[image: image1.jpg]circulation. To this classification may be added
linked potholes formed when neighbouring holes
grow and breach the walls shared with one another
(Plate 9.3).

It has been suggested that cavitation pits may be
initial sites for the growth of potholes but the
continuity in form between gouge holes and deep
potholes suggests that they may grow at any site
where flow separation can occur. Although most
potholes occur in nearly horizontal channels they
can also be formed in sloping or vertical rock faces
if the flow conditions are suitable. Streams flowing
within, or beside, glaciers may provide opportuni-
ties for large horizontal potholes to develop in
valley walls (Plate 9.5) because very high velocities
occur where confined streams under high pressure
heads can jet water at rock faces. In such condi-
tions cavitation may be a significant process.

A general condition relating to all erosional
marks is that they may form both at sites where
there are existing irregularities in a rock surfa-
ce—as at a joint, a protrusion, a hollow, or merely
the site of a more rapidly weathered rock crys-
tal—or they may form in an apparently smooth
regular rock surface. With all erosional marks in
hard rock it is probably necessary for the flow to
carry abrasive particles and to keep the mark clear
of debris if the mark is to continue growing. There
is no evidence that large potholes can be produced
only by the swirling action of gravel and boulders,
although these may be involved. Soft rocks such as
mudstones can be pitted with erosional marks as a
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9.4 Erosional marks cut in quartzite
walls of a gorge. Marks are up to 1 m
long. Kembé Falls on the Kotto River,
one of the headwater channels feeding
into the Zaire River,

Flow —>

A, attachment point

S, separation point

Fig. 9.6 A separated flow forming at a downward step in a
channel bed, and a roller in the flow downstream of the step.
The velocity profiles indicate the reverse flow in the roller (after
Allen, 1971).

result of fluid stressing although this does not

often occur alone in natural channels.

Sediment transport
Entrainment of sediment from the bed of a channel

occurs only 1T particles small enough to be moved

J:T@mum?wggﬁz;
Chapter 6). Determining the concentration o

suspended sediment in a flow is done with a
sampler designed to limit disturbance of the flow
(Plate 9.6).

With the most common depth-integrating
sampler the collecting device is lowered to the
stream bed and raised to the surface at a constant
rate. Samples of suspensions are taken at a
number of stations across the stream for which
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9.5 A large erosional mark cut in schist alongside the Franz Josef Glacier, New Zealand. It is probable that the erosion was caused

by a stream, within the glacier, jetting water at the rock.

velocities are also determined and the sediment
discharge calculated from:
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where ¢, is the sediment discharge in kg/s,

Q s the stream discharge in m¥/s,

C; is the suspended sediment concentration
in mg// determined by filtering samples
(mg/l=g/m’=p.p.m.).

The sum of values for the stations across a stream
provides a value for the total sediment discharge.
Most samplers cannot be operated within 9-12 cm
of the bed, and they therefore do not sample this
zone of high concentration, and a correction
factor for that type of stream has to be applied.

Assessment of bedload transport is an ex-
tremely difficult task. No single apparatus, tech-
nique, or theoretical solution has been universally
accepted as being adequate for the determination
of bedload discharge. Problems of direct measure-
ment include:

4qs

(i) interference with the flow by a necessarily
large sampler;

(ii) difficulties with placing a device upon an
uneven channel bed;

(iii) sampling efficiency;

(iv) irregular movement of bed material.

Methods used include grabs, steel-mesh baskets or
trays in which to trap the particles, slot traps built
into a channel bed, and acoustic devices which
record the noise of bed material rolling. The
volume of sound can then be related to other direct
measurements.

Theoretical approaches usually rely upon the
development of formulae from laboratory flume
experiments in which flow velocities and particle
sizes, densities and shapes can be closely con-
trolled. Such approaches often work well when
applied to canals and other engineering structures
but natural channels are far more variable. Studies
in the River Clyde for example demonstrated that
measured rates of bedload transport were only
about 0.1 per cent, or less, of those calculated by



[image: image3.jpg]9.6 Top left is a carriage, on a cableway, from which sampling
instruments may be lowered into a large river. Below it is a D-49
depth-integrating sediment sampler; the intake nozzle is at the
front and the stabilizing fins are at the back. Bottom left is a
Helley-Smith bedload sampler used in sand-bed channels. Top
right, a Helley-Smith sampler is being lowered on a rod; and
bottom right a flow meter is being set to a required depth on the
gauging rod.
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theoretical formulae. The Clyde bedload is pre-
sumably not a capacity load.

Competence and capacity

Because of the uncertainties in describing flow in a
precise quantitative manner it is extremely diffi-
cult to determine the competence and capacity of a

N«Mﬂl&mabw_ej&mw@w
w?wwxhdrge,
slope, and other factors vary along the length of a
channel and discharge varies at a point. Com-

petence will hence vary almost continuously.
aximum amount of debris of a

iven size that a stream ¢ carry n tractlon
bedlo; ¢elated to

Tand to the calibre
of‘the load (Plate 9.7). The maximum calibre (i.e.
competence) is not simply determined because a
suspension can increase fluid density and therefore
capacity, whereas the introduction of large parti-
cles into a flow can decrease total capacity.
Capacity therefore depends upon the size distribu-
tion of all particles in the load.

Deposition

the largesl size .

It can be readily understood that bedload will
cease rolling when current velocities decrease
below a critical value, and the saltation layer has a
fairly uniform upper limit defined by the maxi-
mum height to which the lift forces can project a
grain. Once lift forces fall below a certain value
saltation of a given particle size will cease. As
bedload is usually of sand-size or larger material,
and saltation load is sand and coarse silt, it is
found that the concentration of sand and silt
decreases continuously and smoothly up from the
bed.

Suspended loads of silt and clay supported by
turbulence are usually distributed rather evenly
through a flow. When the upward components of
velocity (lift, drag, and turbulence) fall below the
settling velocity for a given grain size the particle
drops out of suspension and is deposited.

In a channel the water velocity curve is convex
downslope and the sediment concentration curve
concave downslope; as a result the sediment
discharge curve is usually a gently convex curve in
a downslope direction (Fig. 9.7).

Sorting

Hydraulic sorting is an inevitable result of the
selective transport of a certain grain size by one
process and by the varying efficiency of the
transport processes. In most river systems, for
example, grains larger than about 10 mm diameter
cannot be moved in the seaward ends of channels,
and hence they remain in the upper parts above the
point at which channel slopes become too gentle

9.7 Boulders with dimensions of 10 m
partly block the channel of the Haast
River. They result from a rockfall. The
largest debris which can be rolled along
the bed has dimensions of about 3 m,
but travel distances are short because of
the channel roughness.
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9.8 A, ripple bedding in sand; B, coarse
bedload with no bedform structure; C,
cross-bedding of the advancing faces of
dunes; D, planar bedding. Scale is given
by the hand lens (photo by C. S.
Nelson).

9.9 Standing waves above antidunes of
sandy gravels in a melt-water stream,
Antarctica.
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Fig. 9.7 Relationships of sediment discharge to sediment
concentration and flow velocity at stations across a channel
(modified from Leopold, Wolman, and Miller, 1964).
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Sediment discharge

for them to roll. Particles in the size range of 1-10
mm tend to move by rolling over sand grains and
may be transported right through the system.
Coarse to fine sand moves by traction and sal-
tation and becomes temporarily stored in channel
bed structures such as dunes and ripples. Silt and
clay is carried in suspension either right through
the system or is stored for a time in floodplains
where it is left by overbank flooding.

As a result of sorting and attrition of particles,
and of discharge and flow-depth variations downa
river, the capacity to move bedload also varies. In
most large rivers the coarse bedload of upper
reaches can be transported only at flood stages,
but in the lower reaches sand-size bedload is
moved even at low discharges. It seems then that,
even at low discharges, a large river is competent
to move all, or most, of its bed material. Therefore
itis the competence which controls sorting in small
streams, but capacity controls it in large rivers. A
change in capacity leads to a transfer of sediment
from bedload to suspended load in a large river.

Sedimentary bedforms

Bedforms may be elongated parallel to the flow or
aligned transversely across it. Those which are
elongat : e flow are ¢ 4 the
cus, upstream—when it is called
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Fig. 9.8 The terminology related to
ripples and dunes, and the flow
conditions and bedding associated with
them. Heights of ripples and dunes with
respect to water depth are exaggerated.
Note that ripples migrate upstream
within the roller, but downstream
where they are beyond its influence.
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Fig. 9.9 Characteristic bedforms for various flow regimes (data from Simons and Richardson, 1961). In the inset the out-of-phase
relationship of the bedform with the water surface is shown for tranquil lower flow regime, and the in-phase relationship for upper

flow regime.

linguoid, or downstream—when it is called lunate.
It is usually accepted that when depositional
bedforms are less than 40 mm in height and 600
mm in wavelength they are called ripples; larger
features are called dunes.

Migration of dunes and ripples occurs as mater-
ialis carried up the stoss side (upstream side) of the
feature and then avalanches over the brink down
the lee side. The avalanching process consequently
gives rise to characteristic cross-bedding in the
sands or gravels (Plate 9.8, Fig. 9.8).

As soon as transport begins the flow starts to
shape the bed. At low fluid velocities, just suffi-
cient to move sand grains, ripples form; further
increases in discharge lead to the formation of
dunes. These two bedforms characterize the lower
flow regime in which Froude numbers (i.e the ratio
between the force required to stop a moving
particle and the force of gravity) are substantially

less than unity, and waves on the water surface are
out of phase with undulations on the bed (Fig.
9.9). Further increases in discharge or slope result
in the disappearance of the dunes and formation
of a plane bed with linear depositional forms. Ona
plane bed resistance to flow is low and sediment
transport is high.

The plane bed condition is transitional to an
upper flow regime. As discharge continues to
increase antidunes may develop when Froude
numbers are about 0.8. Antidunes are in phase
with the water waves (Plate 9.9) and resistance to
flow is small. Antidunes migrate upstream as
erosion from the downstream side of the antidune
throws material into saltation and suspension
more rapidly than it can be replenished from
upstream. At very high flows there develop chutes
with shooting flow and nearly plane bed; these are
followed downstream by hydraulic jumps and a
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Fig. 9.10 Hydraulic criteria for the
formation of bedforms. Stream power
is derived from P=y,DSV, where yy is
the unit weight of water, D is the depth
of flow (m), S is the channel slope
(m/m), V is velocity (m/s), (based on
Allen, 1968, and Simons and
Richardson, 1961).
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deeper section known as a pool. There is thus
a direct relationship between the stream power,
the characteristics of the flow, the bedforms,
the transport rate, and the particle sizes (Fig.
9.10).

Dunes are common bedforms in alluvial chan-
nels and in large rivers like the Mississippi or Niger
they occur continuously along the bed for
hundreds of kilometres. On average the height of
river dunes is between 10 and 20 per cent of the
mean flow depth, while the wavelength (Fig. 9.8) is
several times the mean depth. In big rivers dunes
may be 2-5 m in height and 50-200 m in wave-
length.

Many bedforms become so large that they
adjust only slowly to changes in the flow, so there
is not always an equilibrium between flow regimes

08 08

and bedforms. This is particularly so at low flows
which may be accompanied by bedforms inherited
from earlier periods of higher flows. The survival
of bedforms in sediments makes it possible to
reconstruct the conditions of flow and channel
form under which the sediments were deposited
(Fig. 9.11).

Discharge of water

Discharge g the waice which runs off from 4
drainage basin. It is usually expressed as ¢
(m?), a volume in unit time (m?/s), or as a depth of
water spread over the whole catchment—thus a
runoff of 40 mm is the average depth of water

draining from the catchment. Water does, of
course, not drain uniformly from the surfaces of a




