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ABSTRACT

Shear stresses were evaluated at different sites on two rivers. The first (the Rulles) is characterized by a pebbly bedload and
a meandering bed with riffles and pools. The second (the Rouge Eau) has mainly a sandy rippled bed where meandering is
well developed but also flat gravelly sectors without meandering system.

Shear stresses calculated from friction velocities (t*) using a redefined y, roughness height parameter were compared
with total shear stresses calculated from the energy grade line and the hydraulic radius (z). Divergence between these shear
stresses seems to increase in the presence of bedforms and large-scale irregularities of the channel. The 7*/7 ratio is close to
0'5 in the gravelly sector of the Rouge Eau and reaches 0-65 in the riffles of the Rulles (generally located at the inflexion
point of the meanders), while it is less than 0-3 in the pools of the same river (located in the loops) and only 0-2 in the sandy
rippled sector of the Rouge Eau.

Grain and bedform shear stresses were evaluated at these same sites by different methods. The grain shear stress (z')
represents on average 30 per cent of the total shear stress in the riffles of the Rulles and the gravelly sector of the Rouge
Eau, but less than 15 per cent in the pools in the Rulles and the sandy sectors of the Rouge Eau. However, it emerges from
experiments conducted with marked pebbles and in situ observations of erosion and transport of sandy and gravelly
particles, that the grain shear stresses are underestimated and cannot explain the movements and modifications actually
observed.

Conversely, shear stresses calculated from friction velocities at the sites where erosion actually occurred (or failed to
occur despite very high velocities) provide a better explanation of the observed movements.

KEY WORDS Gravel bed Sand ripples Roughness height Manning coefficient Grain and form shear stress  Critical shear stress

INTRODUCTION

It is becoming increasingly apparent that shear stress must be considered as the predominant criterion for
transport of bedload (Bagnold, 1977) and, more generally, in explaining the fashioning of river beds in
meander systems (Dietrich et al., 1979; Lisle, 1979; Bridge and Jarvis, 1982; Petit, 1987). However, in the
evaluation and application of this parameter, three types of problem arise.

The first is bound up with the fact that, for the most part, it is total shear stress which is evaluated. However,
the tractive stress based on depth and slope is a poor predictor of bedload transport, especially in narrow
channels (Carson, 1987). This represents a combination of shear stress linked with grain resistance and shear
stress due to the resistance of bedforms. However, present-day thinking seems to accept that only the shear
stress due to grain resistance should be taken into account in the transport of the particles. It is not always
easy however—as will be subsequently shown—to determine the exact proportion of each of these shear
stresses in the total shear stress.

Secondly, in determining the shear stress using one of the two standard methods—that involving friction
velocity—there arises the problem of determining the parameter of roughness which must be taken into
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consideration. This depends on the granulometry of the material forming the bed (Kamphuis, 1974; Petit,
1988b).

Finally, a third problem involves the calculation of critical shear stress in the case of pebbly particles,
especially in natural rivers. Several relationships have been proposed, notably the Shields’ curve. However,
appreciable discrepancies have been observed, particularly in the case of pebble-loaded rivers (Baker and
Ritter, 1975; Carling, 1983). As will be seen later, these discrepancies arise partly from the fact that it was the
total shear stress which was used and not solely the grain shear stress. However differences in the arrangement
and mix of particles also play a significant role (Laronne and Carson, 1976; Leopold and Emmett, 1981).
These factors confer greater stability on the particles enabling them to withstand a significantly higher shear
stress than would be required to initiate movement if these same particles had been in isolation on the surface
of the bed (Reid and Frostick, 1984).

Other naturally-occurring features of the environment influence the movement of particles, in particular,
the increased resistance due to the formation of pavement, the protection of particles by aquatic vegetation,
and the removal of the fine matrix by winnowing which facilitates displacement of larger particles (Petit,
1988a). Moreover, as shown by experiments conducted in flumes (Johansson, 1976; Petit, 1989b), the shape of
elements also plays a considerable part; flattened elements offering much better resistance than rounded ones
(Komar and Li, 1986).

It is with a view to offering answers to some of these questions that the results obtained from two modestly-
sized natural rivers are presented below. Experimental work is also proceeding in a pebble-bed flume which
the Department of Physical Geography at the University of Uppsala has graciously placed at our disposal.

CHARACTERISTICS OF THE RIVERS

Observations were made in two small rivers (the Rulles and the Rouge Eau) differentiated both by the nature
of their load and their discharge regime (Petit, 1986). The former river cuts into the southerly-facing slopes of
the Ardenne with its hydrographic basin (16 km?) overlying the quartzophyllades and quartzites of the lower
Devonian. The river load is pebbly and it has a discharge regime in which bankfull stage (1:3m?®s™1) is
reached or exceeded on average 2-5 times per annum. The river flows in a channel forming a series of meanders
(sinuosity index close to 2-0) with associated pools and riffles made up of pebbly accumulations (Petit, 1984).

The second river flows on the dip slope of the first cuesta of Belgian Lorraine with its hydrographic basin
(10 km?) lying on calcareous sandstone of Jurassic age. In view of the permeable nature of the substratum,
discharge is almost constant and, over five years, bankfull discharge has never been recorded. The river load is
almost exclusively sandy resulting in the formation on the bed of small ripples reaching 1 cm in height.
Despite the absence of significant variations in discharge, an almost continuous flow of bedload is observed
which it was possible to quantify by means of sediment traps. However small tributaries on steep slopes may
transport a gravelly load to the main river which totally alters its morphology and dynamics (Petit, 1986).

EVALUATION OF SHEAR STRESS
General equations
Shear stress was evaluated by the two standard approaches. The first method based on the following
equation provides the mean shear stress
1=y RS (1)

where 7 is the mean shear stress, y the specific weight of the fluid, R the hydraulic radius, and S the energy line
gradient.

The last (S) is calculated from the longitudinal slope of the water surface and the longitudinal variation of
the term

av?/2g
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where v represents the mean velocity of the current, g acceleration due to gravity, and « a coefficient generally
equal to 1 (Carlier; 1972).
Shear stress was also determined by the method which relies on friction velocities.

T @

where p is the density of the fluid, and u,, the friction velocity. This can be determined from the distribution of
the velocities as a function of the depth which obeys a logarithmic law:

u
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where y is the distance from the bottom at which the velocity u is measured, x is the Von Karman constant,

and y, is a parameter of roughness.

Von Karman'’s constant is generally considered to be equal to 0-4 although it may have distinctly lower
values (as low as (-2) when the concentration of material in suspension is very high (Vanoni in Briggs and
Middleton, 1965). However, currently, such variations in the value of x appear to be under challenge (Bridge
and Dominic, 1984), and in any case, according to the diagrams produced by Vanoni the load in suspension
would have to reach very high values never recorded in the rivers studied even at times of greatest flood
(maximum recorded 160 mg 17 !). However, it does seem that x may vary and reach values between (-5 and
0-8, inclusive, as a fuction of channel curvature and the presence of helicoidal movements in the heart of the
current in the meanders (Hooke, 1975).

The roughness height y, is, according to Nikuradse’s experiments, equal to k,/30 (where k, is the ‘sand
roughness size’) in the case of immobile, flat, rough beds. The equation k,= D (where D represents the diameter
of the grain forming the bed) has generally been retained, so that, by transposition of Equation 3, one obtains
the Prandtl-Von Karman equation in its best known formulation (Larras, 1972). But the equation k,= D has
been questioned by different authors. Thus, on the basis of experiments conducted in a flume, Kamphuis
(1974) proposed the relationship k,=2D,, which is consistent with the results of O’Loughlin and MacDonald
(1964); while Meland and Norrman (1966), also using flume evidence, have proposed a relationship which
links the logarithm of y, with the logarithm of k, (assuming k= D). The relationship they propose is

logy, = 1-951logk, — 0-94

for spheres with a diameter between 0-21 cm and 0-78 cm.

From measures in a gravelly tidal channel, Hammond et al. (1984) suggest the relation y; = 0-2D, which
produces values very close to those obtained using the relation recommended by Hey (1979) for gravels, in
which k,=6-8D,.

It appears that all these values are much larger than the one obtained from the more generally accepted
equation k,=D. On the other hand, the use of this last equation, in connection with the two rivers studied,
resulted in a serious underestimation of the shear stress in comparison with that which was obtained using
Equation 1 (Petit, 1986, 1987). This clearly shows that there is a problem in using k,=D as a roughness
parameter, and that is why, as will be seen below, we have sought to evaluate the latter in relation to the
different types of material which constitute the bed.

1
u K

Separation into grain and form shear stress

From the initial work of Einstein and Barbarosa (1952), it is apparent that the total shear stress evaluated
by Equation 1 in fact represents the sum of of the shear stress due to the resistance of the particles (z') and a
supplementary shear stress 1" due to irregularities in the channel and the banks, i.e. to the bedforms (Bogardi,
1974). The latter is frequently referred to as the form drag (Graf, 1971), so that one can write:

t=17+1" 4)

However, it is only the shear stress due to the grains (1) which ought to be taken into consideration for the
transport of sediments (Laursen, 1958). Moreover, by extension of Equation 4 and substitution of Equation 1,
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one can write (Bogardi, 1974):
t=yRS=yS(R'+R") (5

where R’ and R” are the hydraulic radii due respectively to the resistance of the grain and the resistance of
bedforms, or alternatively

T=yS§'R and 1"=7S"R

where S’ is the gradient due to the resistance of grains, and S” the excess slope necessary to overcome shape
resistance (Bogardi, 1974). This is fundamental to the different methods proposed for determining appor-
tionment between shear stresses. The distinction between shear stresses now seems to be fully accepted, not
only in the case of flume or natural rivers (Singhal et al., 1980; Carling, 1983) but also in respect of overland
flow on irregular surfaces (Govers and Rauws, 1986).

The distinction between these two shear stresses is a difficult issue. An early approach focused on the
differences in roughness in Manning’s formula (Richards, 1982, p. 113). The primary objective is to ascertain
the solid transport and to achieve this a correction factor K is attributed to the total shear stress which thus
enables the shear stress operative at grain level alone () to be defined according to the following equation:

Koy (6)
where K in fact represents the relation n'/n, where n, is the total Manning roughness and n’ is the Manning

coefficient due solely to grain resistance, which can be obtained from the following equation proposed by
Richards (1982) as the summary of Strickler’s data on gravel-bed streams:

n'=0-0151DL8 (7

where Ds, represents the median diameter of the material forming the bed expressed in mm. According to
Richards (1982), the value of the coefficient K fluctuates between 0+5 and 1.

This approach is founded on the same principle as that used by Laursen (1958) which also brings into play
the Manning and Strickler equations with a view to determining the value of the hydraulic radius R" which is
due solely to grain resistance.

12/3 ¢1/2
V=211 % (8)
where V is the mean velocity, S the energy gradient, and k, the roughness parameter considered equal to the
diameter of the constituent material of the bed. Knowning R’, 7’ can be calculated from Equation 1.
Elsewhere, in the approach of Meyer-Peter and Miiller used by Singhal et al. (1980), separation of the total
shear stress is effected by dividing the slope (S) into two parts and 8’ can be found from the equation:
LAY Y e L )
VYRS ks
where V is the mean velocity, R the hydraulic radius, k, the parameter of roughness and x a correction factor
for flat beds. Once S’ is determined in this way, it is then possible to evaluate the shear stress (t') due solely to
grain resistance. Singhal et al. compared the results obtained by this method with those calculated using
Equation 8, for a mobile sand-bed flume with well-developed bedforms. They also compared these values of 7’
with the grain shear stresses obtained in identical conditions with the same sediment discharge but with a
fixed flat bed i.e. where the ‘grain shear stresses’ represents the total shear stress. In this way, these authors
were able to test the validity of the equations employed and they conclude that the values of 1’ calculated by
Laursen’s method were closest to the experimental data.

Carling (1983) also applied a method perfected by Hey (1979) from readings taken in gravel-loaded rivers.

Again this is a method based on Keulegan’s equation in which:

1 ar’
:7}:2-03 Eog(}SD“) (10)




PARTICLE MOVEMENT IN RIVERS 139

where f=Darcy-Weisbach coeflicient of friction, and a = coefficient varying as function of width/depth ratio.
R’ can be evaluated only by iteration (when f and d are known); and the divergences between R’ and a field
measure of R give an estimation of R”. But in Equation 10 R’ is the adjusted hydraulic radius term used to
standardize the roughness element in a compositely roughened gravel channel; indeed Hey (1979) considered
form roughness to be of little importance, this author studying wide and straight channels. However, Carling’s
results show that 1’ is clearly overestimated and that some losses must be attributed to ", due to spill
resistance and form resistance.

Thus in order to evaluate the grain shear stress in our meandering rivers, the Laursen method (Equation 8)
and Meyer-Peter method (Equation 9) were used, together with the method where the Strickler ' coefficient is
compared with the Manning total roughness n,.

Study methods

In each of the rivers studied, total shear stress was evaluated by the two approaches (Equations 1 and 2).
The longitudinal slopes of the water surface and longitudinal variations in the mean current velocity were
measured so as to calculate the grade line, as well as the other parameters necessary for the calculation of the
shear stress using Equation 1. Thus, it was possible to calculate shear stresses for thirty seven cross-sections of
a pebble-bedded river spread over five types of site (Petit, 1987). This was effected for discharges ranging from
particularly low water (0-006 m®s~ ') to a discharge almost equaivalent to the 5 year flood (4-5 m*s™"). In the
sand-load river, the readings—fewer in number, in view of the absence of variations in discharge—were taken
for seven cross-sections located in a sector where the load is predominantly sandy, and at three sites in a sector
where the load is gravelly owing to confluence with a small tributary. For each of these rivers, the hydraulic
radius, energy gradient, and mean velocity were introduced into Manning’s formula so as to determine the
coefficient of total roughness n, and to define its variations as a function of discharge. This coefficient can be
determined by reference to tables (Chow, 1959), but this involves a certain degree of subjectivity and
inaccuracy.

In order to determine shear stress using Equation 2, current velocities were measured with an OTT meter
(OTT-C2) fitted with 3cm and 5cm diameter propellers. The coefficient of roughness y; was determined by
the method based on the logarithmic distribution of velocities as a function of the depth, y, then representing
the distance above the reference surface where the velocity curve intersects the y axis (Briggs and Middleton,
1965). This height can be determined graphically and this has been done by Meland and Norrman (1966) in a
flume, and by Dietrich et al. (1979) and Bridge and Jarvis (1982) in natural rivers. The validity of the
logarithmic distribution law occurs only just close to the bottom, for less than 0-2 depth (Lyles and Woodruff,
1972; Bridge and Jarvis, 1982; Bathurst, 1982).

This method was applied by measuring velocities at 1-5 cm from the bottom, 3 cm, 5 cm, and thereafter in
steps of 5 cm when water levels were high, but in steps of 25 cm at low water levels. It was thus possible to
evaluate the roughness height y, corresponding to a bed of determined granulometry.

RESULTS

Evaluation of the roughness height

Values of the roughness height y, are given in Figure 1. In this graph, each point is the average of several
values of y, deduced from profiles measured at the same site (usually ten measures for the Rulles river and the
sandy sector of the Rouge Eau, but only three points for the gravelly sector of this river). They are markedly
higher than those obtained by applying the equation y, =k,/30 (with k,=D).

For the pebbly river, the values of y, are fitted by a line obtained by regression (r=0923) for which the
equation is

y1=039D55°

(where y, and D, are both expressed in mm). For material more than 10 mm in diameter, the y, values are
not very far from those deduced from the relationship purposed by Hey (1979). But for the flume and the flat
bed with little differentiation in depth (the gravelly sector of the Rouge Eau), the y, values are lower than those
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Figure 1. Relation between the roughness parameter (y, ) and the diameter of the particles (D, ): (1) Riffles of the Rulles River; (2) Pools of

the Rulles River; (3) Compacted silt (Rulles); (4) Vegetation covering compacted silt; (5) Flume experiments (Petit, 1988b); (6) Sandy reach

of the Rouge Eau River; (7) Gravelly reach of the Rouge Eau River; (8) Relation from Kamphuis (1974) experiments; (9) Relation from
Meland and Norrman (1966); (10) Relation from Hey (1979); (11) Relation from data on the Rulles River (1) and (2)

obtained for the Rulles and are closer to those deduced from the relationship put forward by Meland and
Norrman (1966).

Comparison with the Kamphuis relation which uses Dy, has been possible. For each site, the Dy, of the bed
material was inserted in the relation of Kamphuis in order to calculate the y, roughness height (Table I). These
values of y, are then plotted against the D, bed material of the same site and the line produced by regression
between y, and D, (r=0-981) is drawn on the graph. These values are not far from those measured for the
largest particles in the pebbly river but diverge as far as finer material is concerned.

On the other hand, the y, value for the sandy bed is very high (y, =0-6 mm for a Dsq of 0-17 mm). On this
type of bed, the presence of numerous ripples is indeed observed. This can cause some inaccuracy because of
the difficulty of determining a reference level on the bed. But the velocity profiles usually were measured at the
crests (as in Dietrich et al., 1979). On the other hand, it is not out of the question that a part of the roughness
due to the form of the bed is taken into account in the evaluation of the y, parameter. Following Richards
(1982), in the case of a dune bed, the bed roughness is controlled by dune size rather than grain dimensions.
The high y, values for rippled beds could be explained in the same way. Thus, Bridge and Jarvis found for this
kind of bed, a range of values between 01 mm to 1 mm for 0-5 mm-1 mm diameter particles. On the other
hand, Jonsson (1967) has suggested the relation k,=4#n (where # is the ripple height) while Swart (in Davies,
1985) derived the following equation k,=(25n/A)y (where 4 is the ripple wavelength). Assuming that in the
Rouge Eau, the ripple height is 10 mm and the wavelength is about 100 mm, the application of these two
relationships gives y, values respectively equal to 1-33 mm and 0-83 mm, values still larger than those
calculated from the velocity profiles.

It is probably a phenomenon of the same type which would explain the high values of y, recorded in the
Rulles for compacted silt (y, = 1:0-2-0 mm), but in this case, it may be the small cavities and irregularities
present on the surface of the silt which contribute towards a kind of form roughness. These measurement also
show clearly that the presence of aquatic vegetation, on the compacted silt, very significantly increases the
roughness of the bed.

Comparison between shear stresses

The mean shear stress calculated using the energy gradient = (Equation 1) is compared with the shear stress
deduced from friction velocities v (Equation 2). The latter is, each time, given by the average of four or five
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Table 1. Particle size distribution of bed material in study streams, and roughness height
(all values are expressed in mm)

Dsq D yi* yiit
Rulles River

1. Riffles 8-50 139 215 093
19:0 260 373 1-73
12-8 237 233 1-58
192 271 372 1-81

10-8 152 304 1-01

2. Pools 380 80-0 93 53
500 100-5 88 70

350 72:5 83 41

470 700 56 47
3. Sandy deposit 0-67 1-30 046 0-09

(along a convex bank)

4. Compact silt 0030 e 17 —
0-030 — 1.1 —

5. Compact silt 0-030 — 25 —
Covered by vegetation 0-030 — 4-0 —

Rouge Eau River
6. Sandy sector 360 6-40 1-28 043
(Gravels in pools)

7. Sandy sector with ripples 0-17 — 0-59 -
8. Gravel sector 580 90 0-36 0-60
10:9 16:6 0-80 1-11
770 12:5 0-45 0-83

Flume
19-6 285 1-8 1-90
128 147 17 098

* Roughness height from velocity profiles
1 Roughness height from Kamphuis relation using Dy,

points measured across the channel bed. Figure 2 shows that the shear stresses from friction velocities are
systematically lower than those calculated using the energy gradient but a breakdown of the data reveals two
different tendencies:

1. A mean t*/7 ratio of 0-64 for the riffles of the Rulles, which are generally located at the inflection points of
meanders (although some divergences can be noted as a function of the kind of riffles or the localization of
profiles along the ripples); this ratio is 0-51 in the gravelly sector of the Rouge Eau where differentiation of
depth and meandering are not very pronounced.

2. 7*/t values are only of 0-27 in the pools of the Rulles, located in the loops of meanders and where there is an
appreciable differentiation in current velocities, and of 0-19 in the sandy sector of the Rouge Eau where
there are ripples present on the bottom and closely alternating riffles and pools going hand in hand with
pronounced meandering.

The better agreement between 7* and t in the riffles of the Rulles could be expected since the side wall effects
are less important. On the contrary, in pool sections where the flow is deeper, the side wall shear stress could
increase relative to the bed, and therefore shear stress deduced from Equation 2 and from Equation 1 could be
expected to diverge. Lateral variations of shear stresses on the bottom and the banks can be determined by
tracing the orthogonals to the isotachs, following the method suggested by Leliavsky (1954) and used
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Figure 2. Relation between shear stress calculated from Equation 1t and from Equation 2 7*: (1) Riffles of the Rulles River; (2) Pools of
the Rulles River; (3) Gravelly reach of the Rouge Eau; (4) Sandy reach of the Rouge Eau

particularly by Bhowmik (1982). In fact application of this method showed that the shear stress applied on the
banks is very low in the case of riffles. It seems somewhat more important for pools, but, because of the
arrangement of the isotachs in the pools, this method is not very easy to apply in these cases and produces
unsatisfactory results. On the other hand, internal flow friction seems to be more important in the pools
(because of the differentiation of velocities or the presence of countercurrent cells), and this form a more
significant part of the total stress ().

Evaluation of the grain shear stress

The apportionment between shear stress due to grain resistance (z') and that due to bedform resistance (")
was determined for the different types of site on the two rivers by the three approaches set out in the section
General equations.

With respect to the application of Equation 6, clarification is required regarding the value of the coefficient
of roughness (1) which occurs in Manning’s formula. A synthesis of results is set out in Table II below.

As far as the Rulles is concerned, values are significantly higher than those deduced from tables (n=0-060)
and they reach, at least at times of low discharge, very high values which, however, are not exceptional in small
rivers (Dingman, 1984). Furthermore, it is well proven that there is a decrease of n, as discharge increases and
a tendency towards a constant for flows close to bankfull stage.

For the Rouge Eau, values of n, are higher in the sandy sector where there are meanders than in the gravelly
sector. The effect of bedforms comes into play here as well. The application of Equations 6 and 7 with a D5, of
14 mm and 45 mm respectively for the riffles and pools of the Rulles on the one hand and of 0-17 mm and
8-5 mm respectively for the sandy and gravelly sectors of the Rouge Eau on the other hand, gives the 7'/7 ratio
in Table IIL. The 7/t ratio was also calculated for nine sites on the Rulles and in both types of sector on the
Rouge Eau, using the Laursen method (Equation 8), and the Meyer—Peter method (Equation 9) (Table IV).
Laursen’s method, as expected, produces values close to those obtained using Equations 6 and 7 (Table I1I),
but gives higher values—by nearly double—than those obtained by the Meyer—Peter method. This tallies
with the conclusions of Singhal et al. (1980) and Petit (1989a).

Furthermore, there remain comparisons between riffles in the Rulles and gravelly sectors in the Rouge Eau
on the one hand, and between pools and sandy sectors on the other. At low water and when discharges are
close to the mean discharge, values of 7’ are very low in the pools, probably owing to the internal friction of the
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Table II. Determination of Manning’s coefficient of total roughness (n,) by means of Manning’s

formula

Low Mean Bankfull Flood

water discharge stage (> annual flood)
Rulles riffle 0-088 0-058 0-055 0042
Rulles pool 0432 0113 0-103 0073
Rouge Eau e 0-074 — —
(Sandy sector)
Rouge Eau — 0-051 — —

(Gravelly sector)

Table I11. The ratios of grain shear stress to total shear stress (based on Equations 6 and 7)

Low Mean Bankfull Flood
water discharge stage (> annual flood)
Rulles riffle 0-14 0-26 0-28 042
Rulles pool 002 013 015 0-24
Rouge Eau — 006 — —
(Sandy sector)
Rouge Eau — 028 — -

(Gravelly sector)

Table IV. The ratios of grain shear stress to total shear stress, based on (a) the Laursen method,
and (b) the Meyer—Peter method. Figures in brackets represent the number of observations

Low Mean Bankfull Flood
water discharge stage (annual flood)
Rulles riffle a) (-34) a) 0-38) a) 0:33) a) 0-46)
b) 0-18)(29) b) 0-10)(19) b) 0-15)(13) b) 0:21)(21)
Rulles pool a) 0-06) a) 0-13) a) 0-15) a) 0-29)
b) 0-03)(24) b) 0-06)(25) b) 0:06)(17) b) 0-12)(15)
Rouge Eau) — a) 0-06)
(Sandy sector) b) 0-02)(6)
Rouge Eau — a) 0-28)
(Gravelly sector) b) 0-12)(3)

current associated with the presence of backwater zones or countercurrents. But when discharges are near or
above bankfull stage, values of 7’ are highest in the pools—even if the 7'/7 ratio is only about 0-3—because the
total shear stress is then much higher in the pools than at the riffles (Petit, 1987).

The v’ values of the rippled bed are very low in comparison with the results produced by Singhal et al. (1980)
from experiments conducted in a flume where bedforms are developed and where there is also transport of
material (i.e. in conditions analogous to those of the sandy sector of the Rouge Eau). Indeed, these authors
discover a 7'/t ratio equal on average to 0-39 using the Meyer—Peter method and 0-62 using Laursen’s method
while we find in our investigation a 1’/ ratio equal to 0-02 using the first method and 0-06 using the second.
However, the results of Kapdasli and Dyer (1986) also in a rippled-bed flume, show a form drag component
(t") of between 5 and 12 times the skin friction, which fits with our observations.



144 F. PETIT

On the other hand, applying Hey’s method to two rivers in the Pennines, both of which have a pebble-load
but which differ in respect of the morphology of their beds, Carling (1983) was able to determine that <’
represented 45 per cent of the total shear stress in the case of a very narrow river and could even attain 80 per
cent when discharge approached bankfull stage. These values are much higher than in the Rulles, although as
emphasized by Carling (1983), ' of his rivers seems to be overestimated, probably because of the method used.

However, it is not out of the question that in the case presently under investigation, 7’ is underestimated. We
shall attempt to assess this below.

Evaluation of shear stresses in relation on particle motion

Shear stress determined by friction velocities and grain shear stress calculated by the different approaches
were related to morphological modifications and tested by means of experiments conducted with in situ
marked pebbles (pebbles constituting the bed layer).

An early approach employing only current velocities measured at different levels has appeared elsewhere
(Petit, 1988a) and enabled the influence of certain features peculiar to the natural environment (imbrication of
material, protection by vegetation, effects of removal of fine matrix by washing) to be delimited.

By using these velocity values on the one hand and the roughness parameters as defined in Figure 1 on the
other, it was possible to determine shear stress from friction velocities (Equations 2 and 3) (Figure 3). In the
case of the sandy and gravelly reaches —found mainly in the two sections of the Rouge Eau—as well as for the
small pebbles (<20 mm) which are more specific to the Rulles riffles—the points observed plot relatively
closely to the t,=D relationship deduced from Shields’ curve, (where, from Baker and Ritter (1975) 1,
represents the critical shear stress expressed in kgm™2 and D the diameter of particles expressed in
centimetres). Of course the influence of certain features detailed elsewhere is encountered. Thus the effect of
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Figure 3. Shear stress calculated from Equation 2 with y, from the relation of Figure 1 in the sites where erosion or transport occurs
(black points), where no erosion or deposition occurs (white points): (1) Riffles of the Rulles River: Deposition (in white) or non-deposition
(in black) of particles coming from upstream; (2) Riffles of the Rulles River: No motion (in white) or motion (in black) of particles in place;
(3) Pools of the Rulles River (for pebbles) sandy reach of Rouge Eau River, and cut-off channels of Rulles River (for silt material) Arrest (in
white) or non-deposition (in black) of particles coming from upstream; (4) Pools of the Rulles River (for pebbles), sandy reach of Rouge
Eau River and cut-off channels of Rulles River (for silt material). No motion (in white) or motion (in black) of particles in place;
(5) Episodic motion of the particles because of the erosion of the fine matrix (gravelly reach of the Rouge Eau River); (6) Erosion of
heterogeneous material (Rulles River); (7) Erosion in a countercurrent cell (agitation and turbulence) (Rulles River); (8) Protection by
aquatic vegetation: erosion of particles in place (black points), no motion of particles in place (white points); (9) Data of Mercenier (1973);
(10) Critical shear stress from flume experiments (Petit, 1988b)
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imbrication in the pavement is very apparent: a shear stress of 10 Nm ™2 guarantees transport on the riffles of
particles with a diameter of 8 mm, whereas at these same sites, this same shear stress is not sufficient to cause
erosion of elements of the same diameter where they form part of settled pavement.

In the case of larger pebbles which are generally present in the pools of the Rulles, the points deviate
appreciably from Shields’ relationship. Thus, a shear stress of the order of 20 Nm ™2 allows erosion of particles
of 40 to 50 mm diameter in the bottom of pools, whereas, the transport of elements 20 mm in diameter is
effected by a shear stress barely exceeding 10 Nm 2. A similar phenomenon is encountered, but to a lesser
extent, in the case of values of shear stress calculated from observations by Mercenier (1973) in a small river in
the Central Ardennes, lacking appreciable distinction between riffle and pool. Here, initiation of movement of
marked pebbles of 60 to 80 mm diameter occurred at shear stresses of the order of 40 Nm™ 2.

The validity of the relationship t,=D for coarse elements has been brought into question by different
authors. Thus Baker and Ritter (1975), find that for elements in excess of 50 mm in diameter, the critical shear
stress deduced from Shields’ curves is significantly overestimated. Carling (1983) reaches the same conclusion,
at least in a relatively shallow-banked river, for in a narrow river he notes that the total shear stress necessary
for transport of particles is higher than that deduced from Shields’ diagram. However it is very probable that
this is tied up with the fact that form shear stress is very considerable here. Conversely, Reid and Frostick
(1984) observe that values deduced from Shields’ curve may be significantly underestimated as a result of the
phenomenon of imbrication.

An early series of experiments conducted in a pebble-bedded flume (Petit, 1988b) showed that the shear
stress necessary to erode particles of the same size as those forming the bed of the flume is very close to that
derived from Shields’ curve. On the other hand, particles coarser than those forming the bed (respectively
40 mm and 20 mm) can be moved by shear stress significantly lower than that derived from Shields (of the
order of 25 Nm™2). This is connected with the facts that these particles receive less protection from the bed,
and that a protrusion effect as described by Fenton and Abbott (1977) also plays a part. This is also what
emerges from the relationship proposed by Andrews (1983) in which there is little difference between the shear
stress necessary for the erosion of pebbles ranging from 0-3 to 42 times the median diameter of the bed
material particles. However, in the case of coarse material present in the bottom of the pools in the Rulles, this
effect does not seem to have a role to play since the material eroded is generally intercalated between coarser
material and should be protected, requiring higher critical shear stresses to effect erosion.

From measures made in a meltwater stream in Norway where bed material was collected in a Helley-Smith
sampler and velocity profiles were measured at the same spot, Robert and Richards (1989), produce the
relationship

0.=007 (D;/y)~°"7

where 6, = critical dimensionless shear stress (as in Shields relation), and D;/y, =a bed of roughness index
where D, is the diameter of given particles and y, the roughness height. This ratio seems somewhat similar to
the D,/D, index in Andrew’s relation (with D5, the size of the underlying material). However, as emphasized
by Robert and Richards, the use of y, gives ‘a measure of boundary roughness which incorporates the effect of
skin friction (. . .) and form resistance associated with small-scale bed irregularities’. Thus, variation of 6,
values as a function of D; and y, variations, takes into consideration the change in the form drag proportion.
When the bed roughness increases and D,/y, tends to 30—as is the case for uniform beds where only
grain friction occurs and where the shear stress due to microscale form effects decreases and reaches nil-—0,
values becomes much smaller (0-01), while, for example, the 60, value is about 0-045 for a bed roughness index
close to 2.

Robert and Richards relation was applied to the Rulles data of Table I, in order to calculate 6, and evaluate
the observations of Figure 3 with these critical shear stresses. For pools and riffles of Rulles River (a pebble
range of 10-50 mm in Figure 3), the Dso/y, index is more or less constant and produces 6. =0-025, although
this seems to decrease with increasing diameter. This produces a critical shear stress of about 18 Nm™? for
particles of 50 mm in diameter, and this fits well with our observations. In the gravelly sector of the Rouge Eau
River, the bed roughness index is high (about 25), producing a 6, of about 0-01 and critical shear stresses of
only 0-7 Nm~2, but these pebbles are not really in motion until 4 Nm~2. Except for this case, evidence
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confirms Robert and Richards’ interpretation. Elimination of part of the form stress due to the particle
arrangement on the bed improves results, mainly for the coarsest material present in the pools of the Rulles
River. Thus, the shear stress calculated using friction velocities could be considered as a rather good predictor
of the grain shear stress.

With regard to grain shear stresses evaluated by the Equations 8 and 9, it should first be remembered that in
the bottom of pools, pebbles measuring 20 to 30 mm in diameter are eroded by a discharge close to bankfull
stage and that, furthermore, marked elements measuring 60 mm in diameter are dislodged from the bed
during discharges slightly in excess of those experienced in the mean annual flood. The value of ¢’ reaches only
5 Nm~2 at bankfull discharge and 15 Nm ™2 at the time of the near annual flood. The same is true for the
riffles in which particles of 15 mm in diameter can pass through in a flood at slightly in excess of bankfull stage,
and this at a time when 7' allegedly reaches only 5 Nm ™2

Therefore it does seem that values of 7 calculated in the pools, and to a lesser extent at the riffles, fail to
provide an explanation for the erosion and transport actually observed to take place. Of course the total shear
stress—and therefore the grain shear stresses—are only mean values which, for a given discharge, apply to the
cross-section taken as a whole. Also there exist lateral variations in shear stress, particularly in the pools,
which could offset differences between 7’ and the shear stress required to cause the observed erosion. However
this must play only a partial role since, on the riffles, lateral differentiation in shear stress is insignificant and
yet discrepancies between 1" and the shear stress required for erosion are observed.

On the other hand, it is not out of the question that, as noted by Carson (1987), side wall effects could act
somewhat. The evaluation of R, (the hydraulic radius related to the bed alone) following the procedure
described by Vanoni (1975), and the use of this in the calculation of the bed tractive stress, could improve 7
values. However, in the case of the gravelly sector of Rouge Eau where side wall effects are not significant
(width/depth ratio being about 15), underestimates of 7" values also seem to occur.

CONCLUSION

The roughness parameter y, which is involved in determining friction velocities has been redefined in different
sites of a pebble-bedded river according to the equation y, =0-39 D" (where D5, is the median diameter of
the material). The values obtained are significantly closer to those deduced from the relationship put forward
by Meland and Norrman (1966), Kamphuis (1974), and Hey (1979) than to the values in general use which
lead finally to Prandlt-Von Karman’s equation in its most formulation. In the case of sandy beds and
compacted silty material, the values are proportionally higher, as a result of the influence of microforms at
river-bed level (ripples in the case of sands, cavities in the case of silt).

There is not really close agreement between the shear stress calculated from firction velocities and that
calculated using the energy grade line and the hydraulic radius. The t*/7 ratio is about 0-6 for the riffies of the
pebble-bedded river and 0-5 for the gravelly sector of the Rouge Eau. The shear stresses which initiate
movement in gravelly and pebble material (less than 20 mm), correspond relatively well with Shields’
relationship. Moreover, evaluation at the same sites of the bed shear stress () and the grain shear stress (')
shows that the latter represents less than 50 per cent of the total shear stress, so that the values obtained
appear too low to account for erosion and movement of material.

In the pools of the pebble-bedded river, the shear stress calculated using friction velocities is distinctly lower
than that evaluated using the energy grade line and causes erosion of large-sized elements at values distinctly
lower than the critical shear stress deduced from Shields’ relationship. However, motion of this material can
be explained when critical shear stress deduced from Robert and Richards’ relation, is used. The grain shear
stresses here represent only 20 per cent of the total shear stress and corresponds even less to the modifications
observed.

Thus, without denying the existence of a 1", it nevertheless seems as if 7’ is underestimated. Shear stress
calculated using friction velocities, with y, redefined as set out in Figure 1, provide a better evaluation of the
shear stress required to initiate movement in particles.
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