














































































































































































































SUMMARY

In this thesis first a general derivation is given of the 'macro'-equations

of mass- and linear-momentum balance that govern the mo'mentum transfer

from a Newtonian fluid to rigid particles in a fluid-solid mixture. In particular,

attention is paid to a) the attenuation of viscous-momentum transfer from the

boundary to the interior of a granular bed subject to a surface flow, b) the drag

and lift forces exerted by a turbulent shear flow on particles of the bed surface,

and, c) the balance of forces acting on a bed load under uniform-flow conditions.

It is shown that filter flow driven by shearing along the boundary of a

granular sediment bed exerts a drag force on a layer of only two or three

particle diameters within the bed. A drag force on the bulk mass of sediment

is only exerted by a pore-pressure gradient.

Stability conditions are formulated for a loose granular bed subject to

erosive flow, at SHIELDS' grain-movement condition and dUring bed-load

transport. 'Macro'-stresses acting along 'wavy' surfaces parallel to the bed

are defined for that purpose, and an attenuation factor is introduced for the

transmission of turbulent fluid shear from the surface towards the interior of

the bed.

It is shown that SHIELDS' dimensionless expression for the critical bed

shear stress at the threshold of continuous sediment motion, 1/0/ , must reach
c

a constant value for low-shear Reynolds' numbers (ReD < O. 5), as long as

there is no cohesion between the particles.

It is concluded that the bed load, consisting of particles rolling and

saltating over the bed, must reduce the maximum turbulent fluid shear at the

bed surface, at sufficiently high bed shear stress, to the critical threshold

drag that would lead to the initiation of non-ceasing scour.

Results are presented of a series of experiments in which were measured:

the mean critical bed shear stress at SHIE LDS' grain-movement condition and

at the initiation of non-ceasing scour, the rate of bed-load transport, the

average particle velocity, the rate of deposition, and the average length of

individual steps of saltating bed-load particles, in water, as a function of the

time-mean bed shear stress. These experiments were performed in a

closed rectangular flow channel at different slopes of the bed surface and using

five different bed materials (two sands, gravel, magnetite and walnut grains).

Comparing the threshold drag acting at different downward slopes of the

bed surface (0
0

, 12
0

, ISO and 22
0
), a surprisingly large critical-drag angle

of 47
0

was found. The initiation of non-ceasing scour of a loose granular bed

was studied experimentally behind a consolidated bed of the same material as



the loose bed. The corresponding instantaneous threshold drag was about three

times larger than the threshold drag acting at SHIE LDS'. grain-movement

condition. Ripples started to develop at even larger values of the instantaneous

bed-shear stress.

The rate of bed-load transport measured as a function of the mean

bed-shear stress satisfies a gener?lisad M E l . ~ R - P E T B R & MULLER formula

(1948), also at various downward slopes of the bed surface, as investigated up to 22
0

•

The rate of particle deposition was found to be proportional to the rate of

bed-load transport, and the average length of individual particle steps W8.S found

to be a constant. This implies that the probability of a bed-load particle being

deposited when striking the bed surface is independent of the flow rate within

the experimental range. This result contradicts EINSTEIN's theory of bed-load

transport (1950).

Close examination of the motion of saltating bed-load particles revealed

that these particles are transported almost in suspension for the greater part

of their trajectory. The average transport velocity of the suspended particles

was found to be equal to the average fluid velocity calculated for a turbulent

flow without a bed load, at about three particle diameters above the bed surface,

minus a constant. The constant was proportional to the critical shear velocity

at SHIE LDS I grain-movement condition. This can be explained by considering

that the turbulent shear flow must exert a lift force on the suspended particles

that is practically equal to their submerged weight, and by assuming that the

average fluid velocity at the bed-load particle level is reduced owing to the

presence of the bed load.

Combining the MEYER-PETER & MULLER formula for the rate of bed-load

transport and the above-mentioned expression for the average transport velocity

of the bed-load particles shows that the areal bed-load concentration increases

linearly with increasing bed-shear stress. This contradicts KALINSKE' s theory

(1947).

Calculation of the average reduction in fluid shear at the bed surface due

to the bed load, using empirical relations for the transfer of momentum of

bed-load particles to the bed surface by intergranular collisions and for the

areal bed-load concentration, reveals that at low transport rates this

reduction is very smalL The critical shear stress required to erode the topmost

grains of the bed surface must therefore increase with increasing bed shear

stress. The number of particles eroded per unit area and per unit increase in

total shear was found experimentally to be almost a constant at low bed-load

concentrations. It was also found that the average reduction in fluid shear due

to the bed load increases so rapidly with increasing bed-shear stress that at



higher transport rates the remaining fluid shear will nowhere exceed the threshold

drag corresponding to the initiation of non-ceasing scour measured behind a

consolidated bed.

It is concluded, on a theoretical basis, that at high transport rates,

during erosion, with or without simultaneous deposition, the turbulent fluid

shear at the bed surface must be approximately equal to the critical threshold

drag at the initiation of non-ceasing scour. It is found on this basis, by

extrapolating empirical expressions for the rate of bed-load transport and for

the average transport velocity of bed-load particles, that at high bed-load

concentrations the average drag force on the bed-load particles must be

approximately equal to their sUbmerged weight. This can be made plausible

using BAGNOLD's concept of 'dispersive grain pressure' (1954, 1956).

It is concluded that a loose granular bed will be severely eroded

instantaneously where and when the momentum of the turbulent surface flow

changes radically and the bed-load cannot protect the bed surface against

scour. This condition, defined as the condition for bulk erosion, can occur at

high sediment-transport rates under highly turbulent flow, particularly in the

case of an undulating bed where the flow contains a rapidly changing pattern

of unstable stagnation points. This bulk erosion is due to large instantaneous

flUid-pressure gradients in the transition zone between the flow region and

the bed. The instantaneous change of momentum of the surface flow constitutes

the criterion for bulk erosion.

A method has been developed that permits determination of the extent of

the zone of bulk erosion created locally and instantaneously in a loose granular

bed by highly erosive flow. The method is applied to a specific example,

verified experimentally, in which local stagnation of the main flow creates a

zone of bulk erosion in the bed via the associated pressure field.














