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THE RELATIONSHIP BETWEEN
SHEAR STRESS AND THE SHAPING OF
THE BED OF A PEBBLE-LOADED RIVER
LA RULLES—ARDENNE

F. Petit, Liege

SUMMARY

Geomorphological modifications in the
bed of a small pebble-loaded river were
related to different parameters such as
flow velocity and shear stress. Experi-
ments carried out with marked pebbles
of known diameter demonstrated that
shear stress calculated from the energy
grade line slope and the hydraulic ra-
dius is a reliable criterion in explain-
ing erosion and transport of the pebble
load. Increase in shear stress with dis-
charge entrainment varies according to
site. At times of low flow, shear stress
is weak in the pools allowing transitory
accumulation of fine deposits and peb-
bles; these originate mainly from ero-
sion downstream of riffles where shear
stress is already considerable. At times
of discharge near bankfull stage, shear
stress becomes considerable in the pools,
so that pebbles deposited at lower dis-
charge rates are then displaced. How-
ever, the coarser elements are halted on
the counter slope of the pools and up-
stream of riffles, since shear stress there
is then weaker than in the pools. Rif-
fles thus appears as stopping-places with
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only small elements (1.5 cm diameter)
able to cross them at times of high dis-
charge. The size of these elements thus
provides an estimate of the true compe-
tence of the river.

RESUME

Les modifications géomorphologiques
du lit d’'une petite riviére a charge caill-
outeuse ont €té mises en relation avec
différents paramétres dynamiques tels
que les vitesses du courant et les forces
tractices. Des expériences faites avec
des cailloux marqués de diamétre connu
ont montré que la force tractice cal-
culée a partir de la pente d’énergie et
du rayon hydraulique était un critére fi-
able qui permettait d’expliquer I'érosion
et le transport de la charge caillouteuse.
L’augmentation des forces tractices avec
le débit est difféerente suivant les sites.
Lors de débits peu importants, les forces
tractrices sont faibles dans les mouilles
et permettent une accumulation transi-
toire de dépbts fins et de cailloux; ceux-
ci proviennent notamment de l’érosion
dans la partie aval des seuils ou les forces
tractrices sont déja importantes. Lors de
débits voisins du débit a pleins bords, les
forces tractrices deviennent importantes
dans les mouilles si bien que les cailloux
déposés lors des plus faibles débits sont
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alors remaniés. Toutefois, les éléments
les plus grossiers sont stoppés dans la
contre-pente des mouilles et dans la par-
tie amont des seuils car les forces tractri-
ces y sont alors plus faibles que dans
les mouilles. Les seuils se présentent
donc comme des lieux d’arrét et seuls
des éléments de petite taille (de I'ordre de
1.5 cm de diamétre) peuvent les franchir,
lors de débits élevés. La taille de ces
¢léments donne ainsi une estimation de
la compétence effective de la riviére.

1 INTRODUCTION

Geomorphological modifications of a
gravel bed stream have been followed for
five years in succession in seven 100 m
sectors. A limnigraphic station was set
up close to the sectors under investiga-
tion in order to identify the discharge
engendering each type of modification
and to determine the recurrence of these
discharges. Thus, the rates of discharge
of the annual flood and the quinquen-
nial flood are respectively 3 m®/sec and
5 m3/s, whereas the bankfull discharge
of 1.3 m*/s is reached or exceeded on
average 2.5 times per annum (DEGEE
& PETIT 1981). As a result of these fre-
quent floods, certain processes have been
brought to the fore, which act in a spe-
cific manner on the outline of the bed.
Thus, short-circuits taken by the flow in
time of flooding allow surface hollows
to be formed in the final loop of mean-
ders, where there is runoff in the shape
of a plunge-pool, as well as the cutting
of channels, which ultimately lead to the
creation of islets (PETIT 1984). Conse-
quently, it is more particularly the mod-
ifications observed in the very heart of
the minor bed, which are analysed be-
low in relation to discharge velocity and
shear stress. The results obtained from
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the study of one sector alone are sub-
mitted, since it is representative of the
physical features of the river as a whole,
and since more intensive investigation of
this sector has been undertaken.

2 GEOMORPHOLOGICAL
MODIFICATIONS IN THE
MINOR BED

The river flows in its own distinct minor
bed, incised into the compacted silt form-
ing the alluvial plain. As a general rule,
only rarely is the river in direct contact
with the bedrock composed of quartzites
and quartzpophyllades of the Siegenian.
However, small pebbles lenses regularly
come to the surface in the banks, or
at their base, enabling the river to re-
new almost continually its pebble-load,
the diameter of which is generally less
than 5 em. Conversely, when the river
attacks the base of the slopes, it is then
restocked with distinctly coarser material
(10 cm diameter, sometimes greater).
The river forms a series of winding
curves (index close to 2) which, in this
sector forms two meanders the shape of
which suggests an omega (fig.1) . Pools
are associated with each of the loops
of the meanders, while riffles compris-
ing recent deposits of pebbles (“con-
structed riffles”) are located at the inflex-
ion points separating the loops (riffles
cross-sectioned in profile G9/D11 and
profile G25/D30 in fig.1).
Morphological changes were brought
out by topographical cross-sections un-
dertaken at time of minimal flow, but
also at times of flooding and subsiding
water levels. Furthermore, pebbles of
known diameter were marked with paint
in different locations and their entrain-
ment was followed as a function of the
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different discharge sequences.

Upstream of constructed riffles, the
bottom of the bed is floored with pebbles
measuring about 1.5 to 2 cm in diameter
(with mean Dsg value of 1.52 ¢cm). The
accumulation of pebbles forming the rif-
fle may reach 25 cm in thickness; they
are put in position progressively at times
of flood in excess of bankfull discharge
and resist heavier floods (quinquennial
flooding). Thus eleven pebbles marked
in one of these riffles were found in the
same place after two years, covered by
3-4 c¢cm sediment deposit. The mean di-
ameter of these pebbles was 1.92 cm, the
smallest measuring 1.35 cm in diameter.
On the other hand, in the downstream
part of the riffles, which appears as a
small steep banking, there is regressive
erosion at the expense of the material
forming the riffle, this occurring even for
discharge below bankfull stage.

Shallows of another type, run-off rif-
fles, are also subject to intense regressive
erosion, even at low discharge, occasion-
ally barely in excess of minimal flow. Rif-
fles of this type have a dual origin. Some
are closely associated with islands and, in
this case, result from mini-intersections,
which led to the creation of these islands
(ex. riffle cross-section G16-D17). Then it
is alluvial silt, which forms the riffle, and
in such cases regressive erosion is rapid
and regular., The other run-off riffles
are attributable to the surfacing at the
foot of the banks of grain sized pebbles,
which offer resistance to erosion owing to
the fact that they are cemented together
as a result of the precipitation of iron ox-
ide and manganese—such is the case for
cross-section G1-D1. In this case, riffle
erosion is less regular since it necessitates
the previous clearance of less resistant
material located beneath the hardened
level of pebbles.

The pool bottom is floored with large
size slabs (8-10 cm in diameter) with the
gaps filled with smaller elements (5-6 cm
in diameter). Layers of small stones settle
on top of these elements, but only fleet-
ing, since they are displaced at times of
spate below bankfull stage. Apart from
this displacement, vertical erosion is lim-
ited even in heavy spate and the most ap-
preciable deepening results from oblique
erosion at the expense of alluvial silt sur-
facing at the foot of the banks. The head
of pools may nonetheless undergo deep-
ening when involved in the dynamics of
a run-off riffle (example: cross-section
G17/D19 and G24/D24), or of a reach
downstream of a constructed riffle (cross-
section G26/D31).

The counter-slope of pools is floored
with a homogeneous paving of pebbles
foreshadowing the reach upstream of the
following constructed riffle. Pebbly accu-
mulations are put in place in discharge
below bankfull stage, but are displaced
at times of higher discharge. However, in
the loops, certain deposits are stabilised
and may increase in size, principally in
the sheltered zone of convex banks. But
it is at the level of the counter-slope of
pools that such deposits achieve their
greatest extension, compared with sites
at the head of the pool (cf. for exam-
ple the size of deposits in cross-sections
G8/D10 and G8/D8, fig.1). These de-
posits are colonised by subaquatic veg-
etation, which is differentiated in direct
proportion to the build-up and stabili-
sation of the deposit (PETIT & SCHU-
MACKER 1985).

The marking of pebbles laid down
in the bottom of pools, (notably cross-
section G5/D4) showed that pebbles of
more than 10 cm in diameter cannot be
carried away even by quinquennial flood-
ing. On the other hand, less coarse gap-

CATENA — An Interdisciplinary Journal of SOIL SCIENCE—HYDROLOGY—GEOMORPHOLOGY



Shear Stress, Pebble Loaded River, Ardenne

457

filling elements (6 cm) can be eroded, but
leave the pool only to be blocked im-
mediately in the following counter-slope
(G6/D4B).

Moreover, pebbles painted in position
at the level of the ridge of a constructed
riffle (cross-section G3B/D3) were able
to be moved following regressive erosion
of the riffle, and thus pass through the
pool located just downstream, and also
its counterslope, thus occurring under
the effect of small spates the heaviest of
which remained below annual flood level.
The larger elements (2 cm) were blocked
in the upstream part of the next riffle
(cross-section G7/D5B) and were, more-
over, covered over subsequently by 2 to
3 cm of pebbly material. Only elements
below 1.5 cm were able to pass over the
riffle and even, in certain cases, other
riffles further downstream, thus moving
several dozen metres in a single flood.

The marking of pebble grains surfac-
ing in the river banks showed that quite
large pebbles (5 cm) set in finer material
sufficiently high in the riverbank, when
falling into the bed after the erosion of
the surrounding material, could travel
several metres in pseudo-suspension be-
fore settling on the bottom of the bed.

These observations indicate that up-
stream of riffles, accumulation sites are
durable. In the counterslopes of pools,
however, these accumulations are transi-
tory, apart from shelter zones coinciding
with the convex bank, where they are
stabilized.

The part downstream of riffles and the
bottom of pools appear as erosion sites,
although in the case of the latter, the
large boulders found in the bottom of
pools cannot be moved and thus seem
to hinder deepening. However, when the
finer infill is displaced, undermining at
the base of the boulders might lead to

vertical erosion, but such erosion would,
however, be less than in the absence of
these boulders.

Measurement of current velocities was
carried out in some fifteen sites for dis-
charges ranging from minimal flow to
heavy flood. However, as will be seen
below, current velocities are not suffi-
cient to explain all the geomorphological
changes; that is why, subsequently, an-
other criterion was taken into account,
namely shear stress.

3 VELOCITY AND
ORIENTATION OF
CURRENT

Velocity was measured with an OTT cur-
rent meter, the different blades of which
were 3 cm or 5 cm in diameter. The meter
was orientated along the line of highest
current velocity. Besides, in test cam-
paigns, instantaneous current velocities
were measured with a MARSH McBIR-
NEY electromagnetic sounding device.
This enabled a check to be made that dif-
ferences between instantaneous velocities
and velocities integrated over a certain
time lapse, that is to say under measure-
ment conditions identical to those carried
out with an OTT meter, remained below
+15%.

Moreover, the orientation of the cur-
rent was estimated at different depths at
each of the sites by means of a small
vane.

The current organises itself into a suc-
cession of zones of confluence and of
diffluence. The former are localised on
the counter-slope of pools and in the
upstream reaches of riffles, where there
is appreciable narrowing of the section;
the latter downstream of riffles and in
the pools (fig.2). However, in the pool as-
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Orientation of the surface current for a discharge slightly superior to mean discharge

Figure 2:

(0.4 m3/sec).

2. Limit between zones of diffluence and confluence; 3. Old trunks set in the bank.

1. Limit between main flow and calm or countercurrent zones;
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sociated with the last loop of each of the
meanders, the diffluence occurs down-
stream of the crest of the loop (respec-
tively downstream of points G12 and
G27, fig.2); at discharge below bankfull
stage, this diffluence creates a cell with
a counter current with the fact that the
river bank is shaped by a plunge-pool
process at times of discharge in excess of
bankfull stage (PETIT 1984).

The transverse components of the cur-
rent measured on the basis of an identi-
cal cross-section in different sites in the
sector well illustrate this organisation of
the current into diffluence and conflu-
ence (fig.3). Only exceptionally do the
lateral components of the current or-
ganise themselves into a continuous cell
with a horizontal axis orientated in the
direction of the current, so that no con-
tinuous helidoical movement throughout
the full length of the meanders can be
formed. Thus, the organisation of the
current observed in the Rulles differs
from the schema suggested principally by
BATHURST, THORNE & HEY (1975),
BRIDGE & JARVIS (1982), LEOPOLD
(1982). This seems to result from the
morphology of the river under investiga-
tion. Indeed, the dimensions of its bed
are restricted, so that riffles and pools
alternate more frequently. Additionally,
the presence of very high constructed rif-
fles and numerous small islands is noted.
These elements give rise to successive
widening and narrowing, thus forcing it
to organise itself into confluence and dif-
fluence, which clearly militates against
the development of helicoidal movement.

Velocity distribution in the sections is
closely linked to this organisation of the
current. In confluence, the generalised
acceleration of the current caused by
the narrowing of the section, is reflected
by high velocity throughout almost all

CATENA — An Interdisciplinary Journal of SOIL SCIENCE—HYDROLOGY-

the section, notably close to the bottom
(fig.4A).

Conversely, in diffluence (as in the
case of pools with the exception of their
counter-slope), high velocities occupy a
more restricted part of the section, and
velocity gradients close to bottom are less
marked than in confluence. Thus max-
imum velocities measured 10 cm from
the bottom barely reach 60 cm/sec in
the pool as opposed to 75 cm/sec on the
riffle (fig.4). As observed by KELLER
(1971), bottom velocities increase more
in the pools than in the riffles with in-
creasing discharge. But in this case, they
are still more important in the riffles for
a discharge near the annual flood.

Moreover, it will be recalled that peb-
bles of 2 to 3 cm in diameter were
eroded in the bottom of pools, or were
able to pass through in floods approach-
ing bankfull stage. However, current
velocities registered in such sites even
in time of greater flood (57 cm/sec at
10 cm above bottom) remain distinctly
lower than the critical erosion veloci-
ties as inferred from the diagrams of
HIULSTROM & SUNDBORG (1956)
(1.5 m/sec at 10 cm above bottom for
erosion of elements of this size).

Indeed, in the study of an Ardenne
stream, MERCENIER (1973) had al-
ready shown that velocities which had
enabled erosion to take place on peb-
bles of 4.5 cm were lower by half than
the critical erosion velocities. Accord-
ing to this author, these differences re-
sult from the fact that, in turbulent flow,
instantaneous velocities fluctuate consid-
erably around the mean and can thus
peak to levels sufficient to erode peb-
bles. However, instantaneous velocity
measurements, as seen above, by means
of electromagnetic sounding have shown
that fluctuations in these velocities are

GEOMORPHOLOGY
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relatively small and in any case do not
suffice to explain such differences.

Moreover, we have seen upstream of
riffles, durable accumulations of pebbles
of 1.5 to 2 cm in diameter are deposited,
although the current velocities are equiv-
alent to (or even greater than) those reg-
istered in the pools, where pebbles of this
size will be eroded.

Figure 3: Transverse components of
the current in different sites:
A: Confluence in the reach upstream of a constructed
riffle (cross-section G9-D11).

B & C: Marked diffluence at the head of a pool
(sections G11-D12 and G8-D8).

D: Diffluence at the lowest point of a pool (section
G14-D14).

E: Organisation into a continuous cell at the lowest
point of a pool situated slightly downstream of
the crest of a loop (section G7-D7).

(Heights exaggerated 2x).

4 EVALUATION OF SHEAR
STRESS

Shear stress was evaluated in the first
instance by having recourse to the fol-
lowing equation:

T = YRS, 1

where

y = the specific weight of the fluid,

R, = the hydraulic radius,

S. = the slope of the energy grade
line.
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Shear Stress, Pebble Loaded River, Ardenne 461

G9 Largeur D11 G14 Largeur D14
0 1 2 3 4 5m 0 1 2 3 4 Em
v 1 | [} i ] | ! ' ! | 1
1000 3 1000 _
Q= 0,30m%/sec Q=0,33m3/sec

950 \ 950,

TN

900 900
8504
1 1 ' ' 1 | 1 1 I l 1 1
1000 1000

Q- 0,48m3/sec

950 \ J/— 950
-

e 900 900
o
=
[+
g 850
g“ 1 1 1 1 1 [ '
% Q=1,15m3/sec
1000
= j
5 J/
2 3
@
2 950 (
2 ) 5

500

I i ! 1 | |
Q=2,01m3/sec
G9 D11

1000

950

900

LIMITE DU CONTRE-COURANT

A B

Figure 4: Distribution of velocities for differing discharges:
A: In the reach upstream of a constructed riffle (section G9-D11).
B: At the lowest point of a pool (section G14-D14).
(equidistance of lines of equal velocity 10 cm/sec; heights exaggerated 2x).
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The last-mentioned in fact represents
the energy expended to overcome the in-
ternal friction of the current and friction
on the bottom of the bed and on the
riverbanks. It is calculated from the lon-
gitudinal slope of the water plane (quan-
tity of potential energy, which has un-
dergone a transformation between two
points), and from the longitudinal vari-
ation of the term o - v?/2g, which ex-
presses the variation in kinetic energy,
and in which v represents the mean ve-
locity of the current, g the acceleration
due to weight and « a coefficient equal
to 1 (CARLIER 1972), but which can
reach values between 1.03 and 1.36 in a
natural river (SELLIN 1969).

Variations in potential energy and ki-
netic energy are closely related; thus the
increases in velocity, where narrowing of
the section occurs, necessitates obliga-
torily a transformation of the potential
energy, that is to say that the slope of
the water plane will be more marked
there (such is the case upstream of rif-
fles). However, when a sudden widening
occurs (as in the case downstream of rif-
fles and the head of the pools), current
velocity diminishes, whereas the slopes
of the water plane remain considerable.
So the amount of potential energy does
not respond instantly to the decrease in
kinetic energy, as a result of current in-
ertia; the energy dissipated by friction is
henceforth considerable and the energy
slope pronounced.

Moreover, we verified that shear stress
calculated on the basis of equation (1)
was a reliable criterion permitting an ex-
planation of erosion and transport of
the pebble load. Indeed, the displace-
ment of marked pebbles of known di-
ameter (from 0.5 cm to 6 cm) was fol-
lowed in different sites, and the shear
stresses calculated by this method were

set against critical shear stress (z.) (shear
stress necessary for erosion or transport
of an element of predetermined diame-
ter). In connection with the latter, the
equation 7. = d was retained (where d
represents the diameter of grains in cm,
and 7. the critical shear stress expressed
in kg/m?), an equation proposed princi-
pally by LEOPOLD et al. (1964) and
which coincides with the Shields equa-
tion (BAKER & RITTER 1976). The
validity of this equation in a natural river
was brought out by WILCOCK (1967) in
particular, although BAKER and RIT-
TER propose certain modifications, at
least in the case of pebbles exceeding
5 c¢cm in diameter. However, as will be
seen below, the Rulles displaces almost
exclusively pebbles of smailler dimension
and that is why the initial equation was
retained.

However, according to REID & FRO-
STICK (1984, 1986), extensions of
Shields curves understimate the force re-
quired to initiate motion, considering the
importance of microscale bedforms (peb-
ble clusters, for instance) in delaying bed-
load transport. On the other hand, as ob-
served by PETIT (1986), coarse pebbles
can be set in motion with smaller forces,
by the removal of the finer particles on
which they are resting.

Shear stress was evaluated over a
range of discharge from minimal flow
(6 1/sec) to heavy flood of almost quin-
quennial proportions (4.6 m®/sec) in 31
cross sections, which can be grouped in
the six types of sites referred to: up-
stream of constructed riffles, downstream
of constructed riffles, run-off riffles, head,
lowest point and counterslope of pools.
In each of the profiles a linear regression
between shear stress and discharge was
established; the correlation coefficients
are, apart from a few rare exceptions,
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superior to 0.90. A synthesis of these re-
sults is given in fig.5A; the value of the
independent term of the regression line
is shown in abscissa (the x axis), that of
the angular coefficient in ordinate (the y
axis).

In this way, the position of a point
on the graph represents the evolution
of shear stress as a function of the
discharges in a given site, an evolu-
tion which is featured besides on the
small schema in the inset (fig.5B). Lines
of equal shear stress were also drawn
for three characteristic discharges: me-
dian discharge (0.15 m?/sec) bankfull dis-
charge (1.3 m*/sec) and annual flood dis-
charge (3m3/sec) (fig.5C).

Four individual groups emerge.

In the lowest points of pools and the
head of pools, the shear stress is rela-
tively low at times of minimal flow, but
increases significantly with discharge, so
that at highest flood levels it reaches, at
least locally, values sufficient to allow
displacement of pebbles of 5 to 6 cm in
diameter. Conversely, the large residual
pebbles cannot be displaced. Thus their
size gives an estimate of the maximum
competence of the river.

In the counter slopes of pools, shear
stress is also low at minimal flow and
also increases with discharge, but less
markedly than in the pools. As a result,
the large pebbles eroded in the pools are
blocked in their counter-slope and only
relatively small elements (2 to 3 cm) can
be eroded or pass over it at times of
highest flood.

In the reach upstream of constructed
riffles, shear stress is relatively weak in
conditions of minimal flow and increases
little with discharge. In flood conditions
in excess of bankfull stage, it is thus less
than that which obtains in the counters-
lope of pools, so that pebbles eroded in

CATENA — An Interdisciplinary Journal of SOIL SCIENCE—HYDROLOGY

the pools are blocked here. Only small
elements (in the order of 1.5 cm) can get
across the riffles and thus travel several
dozen metres under the influence of a
single flood. These elements therefore
represent the actual competence of the
river, and the size of the elements com-
posing the constructed riffles therefore
gives an estimate of this competence.

In the reach downstream of constructed
rifles and in the run-off riffles, shear
stress is already considerable even in low
discharge, so that even in such condi-
tions, there is erosion of pebbly mate-
rial, which is then deposited—but only
temporarily—in the pools. However, the
increase of shear stress with discharge is
less than in the pools, so that at times
of highest spate, it is really in the latter
that maximum shear stress occurs.

The four individual groups are thus
linked in pairs and offer a certain spatial
continuity. This dual association is rep-
resentative of a geomorphological view-
point: high shear stress where erosion is
predominant, low shear stress in sites of
accumulation.

However, shear stress determined by
this method represents an average ap-
plying to the profile as a whole, with-
out taking into account possible lateral
variations on the bottom and the river
banks. These, however, can be deter-
mined by tracing the orthogonals to the
isotaches, following a method suggested
by LELIAVSKY (1954) and used parti-
ocularly by BHOWMIK (1982). Indeed,
along these surfaces there are no lateral
variations in the amount of movement,
and the component of the weight of a
column of water contained between two
orthogonals is fully applicable on the bed
or the river bank.

The use of this method demonstrated
that lateral variations in shear stress on

~GEOMORPHOLOGY
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Figure 5: Evolution of mean shear stress as a function of discharges in different sites:
A Synthesis of equations of the type © = a+bQ obtained by linear regression between the shear stress (1) evaluated
by equation (1) and discharge (Q).

sites analysed: (1) Reach upstream of constructed riffles (Sam}; (2) Reach downstream of constructed riffles (Sav); (3)
Run-off riffles; (4) Head of pools (Mdb); (5) Lowest point of pools (Mpb); (6) Counter-slope of pools (Mcp).

B: Evolution of shear stress with discharge at the lowest points of pools (Mpb), in the counter-slope of pools (Mcp)
and in the part upstream of riffles (Sam).

C: Lines of equal_shear stress drawn from equation obtained by regression for three characteristic discharges; median
discharge (0.15 m3/sec), bankfull discharge (1.3 m3/sec] and annual flood discharge (3 mS/sec).
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the riffles are small owing to the rela-
tively homogeneous distribution of ve-
locities (PETIT 1983). Moreover, it was
found that most of the shear stress is
exerted on the bottom and very little on
the riverbanks. Conversely, in the pools,
which as a general rule are associated
with the loops of the river, lateral differ-
entiations in shear stress are greater in
view of the arrangement of the isotaches,
an arrangement which, moreover, makes
the use of this method far from ecasy in
such sites.

In order to determine local shear
stress, another method was adopted,
which has recourse to friction velocity

(u.):

e = \/g 2)

where
p = the volume mass of the liquid.

The friction velocity can be deter-
mined by means of an equation, which
links it to the vertical gradient of veloc-

ity:

u 1,y

— = —ln- 3
u* ko kg (3)
where

k = what is known as Von Karman’s

constant, and which is generally valued
at 0.4 when the suspension load is small,
as obtained in the case of the Rulles
(PETIT 1985);

y = the depth from the bottom where the
velocity « was measured;
ks = a parameter of roughness, which, in case

of a river with a rough bottom, is rated
1

d = the diameter of the material of which the
bottom of the bed is constituted
(SUNDBORG 1956; BRIGGS &
MIDDLETON 1965).

In this way, by transformation, one
obtains PRANDTL-VON KARMAN's
equation in its most common formula-
tion (LARRAS 1972) :
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Y _ 848 + 5.75log2 4)
u* d

Shear stress calculated by equation (4)
determines u* and then by equation (2) is
systematically lower than those obtained
by equation (1). However, they remain in
the same order of magnitude in the case
of riffles—owing to the fact that, here,
velocity gradients in close proximity to
the bottom are pronounced—but are dis-
tinctly lower in the pools. However, since
the differences are relatively constant in
one and the same site at times of differ-
ent levels of discharge, and since these
differences maintain an order of magni-
tude that is identical in sites of the same
type, we have, for want of anything bet-
ter, applied to shear stress determined by
equations (2) and (4), a ratio established
between the mean of these shear stresses
and the shear stress calculated by means
of equation (1). In this way it proved
possible to delimit transverse variations
in shear stress at the different sites (fig.6).

The pattern of maximum shear stress
forces—at the foot of the convex bank at
the beginning of the loop, passing on to
the foot of the concave bank and being
maintained beyond the inflexion point,
which separates this loop from the one
following—appears in a form similar to
that put forward by HOOKE (1975) from
experiments carried out in a flume, and
by DIETRICH et al. (1979) in natural
rivers. It must be taken into account,
however, that the distribution of shear
stress put forward in fig.6 is taken to
be for discharge slightly below bank-
full stage, and that in times of greater
flood—which are in no way exceptional
in view of the frequency of bankfull dis-
charge in the river investigated—certain
modifications are registered in the dis-
tribution of shear stress, in particular
an increase in the counterslope of pools,
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an increase which is certainly moderated,
but which nonetheless tends to extend
the zone of raised shear stress further
downstream in the loop. This type of
development as a function of discharge
is moreover consistent with observations
recorded by BRIDGE & JARVIS (1982).

5 CONCLUSIONS

Shear stress calculated from the energy
line slope appears as a reliable crite-
rion in the explanation of observed geo-
morphological changes: displacement of
pebbles at the bottom of pools, which
are then filtered in the counterslopes of
pools, relatively stabilized accumulation
in the upstream parts of riffles, regressive
erosion in the downstream part of riffles.

[ e S e W

G15

Figure 6: Distribution of shear
stress (expressed in kg/m?) for
discharges slightly below bank-
Sull discharge (between 0.7 and

£ 5™ 0.8 times the 0b).

This method of evaluation of shear stress
seems well adapted to a river such as the
Rulles, probably owing to the fact that
the transverse components of the cur-
rent are only exceptionally organised in a
continuous cell. Internal current friction
would thus be moderated to a greater
extent than in rivers, where the lateral
components of the current are organised
in continuous cells. Indeed, in the case
of the Rulles, the current is organised
in generalised zones of diffluence and
confluence, so that the transverse com-
ponents of the current in relation to one
and the same vertical are oriented in the
same direction. Hence, distortions in the
heart of the flow seem destined to be
slighter and the energy dissipated by in-
ternal friction to be reduced further, so
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that the energy line slope integrates for
the most part the dissipation of energy
by friction on the bottom and the walls.

This organisation of the current into
zones of confluence and diffluence is it-
self conditioned by the presence of nar-
rowing of the bed (constructed riffles,
islets), and by the widening which di-
rectly ensues. These frequent variations
in depth and breadth are themselves
due to the geomorphological context in
which the river is evolving. Indeed, peb-
bly grains frequently surface in the banks
and the pebbly material thus made avail-
able to the river conditions the build-up
and reinforcement of riffles, so that nar-
rowing of the pool section is consider-
able.
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