order of magnitude) and (3) a single equation canraproduce the wide range of flow

condition.
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Figure 3 : Comparison between bedload measured in the flume dnn the field
(dimensionless shear stress on the x-axes and dirs@&mless bedload on the y-axes) and
the well know bedload equation from Meyer-Peter andMueller (1948)

The validity of flume derived equations when ugedield applications has motivated
dozens of research programs, and despite reseltsoatrasted, most studies have concluded
that flume derived equations can lead to large ovemnder bedload prediction. So, should we
conclude that flume experiments are not suitabterfeestigating bedload transport and the
associated morphodynamics? This is an importaneisensidering that flume experiments
are still widely used in many labs all around therld. This manuscript aims to fill the gap
between the flume and the field. The physical pgsees are considered, and analyzed with
consideration of simplifications introduced in tiheme. In a first part, the hydraulics is
considered because the way the shear stress isutesnig the first source of difference that
can exist between the flume and the field resulidso examine how hydraulic changes with
changing bed substrate and slope, from lowlandysawudrs to steep boulder streams (Figure
2). In a second part, | present the state of tharad the results of my research on incipient
bedload motion, with emphasis on the impact of givep flow hydraulics with changing
slope. In the third part, the link between the fturand the field bedload transport is
investigated with consideration of partial trangpand nonlinearity, and consequences for

bedload prediction are discussed. Finally outlaafdhis research are discussed.
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2. SHEAR STRESS AND FLOW RESISTANCE

Since hydraulic considerations can be a large soafcerror in bedload prediction, this
part reviews the physics involved and the methbds have been proposed in the literature

for computing the bed shear stress.

2.1. General considerations

2.1.1. Bed shear stress r and friction law

Let consider a rough turbulent flow (considered -thimensional for simplicity’s sake),
over a flat bed constituted of uniform grains. urcts flow the bottom roughness is greater
than the viscous sub-layer and the shear stresear the wall is given by its turbulent
componenjou’v’ (wherep is the water density and andv’ are the turbulent velocities in the
flow and the vertical directions, respectively)naging the viscous termudu/dy (whereuv is
the water viscosity andu/dy is the velocity gradient in the vertical). Thighulent shear
stress was modelled with the eddy viscosity coneggBoussinesq, 1872) and the Prandtl
mixing length empirical modelu=I2du/dy, where |I=ky (k= 0.4 is the Von Karman
coefficient). Mass conservation impos@é=v’2=u*2 at the wall (* [ms’] is called the

shear velocity), which finally gives:

T':pu@+pu'_\/':pu'_\/'=p|/a_u:p @ 2=,0U*'2
dy oy dy 1)

In field applications, turbulence is generally rentailable and the indirect approach

consists in integratingi*’= ky(adu/dy), which gives the well-known logarithmic velocity

profile:
M = £|n l (2)
u" kY

whereyp is the value ofy whereu is zero. Assuming this profile is verified, twoowWW
velocitiesu; andu, measured at two different depthsandy close to the bed can be used to

calculate the boundary shear stréssou*2:

u, —u, jz (3)
)

One can also determiiyg graphically. This method, called the Clauser metihag been
successfully tested in the field (Bridge and Jari@82; Petit, 1994; Sime et al., 2007).

13



Depth-averaging Eq.2, and defining the zero levéh wi=ks/30 (whereks is the bed
roughness; Nikuradse, 1933) gives (dof> o) the friction law:
u_1 [ﬁj )
u* K K
Keulegan (1938) first proposed this equation foscdiding natural flows in canals, with a
constant of 12.2 instead of 11 for a trapezoidefise. Considering Eq.1 the bed shear stress

can be calculated with the measured flow debthnd velocityU:

r = ;zuz ©
~Anawk)

The roughnesg; is often considered proportional to the grain ditenD (seeYen,
2002 for an exhaustive review). In rivers, the Bbhdar stress and associated friction law can
be used in bedload modelling only for the idealiaion where the flow is controlled
exclusively by the wall friction (i.e. interactiomith the bed sediment roughness). In reality,
to move downstream the flow must overcome additiolumm’ resistance (drag forces),
including lateral and vertical channel irregulastj bank and bed vegetation, or transported
solids. As a consequence, for a given veloditghe measured flow depthis higher thard’,
and the equations presented above must be usedaution.

2.1.2. Boundary shear stress rand flow resistance

In fluid mechanics, the drag force exerted on &@sohmersed in a flow i$=%20ACp?,
where Ypu? is the dynamic pressure exerted by the local nfieanvelocity u on the exposed
surfaceA of the solid, andCp is a dimensionless drag coefficient. By analodng tiepth-
averaged flow velocityJ exerts on the river boundary (grain and form rowgs) a mean
drag force, which is, per unit bed area:

r=pC.U? (6)
whereC; is a bed resistance coefficient.

On the other hand, assuming a uniform flow, a fdraknce applied to the water column
links the bed shear stress to the mean flow depitd the slope (the bed slopés considered
assuming the flow is uniform at the reach scale):

r = pgdS (7)

Equalling Eq.6 and 7 gives the flow resistance equati

14



U (1 12 (8)
wsle

where C; is related to the well-known Chezy [LY%Y], Manningn [L™°s] and Darcy-
Weisbach (dimensionless) coefficients by the refati
C = g = ﬁ = i (9)

These coefficients can be calibrated for the giiltaw condition or deduced from
nomographs (se¥en2002 for an exhaustive review). The water depth thie slope may be
difficult to measure (and even to define) in aegular cross-section, especially in cobble and

boulder beds with large grain sizes.

2.1.3. Relation between rand 7

In natural channels, ‘form’ resistances can bdyfdarge and the boundary shear stress
computed with the measuredandU can be much higher than the actual bed sheasgtres
acting on the grains. In that case the user af bedload computation can lead to over-
prediction, and a correction is needed to deduceom r.

Although Einstein and Barbarossa (1952) recognitemt there are very serious
theoretical objections due to the basic nonlingaf the problerh one widely accepted
approach has considered that the total frictios lessimply the sum of the different friction
losses, as is usually (and successfully) donepe flows. This led to a linear decomposition
=r+1’ of the bed shear stregs pu*?2 between the boundary shear stréssou*2 (Eq.1)
and the form dragg’= pu*"2. This linear separation is accomplished throQgtCy+C;” in
Eq.6 andd=d’+d” (Einstein, 1950) 065=S'+S"” (Meyer-Peter and Mueller, 1948) in Eq.7,
and a friction equation derived for flows over atftjrain surface (as described in paragraph
2.1.1)

Meyer-Peter and Muller (1948) suggested calculatihgith the Manning equation and
the Strickler (1923) grain roughnessleduced for flat beds in the laboratomEDqg'%/26):

n'uU 3/2 (10)
<[5
Alternatively, when the total flow roughnessis known 6= S-°d?°/U), this equation
becomes:

302 (11)
d'=(ﬂj d

n

15



A second method uses a Keulegan-type flow resistaguation (Eq.4), written in the

following form, considerings*' = ,/gSd (from Eqg.1 and 7) :

4 (12)
= 625+ 5.75log ©

v
Josd :
This equation can be solved iteratively for estimgtine depthd’ associated with the mean
velocity U (Einstein and Barbarossa, 1952; Wilcock, 2001)hshat7 =pgd’'S

Both approaches presented above are identical,pexbat the Manning equation is
explicit. Note that instead of iteratively solvigg).12 ford’, Eq.5 is sometimes used with the
measured flow deptd and velocityU (Ackers and White, 1973; Carling, 1983; Duan and
Scott, 2007; Sime et al., 2007). Doing so the netisssimplified (no iterations); however, if
ks is defined for the grain roughness, it implicitpnsiders that the bed shear stress
associated with measurdandU is such that =7 (i.e. no form resistance).

In the following, only the bed friction is consiger @', 7) but all parameters are written
without a note for simplicityd, 7). In addition the flow hydraulic radiuR is considered in
place of the flow deptH for the case where the bank friction can not ganted (withd = R

when the channel width-to-depth ratio is highentk20).

2.2. Roughness layer and bedload roughness

2.2.1. The roughness layer

All the above methods come from the law of the wafluids mechanics and consider
a logarithmic velocity profile. However the logdmtic profile is not always verified in rivers
as shown in Figure 4 (Marchand et al., 1984; Nilairal., 2004).

0.8
06 -
04
0.2 1

y/H

u(y)u

Figure 4 : Velocity profile measured over gravel bé (from Marchand et al. 1984,
Lake Creek).
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Because the wakes shed at the leading edge o&thelbments produce a roughness layer
that develops well above the rough surface, tharltdgnic profile (when it exists) cannot be
extended to the wall (O'Loughlin and Annambhotl@69; Christensen, 1971; Ashida and
Bayazit, 1973; Day, 1977; Mizuyama, 1977; Noweldadhurch, 1979; Marchand et al.,
1984; Bathurst, 1988; Nakagawa et al., 1988; Aguite and Fuentes, 1990; Jarrett, 1990;
noWiberg and Smith, 1991; Robert, 1991; Tsujimoi®91; Pitlick, 1992; Ferro and
Baiamonte, 1994; Byrd and Furbish, 2000; Byrd et24)00; Nikora et al., 2001; Katul et al.,
2002; Franca, 2005). Instead, a more complicateéterpawas generally described, with a
roughness layer close to the bed where the velpcdifile was nearly constant, and a second

zone (above the former), where the velocity profikes logarithmic (Figure 5).

3.5

O Free surface _ |

— Standard logarithmic profile
— Modifications with a roughness layer

u(yyu*

Figure 5 : The standard logarithmic profile comparel to the roughness layer profile for

the same mean velocity U

This velocity profile can be written (Aguirre-Pe afRdentes, 1990):

uty) = 1Ini +85 in the logarithmic zone (13)
u* « abD

and

u(y) = llnﬁ +85 in the roughness layer (14)
u* Kk a

wherefis the ratio between the roughness layer thickaedshe grain diametes;is a grain
diameter factor in the Nikuradse equivalent rougske= aD used for the logarithmic part of
the profile (in the exemple of Figure 5, Eq. 13 dddare used witlw fitted for the casg=1
andR/D=3).

17



The roughness layer corresponds to zones of inressr downstream of each roughness
element (grains and particle clusters, producindvikeHelmholtz instabilities) where the
kinetic energy of the mean flow is transformed itudoulence energy. This turbulence thus
produced intensifies the mixing or transfer of matoen, resulting in a continuous
adjustment in the velocity profile close to the @l oughlin and Annambhotla, 1969). The
roughness layer thickness is the grain diametarder of magnitude (Nowell and Church,
1979; Tsujimoto, 1991, Carollo et al., 2005; Maneale 2007), but it is likely to vary with
slope and relative depth, especially for the wakeezbecause the wake’s frequency and size
are related to the mean flow velocity and sedingné (through the Strouhal number).
Several studies showed that the mean flow velaaitgt turbulence intensity near the bed
decreased with decreasing relative ddptb (Bayazit, 1976; Tsujimoto, 1991; Wang et al.,
1993; Dietrich and Koll, 1997; Carollo et al., 20@=amb et al., 2008). The roughness layer
also varies with the concentration of protrudindisents (the ratio between the number of
grains and the maximum number of grains that camarbenged in the reference area). An
optimum concentration was observed over which theghness layer effects stabilized
(Carollo et al., 2005) or even decreased with bmdathing (Nowell and Church, 1979).
However, the measurements available indicate tmatroughness layer still exists with a
maximum concentration, i.e., with a gravel bed @amuniform sediment distribution
(Aguirre-Pe and Fuentes, 1990; Tsujimoto, 1991; Watrgd., 1993; Manes et al., 2007).
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Figure 6 : Selection of flume and field flow resigtnce values measured over flat beds,

with no bedload transport (Recking, 2009)
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Figure 6 plots a selection of flume and field Dacogfficients (&)°°> measured over a flat
bed. A deviation from the keulegan equation is rtyeabserved when the relative depth is
smaller than 10 approximately. It is importantnsist here on the fact that all the flume data
used in Figure 6 were measured with a nearly umifeediment over flat beds. Consequently,
the deviation from the Keulegan law is not dueaint resistance as define in paragraph 2.1.2,
but to additional turbulent energy dissipatiddathurst et al.(1981) proposed to classify
flows according to the relative depth and definelhrge-scale roughnesR/D84 < 2, the
roughness features affect the free surface andfltine distortions and drag effects are
important), an intermediate-scale roughness ([R/B84 < 7) and a small-scale roughness
(R/D84> 7 and the flow can be described by the boundeygritheory).

2.2.2. Bedload and flow resistance interactions
Except rare exception (Smart and Jaeggi, 1983) hddémuations are used with a

friction equation established for flows over a fixeed. Combining two formulas established
independently may dissociate the physics of theghenomena (flow resistance and bed load
transport). This can mean that the final relatiorsy mot take into account, or at least
underestimate, a possible feedback mechanism betinexkload and flow resistance. Indeed,
several studies have clearly demonstrated that; fiae beds, bed load can dramatically
increase flow resistance when compared to cleaemwi#dws (Smart and Jaeggi, 1983;
Rickenmann, 1990; Baiamonte and Ferro, 1997; Sotaf,€1998; Bergeron and Carbonneau,
1999; Carbonneau and Bergeron, 2000; Omid et @03;2Calomino et al., 2004; Gao and
Abrahams, 2004; Mahdavi and Omid, 2004; Campbell.eR005; Hu and Abrahams, 2005).

This was investigated with a series of 144 flumeeeixpents with uniform materials,
for a wide range of flow conditions (slope, flowdasolid discharge) (Recking et al., 2008).
For a given slope, we observed three distinct regi(figure 7):

- Regime 1: no transport/8/ f increases (flow resistance decreases) with inargaifow
depth.
- Regime 2: bedload transport is low adm is nearly constant for increasing flow depth.

This plateau was maintained with increasing bedlt@hsport for a range of flow

conditions.
- Regime 3: bedload transport is intense g8 f increases again for increasing flow depth.

This last regime was referred as the ‘sheet flogime in several of the data sets

considered.
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Figure 7 : Effects of bedload transport on flow restance measured in a flume for slope
1% (Recking, 2007)

2.2.3. Consequences for friction equations

Specific equations were proposed for the roughlagss. For instance Aguirre-Pe and
Fuentes (1990) integrated Egs. 13 and 14 to produce:

E:i:l|n(ij+8_5_i+1@ (15)
aD

However most approaches use conventional frictiqnaBons such as Eq. 4 despite the
logarithmic profile can not be extended to the whlit with an apparent roughness length
greater than the actual grain dimensions and givahe formks=aD, with a > 1 (seeYen
2002 for an exhaustive review).

A data set comprising 1567 friction values of thterhture measured in a flume over
flat bed, with nearly uniform sediments, and favide range of slope and relative depth, was
used to derive a friction equation reproducing iheghness layer and the interactions with
bedload (Recking et al., 2008). It is written:
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U (16)
——— =625+ 575log ———
v gRS A 0D
whereU is the vertically averaged flow velocity and
R -043 . (17)
g = B with 1l <ar < 3.5
(18)

Aor = 78085g with 1 <agr < 2.6

whereag, is a roughness layer coefficient taking into actaleviation from the logarithmic
profile in small relative depth flows (with an imasing influence of the roughness layer) and
agr IS a bedload roughness coefficient taking intooaat additional flow resistance caused
by bedload. Equation 16 was validated with an iedeent data set (Recking et al., 2008)
and is compared to flume and field data in Figufer6lows without bedloaddgr=1). Figure

8 shows a comparison between this equation andeatise of flume data, for different
slopes.
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Figure 8 : Comparison between Eg.16 and a selectiai flume data (Recking et al.,
2008)

2.2.4. A formulation for the near-bed velocity
When the velocity profile of Figure 5 is valid (oo low bedload transport), matching

the flow resistance equations Eq.15 (Aguirre-Pe lamehtes, 1990) and Eq. 16 (Recking et
al., 2008) gives an expression for the functgR/D)in Eq.14:

2.25+In(ag agr )+@—1 (19)
a=e R
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Used in Eq.14,W/u*)p in the roughness layer can be calculated. Becaadgave no idea on

the appropriate value f@#, two possible situations are considered:

- no logarithmic partR/D < f): u(y)/u* is constant and equal to its integration over the
entire flow deptHJ/u* (Eq. 16)

- Alogarithmic part is presenR(D > £): Eq. 14 is used witlr defined by Eq.19.

This produces a two-part solution (with Jogg < 3.5 and 1 <agr< 2.6):

(ij = 625+1|n(Lj if RID<f
RL

u Kk \agagD

[ij - 625+ Lin_ P —l[ﬂD—lj if R/ID>p

u K agag KR

(20)

Velocity ratios (i/u*)gr. calculated with Eq. 20 for several values/bére plotted in
Figure 9 for the casegr=1 (before or near incipient motion) as a functdrthe relative flow
depthR/D and are compared to results obtained with the fdidkse logarithmic profile (Eq. 2
with y=D/2 andks=D). Figure 9 indicates a decreaseufuf)r_with decreasind/D, which is
in accordance with experimental observations (Tsofo, 1991). This variation is also
obtained with5=0 (logarithmic profile withy=D/2 and ks=ar,), which is not surprising
because most information concerning the roughregsr lare supposed to be contained in
flow resistance data through,. Including a roughness layef ¢ 0) only permits to modify

the flow velocity distribution within the profile.
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Figure 9 : Near-bed velocity ratio (u/u*) deducedom velocity profiles with and without

a roughness layer of thicknesgD
The above equations are supposed valid for flovis mo bedload transport or where bedload
effects can be considered negligible which shoddhz case for most natural flows (Hey,
1979).
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2.3. Application to gravel, cobble and boulder bed rivers

2.3.1. Grain resistance in a large grain size distr  ibution

The calculation of the bed shear stress dependseodefinition of the grain roughneks
which must be representative of a flow over alfikd, with no form resistance. But what is a
flow over flat bed with no form resistance? Thiskes sense as long as the flow depth is high
compared to the bed roughness heightwhich was the case in Nikuradse’s experiments
(with sands). In that case the shear stress abaad & transmitted entirely by the tangential
shearing stress and the logarithmic profile deweldp that case the Keulegan friction
equation (Eq.12) can be used with the median diarbgp for k.

Figure 11 : Shallow flow over a non uniform grain &e distribution in a flume

Flat bed with no form resistance can still be dadirfor shallow flows over a uniform
grain size distribution (Figure 10). This is mu@sd evident in gravel, cobble and boulder
beds where the flow depth can be small comparéldetgrain size and where large immobile
stones are maintained at rest most of the timeu(gid1), the transported sediments being
generally composed of the finer fractions (sand gnagrels). In such flows a large part of the
shear forces are transmitted by normal stressessqpre) acting on protruding elements
(Papanicolaou et al., 2011), which could thus bestered ‘form’ roughness, despite they are
fully part of bed sediments (Figure 12).
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Figure 12 : lllustration of a flow over a uniform grain size distribution and a flow over

protruding grains (representative of boulder streans)

Partitioning between the bed at rest and mobilevioasi proposed for boulder streams
(Yager et al., 2007; Yager et al., 2012), but @msunrealistic approach for gravel and cobble
beds. This is why most modern approaches compugeb#dd shear stress with friction
equations representative of the full grain sizeritistion (including large immobile stones).
Doing so, only channel form resistances (induced chpnnel curvature, gravel bars,
vegetation) are excluded. In a second step, theutad bed shear stress is adapted to the
mobility of each grain class with a hiding functjams discussed later (Parker et al., 1982;
Wilcock and Crowe, 2003).

This has led to an ambiguity in the literature vehthrese friction equations are often
called ‘flow resistance’ equation for their abilitp reproduce the measured mean flow
velocities. This is certainly because most data sséd to evaluate the equations are restricted
to flows over flat beds, in nearly uniform reaclaesl with no obstacles. This led Hey (1979)
to consider that For straight gravel-bed channels skin friction isopably the prominent
factor affecting the flow resistance because sp#istance is only of local significance and
the absence of bedforms considerably reduces theeite of internal distortion resistance.
In addition, sediment transport rates are ofted@®, or only affect the smallest size fractions
exposed on the bed, that it is possible to assinaerigid bed conditions prevail. In these
circumstances the flow resistance is basically ddpat on the geometry, the cross-
sectionnal variation in roughness heights, and tbeghness height of graded gravel-bed
sedimerit Consequently what is called ‘friction’ equatitvere can be encountered as ‘flow

resistance’ equations in other publications.

2.3.2. Friction equations
Defining a friction equation for a natural riverdoes still very challenging, especially

for the large and intermediate scale roughnessur&ig plots a selection of field data
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collected over nearly flat bed and uniform riveaale (Recking et al., 2008). These data
collapse with the flume data whéhis scaled withDg,. Actually in the presence of a non-

uniform roughness height, the development of thgyhoess layer was found to be controlled
essentially by larger elements protruding from teel (White, 1940; Nowell and Church,

1979; Wiberg and Smith, 1991), explaining why theksments would be the best grain size
to scale the hydraulic radius or flow depth in stwtbulent flows. As a consequence, most
friction equations used in the field usually diffeom flume derived equations simply by the

uniform sediments diameté@r replaced byDg4 or Dgo. For instance, Parker (1990) used Eq.4
with k=2Dgo. By considering field measurements, Hey (1979ppsed:

R j (21)

84

Y . 625+ 5.75Iog[

JgRS

This equation is compared to Eq.16 (used \Wigh) and a selection of field data in Figure 13.

The scatter associated with the field data is Vange, probably because of the difficulty to
measure flow resistance during high flows capablproduce bedload, but the Hey equation
actually corresponds to a best fit when no disitimcts made between flows with and without
bedload. Despite Eqs. 16 and 21 were obtained eraEmtly and with very different
approaches (EQ.16 is a friction equation obtaineth ilume data and nearly uniform
sediments) both equations are nearly identicals Thilitates for the above hypothesis that
flow resistance and friction law are nearly ideakim a straight uniform gravel bed river

reach.
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Large diameters are also used in the Strickler tezpsgiven in the forrm=D"%/C, whereC
is a constant which value is usually equal to 2@mibg, is considered and 21.1 whBgg or
a uniform grain siz® is considered. Used with Eq. 8 it gives:

u RY (22)
JoRS al(Bj
Wherea; is a constant which value is 6.7 10+21.1 and 8.3 foC=26. Equations were also
sought specifically for the intermediate and lasgale roughness. A linear functionRDg,
was found to be more representative for very shaflows (Rickenmann, 1991; Lawrence,
1997; Nikora et al., 2001; Aberle and Smart, 2aBBnenez-Curto and Cornerio, 2006):

8 R (23)
- = a2 R
f D84

where 1 < a< 4. In order to cover all flow ranges Ferguso®0@ combined this equation
(with a constant &2.5) with the Manning-Strickler equation (Eq. 22ed withDg, and a
constant g6.5), and proposed a Variable Power Exponent (\&jgation:
U _  aa, (R/IDg) _ 25(R/ Dy,) (24)
JORS  [aZ +aZ(RIDy,)™ 1+ 015R/D,,)""

Changes in friction equations with relative demhs illustrated in Figure 14.
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Figure 14 : Evolution of friction equations from lowland rivers to steep mountain

streams
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2.3.3. Hydraulic geometry equations

In many field applications, only the discharge m®Wwn. Equations such as Egs.10, 12 and
24 can still be used considering the mass consenv@=UWd (for a rectangular section),
and eventually with an additional equation linkohgndR (Rickenmann and Recking, 2011).
The disadvantage of this approach is that it uguadbuires iterations, which can be a
problem for practical purposes. An alternative hassisted in using equations fitted with
dimensionless hydraulic geometry parameters. Thgsations, which are equivalent to the
Chezy equation adjusted by a measure of relativghlmoess (Church and Zimmerman, 2007),
have proved to perform as well as more complicathtions for estimating the mean flow
characteristics (Kellerhalls, 1970, 1973; Rickenmal990, 1994; Aberle and Smart, 2003;
Church and Zimmerman, 2007; Comiti et al., 200#gkson, 2007; Zimmermann, 2010).

Using two new dimensionless tertd$=U/(gSDs,) % andg*=q/(gSDs’)°° (whereq=Q/W
andW s the river width) Rickenmann and Recking (20fdjposed an explicit version of the

VPE equation (Eg.24) for the case of given discharg

U - 1+[q_*j032 -024 (25)
\ oS, 438

Assuming this equation is representative of thedwgthce roughness as discussed above, the

mean velocity computed with this equation can bedusr calculating the bed shear stress

From their field data set, Rickenmann and Recki#@j 1) also fitted relations such as:
U* =kg*™ (26)
The non-linearity between the small and intermedsatale roughness (Bathurst et al., 1981)

imposes equations with several paktsl.55,m=0.706 whenq//gSD, < 1, k=1.6,m=0.545
when 1 <q/,/gSD;, < 100, andk=3.2, m=0.395 whenq//gSD}, >100. The first set of

coefficients /+/gSD;, < 1) corresponds to the large-scale roughneds € 2) and concerns

very low-flow conditions generally not associateithviransport.

2.4. Equations evaluation and concluding remarks
Figure 15 compares the Manning-Strickler (Eq.10duséh n=D"%21.1), the Keulegan

(Eq.12 withks=D) and the Recking et al (Eg. 16) equations withata et (Recking et al.,
2008) comprising 1532 runs measured in a flume oearly-uniform sediments and covering
a large range of flow conditions (0.001S<x 0.2, 1 <R/D < 357, 0.2 <D (mm) < 44, 0.05 <
W (m) < 2). All the runs were corrected for side-medfects with the procedure proposed by
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Johnson (1942) and modified by Vanoni and Brool57). The Keulegan equation gives
very satisfactory results, except f&D <3 (large scale roughness) where the predicted
velocities are slightly higher (about 1.5 timeshag than the measured velocities. The
Manning-Strickler equation gives good results fug tntermediate scale roughness (B/®

< 7), but slightly underestimate velocities for graall scale roughness (results are identical
to the Keulegan equation wher D*%/26 is used instead of= D*¢/21.1). The Recking et al
equation (partly obtained with these data) givesunder or over prediction. Overall, the
results obtained with the 3 equations can be censitsatisfactory with mosflcaicuiated /

Unmeasuredatios within the range [0.8-1.2].

MANNING Strick KEULEGAN RECKING et al 2008
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Figure 15 : Comparison of the Manning-Strickler, the Keulegan and the Recking et al

equations with a selection of fume data measured thiuniform sediments

Flows over nearly-uniform sediments, sketched iguFeé 12a, are characterized by
relative depths higher than 1.5 (no values bdRiid=1 and only a few values in the range 1 <
R/D < 1.5) despite the wide range of slope consideféihks are different in cobble and
boulder streams where flows are often rieéds,=1 or below (Figure 12b). Rickenmann and
Recking (2011) recently evaluated several equat{Stiickler, 1923; Keulegan, 1938; Hey,
1979; Smart and Jaeggi, 1983; Bathurst, 1985; Bergu2007) with a field data set
comprising 2890 values covering a wide range of ftonditions (0.00004 §< 0.24, 0.0003
< Dgs4 (M) < 1.35, 0.2 R/Dg4 < 100). The data set was restricted to flows dharbeds, in
nearly uniform reaches and with no obstacles (flaver dunes were excluded), and is
assumed representative of the bed roughness e¢dhlk scale. Whatever approach was used,
the equations proved to be more reliable for thallsseale roughness (Figure 16).
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Figure 16 : Comparison of several friction equatios with a large field data set
(Rickenmann and Recking, 2011)

The results show that the Manning-Strickler (usestehwith n=Dg,/%/26) and the
Keulegan equations are no longer valid for therimegliate and the large scale roughness
(when R/Dgq < 7 approximately). The Hey (1979) equation (EqWih K=3.9Dgs) Is
representative of a large flow range. The best alv@erformance was obtained with the
equation proposed by Ferguson (2007) (Eq.24). Reswdre improved when the hydraulic

geometry approximation of the equation (Eq. 25) used, as shown in Figure 17.
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Figure 17 : Comparison of the g-base version of thEerguson (2007) equation with a
large field data set (Rickenmann and Recking, 2011)

Actually the results were improved for all equatiamhen the discharge was used as input
parameter instead of the flow depth. This can bplagxed by the fact that discharge
measured at a controlled gauging section is a mar@ble measure of the flow condition,
especially in shallow flows (Rickenmann and Reck2@l1). In addition, if there is no lateral
input, discharge is constant for the river reacmti@ry to the velocity) and depthd couple,
which should be reconsidered for each section fpven specific dischargg

It is interesting to use hydraulic geometry equaifor computing the bed shear stress
with Q, because they are explicit whereas using logaritteguations necessitate an iterative

approach. A direat-base formulation can be proposed foFrom Eq.26 we deduce:

d =|k(g9)"q D] (27)
with p=(@-m)/2. Assuming a rectangular cross section as a first
approximationR = [2/W +1/d]|™, and approximating th& values by 74*® we obtain
(Recking, in press):

r = pgS2/W +74p* (99" q D[ @9
with p = 0.23 Whenq/\/gsillf4 < 100 andp = 0.3 otherwise. This equation gives results

similar to shear stresses obtained with the hydrandrameters computed with Eq.25. It is

interesting because it permits a direct estimath@bed shear stress with the flow discharge.
In addition, Eq. 28 indicates that( q°° whereasr 0 R in 7=pgRS and consequently is

less impacted by an error in discharge.

30



The boundary shears stressogRScomputed with the measured hydraulic radius

was compared in Figure 18 with the bed shear st@sgputed with several equations using
the measured flow velocity (paragraph 2.1.3).

100

Meyer-Peter Recking et Ferguson

& Mueller al (2008) (2007)
(1948)

Hydraulic
Geom Equation

t/pgRS

0.1

= Mediane/Quartiles
o Centiles

Eq.10 Eq.16 Eq.24 Eq.28

Figure 18: Comparison between the bed shear streasd the boundary shear stress
computed by several methods, for a large field datset

Among all the methods tested, the Meyer-Peter andlligr approach (Eg. 10) leads to the
strongest shear stress correction. This is comsigtgh Figure 16 showing that the Manning-
Strickler equation over-predicts the mean flow eéipfor the large and intermediate scale
roughness. All other methods including the Reclahgl (2008) equation derived in the flume

confirm that the bed shear stress is nearly idaht@ the boundary shear stress in straight
nearly uniform natural channels.
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3. INITIATION OF MOTION

3.1. The Shields curve
Using similarity principles, Shields (1936b) estsld a framework for bedload

prediction that is still in use today. Considerthg ratio between destabilizing (shear stress x
surface of the exposed particke 1D?) and stabilizing forces (the weight minus buoyarc
g(o-p)D?) he defined the dimensionless shear stress (alkmiShields stress) :
= T _ RS (29)
9(ps—-P)D  (s-1)D

whereris the bed shear stress as defined in the precioaster o is the sediment densitgp,

is the water density is the acceleration of graviiyis the flow hydraulic radius arid is the
grain diameter. Shields considered bedload a tbtesphenomenon and established a
diagram relating the dimensionless critical shé@ssz; to the roughness Reynolds number

Re*=u*D/v (whereu*=(7/0)*? is the shear velocity).

0.2
~ Rivers R
0.15
Movement
% 0.1
TC
0.05
0
1 100 10000 1000000
Re*
Smooth flows Rough flows

Figure 19 : The Shields curve (Shields, 1936)

Although this curve is not easy to use (becausk hotandRe* depend on the shear
velocity u*, which implies an iterative approach), one inténgspractical issue is that was
hypothesized by Shields to be constant wRefi > 1000, which is the case for most natural
flow conditions (rough and turbulent flows). Thlowing the value of this constant, the
calculation of threshold flow conditions (charaited by a flow hydraulic radiuR) for a
given sediment (characterized by its grain-sizé&ribistion curve) and a given energy sldpe
should be straightforward.
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However, whereas Shields proposed an asymptotioevalf 0.06 for 7., the
appropriate value for this constant has been widelgg continuously discussed since that
time. For instance, the well-known bedload transpquation proposed by Meyer-Peter and
Mueller (1948) considered, =0.047. Values as low as 0.01 were also propdsedt¢n and
Abbott, 1977; Carling, 1983; Mueller et al., 20083 well as values higher than 0.1
(Mizuyama, 1977; Church, 1978; Reid et al., 198%elNer et al., 2005). More generally,
values were proposed in the range 0.03 (Parkdr, 2083) to 0.07 (an exhaustive review was
provided by Buffington and Montgomery, 1997), wdhmean value at approximately 0.045
(Gessler, 1971; Miller et al., 1977; Yalin and Kaaa, 1979; Saad, 1989). Figure 20
compares critical Shields stress measured in aeflunth the Shields curve. Despite these
data have been obtained with nearly perfect measmeconditions (in the laboratory), the

scatter is very large.
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Figure 20 : Comparison between the Shields curve lf#lds, 1936) and critical Shields
stresses measured in a flume
The importance attached to this question can easilynderstood when considering

that in many natural gravel-bed rivers the Shieidsber 7 barely exceeds 120% of the
critical valuez. (Parker, 1978; Andrews, 1983; Ryan et al., 2002eMr et al., 2005; Parker
et al., 2007) and that for these flow conditiomansport rates increase by several orders of
magnitude for very small changes in shear stre$schwcan lead to very large errors in
bedload prediction ifz, is not correct. Numerous explanations can be gif@nthe
uncertainty onz, (Buffington and Montgomery, 1997), including thefidition of incipient
motion itself, the shear stress definition (meannstantaneous) and calculation (from the
energy slope, the velocity profile or the Reynodtiess profile), specificities of sediments

(near-uniform or nonuniform), bed clogging (Barzid al., 2012), and the general protocol
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used (measurement techniques, time duration, sidlecarrection method). A subject that has
received less attention is the natural dependefice’ @n flow parameters. The previous
chapter has discussed changes in flow hydraulits elianging relative flow deptR/D. In
this chapter | present how these changes can dffegrains movement.

3.2. Variation of the critical Shields stress with slope

3.2.1. Overview
When the data of Figure 20 are plotted as a funatiothe mean bed slope (equal to

the energy slope for the given uniform flow corulis considered) dependence can be

observed, as shown in Figure 21.
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Figure 21 : Plot of the critical Shields stressesalues as a function of the slope

Shields himself first recognized this dependenge {i6-17) and observed increasing
critical Shields stress with increasing slopessThsult has been confirmed since that time by
several researchers, on the basis of both flumdialidexperiments (Bogardi, 1970; Tabata
and Ichinose, 1971; Aksoy, 1973; Bathurst et &82t Bettess, 1984; Bathurst, 1987; Graf
and Suszka, 1987; Tsujimoto, 1991; Shvidchenko Redder, 2000; Shvidchenko et al.,
2001; Armanini and Gregoretti, 2005; Mueller et @005; Vollmer and Kleinhans, 2007;
Lamb et al., 2008; Ferguson, 2012). Other resesscipeoposed ar. (R/D) equation
(Mizuyama, 1977; Torri and Poesen, 1988; Suszk81]189enzi et al., 2006) instead of a
% (S equation, which is equivalent, considering Eq.B&cause these observations were
mostly reported for low relative dep®/D corresponding to gravel initiation of motion on
steep slopes, this led Bathurst et al (1982) fmthesize that the traditional Shields approach

(which assumes a constant value of approximatéd-@.06 at a high Reynolds number)
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could be based on the coincidence that most stulhedved values of channel slope small

enough that the real variation @ with flow conditions has been too small to deserve
comment. For instance, Shields himself considehedstope effects negligible for the low

slopes £1%) examined in his analysis (Shields, 1936 , p11).

Increasingz, with increasing slope could be explained in Ecp@$ if the changing
flow hydraulics (mean velocity and turbulence pes) with increasing slopes leads to critical
relative depths (i.eR/D measured at incipient motion) declining slowemtlize rate of slope
increase. This led Tsujimoto (1991) to postulag the effect of slope on is composed of
two parts (Eq. 30):#(S as an effect of gravity itself an&4(S) as an effect of the
degeneration of velocity distribution due to snralative depth. The former would be a

decreasing function & while the latter would be an increasing one.

ARTACVAE) (30)

However an increasing Shields stress with incrgasiope has for a long time
received little attention because it is an unexgzkceesult; indeed, the inverse could have
logically been expected when the channel slope rhesovery steep because of increased
gravity effects (Luque and Van Beek, 1976; Chiew &arker, 1994; Dey, 2003). This led
some investigators to choose to exclude low redatiepth data as they were likely to
represent additional effects. For instance, in rthethaustive review, Buffington and
Montgomery (1997) also observed a negative coicglabetweenz, and R/D, but they
considered it as a consequence of shear stresdatadn in presence of form drag at low
relative depth and excluded all values havRiD < 5 from their analyses.

3.2.2. Experimental evidences
The form drag hypothesis has often been used ttaiexpbserved variations i

(Mueller et al., 2005). This hypothesis also hofds flume results with near-uniform
sediments, as most studies extrapolated to zerob#tdoad transport rate data despite
associated flows are usually associated with teegurce of small bedforms (undulating bed),
whatever the initial planar bed surface considéreetking et al., 2009a). Here experimental
evidences are used to demonstrate that whereasrbedtan contribute to increasing critical
Shields values in some circumstances, this doesxpin the variations im. observed with
low relative depth on steep slopes.

Instead of extrapolating to zero bedload valuesidwiiows can be suspected to be

associated with bedforms), the procedure has dedsis extrapolate from zero to high flows
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flow resistance values measured over flat bed nathbedload. It is the changes observed in
flow resistance values, as shown in Figure 7, thete used as an evidence of bedload
appearance. Using my own data (Recking, 2006) aditianal data from the literature, |
measured the critical relative deg®D. and | computed the associated critical Shield=ssstr
with Eq.29 for different slopes considered in thage 0.001 < 0.1 (Recking, 2007). The
results are plotted in Figure 22 and confirm thatrewhen considering only flows over flat
beds, the critical Shields stress increases witeasing slope.
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Figure 22 : Changes in critical Shields stress witklope deduced from flow resistance
measured over flat beds (from Recking, 2007)

Finally, a cross-analysis between flow resistamu l@edload transport rates led to the
following critical Shields stress function for sewints of nearly uniform grain size
distribution (Recking et al., 2008):

7. =0155%7 (31)

The strength of this equation stems from its hawiegn obtained by two other independent
studies using different methods: Shvidchenko et(2001) obtained the same equation
(coefficient 0.11-0.2 varying with grain diamet@&daexponent 0.278) using their own flume
measurements and Lamb et al. (2008) obtained a elege equation (coefficient 0.15,

exponent 0.25) by fitting critical Shields stressadfrom the literature.

3.2.3. Theoretical development
Grain movements are governed by the associatiaheodrag and lift forces, these

latter being dependent, respectively, on the medocity and on the velocity gradient in the
vicinity of the grain. If the mean velocity and thelocity gradient are affected by low relative
depths on steep slopes, as suggested in the psewbapter, it would have direct
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consequences on the force balance @ndrhere has been several attempts for demonstrating
these effects using an analytical model based fonca balance, (Tsujimoto, 1991; Armanini
and Gregoretti, 2005; Vollmer and Kleinhans, 200@mb et al., 2008), but whatever the
approach used, one major difficulty consists inlgateng the model’s ability to reproduce the
roughness layer velocities and its variations wélative depth because available roughness
layer velocity measurements are scarce. An alteng@iresented here consists in using the
near-bed velocity profile deduced from flow resmsta measurements in paragraph 2.2.4
(Eq.20).

The forces acting on a cohesionless particle &ir¢Hj), drag Fp), buoyancy and
gravity \W). At the threshold of motion, forces acting tanggn(F;)) and normal k) to a
particle must satisfy the relation:

R (32)
T tang

where gis the intergranular friction angle. Considerihg anglea of the channel bed sloj&
(S=tara), when rearranged with forces this yields:

i 33
Wsina+F, _ tang (33)
Wcosa-F,

The forces can be expressed as:

1 34
Fo = 2 PC A e
1 (35)
Fo= EIOCL Aug
W = p,gV, - gV, (36)

where Cp and C_ are drag and lift coefficientd) is the grain diameterd, is the cross-
sectional area of the particle, which is perpendicto and exposed to the flow, is the
volume of the particle (used to calculate the dyafarce ogVp), Vs is the submerged volume
of the particle (used to calculate the buoyancydamVy,s) andup is an integration of the
velocity profile over the exposed height of theigraVe will approximateup by the fluid
velocity calculated at the center height of thetiplery=D/2 (Ikeda, 1982). Very sophisticated
models have been proposed in the past (Wiberg amthS1987; Bridge and Bennett, 1992)
by integrating the grain position and its protrusioto the bed. As the purpose here is to test
the adequacy between measured flow resistance rmtnthlcShields variations, a simpler

model was considered. For simplicity particlesassumed to be spherical and fully exposed,
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with the location of the virtual origin of the velity profile located in the vicinity of the
bottom of the considered grain particles (see disiom by lkeda, 1982 for an explanation of
this choice). Combining Eqgs. 33-36 yields the failog expression for the critical Shields

number:
- _4 s—¢, tangcosa-sina 1
° 3 s-1 &,(C, +tangC,) [(u/u*), P (37)

Whereép and &, are additional geometrical coefficients useddarecting the grain surface
and volume exposed to the flow when the flow retatiepthR/D is less than 1 on very steep
slopes: they are unity whé@®/D>1 and a function oR/D whenR/D<1 (see Recking 2009 for
more details).

For a given bed slopa (constant) and material (characterizedbyand ¢), 7. will
depend orCp, C, and the velocity profile. Usually this equatiors@ved by ignoring the lift
force (C.=0), but without any proper justification (Vanont al., 1966) because both
analytical and experimental studies have confirntedpresence, with a slight effect on
incipient motion (Einstein and El-Samni, 1949; looki and Takayama, 1973). The slope is
also often ignoredaE0), which is justified for slopes less than 10%eTterm(u/u*)p is
usually calculated from the Nikuradse logarithmatoeity profile (Eg.2 used withgykd/30).

In its simplest formS=0, ¢=52° (Buffington et al., 1992)Cp=0.45,C, =0, k=D and (/u*)
calculated ay=D/2, the model produces a constant critical Shieldiseva = 0.06.

The objective here is to consider deviations frdma tlassical logarithmic profile
associated with the roughness layer developmenb¥orelative depth flows (Figure 5). This
can be done by replacing/¢*)p in EQq.37 by Eq. 20 (settinggr=1) and by replacin®/D in
Eq. 20 byr. (s-1)/Sdetermined by rearranging Eq.29; it gives:

g 454, tangcos(atarg) — sin(atars) i < £S
° 3 s-1 : 2 © s-1
1, (7.(s-)

C, +tan 625+ —In| ——=
6., tanee, | 625+ L 0D
. _4s-¢, tangcos(atarg) - sin(atarS) . . _ BS
I, =— if 7,>—
&,(C, +tangC, ) 625+ —In| — |- —| — -1
kK \ag ) k\1.(5-)

% —l -043
With 1<a, = Z{Ls)j <35
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This two part expression fag results from the two-part solution of Eq. 20 where
respectiveR/D ranges were replaced by correspondingangesz; can be solved iteratively
for different slopes.

Comparison of this theoretical model with the meedLcritical Shields stress values
of Figure 20 necessitates defining the value f@& ¢bnstants. Measurements with natural
sediments (Buffington et al., 1992; Gregoretti, @0hdicated that in the field a mean value
of 52° would be appropriate for the intergranulation angleg(which value is much higher
than the masse angle of repose value 32° usuatigidered for a en masse failure of a bed
volume). For flows over natural sedimer@=0.45 is usually considered. But Coleman
(1967) measured a decrease in both drag and lgfficents with increasing particle
Reynolds numbeRe* (in Vollmer and Kleinhans 2007 ) and proposed symgtotic value of
Cp=0.25 forRe* higher than 5.10whereas other measurements indicated @gatould also
increase up to 0.9 for low relative depth (thespeeats are discussed in Armanini and
Gregoretti, 2005 and Lamb et al. 2008). The sameemminties exist for lift force. It is
usually considered through a rati®/Cp=0.85 (Chepil, 1958; Wiberg and Smith, 1987;
Seminara et al., 2002; Armanini and Gregoretti, 20Damb et al., 2008). Lift force
corresponds to a pressure gradient generated byehe flow velocity gradient near the bed
and could be reduced when the flow velocity profblecomes uniform close to the bed.
Patnaik et al.(1994) measured a decreasing lifffficat C_ with decreasing relative
submergenceYD (where 0 is the boundary layer thickness) in wind tunnepeximents.
However, to the best of my knowledge there waslumoé investigation of the lift coefficient
at low relative depths and the relatidpyCp=0.85 was maintained. A sensitivity analysis was
considered for all parameters in Recking (2009eemlly for the roughness layer thickness
£ which was set to one.

The results plotted in Figure 23 shows that whenwglocity profile is modified for
taking into account the roughness layer, the fdr@ance model adequately reproduces the
increase in critical Shields stress with increasstape. Figure 23 also shows that the same
force balance used with Nikuradse’s law (Eq.2) senhreproduce the variations i, even
when considering a reduced drag force resultingnfreduced grain submergence (when
R/D<1, throughéa andéy).
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Figure 23 : Comparison between the theoretical modi@nd the near-uniform sediment
data set (dashed lines correspond té=&, =1, i.e. no grain surface and volume

correction)

3.3. Field implications
A variation of the critical Shields stress with teeope has strong implications.

However, as observed for friction laws, flume olaéons (especially when obtained with

nearly uniform sediments) may not match exactlytvishabserved in the field.

3.3.1. Hiding effects
Defining incipient motion conditions for poorly $ed sediments can be difficult

because all individual size fractions in a mixtaray not behave identically for a given bed
shear stresg. More particularly, two effects, one absolute amé relative (Wilcock and
Southard, 1988), complicate the phenomenon. Thelatkssize effect (ratio of driving to
resisting forces) makes the smaller grains easiendve, whereas the relative size effect
(hiding fine sediments and overexposure of coasediments) produces the opposite effect.
Based on flume and field measurements or theoletiwysis, some researchers (Parker and
Klingeman, 1982; Andrews, 1983; Wiberg and Smith87; Kuhnle, 1992; Wilcock, 1993)
considered that both effects nearly compensate etheln (relative protrusion of bed particles
into the flow compensates for the differences imtipl@ weight) and that consequently
particles of various sizes have equal mobility,, iage entrained at about the same mean bed

shear stress (or the same flow discharge). Othessreed a selective size entrainment with
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increasing shear stress (Komar, 1987; Ashworth Ferduson, 1989; Lisle, 1995; Lanzoni,
2000).

All these studies proposed a hiding function (Eydi9ing the critical Shields number
I, associated with diamet&; from the critical Shieldso associated with median diameter
Dso:

.. (DY
Tci _Tc50 D5o (39)

whereb is a coefficient whose value is O if the criticdlear stress is simply proportional to
individual particle size (constant critical Shieldalue) or —1 in case of complete equal
mobility (values were generally proposed betweer® -ehd —1). Subscript”is commonly

replace by r’ when authors referred to a non zero referencdobédtransport (Parker and

Klingeman, 1982) instead of a critical Shields ea{mero transport).

3.3.2. Comparison with field measurements
A data set comprising 92 critical Shields stres@suneed in the field was built with

data from the literature (Recking, 2009). Valuesgf (considered for the median diameter
Dsg) are compared in Figure 24 with the theoreticadetq Eq.38) and with near-uniform
sediments data of Figure 20. All data confirm aataon with the slope, however the field

data plot above the near-uniform sediment data
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Figure 24 : Comparison between field values, nearaiform sediment data, and the

theoretical model
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Differences between field and flume values canxpgagned from the flow properties.
Incipient motion of a grain depends on the reststathis grain exerts to the flow. One
important feature that characterizes flows overrduggorm sediments is that the grain
diameterD used to scale the critical shear stress in thel@hnumber is the one responsible
for the total flow resistance (assuming the idealizase where no additional flow resistance
is to be considered, which is the case in flumeegrpents). With poorly sorted sediments,
only protruding elements are responsible for theghmess layer development and the flow
resistance equation was observed to behave likeumarm sediments when the flow depth
was scaled witlDg, (see paragraph 2.3.2). Thus, for comparison watiruniform sediments,
Dg4 should also logically be used to scale the sh&ass in the Shields number. This
hypothesis is supported by comparing: values and the near-uniform sediment data set in

Figure 25.

0.25
Uniform sediments
O Di=D50 o
02/ o Di=D84 & ]
0.15- :
ES
Tc
0.1t .
o o
O O .00 @
OQ?
0.05 o
o ¢ see ° e
° Sy
0 1 1 i
107 107 107 10™ 10°
S

Figure 25: Comparison betweerrso , ss and near-uniform sediment data

Figure 26 plotst.s, Tso and g4 . All fractions can be approximated by a linear
function of the slope. There is more scatter fag and 7.s» because corresponding grain
diameters are generally not defined or poorly aefiimoreoverDg is often used instead of
Dsgs).
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T*=aS+h °
D46 @=3.24, b=0.092, r>=0.56
Dso: @=1.32, b=0.037, r>=0.80
Dg4: @=0.56, b=0.021, r>=0.75
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Figure 26: 7; values versus the slope. All fraction sizes can lb@proximated by a
linear function 1. =aS+b.

The best fit was obtained fags, and was used with Eq. 39 to produce a generatiimc

D< -093 (40)
r, = (132S+ 0037)([)—'}

50

The value foib=-0.93 permits to reproduce al} values within +50%. However thisvalue
is uncertain as values reported in the field datavary between —0.5 and —1. Improving this
result would require a better understanding of pwsical processes controlling For
instance the slope effect described fgrmay also contribute to the scatter observell (see

Recking, 2009 for discussion).

3.4. Shields versus Isbach

3.4.1. The Isbash equation
Interest in threshold conditions for transport oréged from practical concerns over

the effects that river channel instabilities maweéhan infrastructure, such as low-head
diversion dams, roads, bridges, and levees. The fmaanany of the techniques used today to
specify rock sizes in engineered channels candmedrback to the classic work of Shields
(1936) presented in the above paragraphs, buttalésbash (1936), who presented results
from a separate set of experiments in which hesassethe stability of blocks and rocks
dropped into running water. The main equation wams#élated in terms of a critical flow

velocity U. [m/s] that will move a rock of diamet&x, and is written:
U, =E{29(s-1)D (41)
whereE is a dimensionless velocity. In theory, the velpaised in Eq.41 should be the

velocity in the vicinity of the stone, however,practice, the equation is usually used with the
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depth averaged velocity computed with standard teans (CIRIA/CUR/CETMEF, 2007).
The initial objective of the experiments was to €lep criteria for the stability of dams,
however, the equation was subsequently used byees in the design of riprap (USACE,
1991; Peirson and Cameron, 2006; CIRIA/CUR/CETMER)7), and also in the assessment
of environmental problems (Saldi-Caromile et aDQ2).

Despite differences in the methods used in the raxpats (Shields extrapolated
bedload transport rates to a zero value whereasshsineasured the stability of blocks
dropped into running water) the Shields and thadkkequations were developed for the same
objective: prediction of the stability of a rock pmsed to a flow, and thus should be

equivalent.

3.4.2. Linking the equations
In the Isbash equation, the dimensionless pararkateassigned a value of 0.86 when

the stone is exposed to the flow, and 1.2 wherstibiee is protected by other stones. The two

situations are sketched in Figure 1.

Rock fill in a running water

Protruding grains (Dg4, Dgg)  Stone in a uniform distribution

Stone on a river bed

Figure 27 : lllustration of protected and exposed locks, in a dam and in a natural river
bed (Recking and Pitlick, in Press)
The upper panel shows conditions similar to IskeastXperiments where stones
dropped into the water accumulated over time tenfar triangular- or trapezoidal-shaped

deposit. The stone perched atop the triangulareshaeposit would be relatively exposed,
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whereas the stone nestled among other stones itrapezoidal-shaped deposit would be
protected by other stones. The critical velocity gatrainment of exposed or protected rocks
was deduced from this situation. The lower panelshanalogous conditions for individual
rocks resting on the bed of a natural channehikdase, the rock may be considered exposed
or protected depending on the size in relation eé@hbouring rocks. For the conditions
shown, the critical Shields stress of the exposat K(left) is less than the protected rock
(right), similar to the difference in the value®fn Isbash’s equation.
Egs. 29 and 41 can be combined to give the mininguam diameteD,, that is
stable in a flow of given velocity or depth :
D = RS _ U:? (42)
™ (s-D)r., 2g(s-DE?2

from which we obtain:
RS, (43)

c

r, =2

Eq. 43 can be simplified further using the Darcyi¥ldash equation (see § 2.1.2):

u_ u _ 8 (44)
u* /gRS f

Leading to:

e “5)

4

A friction equation is needed for comparing the @pproaches.

3.4.3. The protected stone (E=1.2) as an individual  stonein a
uniform distribution

To compare the mobility of a protected stone inoekrembankment with that of
uniform-sized stones in natural channels (Figure) 2We estimate flow resistance using the
Manning-Strickler equation used with the manningfticient n=D%21.1, and the Recking
et al equation (Eq.16). The Manning-Strickler egprats interesting because by its simplicity,
it permits an explicit solution of Eq. 45. It isiten:

\/E _ 6.7[Ej1/6 (46)
f D

For the threshold conditions, we can rewrite Eqag9

RY _(e_nZe (47)
[5).=69%
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Substituting Eq.47 into Eq. 46, and combining vt 45, gives:

7, = 00855"*E*? (48)
The Recking et al equation necessitates replaRitiyby (s-1)7.*/S (Eq.47) and implies an
iterative approach for.*. Figure 28 indicates that both flow resistanceatigns used with

E=1.2 reproduces well the threshold for motion affarm sediments measured in flume

experiments.
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Figure 28 : Comparison of the Isbash equation forite case of protected grains (E=1.2)

with the measured critical shear stress for uniformsediments

The result obtained with Manning Strickler (redva)rcan be approximated by:
7. = 011S°® (49)
which is very close to the equation presented guié 22 and ta; =0.155"2° proposed by

Lamb et al. (2008) for uniform materials:

3.4.4. The exposed stone (E=0.86) as a protrudings toneina
natural distribution

The Ferguson (2007) equation (Eqg.24) was usedtimae flow resistance in cases
where grains are fully exposed to the flow (Fig@&a). ReplacingR./Dgs by (5-1)7*/S
(Eq.47) for threshold conditions, and repladinig Eq.45 gives:

oAt ajl(s—l)r; /8]5/3 e2
¢ a’aZ|(s-1)r, / Sp (50)

T

This equation can be solved iteratively by caléaotathe values of* associated with E=0.86
for different slopes. The results are plotted igufe 29 with a compilation of critical Shields

stress values measured in the field for the threeacteristic grain sizeB16, Dso and Dgy
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(presented in Recking 2009). The Isbash equatioeXposed grains (E=0.86) coincides with
the critical Shields stress of protruding grains inatural sediment mixture. The same relation
shown in Figure 29 can be approximated by a poswer |

7. = 027S%¢ (51)

which is very close (same exponent)tc=0.365"*° Pitlick et al. (2008) proposed from field

measurements.
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Figure 29 : Comparison of the Isbash equation fortte case of exposed grains (E=0.86)

with the measured critical shear stress for non-uriorm sediments (measured foD 1,

Dsp and Dg4) (from Recking and Pitlick, in Press)

3.4.5. Consequences for riprap design
For riprap design the Isbash equation is usualgdusith E=0.86 and the Manning-

Strickler equation for flow resistance. This is eglent to using Eq. 48 with E=0.86, which
gives values ofre* in the range of 0.01-0.03 when varying the slop&ae criterion for
entrainment presented in the Rock Manual (CIRIA/QURTMEF, 2007) istz*=0.03, which

is consistent with values reported for natural cleds with slopes less than about 0.005.
However, if a critical Shields stress of 0.03 isdign the design of riprap in mountain streams
with steep slopes, it can lead to large oversiziigure 30 shows three separate relations for
estimating the minimum block siZe.,, for a given flow depthd, plotted as functions of
reach-average slope.
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Figure 30 : Relations for estimating the minimum ste of blocks, Qyn/d for a range of
channel slopes. The lines labelled E=0.86 +Mannirgjrickler (MS) and 7*=0.03
represents the standard design criteria based on agtions of Isbash and Shields; the

line labelled 7*=0.279*® represents an approximation of Eq.50.

The first two relations are formulated using stadddesign criteria, where the
threshold for motion is estimated by assumigg0.03 or E=0.86, and flow resistance is
estimated with the Manning-Strickler equation (E6); these two relations plot essentially on
top of each other. The third relation is formutatesing Eq.51. The difference between this
relation and the two standard relations shows thatstandard approach quickly leads to
unrealistic values in mountain streams, an effdativis well known by practitioners. While
this acts to increase project security, it canrghp impact project costs. In addition, the

stability of riprap in mountain streams is moreatetl to the quality of the protections against
scouring effects than to the size of the stonéfitse
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4. BEDLOAD PREDICTION

This part recalls the state of the art and theltes@l my research on this topic. It can not
be disconnected from chapters 1 and 2 because ¢mgedload necessitates first to know

the bed shear stress and the thresholds condftiotr@nsport.

4.1. Flume and field bedload transport

4.1.1. Overview
Bedload transport is the transport of material antact with the bed, by rolling or

saltation. It differs from the transport by suspengnot considered here) where sediments

are transported over long distances by the flowulence, with almost no contact with the

bed. Because of the difficulties to study bedlaadhie field (Liebault and Laronne, 2008), it
has widely been studied in the flume, at the latooya This has led to several simplifications
which have strong implications:

- flume transport is one dimensional whereas in talke ftransport is two dimensional:
this can lead to large differences because of neatlibedload transport response to the
variance in shear stress and bed material ovetuaahaection (Ferguson, 2003).

- In flume experiments, bedload is usually measuoedfgiven steady and uniform flow
condition, at dynamic equilibrium (all parameters aaintained nearly constant), and
after several hours experiments for a given rurthinfield bedload consists essentially
in nearly instantaneous cross-section averaged ogasured for the given flow
condition.

- Most flume experiments were performed with unifoomnearly uniform grain size
distribution (Figure 10) whereas almost all rivengluding sand bed rivers, have poorly
sorted sediments (Figure 11). Consequently, fluxpeements do not reproduce the
effects associated with grain to grain interacti(®eacking et al., 2009b).

- In gravel, boulder and cobble bed rivers, transpodenerally associated with a very
low Shields stress ratio, withi/7. =1 or below (Figure 11). On the other hand most
flume experiments were performed with a high Shttdss ratiof/z. =2 or higher) in
order to avoid bed meandering: consequently theynaore likely to reproduce field
bedload transport observed during high flows oalyin sand bed rivers (where usually

Tt >2).
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Figure 31 : Vertical and longitudinal sorting in agravel bed river: grains are dispatched

into distinct patches of similar grain size and sding

The two last field properties have strong consegegron bedload transport that should be
considered in bedload modeling. In many rivers witharse bed material, grains are
dispatched into distinct patches of similar graaesand sorting and the sediment supplied is
stored vertically in a coarse fraction that is iretd on the bed surface (Figure 31), i.e., the
armor layer, and a fine fraction that goes intogerary storage in the bed, i.e., the substrate
(Pitlick et al., 2008). A different transport phasan be considered regarding the armor
mobility (Jackson and Beschta, 1982; Ashworth aedgéson, 1989; Ryan et al., 2002;
Bathurst, 2007): as long as the threshold for brgakf the armor layer is not attained, phase
1 is considered, with bedload composed of finemsedis supplied from upstream or from
patches of fine materials and passing over the imi@armor layer. When the flow condition
permits the break-up of the armor, phase 2 is densd where coarse grains can participate
in transport and the availability of fine sedimefitam the subsurface is increased (Parker et
al., 1982). To finish, a phase 3 can also be censttonce all sizes are in motion (Parker et
al., 1982; Wilcock and McArdell, 1993). Phasesrahsport are sketched in Figure 32 with
the mobility of the bed pavement considered thrainghthreshold mobility of the bed surface
Dga.
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T34

Z-c84

Figure 32 : Sketch of the 3 phases of transport, i the mobility of the bed pavement
considered through the threshold mobility of the bd surfaceDga.

4.1.2. Comparing the data produced in the flume and in the field
For comparing the flume and the field approaches,data sets were built with data from

the literature. The flume data set comprises 1)&lides produced in flume experiments by
17 different authors. The data are described inkiRgcet al. (2008) and are available (as
supplementary material) in a later publication (Reg, 2010). They correspond to a large
range of flow and transport conditions presentetiable 1.

Parameter Range
Slope [-] 0.001-0.2
Diameter [mm] 0.3-44.3
Shields numbet* [-] 0.014-3.43
Einstein parameteb [-] 3.8E-9-264

Table 1: Main characteristics of flume data

Parameter Range
Slope (m/m) 0.0002-0.08
Diameter R (mm) 0.4-220
Diameter @4 (mm) 0.9-558
Discharge (m3/s) 0.012 -7104
Bankfull depth (m) 0.06-6.2
Bankfull width (m) 0.3-200
Einstein parameteb [-] 2E-11-215

Table 2: Main characteristics of field data

The field data set comprises 8,940 bedload valo#soted over 109 river reaches with

various methods, such as Helley-Smith samplers (Erh980) or sediment traps (Reid and
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Laronne, 1995). The complete data sets is avail@sidine as supplementary material) in
recent publications (Recking, 2010, sub.) and tireesponding ranges of field conditions are
presented in Table 2.

Figure 33 compares the flume and the field data (41,257 values). The x-axes plots the
Shields stresg and the y-axes plots the dimensionless bedloadpman (Einstein, 1950)
defined by:

® = q, (52)

JVos-1)D

whereqy, [m*/s/m] is the volumetric transport rate per unit thig = /o is the ratio between
sediment and water density, abBdis the grain diameter. For the field dataand® were

computed with the median diameiy.
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Figure 33 : (a) Comparison between bedload measured the flume and in the field (the
median diameterDso was considered forr* and @) (b) Bed load measured in Dupuyer

Creek as a function of water discharge [data from Witaker and Potts, 2007b]

The first observation is that most transport ratesasured in the field are weaker than
values investigated in flume experiments. One cadude from this figure that the scatter is
quite substantial, and that a single Shields nunocbarbe associated with bedload transport
values covering almost seven orders of magnitue(Q(03 is associated with 1E-9& <
1E-2). Actually the scatter also exists inside éadividual data set, and corresponds to large
fluctuations of bedload discharge for a given floendition, as illustrated with the Dupuyer
Creek measurements (Whitaker and Potts, 2007) shaowhigure 33b: many measured
bedload transport values correspond to a given féimeharge within plus or minus one order
of magnitude.
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Differences in sampler efficiency may explain sowfethe scatter observed in and
between the data sets. For instance, the smalhwidihe Helley-Smith sampler orifice (76 or
152 mm) may cause underestimation of measured giaen and bedload transport rates,
especially for high transport rates, with large lgeb moving only at this time. These
uncertainties are very difficult to evaluate be@atlse various investigations of Helley-Smith
sampler efficiency have produced somewhat contr@giaesults (Emmett, 1980; Hubbell
and Stevens, 1986; Childers, 1999; Ryan and Pd@&®9Q; Sterling and Church, 2002; Bunte
and Abt, 2005; Ryan et al., 2005; Vericat et &00&. The sampling strategy can also affect
the quality of the measured data (Ergenzinger.eti@04; Bunte and Abt, 2005; Singh et al.,
2009; Fienberg et al., 2010).

Measurement errors may contribute to, but are mat only explanation for the
fluctuations observed. Natural bedload fluctuatiaiso exist and have been identified in
nearly all field investigations (Bunte, 1992; Maded Ozaki, 1996; Garcia et al., 2000; Paige
and Hickin, 2000; Habersack et al., 2001; Cuddem ldaey, 2003): they are explained by
bedforms migration (Gomez et al., 1989), grainisgr{Gomez, 1983; Whiting et al., 1988;
Recking et al., 2009b) or nonlinearity effects (teson, 2003; Recking, sub.).

4.1.3. Modelling bedload transport
Dozens bedload transport equations have been deower the years, most of them

partly if not totally calibrated with flume experénts. These equations are based on bed shear
stress (DuBoys, 1879), stream discharge (Schok|its862), stream power (Bagnold, 1977),
or a stochastic approach (Einstein, 1950), and wia$tem are threshold equations. The most
famous and probably widely used equation is the evideter and Mueller (1948) equation

written:

P =8(r" -1,)%? (53)
Wherec*= 0.047. Meyer-Peter and Mueller proposed to compute thel@hstress* with a
flow depth correction given by Eq.11. This equatisrcompared to the flume data in Figure
34, and two comments can be made:

- the threshold condition is not satisfied as a fdiexlload values correspond o< 7.*;

- the 3/2 asymptotic trend of the power equatiomisconfirmed.

The threshold condition definition becomes a raabfem when considering the field data
(Figure 33a).
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Figure 34 : Comparison between the Meyer-Peter anMueller equation and the flume
bedload transport data set

The threshold limitation is not surprising when silering that the critical Shields stress is
not constant but vary with the hydraulics assodiatith different slopes (83.2). In order to
overcome the threshold problem, non-threshold éopsthave been proposed, considering
that in turbulent flows, even the lowest dischacge produce a very low transport of fine
sands (Paintal, 1971; Parker, 1990). Modern nogstiold equations (Parker et al., 1982;
Wilcock, 2001) better consider the shape of thection by adjusting the low transport rates
with a transport stage parameter defined/lsy wherer is a reference shear stress associated
with a very low predetermined transport rate. Thésections refer to a dimensionless
transport rateW+*=(s-1)ga/(au*>) (whereq, is the volumetric bedload transport per unit
width, andu*=(gRS°° is the shear velocity), which presents the adwmntaf not being
dependent on the sediment diameters, as is the foashe more conventional Einstein
parameter (Eq.52).

In their more sophisticated versions, these equstialso incorporate a hiding
function, allowing a fractional-based calculatiore., the calculation is made size by size
(Parker and Klingeman, 1982; Wilcock and Crowe, 30@onsidering a bedload equation
established for a characteristic grain dx@nd given as a functiofiof the shear stress and

the reference shear stress:
q, =¢(D,7,7,) (54)
the fractional-based calculation consists in asagntinat the functional relatiogi holds for

each size fractio®; of the sediment mixture to calculate:
d, = f,{(D;,7, Tri) (55)
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wheref; is the proportion of material in thth size classy; is the associated reference shear
stress for diametdD;, andq,; is the bedload transport rate associated with efierd;. The
value forz;; is usually expressed as a functionzg$ calculated for the median grain si2ey
(of the surface or subsurface mixture) with a hgdianction taking the form given by Eq.39.
The total bedload transport rate is thus given by:

q, =20, (56)

The more recent surface-based equation from WilemckCrowe (2003) improved

the hiding function by more accurately considetimg relation between the transport stages

and the associated bed surface grain size digtiisit

(5-1 0002p™ for @<135
* s-1 99 45
W =——""3= : (57)
fu’ 14(1— O%?ﬂ for @=135
e

. (D) 067
With ¢:@(4 , T, = 0021+ 0015exp[-20F.], b= '

r, \ D, D;

l+exp 15-—
’{ DmJ

WhereD, is the mean grain size of the bed surfacefardenotes the fraction of the material

of the surface layer that is sand. The grain sigilblutions must be sampled (atplintervals
or more) and the grain shear stress can be cadcuteth 7 = pg(SD,;)"'*U *'? (Wilcock et
al., 2009).

4.2. Equations evaluation
Eighteen standard bedload transport formulas (MBwter and Mueller, 1948;

Brown, 1950; Einstein, 1950; Schoklitsch, 1962;ii¥all963; Engelund and Hansen, 1967;
Ackers and White, 1973; Mizuyama, 1977; Parker,91%agnold, 1980; Smart and Jaeggi,
1983; Van Rijn, 1984; Yang, 1984; Karim and KennetB00; Rickenmann, 1990; Abrahams
and Gao, 2006; Wong and Parker, 2006) were comparthe flume and the field data sets
(see Recking et al, 2012 for more a complete ptasen of these equations). All equations
were chosen because they permit a surface-basedlatadn with limited knowledge of
sediment characteristics and they are widely used.

To test the formulas, we calculated the percentdglee ratio r = [calculated transport
rate] / [measured transport rate] included in aegiinterval. For example, a score of 40%
obtained for the interval [0.1-10] means that 4@%he predictions are correct within plus or

minus one order of magnitude. Because this pretisiterval was present in almost all the

55



measured signals (as shown in Figure 33b), a bedioection working with mean parameters
will at best reproduce the median value for a gidegtharge, but will not reproduce the
measured dispersion. In other words, a given flomddtion will be associated with a single
calculated value, but also with several measurddegacovering more or less one order of
magnitude around the median. Consequently, thevalt¢0.1-10] was used for the tests.
Because the objective was to evaluate the predicezuracy in a general sense, scores are
not given for each equation individually but prasenby a median associated with the
guartiles, a maximum, and a minimum.

Because all the equation considered here are anergional (derived in a flume), and
because they are used with section averaged da&ar(stress, grain size distribution),
underestimation is expected as a consequence dinearity. This was demonstrated by
Ferguson (2003): using a probability function diésog the shear stress variation around its
mean value, he showed that additional flux locadjuced by high shear stress outweighs the
lower flux induced by low shear stress and thahseguently, the total flux (the sum of all
local fluxes) should be higher than the flux congluvith the averaged shear stress.

4.2.1. Comparison with flume measurements
All equations were used exactly as they were pregdry the authors. The results are

plotted in Figure 35 and Figure 36. Equation 3t ¢f0 was used for splitting the results into
different flow ranges in the figure (but the caktibns were made with the original values
specified by the authors). Figure 35a plots theescas a function of /7. and shows that
equations are valid only wharn/z, >1.2-1.4. The decrease in efficiency near inciprantion
corresponds to zero prediction (Figure 35 b) andverestimation (Figure 35 c).

Figure 36 plots the scores as a function of thengteameterD and the slope. No clear
trend can be observed with the grain diameter aschall trend is observed with the slope.
Actually, these generally high scores must be edldab the fact that more than 65% of the
runs were performed with a Shields ratitr. >1.5. This appears clearly in Figure 36b where
the scores are directly proportional to the pemgatof runs verifyingr /7. >2 (a similar

correlation was obtained when considering; >1.5).
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Figure 35: Test of models efficiency
with the flume data, as a function of
r/t.. (a) Score (%) of r within the

range [0.1-10]; (b) percentage of zero
prediction (thresholds formulas); and

(c) ratio between calculated and
measured bedload transport

Figure 36: Results of the tests
with the flume data as a function

of (a) D and (b) slope



4.2.2. Comparison with field measurements
All equations were used exactly as they were preghdy their authors. The results of

the tests are presented in Figure 37 and Figurdn3Bigure 37, results were plotted as a
function of the mobility of the coarser elementstloé bed surface, considered through the
Tes | Tegs ratio, wherergs is the Shields number calculated for diamder and 7eg4 is the
critical Shields stress fdDgs estimated with Eq. 40. Figure 37a indicates thdy at high
transport stages are all formulas effective. THigiehcy is moderate when 1 &4 /74 < 2
and close to zero whem, /7.5 < 1. This decreased efficiency with decreasing I8&istress

is associated with (i) zero predictions when<rz.ss (Figure 37b) and (ii) overprediction (by

up to several orders of magnitude) when the caledlaansport is non-zero (Figure 37c plots

the statistical quantities calculated from the raadvalue of gs/QqSneasObtained with each
formula within the flow range considered). Overpcddn is an unexpected result as
discussed in the introductive part. It could belax@d by hiding effects (not included in
formulas) reducing the mobility of particles fogaen shear stress.

These scores were also plotted as a function ohetier Dg, in Figure 38a. Sharply
decreased efficiency is evident whegy is higher than 50 mm, and the scores are nearty ze
whenDg,4 is higher than 100 mm. This means that eitherguirmulas established in a flume
with fine and almost uniform gravels cannot be ed#xl to coarse gravels and cobbles in the
field or that the equations are correct but thkel fraeasurements are not. The two hypotheses
are plausible depending on the flow condition coesed:

(i) At low flows, bedload in many gravel and cobble bedrs essentially consists of
partial transport (fine gravels move whereas tingelst gravels are maintained at rest);
grains sorting and the variance in shear stresbaddurface grain size are maximum.

(i) The second hypothesis must be considered for hagisport rates because the threshold
diameterD=50 mm roughly corresponds to the width of the déad portable Helley-
Smith samplers (76.2 mm) used for most measuremelotsever, additional analysis
presented in Recking et al (2012a) suggest tleatthasurement technique only partly
explain this result.

Figure 38b plots the scores with the sl&erhe results are good only for very mild
slopes § < 0.1%), which, considering the previous discussgteam from these slopes being
associated with sand and fine gravels only. Theselts are also likely related to the effects
due to changing flow hydraulics with increasingpgldShvidchenko et al., 2001; Mueller et
al., 2005; Vollmer and Kleinhans, 2007; Lamb et 2008; Recking, 2009), which are not

taken into account by most formulas
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Figure 37: Analysis of the model’s
effectiveness when tested on
instantaneous field measurements. (a)
Score (%) of r within the range [0.1-
10]; (b) percentage of zero prediction
(thresholds formulas); and (c) ratio
between calculated and measured
bedload transport. The results are

plotted as a function ofzss / Tess .

Figure 38: Results of the test with
the field data as a function of (a)

Dg4 and (b) slope



4.2.3. Taking into account critical Shields stress variations

One limitation suggested in the above tests is ¢gaktions were built for a limited
flow range, and incorporate a constant thresholdevarhis is why a new equation was
proposed (Recking et al., 2008) taking into accaunariation of the critical Shields stress

with the slope, and more generally flow resistasee bedload interactions.

20
18 -

16 -

1 10 R/D 100 1000

100 - (b)

0.1
0,01
+
00014 , .
+

0,0001 4 *

0,00001

0,01 10

Figure 39: Plot of 1270 flume values in (a) a flowesistance R/D,(8/)%) and (b) a
transport rate (7 ,®) diagram considering points belonging to regimes &nd 3 as defined

by the flow resistance model (Eq.16, Figure 7)

The [uniform sediment] flow resistance and bedldath plotted in Figure 39 suggest that the
changes observed in grain motion and flow resigtdas presented in §2.2.2) also correspond
to a change in the bedload transport rate. Twoggocharacterized by a change in thg)

relation shape, can be isolated. The first groapg(ey in the figure) largely contributes to
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data dispersion. The second group (in black irfithee), corresponds to high bedloads and is
less scattered. A detailed analysis of the firstugrshows that the scatter is reduced after
stratification by the slope. This corresponds thange in the critical Shields stress with the
slope describes in paragraph 3.2.

0.1
0.01 -
e 0.001 -
+ Data 0.1-0.5%
- Data 0.5-1.25%
0.0001 | o Data 1.25-3%
a Data 3-9%
0.00001 ! R :
0.01 0.1 1

Figure 40: Low transport flume data plotted with cansideration of the slopeS

A semi-empirical relationship based on the tractoree concept was fitted to the data, which
gave a two part model:

® =156(r" -7,)®> whenr < 0655 (58)
and
o =14r"" wherr” > 06558 (59)

A test with independent flume data has shown thking into account the critical Shield

stress variation improves predictions when compé#westher standard approaches (Recking
et al., 2008) (Table 3, Figure 41). However, thmparison with the field data set gave very
bad results, with only 50% of the runs predictethvel non-zero transport, and for the other

runs, large overprediction (Figure 42).
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Model 08<r<1.2 06<r<14 05<r<2

MPM /Manning (1948) 10-17 25-32 41-46
Smart & Jaeggi (1983) 14-16 26-29 37-40
Engelund & Hansen (1967) 9-11 25-27 39-41
Graf & Suszka (1987) 14-/ 34-/ 47-/
Schoklitsch (1962) /-13 [-24 [-34
Rickenmann (with g, 2001) /-13 /-28 /-36
Abrahams et Gao (2006) 22-/ 36-/ 51-/
Parker (1979) 19-/ 34-/ 53-/
Eq.16+58 30-37 54-58 68-70

Two values are associated with each case: thedéfe is the score obtained by calculat®g*) and the right
value is the score obtained by calculat®@, S, D) when a friction law is proposed by the author.

Table 3: Scores (%) for each model in the ranges B<r<1.2], [0.6<<1.4] and [0.5¢<2]
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Figure 41 : Comparison between flume measurementsd results of calculations with

consideration of Shields stress variations with sje (Eq.16+58)
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4.2.4. Fractional calculation
In the previous paragraph, it was hypothesized éljatitions derived in a flume with

fine and nearly uniform gravels, could not repragltice field partial transport. This is why
additional tests were performed with the recentasgrbased Wilcock and Crowe (2003)
equation (Eq.57), which was specially derived fartjal transport conditions (Eq.57). This
equation improved the hiding function by more aeatelly considering the relation between
the transport stages and the associated bed swfaicesize distribution, and is particularly
recommended for partial transport. The grain siz&idution of each individual data set was
sampled at 1p intervals and the shear stress was computed Wwehptocedure given in

Wilcock et al. (2009). The results are presenteéigure 43.
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Figure 43: Comparison between field measurements drresults of calculations with the

Wilcock and Crowe (2003) equation used with the meeflow parameters

As for Figure 37, results of computations were telibtas a function ofgs /7egs With
.ss calculated with Eq. 40 (but the equation was useattly as it was proposed by their
authors). Figure 43 indicates that results are gend when the Shields stress ratio is higher
than 1.3, which is much better than what was obthinith standard equations (Figure 37). It
corresponds to large floods as in gravel and cobbterivers, most transport are associated
with 7s4 /7es4 <1.3. However, contrarily to other standard equesjche Wilcock and Crowe
equation reproduces adequately the expected bedioddrestimation for the low Shields
stress values, as discussed in the introductivteopéinis section. Prediction with 1D
equations should be improved either by computirgy lttal shear stresses (Ferguson and
Church, 2009; Camenen et al., 2011) or by intraty@ probability function describing the
variance in shear stress when calculation are mattiesection-averaged input data (Bertoldi
et al., 2009).
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4.2.5. Conclusion of the equations evaluation
The evaluation with large flume and field data $ets shown that:

(1) even with perfectly controlled data obtained in tluene, equations are not valid close to
incipient motion conditions. A prediction factor &f(prediction within the interval [0.5—
2]) was the minimum that could be expected wheting®quations with time-integrated
flume measurements;

(2) equations derived in flumes with nearly uniform isgehts poorly reproduce the field
measurements. These equations were developed evitbnsideration for partial transport
of a poorly sorted sediment and are not able te tato account the reduced mobility of
fine materials when protected by larger ones (sapply limitation), leading to
overprediction;

(3) fractional calculation with the Wilcock and Crowguation reproduces partial transport
but underpredict the fields measurements when ustd width-averaged parameters

because of nonlinearity.

4.3. Improving the methods

4.3.1. A field derived equation
In order to overcome the nonlinearity effects ineil®y using a 1D flume equation with

section-averaged data, a field derived equation pvaposed. The central idea leading the
development of the new equation was:
- (i) it should be non-threshold and expressed byhiel& stress ratio instead of an
excess Shields stress
- (i) all parameters (shear stress and bedload pgrat)sare made dimensionless with
the diameteDg,4 of the bed surface because these large diametesthe hydraulics
(82.3), they scale incipient motion (83.3), and byntributing to bed surface
armouring, they control the availability of finedsments for transport (Parker and
Klingeman, 1982),
- (iii) mobility of the bed surfac®s, is well described by the ratigs /7css Whereregs
is given by Eq.40 (replacinD; by Dss), andzs4 is calculated with Eq. 28;
- (iv) the transport of finer fractions is consideradan implicit manner, as a function of
the mobility of diameterBgg;
- (v) full mobility in the field (intense transporig similar to full mobility in the flume
and Eq.59 can be used willy,; this hypothesis was necessary as intense transpor

was poorly documented in the field (Laronne anddRE993).
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A set of equations was developed with respect ¢oathove conditions and validated (blind

test) with a large field data set comprising 300@iies (Recking, 2010, in press):

D =14r,2° I+ (1,1 1,,) "] (60)
r7, = (5S + 006)(Dy, / Dy ) /57 (61)

- SR S (62)
84

(s=DDy,  (s=1)Dy,[2/W +74p**(g9)°q** D]
wherep = 0.23 whenq/+/gSD;, < 100 andp = 0.3 otherwiser,* is by model construction,

the transition between full mobility and partiaaisport. This equation was constructed by
considering the mobility of the bed surfaé®, (which must be measured with the
nontruncated pebble count technique; Wolman, 1984y its originality is illustrated in
Figure 44 compared with the well-known thresholdiamn proposed by Meyer-Peter and
Mueller (1948), considering:* = 1* = 0.047 (wherer* is the critical Shields stress).
Whereas the Meyer-Peter and Mueller equation cersid zero transport for the whole
mixture whenr* < 0.047 (calculated fdDsg), the new equation considers only the end of full
mobility (end of transport for the largest elemégrded a progressive decrease to near-zero

transport wherr* (calculated foDgg4) tends to zero.

1.E+02

— Recking (2010) : T*=tDg,)
L.E+00 1 — Meyer-Peter and Mueller: t*=t*(Ds)

1.E-02
D 1E-04
1.E-06

1.E-08

1.E-10
0.001 0.01 T*mos4)= T*c(Ds50)= 0.047

*

T
Figure 44: Comparison of the nonthreshold model frmm Recking (2010) and the Meyer-

Peter and Mueller (1948) model forre* = ry* = 0.047.

In Eq.61, the —1.5 exponent comes from EQq.40 afetgd¢o changing flow hydraulics with
slope, whereas the slope exponent/8.4omes from the field adjustment and was introduce
for taking into account changing sediment mobilidye to grain arrangement) with slope.

One important property of, is that it acts by reducing transport with inciegsslope for a
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given shields stress. No field data were available for fitting the valof 7, for the case of
sand bed rivers, but available flume data (Reckingl., 2008) suggest that a constant value
I =0.045 is adapted.

The model was tested on the large field data setpasing 8000+ values (3000 of
which has served in the model construction) andlteglotted in Figure 45 and Figure 46 are

satisfactory, with no under or over prediction.
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Figure 45: Comparison between field measurements diresults obtained with Eqgs. 60-

62 used with the mean flow parameters.
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Figure 46: Comparison of the bedload transport mode(Egs. 60-62) and bedload

collected over 100 river reaches
Because it was derived on the basis of reach-agdrdgta this model has a built-in allowance
for the effects of spatial variability, which codsrably improves the computation of bedload
transport when compared to standard 1-dimensiamalaly flume derived) equations. Its
robustness is also partly explained becddggs easier to define than the finer diameters and
overall may be persistent during flooding (Wilcaakd DeTemple, 2005; Clayton and Pitlick,
2008).
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4.3.2. Back to the flume
It was not possible to reproduce the 2D field deith 1D flume-derived equations. Is the

inverse true? Logically, nonlinearity effects shibuéad to overprediction when 2D field
derived equations are used with 1D flume bedloachsmements. This was tested by
comparing Egs. 60-62 to the flume data set froncték et al. (2001), which is (to the best of
my knowledge) the only published flume data obtdimdth partial transport conditions
(Wilcock and McArdell, 1993). Five runs were prodddn a 0.6 m wide and 8 m long tilting
flume, with recirculation of poorly sorted sedimenixtures with different sand contents, and
the data are available online in Wilcock et al.q20

A plot of the calculated versus measured valueBigre 47a indicates that the model
overpredicts the flume data as expected. Actuelffyciency is reduced when the fraction of
sandFs on the bed surface is small (JO6 and J14).Thetedfid=s is not very surprising since
Eq. 60 considers the transportation of the finactions in an implicit manner, as a function
of the mobility of the coarser fraction. This as&snthat this finer fraction is present at the
bed surface, which was not the case for runs JA&Jad and Figure 47a illustrates a case of

supply limitation.
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Figure 47: Comparison between the flume measuremesnof Wilcock et al. (2001) and
bedload computed with (a) Eq. 60-62 (b) with Eq.64
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The model was adapted for these situations by dotimg a coefficient{ which
converges to 1 when the sand fractieyconverges to 1 or when the transport is important

(Recking, sub.); it gives:

(', F) =T, F)®() (63)
Whered(1*) is given by Eq.60 and
" 10
J(r",F)= {1+ (0.15‘/T—§ - O.lZ)In(FS)} forr*/1* < 1.5 (64)
T
Ar,F) =1 forr*/r* > 1.5

Where 7; is the threshold Shields stress for mobilityDaf; (given by Eq.40).This function
fits the flume data well for each run (Figure 47bxalculates the bulk bedload transport and
performs as well as the fractional equation progdseWilcock and Crowe (2003); like this

equation, it under-predicts the field measurem@fitpure 48).
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Figure 48 : Comparison between Eg.63 and the fieldata

4.3.3. Linking the flume and the field, surface and subsurface
Surprisingly, supply limitations observed in therfle (and described above) were not

observed with the field data sets, and in manyonstances the sand fraction is abundant in
bedload transport despite it is almost absent atbéd surface. The commonly accepted
explanation is that fine sediments are suppliedh®ybed subsurface, considering that in
gravel bed rivers the grain size distribution & thransported sediment is usually very similar
to the subsurface grain size distribution (Parkex.¢ 1982). However, sand supply by the bed
subsurface supposes that the surface pavemenstioykd, or at least destabilized by the

flow. This is an unexpected issue for most of #oev$ considered in the data sets, usually
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associated with a very low shear stress (Wig{/7css << 1 for many runs). Actually the
variance in shear stress across the section capldie local subsurface sediments delivery as
discussed hereafter with a Monte-Carlo approackkirg, sub.).

Hypothesizing that the equations (Egs.63 and 64)jaately reproduce local transport,
one can artificially reproduce bedload samples ctdfi by variations in flow and bed

characteristics. In the following, each param&aetesignates the local value and its width-

averaged value is writteR = %J'WOde. The Monte-Carlo approach consists, for each mean
y:

input parameters i,ﬁgmf), in performing a large number of random drawstheir
probability distributions for constructing seversts of Fs, Dgs,7). In @ second step, the
associated Shields stressand solid discharge (7", F, Were computed for each run. Long

series (N>5000 values) were constructed in ordengure a stable solution for the computed

bedload probability distribution. Finally, the sitated bedload samples (7",F, wgre
averaged and the resutt (7, F,) :%ZN q.(r",F,)was compared to the transport rate

calculated with the mean input dajg(7" ,Es).

The variance in shear stress was represented wilibsgmmetric gamma probability
function (Paola, 1996; Nicholas, 2000; Bertoldakt 2009):

pn =21
T (a) (65)

Where7 =7/T, T is the average bed shear stress, @imla parameter describing the width
of the distribution. The lower its value, the largige variance irr. A valuea=1 was found to
be a limiting value for highly irregular sectionBapla, 1996; Nicholas, 2000) in braided
streams. Larger values would be representativsifgle tread irregular channels, amdends
to infinity for a rectangular section. A compariseith the field data set allowed to describe

a with the following function (Figure 49):

a=5—

. (66)
Where7 and 7, are calculated foD,,. Variation of the parameter with the flow strength

was an expected result (Nicholas, 2000), and thmstfon gives values in the ranged0

which are consistent with other results for singlgad channels (Tunnicliffe et al., 2012).

Hypotheses on the variance of other parameterdl,,) are discussed in Recking (sub.).
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Figure 49 : Comparison between the Monte Carlo apgrach used with Eq.63-65 and

several shape parameterr and the field bedload measurements

Results shows that the under-prediction is gre&berlow transport stages and
decreases with increasing shear stressFeaaguson[2003] also concluded. This can be
explained by a reduced variance in the shear swwbss the flow increases, because depth
variations with the local bed topography may becoeatiatively negligible with regard to the
mean flow depth (this is particularly true for mabée beds becoming flatter with increasing
transport stage).

Equations 65 and 66 were used for computing theildision of the local transport

stage1/r., for different values of the mean transport stade, . The results indicate that for
T /T, ratios as low as 0.3, the shear stress may Joballhigher than the critical shear stress

for mobility of the bed surfacer(rz>1). This means that local armour break-up can ydwa
exist to some degree, exposing the subsurface ialatethe flow. This is consistent with the
observation that even in the presence of a coanseus, with a zero sand fraction at the bed
surface (Fs = 0), the bedload GSD is always muudr fihan the surface GSD and equivalent
to the subsurface GSD. This was, for instancec#ise for several of the Idaho strealm§,

et al, 2004], for which bedload was measured for very toansport stages. However, the
bedload material may also include upstream sedimgoply that is not accounted for in the
current analysis. Consequently, the sand fractieasured at the bed surface at rest could be

an incorrect indicator of sediment availability feedload computation.
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5. OUTLOOK

Several developments are still needed to confirra thethods presented in this
manuscript. It includes additional theoretical depenents of the equations and their relations
with the bed morphologies, flume and field experntseon mechanisms governing the
sediment mobility, an analysis of uncertainties sadance in flow and bed parameters, with
new field measurements obtained with highly rekalelchniques.

5.1. Linking bedload transport and channel morphodynamics
Sediment transport is only a means to an end butthe final objective of my

research, which is linking processes of sedimemtsiport, channel morphodynamics and
connectivity at the drainage basin scale (Liebantt Piegay, 2001; Piégay et al., 2008).

A first step would concern the derivation of a fraal version of Eq.60. Indeed,
knowing the size of the transported particles igpmiary importance for understanding the
river morphodynamics and for modeling aspects (#&vg and Church, 2009). One difficulty
of the fractional approach is that the results el@sely dependent on the grain size
distribution used for computation. Unfortunatelgdsnents at the bed surface are usually
dispatched into distinct patches of similar graipesand sorting, which interact in very
complex manners (Buffington and Montgomery, 199%ronne et al., 2001; Dietrich et al.,
2006; Recking et al., 2009b; Nelson et al., 201@) the variance associated with the smaller
sizes can be very high, spatially and temporalpr@ine et al., 2001). In some circumstances
the sand fraction can even be absent at the bddceuwhereas it is abundant in bedload
transport, as discussed above. On the other h&ednew bulk equation (Eq.60), which
considers the transport of finer fractions in aplioit manner, as a function of the mobility of
diameterdg,, is very robust. This is why instead of calculgttirectly the transport for each
class as usually done, with large uncertaintiethergrain size curve, and to compute the bulk
transport by summing the results obtained for egels, the inverse could be done. The
results of the bulk calculation (with Eq.60) coslerve as a basis for the calculation, and be
degraded into a series of individual transportsesgonding to each grain size. The quality of
the results would be closely dependent on the tyualithe data used to derive the function
Imi = W(mm , Dj, Slope...) for each size class. A better understandf 7 implies a better
understanding of mechanisms acting on bed clugtenmd the transition between partial and
full transport.
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The bedload equation also needs to be adaptqEbtifis environments. For instance,
the slope exponent in,* was introduced to reduce bedload transport ratesteep slopes, for
given shear stress and grain size distributiora asnsequence of supply limitation of fine
materials when the bed develops lag formations siscktone clusters, pavements, and step-
pools, whose effects are increased on steep s(Btisk et al., 2008). Such a correction is
statistically representative only when considem@ngontinuity of the river reach as part of a
whole system progressively evolving in grain sizgribution and grain arrangement in the
streamwise direction, a given reach being supgiiethe bed sediment of the upstream reach.
However, it was shown in a recent publication (Regk2012) that the correction is not
representative anymore for the low-order mount#éieasns where lateral inputs become an
additional independent parameter (depending orcdin@exion to the sediment source), and
the slope exponent must be adapted in Eq.61.

Figure 50 : Braiding river in flume experiment (Padine Leduc phD thesis)

Similar analysis is required for various flow emriments, including the effects of
vegetation on flow resistance, bedload transpodt associated morphodynamics (Piegay et
al., 2004). For instance using the bedload equafitm60) with flow and sediment data
averaged over the total section would certainld lealarge underprediction in braiding rivers
(Figure 50), because of the large variance in skaass (84.3.3). Adapting the equation
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would certainly necessitate a new formulation #g¥ (transition between partial transport and
full mobility) as a function not only of the slo@ed grain size distribution, but also as a
function of additional morphometric parameters @Rié et al., 2009) such as the braiding
index of the river. The relations between bedlaamdport and morphodynamics has been
investigated in flume experiments (Metivier and Miew, 2003), but new technologies, such
as RFID (passive transponders, Figure 51) can lédp to better understand sediment
mobility in the field (Reid et al., 2007; Liebaeit al., 2012).

Figure 51 : (a) Passive transponder inserted in aobble, and the antenna used for

detection (photo Liénault) (b) RFID migration from their injection point, from 2008 to
2010.

More generally, the flow and transport equationy serve to develop morphological
tools (Metivier and Barrier, 2010; Pitlick et atub.), and to implement morphodynamics
numerical models (Paquier and Khodashenas, 200% eaal., 2009; Leduc, 2010; Raven et
al., 2011).

5.2. Grain scale study of sediment mobility
A Dbetter understanding of mechanisms governing saédiments mobility is also

crucial. Indeed, the adequacy of the proposed bdddguations (Eq.60) depends on the value
*m, for which bed clusters are assumed to disappegquation 61 was obtained by
interception between a field-derived function fowltransport (by similarity collapse of a
large field data set from Idaho rivers) and a fluthegived function for full mobility (Recking

et al., 2008). Compared to EQ.40, it gives a rafi@*, /7* g4 = 1.5-2.0 for slopes within the
range (0.005-0.01). These values are consistett Wilcock and McArdell (1997), who
concluded (for similar slopes) that mobilisationgoéin size in a size fraction increases from
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10 to 90% over a range @f by a factor of 2. This is also consistent with @iuand Hassan
(1998) who observed that stone cells start to @gvelhen the Shields stress is lower than
twice the critical Shields stress for the bed armaund to Strom et al. (2004) who observed
with glass particles that clusters disappear wimenshear stress is higher than*2 More
generally, Rickenmann (2001) reported that valuethé 2-5.* range were reported for the
transition to full mobility in the literature: thimnge corresponds to what is obtained with the
*m /T g4 ratio when the exponent describing supply limiatis varied for taking into
account sediment supply conditions (Recking, 2012).

More generally, a grain scale study of mechanigme&erning bedload transport is of
first importance (Lajeunesse et al., 2009). It @ns the effects of grain sorting, and more
particularly the role of the finer fractions of tlggain size distribution, which plays an
important role in bedload transport not only beeaiipermits non-threshold transport, with a
progressive supply when the discharge is progrelysimcreased from zero to bankfull, but
also because it increases the transport efficiesfcyhe coarser fractions. These effects
concern the initiation of motion and transportldw-flow conditions, fine sediments increase
bed instability by allowing destabilisation of bdals by scouring effects (Rosport and
Dittrich, 1995; Church and Zimmerman, 2007; Cur2007, 2012; Recking et al., 2012b). As
a consequence, vertical sorting is less effecthefane sediments of the subsurface are more
easily released. For higher flows, when the trartsigoeffective, several experiments have
demonstrated that the transport efficiency of i@ ser fraction was increased when used in a
mixture with a finer faction (Gilbert, 1914; Isegad lkeda, 1987; Curran and Wilcock, 2005;
Recking et al., 2009b). This was attributed to stneo bed surfaces produced when fine
sediments filled interstices between coarser saaisn@ilbert, 1914). Grain sorting and its
effects on sediment mobility can be studied in #uexperiments (Recking et al., 2009b;
Bacchi, 2011). However, as discussed in this repeproducing the full complexity of field
bedload transport necessitate to work with appad@mrain size distributions and to adapt the
measurement techniques. Image analysis can progielel tools for a grain scale approach
(Frey et al., 2003).

5.3. Variance and uncertainties
The variance in shear stress was discussed in.3 @8 additional research is needed

to better define the probability distribution fureets, more especially for irregular sections
such as in braiding rivers. Similar research isdeéefor all other parameters such as the bed

surface grain size distribution which can vary witlerphological units such as riffle, pools,
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bars (Buffington and Montgomery, 1999a; Bunte ari, 001) and other external factors,

such as the hydraulic roughness (Buffington and tglamery, 1999c). The variance of coarse

sediments present in a given reach has been pdoclymented. On the basis of multi pebble
counts (Wolman, 1954) involving 2500-4700 partiabesthree reaches of the Williams Fork
river (CO, USA), Segura et al. (2010) concluded ti@ variance iDso was very small

(<10%) for the study reaches in question. To th& b& my knowledge, no extensive field

studies have described similar resultsgj, but variance iDg,4 is usually considered lower

than for smaller diameters (Bunte and Abt, 2001).

But in addition to the variance, uncertainties @it to the input averaged data need
to be better evaluated; these uncertainties maydracularly important when the flow
strength used for computation differs notably frhra conditions that prevailed (usually low
flow) when these input data were collected:

0] The grain size distribution is usually poorly defih and the procedures used for
sampling the surface can also considerably imgectésults of bedload computation
(Bunte and Abt 2001). Changes in grain size distidm with increasing flow strength
could also affect the results, despite availablasueements suggesting that the value
of Dgs measured at low flows may be persistent duringdiog (Wilcock and
DeTemple, 2005; Clayton and Pitlick, 2008).

(i) Only the average bed slope of the river reach uslismeasured, whereas the energy
slope could be different, especially for high flo@nart, 1999).

(i)  The active width (the part of the width that effeely participates to transport) is still
difficult to estimate.

Improving the quality of the data also supposesniprove the measurement techniques,

especially for ungauged basins (Laronne and Gré@72Piégay et al., 2007; Villar et al.,

2012). For instance, because of the small orificta® standard Helley-Smith sampler, its use

should be preferentially limited to sand bed riversat very-low-transport stages in gravel

bed rivers. When possible, other techniques suckedsnent traps should be developed,
allowing a continuous measurement of the combirestidad and hydraulics values (Reid et
al., 1996; Garcia et al., 2000; Laronne et al.,2Q@@&ronne and Gray, 2007). A sediment trap

was recently installed to the Irstea’s experimeocgathment in Draix.
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Abstract

Because it is difficult to measure bedload sedintiertsport in rivers during flooding, flume
experiments have been widely used for studying mhechanisms involved and for
constructing bedload transport equations. HoweWeime experiments usually involve
several simplifications concerning the sediment emalt (usually a uniform grain size
distribution is used) and the flow conditions (Usuanaintained high for one-dimensional
transport and no bed meandering), which can haemgtconsequences when the flume-
derived equations are used in the field. This mampispresents the results of my research on
this topic and aims to fill the gap between tharftuand the field. The three parts of the
manuscript concern the hydraulics, the thresholdditimns for bedload transport, and
bedload transport rates. It is shown that largendiars such aBg, are recommended for
matching the results obtained in the flume andhia field, both for flow resistance and
threshold dimensional shear stress. The compaisstass trivial for bedload transport as (i)
most flume bedload transport were measured for sliggar stress and almost full mobility of
the bed sediments, whereas in the field, measursnousnoally correspond to partial transport
(the finer fractions are transported whereas tlesast fractions are maintained at rest) and
(i) because of nonlinearity, 1D flume derived etjas tend to underestimate bedload
transport when they are used with width averagéal. da

Résumé

En raison de la difficulté a mesurer le charriagesdles rivieres en crue, I'expérimentation en
canal a trés largement été utilisée pour étudgeniécanismes impliqués et pour élaborer des
équations. Cependant, les expériences en canaligiept généralement plusieurs
simplifications concernant les sédiments (générafgmne distribution uniforme est utilisée)
et les conditions d'écoulement (généralement maie® élevées pour un transport
unidimensionnel), ce qui peut avoir des conséquefarges lorsque les équations qui en sont
issues sont utilisées sur le terrain. Ce manupogiente les résultats de ma recherche sur ce
sujet et vise a faire le lien entre le laboratatde terrain. Les trois parties du manuscrit
concernent I'hydraulique, les conditions de débeitndouvement, et la modélisation du
charriage. Il est montré que les grands diametkssdue leDgs sont recommandés pour
comparer les résultats obtenus au laboratoire relesterrain, a la fois pour la résistance a
I'écoulement et pour la contrainte adimensionnaing® en mouvement. La comparaison est
moins triviale pour charriage car (i) le charriagelaboratoire a souvent été mesuré pour des
contraintes de cisaillement fortes et une mobgjiiési totale des sédiments du lit alors que sur
le terrain, les mesures correspondent habituelle@am transport partiel (les fractions les
plus fines sont transportées alors que le fractpns grossieres sont maintenus au repos) et
(i) en raison de la non-linéarité du phénoméng glguations 1D issues du canal ont tendance
a sous-estimer le charriage lorsqu’elles sontsétds sur le terrain avec grandeurs moyennées
sur la section.
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