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SEDIMENT TRANSPORT, PART I:
BED LOAD TRANSPORT

By Leo C. van Rijn’

ABsTRACT: A method is presented which enables the computation of the bed-
load transport as the product of the saltation height, the particle velocity and
the bed-load concentration. The equations of motions for a solitary particle are
solved numerically to determine the saltation height and particle velocity. Ex-
periments with gravel particles (transported as bed load) are selected to cali-
brate the mathematical model using the lift coefficient as a free parameter. The
model is used to compute the saltation heights and lengths for a range of flow
conditions. The computational results are used to determine simple relation-
ships for the saltation characteristics. Measured transport rates of the bed load
are used to compute the sediment concentration in the bed-load layer. A simple
expression specifying the bed-load concentration as a function of the flow and
sediment conditions is proposed. A verification analysis using about 600 (al-
ternative) data shows that about 77% of the predicted bed load-transport rates
are within 0.5 and 2 times the observed values.

INTRODUCTION

The transport of sediment particles by a flow of water can be in the
form of bed-load and suspended load, depending on the size of the bed
material particles and the flow conditions. The suspended load may also
contain some wash load, which is generally defined as that portion of
the suspended load which is governed by the upstream supply rate and
not by the composition and properties of the bed material. Although in
natural conditions there will be no sharp division between the bed-load
transport and suspended load transport, it is necessary to define a layer
with bed-load transport for mathematical representation. Usually, three
modes of particle motion are distinguished: (1) Rolling and sliding mo-
tion or both; (2) saltation motion; and (3) suspended particle motion.
When the value of the bed-shear velocity just exceeds the critical value
for initiation of motion, the particles will be rolling and sliding or both,
in continuous contact with the bed. For increasing values of the bed-
shear velocity, the particles will be moving along the bed by more or
less regular jumps, which are called saltations. When the value of the
bed-shear velocity exceeds the fall velocity of the particles, the sediment
particles can be lifted to a level at which the upward turbulent forces
will be comparable with or of higher order than the submerged weight
of the particles and as a result the particles may go in suspension.

Usually, the transport of particles by rolling, sliding and saltating is
called the bed-load transport. For example, Bagnold (3-7) defines the
bed-load transport as that in which the successive contacts of the par-
ticles with the bed are strictly limited by the effect of gravity, while the
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suspended load transport is defined as that in which the excess weight
of the particles is supported wholly by a random succession of upward
impulses imparted by turbulent eddies. Einstein (11), however, has a
somewhat different approach. Einstein defines the bed-load transport as
the transport of sediment particles in a thin layer of 2 particle diameters
thick just above the bed by sliding, rolling and sometimes by making
jumps with a longitudinal distance of a few particle diameters. The bed
layer is considered as a layer in which the mixing due to the turbulence
is so small that it cannot influence the sediment particles, and therefore
suspension of particles is impossible in the bed-load layer. Further, Ein-
stein assumes that the average distance travelled by any bed-load par-
ticle is a constant distance of 100 particle diameters, independent of the
flow conditions, transport rate and the bed conposition. In the view of
Einstein, the saltating particles belong to the suspension mode of trans-
port, because the jump lengths of saltating particles are considerably
larger than a few grain diameters. This approach of Einstein is followed
by Engelund and Fredsee (13).

In the present study, the approach of Bagnold is followed, which means
that the motion of the bed-load particles is assumed to be dominated by
gravity forces, while the effect of turbulence on the overall trajectory is
supposed to be of minor importance. This latter statement means that
the trajectory of a saltating particle can be somewhat wavy at certain
locations due to the highest (turbulent) fluid velocities of the spectrum.
However, the overall dimensions of the trajectory are typically those of
a saltating particle.

It is assumed that the (theoretical) maximum saltation height for a given
flow condition can be determined from the equations of motion (ex-
cluding turbulent fluid forces) for a bed-load particle. As a start of a
particle trajectory will be caused by random fluid forces, the height (and
length) of a trajectory are random variables. However, by estimating the
most unfavorable initial conditions, a maximum saltation height can be
computed.

If for given flow conditions there are sediment particles with a jump
height larger than the (computed) maximum saltation height present in
the flow, then these particles are assumed to be transported as sus-
pended load. All particles with a jump height smaller than the maximum
saltation height are transported as bed load. According to Bagnold (6) a
particle is suspended when the bed-shear velocity (ux) exceeds the fall
velocity (w,). Therefore, the saltation mode of transport is dominant when
the bed-shear velocity is smaller than the fall velocity (ux/w, < 1).

In the present analylsis, the bed-load transport is defined as the trans-
port of particles by rolling and saltating along the bed surface. The trans-
port rate (g,) of the bed load is defined as the product of the particle
velocity (u,), the saltation height (3,) and the bed-load concentration (c,)
resulting in g, = u,8,c,. To compute the bed-load transport rate, the
particle characteristics must be known. In the present analysis, new re-
lationships for the particle characteristics are proposed. These relation-
ships are based on the numerical solution of the equations of motion for
a saltating particle. Using the proposed relationships and measured bed-
load data, the concentration of bed-load particles has been computed
and represented by a simple function. Finally, a verification analysis of
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predicted and measured bed-load transport rates for particles in the range
200-2,000 pm is presented.

CHARACTERISTIC PARAMETERS

The steady and uniform (two-dimensional) flow of water and sedi-
ment particles is defined by seven basic parameters: density of water (p);
density of sediment (p;); dynamic viscosity coefficient (n); particle size
(D); flow depth (d); channel slope (S); and acceleration of gravity (g).
These seven basic parameters can be reduced to a set of four dimen-
sionless parameters being a particle mobility parameter (u/(s — 1)gD),
a particle Reynolds” number (u4xD/v), a depth-particle size ratio (d/D)
and a specific density parameter (P, /P), (46).

In the present analysis, it is assumed that the bed-load transport rate
can be described sufficiently accurately by two dimensionless parame-
ters only, being a dimensionless particle parameter (Dx) and a transport
stage parameter (T). The Dy-parameter can be derived by eliminating
the shear velocity from the particle mobility parameter and the particle
Reynolds’ number, while the T-parameter expresses the mobility of the
particles in terms of the stage of movement relative to the critical stage
for initiation of motion. The introduction of the Dy- and T-parameters
is not new. Similar expressions have been used by Ackers-White (2) and
Yalin (46). The particle and transport stage parameters are defined as

(s - 1)5;]”3

2

a. particle parameter, Dx = D5 [
14

in which Ds, = particle size, s = specific density (p./p), § = acceleration
of gravity, v = kinematic viscosity coefficient (un/p).

1\2 2
Us) — (Usor
b. transport stage parameter, T = ) = Waw) (2)

(u*,cr)z

in which ui = (§”°/C') 4 = bed-shear velocity related to grains, C' =
Chézy-coefficient related to grains, # = mean flow velocity, uy . = crit-
ical bed-shear velocity according to Shields (38) as given in analytical (by
the writer) and graphical form in Fig. 1.

In the aforementioned concept, the u 4 -parameter is described in terms
of the mean flow velocity and a Chézy-coefficient related to the grains
of the bed. The uj-parameter can also be described in terms of a bed-
form factor (np) and the overall bed-shear velocity (ux), as follows: uj
= py° s with p, = (C/C’)* and C = overall Chézy-coefficient. Later on
this method to eliminate bed form roughness, which is simple and con-
venient, will be described in more detail and verified using data. In the
present approach it is preferred to use the mean flow velocity instead
of the overall bed-shear velocity (or energy gradient) to compute the
transport stage because the energy gradient is not an appropriate pa-
rameter for morphological computations (mathematical modeling). Other
disadvantages of the use of the energy gradient may be: (1) The vari-
ations due to nonequilibrium phenomena (rising and falling stages); and
(2) measuring problems in (isolated) field conditions.
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Characteristics of Particle Saltations.—From detailed experimental
studies (1), (17) the following general characteristics of particle saltations
can be inferred. The saltation mode of transport is confined to a layer
with a maximum thickness of about 10 particle diameters, in which the
particle motion is dominated by gravitational forces, although the par-
ticle motion may be initiated by instantaneous turbulent impulses dur-
ing upward bursts of fluid or just by the effect of shear in the sense that
a body in a sheared flow experiences a lift force due to the velocity gra-
dient near the bed. The particles receive their momentum directly from
the flow pressure and viscous skin friction. On the rising part of the
trajectory, both the vertical component of the fluid drag force and the
gravitational force are directed downwards. During the falling part of
the trajectory, the vertical component of the fluid drag force opposes the
gravitational force. The lift force is always directed upwards as long as
the particle velocity lags behind the. fluid velocity.

When a particle strikes the bed, it may either impact into the surface
or rebound off the surface particles. During the impact of a particle with
the bed, most of its momentum is dissipated by the particles of the bed
in a sequence of more or less horizontal impulses which may initiate the
rolling mode of transport known as surface creep.

Equations of Motion.—The forces acting on a saltating particle are a
downward force due to its submerged weight (F;) and hydrodynamic
fluid forces, which can be resolved into a lift force (F,), a drag force (Fp),
as shown in Fig. 2. The direction of the drag force is opposite to the
direction of the particle velocity (v,) relative to the flow, while the lift
component is in the normal direction. It is assumed that: (1) The par-
ticles are spherical and of uniform density, and (2) the forces due to fluid

3
o)

o |18 Dx< 4 Ocr =024 (D7
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FIG. 1.—Initiation of Motion According to Shields
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FIG. 2.—Definition Sketch of Particle Saltation

accelerations are of a second order (24). With these assumptions, the
equations of motion can be represented by Ref. 45.

z u-—x
mJ'c'—FL(—>—FD( >= ................................. (3a)
v, v, :

mz—FL<”_x>+PD(i>+FG=o ............................ (3b)

Uy 0,

in which m = particle mass and added fluid mass, v, = [(u — %)* +
(2)*]"° = particle velocity relative to the flow, u = local flow velocity, *
and Z = longitudinal and vertical particle velocities, # and # = longitu-
dinal and vertical particle accelerations.

The total mass of the sphere can be represented by

in which a,, = added mass coefficient.

Assuming potential flow, the added mass of a perfect sphere is exactly
equal to half the mass of the fluid displaced by the sphere. When the
flow is separated from the solid sphere, the added mass may be differ-
ent. In the present analysis, an added mass coefficient equal to 0.5 has
been used.

The drag force, which is caused by pressure and viscous skin friction
forces, can be expressed as:

in which ¢p = drag coefficient, A = 1/4 w D* = cross-sectional area of
the sphere. For the drag coefficient the (empirical) expressions given by
Morsi and Alexander (29) were used.

The lift force in a shear flow is caused by the velocity gradient present
in the flow (shear effect) and by the spinning motion of the particle
(Magnus effect). For a sphere moving in a viscous flow, Saffman (37)
derived the following expression:

0.5 y2 ou > '
F;(shear) = a; p v"°D* v, o PP (<)
z




in which o, = lift coefficient (= 1.6 for viscous flow), du/dz = velocity
gradient.

Eq. 6 is only valid for small Reynolds’ numbers. The lift force due to
the spinning motion in a viscous flow was determmed by Rubinow and
Keller (34):

FLSpin) = arpD2 0,0 o oveeiii e 7)

in which o, = lift coefficient (= 0.4 for viscous flow), w = angular ve-
locity of the particle.

Saffman (37) showed theoretlcally that for viscous flow the lift force
due to the particle rotation is less by an order of magnitude than that
due to the shear effect and may therefore be neglected. Although the
previous considerations are only valid for.viscous flow, it is assumed that
also in turbulent flow conditions the lift force is mainly caused by the
shear effect, which is described by Eq. 6 using the lift coefficient a; as
a calibration parameter. This latter approach has been used because in
the present state of research an exact expression for the lift force in tur-
bulent flow conditions is not available.

The submerged particle weight can be described by

1
FG=—6-1TD3(pS~p)g ............................................ (8)
The vertical flow velocity distribution is described by
U Z
uiz)=—1In ( ) ....... e ettt et 9
K 29 .

in which uy = bed-shear velocity, k = constant of Von Karman (= 0.4),
zg = 0.11 (v/ux) + 0.03 k; = zero-velocity level above the bed, k, = equiv-
alent roughness height of Nikuradse.

Boundary Conditions.—The bed level is assumed at a distance of 0.25
D below the top of the particles, as shown in Fig. 3. In its initial position
a particle is supposed to be resting on a bed surface of close-packed
identical particles. The most stable position will be that of a particle rest-
ing above one of the interstices formed by the top layer of the particles
of the bed surface, which yields an initial position of about 0.6 D above
the bed level (Fig. 3). It is evident that this schematization can not rep-
resent the movements of all the bed-load particles. The particles in the
compacted bed can only be moved by the highest fluid velocities of the
spectrum resulting in somewhat larger saltations. However, the majority
of the particles is supposed to be moving over the surface of close-packed
particles.

To solve Eq. 3, the initial vertical and longitudinal particle velocities
must be known. Measurements of particles in a water stream by Francis
and Abbott (17,1) indicate an average initial longitudinal and vertical
velocity of approximately 2uy . White and Schultz (45) analyzed high-
speed motion- -picture films of saltating particles in air and observed a
lift-off velocity varying from u, to 2.5u« and a lift-off angle varying from
30°-70°.

Solution Method.—Eq. 3 has been transformed to a system of ordi-
nary simultaneous differential equations of the first order. This system
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FIG. 3.—Initial Position of Particle

has been solved numerically by means of an automatic step-change dif-
ferential equation solver, resulting in a solution accurate to four digits
(35).

CALIBRATION AND COMPUTATIONAL RESULTS

As experiments on saltating bed-load particles are very scarce, the
mathematical model has not been calibrated extensively; only the ex-
periments of Fernandez Luque were considered for calibration (15,16).
Fernandez Luque carried out flume experiments on bed-load transport.
Advanced film techniques were used to measure the average particle
velocity, the average saltation length and the average number of parti-
cles deposited per unit area and time (in water) as a function of the
temporal mean shear stress. Fernandez Luque used four different bed
materials: sand, gravel, magnetite and walnut grains. The experimental
conditions were restricted to relatively low transport stages without bed
forms (plane bed). In the present analysis, only the experiment with
gravel particles (D = 1800 pm) and a bed-shear velocity (ux) of about
0.04 m/s has been used. The ratio of the bed-shear velocity and the
particle fall velocity for this experiment is about 0.25. For these condi-
tions the sediment particles can only be transported as bed load (6).
Therefore, the trajectories measured by Fernandez Luque are considered
to be trajectories of saltating particles, although the trajectories are some-
what wavy at certain locations (Fig. 4).

Two parameters were used to calibrate the model: the lift coefficient
(o) and the equivalent roughness of Nikuradse (k,). As input data the
following experimental results were used: D = particle diameter = 1,800
pm (= 1.8 mm), p, = density of sediment = 2,650 kg/m’, us = bed-shear
velocity = 0.04 m/s, v = kinematic viscosity coefficient = 1.107° m?/s.
The initial longitudinal and vertical particle velocities were assumed to
be equal to 2uyx = 0.08 m/s.

Fig. 4 shows measured and computed particle trajectories for various
lift coefficients and equivalent roughness heights.

As can be observed, both calibration parameters have a strong influ-
ence on the computed trajectories. A reduced lift coefficient results in a
reduction of the saltation length. Increasing the roughness height also
reduces the saltation length considerably, due to its direct influence on
the local flow velocity and thus on the lift and drag forces. As regards
the average particle velocity, the “‘best”” agreement between measured
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FIG. 4.—Measured (a) and Computed (b, c) Particle Trajectories for Experiment
of Fernandez Luque

and computed values is obtained for o; = 20 and k,/D = 2 to 3 (as shown
in Table 1), which is a realistic value for plane bed conditions with active
sediment transport. In an earlier study (36), the writer has analyzed a
large amount of movable bed experiments, which were explicitly indi-
cated as “‘plane bed” experiments resulting in k.-values in the range 1-
10 Dy, with a mean value of about 3Dy, . These values, which are rather
large, show that a completely plane bed does not exist for conditions
with active sediment transport. Probably, the effective roughness is caused
by very small irregularities (“‘bed forms”) of the movable bed. Similar

TABLE 1.—Measured and Computed Saltation Characteristics for Experiment of
Fernandez Luque ~

Particle Computed (o, = 20)

characteristics Measured k/D =1 k,/D = 2 k/D =3
(1) (2) 3) 4 ®)

Particle velocity

Uy Ux 5.4 8.1 6.1 4.9
Saltation length

\o/D ' 21-24 23 14.8 10.2
Saltation height

8,/D 2-3.5 3.5 2.5 1.9

1438



7 @ - e = longitudinal flow velocity
E a5 longitudinal particle velocity
124 Pt ity Sond o PR NPNIG, -
3 oafp2— oes. 2 =
g "] ™~ N Q =
2 a3 [ T~ \ kiD= 1
8 / N
s o2
T 01 — %
5 10 15 20 2 »
0 o 10 20 30 40 50
——pdistance, x x 10° (m}
8
s
g 3 lift force FIFg
- @ — === drag force Fp/fg
g FG = submerged weight
" =
@ 4
R4 oo
2 e~ >__;o:::::-_g L ——20—1 25 l )
é OO 10 20 30 40 50
T ———p distance, x » ‘IO3 (m)
—0= X5=0 25=0
£ ——— ReT2 Uy I5=2 Uy
"5 2 =X %o =4 Uy 25=4 uy
54 NIO T —, —f— Xz I
X . 4 |~ o0— —d 4 *or2 Uy 29=4 uy
- 3 2o ™ SN L
5 LT S SN
> ~
£ 2£; \\\\\A
2 \\ Ou_ N\, — X
S SV D
5 10 15 20 %s I 30
b 40 50

) 20 ED)

——3 distance, x » 103 (m)

FIG. 5.—Computed Particle Velocity (a) Forces (b) Trajectories (c) for Experiment
of Fernandez Luque

k-values were reported by Kamphuis: k; = 2.5 Dy, (26), Hey: k, = 3.5
Dy, (23), Mahmood: k, = 5.1 Dg, (27), and Gladki: k; = 2.3 Dy, (19). Both
the measured saltation height and the measured particle velocity are “best”’
represented for oy = 20 and k,/D = 2 to 3. For these values, however,
a relatively large discrepancy between the measured and computed sal-
tation lengths can be observed (Table 1 and Fig. 4). It is supposed that
the measured particle trajectories are influenced somewhat by turbulent
motions resulting in a larger saltation length. Particularly, the wavy pat-
tern of the measured trajectories indicates the influence of the upward
fluid forces by turbulent action. Fig. 5 presents the computed flow and
particle velocity and the computed fluid forces during the trajectory and
the influence of the initial particle velocity on the trajectory. The influ-
ence of the initial particle velocity is relatively small. The velocity of the
particle relative to the flow is greatest after take-off and smallest just
before impact. According to Fernandez Luque, the particles must ex-
perience a lift force by the shear flow which is approximately equal to
their submerged weight, because for the greater part of the trajectory
both the observed vertical and longitudinal accelerations of the particles
were very small. However, this theory of Fernandez Luque is contra-
dicted by the mathematical model, which shows (Fig. 5) that the lift force
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due to shear is not more than half the submerged weight for the greater
part of the trajectory.

Only very close to the bed does the lift force exceed the submerged
weight considerably up to a value of three times the submerged particle
weight for o, = 20. Such high lift forces close to the bed can also be
derived from the experiments of Sumer (40) with plastic spheres (di-
ameter = 3,000 wm), which were slightly heavier than water (density =
1,009 kg/m?). The particle trajectories were recorded by using a stereo-
photogrammetric system. The lift force in each particle direction was
computed from the equation of motion for the vertical direction by sub-
stituting the particle accelerations determined from the measured time
records of the particles. For a Reynolds” number Ry = (uxD/v) = 69, the
ratio of the lift force and the submerged particle weight close to the bed
was about 5, as shown in Fig. 6 (Fernandez Luque experiments: Ry =
72). Fig. 6 also expresses the influence of the lift coefficient on the ver-
tical distribution of the lift force. As can be observed, an increase of the
lift coefficient (o) from 20-30 has a relatively small effect in the higher
part of the trajectory.

Finally, some remarks must be made with respect to the lift coefficient
(o). The value a;, = 20, which is needed to represent the particle tra-
jectories measured by Fernandez Luque, is rather large compared with
the value o = 1.6 for laminar flow (see Eq. 6). As the lift coefficient (a;)
is used as a calibration parameter, it reflects all influences (for example,
the fluctuating turbulent motions, additional pressure forces in the prox-
imity of the wall and additional forces due to local fluid accelerations
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which are not taken into account by the mathematical model.

To get some insight into the saltation mechanism for small sand par-
ticles, the particle trajectory for a particle of 100 pm was computed. For
comparison with a large particle, the flow conditions were taken equal
to those in the experiments of Fernandez Luque (D =1,800 pm). Fur-
ther, it was assumed that the lift coefficient (o;) computed by Saffman
(37) for viscous flow (o, = 1.6) also holds for hydraulically smooth flow
(R« = uxD/v = 5), while for rough flow conditions (R« = 70) the lift
coefficient is supposed to be constant a; = 20. For the transitional flow
regime (5 < R« < 70) the lift coefficient is supposed to vary linearly from
1.6 to 20.

Fig. 7 shows the computed trajectories for various lift coefficients and
equivalent roughness heights for a 100 pm-particle while also the lon-
gitudinal distribution of the lift and drag forces are presented. As can
be observed, the saltation height and length are relatively sensitive to -

“the value of the lift coefficient. The influence of the equivalent rough-
ness height is rather small. Compared with the experiments of Fernan-
dez Luque (equal flow conditions) in which coarse particles were used
(Fig. 5c), the dimensionless saltation length of the 100 pm-particles is
much larger, while the saltation height is smaller. These differences can

computed
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be explained by considering the longitudinal distribution of the lift and
drag forces (Figs. 5b and 7). For a small particle the saltation process is
dominated by the drag force, which is always larger than the lift force.
For a large particle, this situation is just the opposite with a dominating
lift force. Another remarkable phenomenon is the large value of the ini-
tial lift and drag forces with respect to the submerged particle weight
and also the rapid and large decrease of these forces in the higher parts
of the trajectory.

COMPUTATION OF SALTATION CHARACTERISTICS FOR VARIOUS
FLow CONDITIONS

To learn more about the relationship between the saltation character-
istics and the flow conditions, the saltation characteristics were com-
puted for various particle diameters (D = 100-2,000 p.m) and flow con-
ditions (u, = 0.02-0.14 m/s) assuming a flat bed (35).

The following assumptions were used: k;, = 2D, Xy = Zo = 2u,, 2(0)
= 0.6D, p, = 2,650 kg/m>? v = 1.107° m’/s, a,, = 0.5, a; = 1.6 for R,
<5, ap = 20 for R, = 70 and o = 1.6 to 20 (linear) for R, = 5-70,
k = 0.4.

Saltation Height.—For each set of hydraulic conditions, the T- and
D,-parameters were computed and related to the computed (dimen-
sionless) saltation height resulting in a set of curves, as shown in Fig.
8. These curves can be approximated with an inaccuracy of about 10%
by the following simple expression:

By
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FIG. 8. —Computed Saltation Height as Function of Transport Stage and Particle
Parameter
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Fig. 8 clearly shows that for small particles the dimensionless saltation
height is smaller than for large particles at the same transport stage. Also
the dependency on the transport stage is evident.

In this context the experiments of Williams (43) are of importance.
Williams carried out flume experiments with bed-load transport (Dsy, =
1,350 pwm) in channels of different widths and depths. According to visu-
al estimation, the bed-load particles moved within a zone of no more
than about 8 particle diameters high at the largest transport stage (plane
bed). The height of the bed-load layer was independent of the flow depth,
but increased as the transport stage decreased. Using the data of Wil-
liams (u, = 0.09 m/s, 4, = 0.03 m/s), Eq. 10 predicts a saltation height
of about 10 particle diameters, which is remarkably close to the observed
value. Francis (17) argues that Williams observations of 8 D results from
an error in defining the top of the bed. According to the measurements
of Francis, the maximum saltation height is 2 to 4D. To the opinion of
the present writer, the experiments of Francis are not representative for
natural conditions because of the small flow depths (d = 0.05 m) used
by Francis. Furthermore, the particle sizes were rather large compared
with the height of the shearing zone, where large velocity gradients do
occur. Therefore, the saltation heights measured by Francis are sup-
posed to be too small to represent natural conditions.

The saltation height according to Eq. 10 has also been compared with
the results of the models of Reizes (33) and Hayashi-Ozaki (22). For a
gravel particle with D = 1,000 um, a bed-shear velocity u, = 0.04 m/s
and v = 1.10° m?/s, Eq. 10 predicts 3,/D = 4, the model of Reizes yields
3,/D = 3 and that of Hayashi-Ozaki produces 8,/D = 0.7. The latter
result is much smaller than the results of the other two models, which
show reasonable agreement. For the experiment of Fernandez Luque (D
= 1,800 pm, u, m/s), the model of Hayashi-Ozaki predicts 8,/D = 0.2.
This value is about 10 times smaller than the observed values (Table 1).
It can be concluded that the model of Hayashi-Ozaki yields saltation
heights which are much too small. Probably, because the lift forces near
the bed surface were not modeled.

Finally, it is remarked that Eq. 10 may predict relatively high values
for the saltation height, because it is based on computations for indi-
vidual particles, neglecting the influence of adjacent particles. In the case
of collective motion of the particles, the actual saltation dimensions as
well as the particle velocity, will be reduced by particle collisions in the
bed-load layer.

Saltation Length.—Fig. 9 presents the saltation length (\,) as a func-
tion of the transport stage and the particle parameter. At the same trans-
port stage a relatively small particle performs a shorter saltation than a
large particle, because the bed-shear velocity in the small particle case
is much smaller. .

The curves, as shown in Fig. 9, can be approximated (with an inac-
curacy of about 50%) by the following simple expression:

Ay
D

Experimental support for the computed saltation lengths can be ob-
tained from experiments concerning the sampling efficiency of bed-load
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FIG. 9.—Computed Saltation Length as Function of Transport Stage and Particle
Parameter .

samplers carried out by Poreh et al. (31). They observed saltation lengths
in the range 5Ds5-40Ds, (Dsp = 1,900 um, u, = 0.04-0.05 m/s). For
these conditions, the mathematical model predicts a range from 10 Dsy—
30D, (Fig. 9). The model of Hayashi-Ozaki predicts a range from 1 Dsy—
3Ds,, which is about 10 times smaller than the observed values. Reizes
did not present results for the saltation length.

Particle Velocity.—Bagnold (7) assumed that in steady continuing sal-
tation the mean longitudinal velocity relative to the flow is that velocity
at which the mean fluid drag on the particle is in equilibrium with the
mean longitudinal frictional force exerted by the bed surface on the par-
ticles. The relationship of Bagnold can be represented by the following
general expression:

U, ecr 0.5
B = (12)

Uy 0
in which u, = bed-shear velocity, 8 = u% /((s — 1)¢D) = particle mobility
parameter, 0., = critical particle mobility parameter according to Shields
(38), oy, o, = coefficients.

As the saltation height is a function of the sediment size (D,), also
the mean flow velocity along the particle trajectory, and thus the a;-
coefficient will be a function of the sediment sieze (D, ). Fig. 10 repre-
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sents the computed (using Eq. 3) particle velocity as a function of the
flow conditions and sediment size. The curves, as shown in Fig. 10, can
be approximated (with an inaccuracy of about 10%) by:

0.5
Up e(:r
—=9+26logD, —8|—| ... (13)
Uy 0

For a particle mobility parameter (8) approaching the critical value, the
particle velocity is supposed to approach zero. Fig. 10 shows some data
of Fernandez Luque (15) and Francis (17). As regards the experiments
of Fernandez Luque, only the sand (D = 900 um) and the gravel (D =
1,800 um) experiments for a flat bed-surface slope (B = 0) were used.
From the experiments of Francis only the gravel data were used. As can
be observed, the (scarce) data do not confirm the influence of the D,-
parameter as expressed by the mathematical model. More experimental
research is necessary to investigate the D,-influence. The computational
results can also be approximated (20% inaccuracy) by the following sim-
ple expression:

Uy

=1
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Using an expression similar to Eq. 12 and data fitting, Engelund and
Fredsee (13) derived:

u 9 0.5
2=10-7 [—e—] ............................................ (15)

Uy

Eq. 15 is shown in Fig. 10. The agreement between Eq. 15 and the data
of Fernandez Luque appears to be less good as presented by Engelund
and Fredsee in their original paper (13).

The influence of particle shape was investigated by Francis (17). His
experiments show that angular particles travel slower than spherical par-
ticles. The spherical particles made violent rebounds from the bed and
were lifted to higher levels where they experienced higher flow veloci-
ties than the angular particles, resulting in a relatively large average par-
ticle velocity.

CompPuTATION OF BED-LOAD CONCENTRATION

In the present analysis, the bed-load transport is defined as the prod-
uct of the thickness of the bed-load layer, the particle velocity and the
bed-load concentration. Using measured bed-load transport rates, the
bed-load concentration can be determined if both other parameters are
known. In this section a general function for the bed-load concentration
will be' derived both for small and large particles. Firstly, however, an
effective grain-shear velocity must be defined to eliminate the influence
of bed forms. : '

Effective Grain-Shear Velocity.—When bed forms are present, the in-
fluence of the form drag, which does not contribute to the bed-load
transport, must be eliminated. As shown in Fig. 11, the measured grain-
shear stress along a bed form varies from zero in the bed-form trough
to its maximum value at the top. To compute the average bed-load trans-
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port, it is necessary to estimate the average grain-shear stress (;) at the
upsloping part of the bed form. It is assumed that at or near the location
where the average grain-shear stress is acting, the local flow velocity
profile is about the same at that for a plane bed flow with the same mean
flow velocity () and particle size (Ds). Therefore, the average grain-
shear stress is:

(@)’

A T e S 16
Tp pPg ( C,)z ( )
in which 7, = (effective) grain-shear stress; it = cross section or depth-
averaged flow velocity; and C' = Chézy-coefficient related to grain
roughness.

As the transport stage parameter (T) in Eq. 2 is given in terms of the
grain-shear velocity (1), Eq. 16 is transformed to:

Uy = o R LR PP TR TR P TR PRPRRPPRPS (17)
The Chézy-coefficient related to the surface (or grain) roughness of the
sediment bed is defined as:

12R,
C'=18log =) ... (18)

90

in which R, = hydraulic radius related to the bed according to the side-
wall correction method of Vanoni-Brooks (42).

As stated before, the effective roughness height of a movable “plane”
bed surface may be about 3Dy . This value is based on the analysis of -
about 100 flume and field data with plane bed conditions (36).

To evaluate the value of the effective bed-shear stress expressed by
Eq. 16, an experiment of Raudkivi (32) concerning the flow over small
ripples is considered. He conducted experiments in a small closed-circuit
flume (width = 0.075 m). The bed material consisted of particles with
D5, = 400 pm and Dy, = 580 um. The bed was covered with small rip-
ples. To carry out accurate pressure measurements along one individual
ripple, the bed forms over the entire length of the flume were replaced
by identical bed forms of galvanized metal sheet. Along one ripple the
normal pressures (by means of taps) and surface shear stresses (by means
of Pitot-tubes) were measured. The average shear stress related to the
form drag was determined by averaging the measured pressure distri-
bution over the ripple length (\), resulting in 7} = 0.46 N/m?>. In a similar
way, the average surface shear-stress was found to be 1, = 0.15 N/m?.
The measured shear-stress distribution is shown in Fig. 11. Conse-
quently, the total average bed-shear stress is 7, = 7} + 7} = 0.61 N /m?,
which is in good agreement with the average bed-shear stress based on
thze surface slope (5) and the hydraulic radius (R,) yielding 7, = 0.65 N/
m” (32). :

The effective surface shear-stress was computed according to Eq. 16
and

c' v

11.5a R,
C' =18log =60 m"




resulting in 7, = 0.21 N/m’. To compute the Chézy-coefficient related
to the surface roughness (C'), a resistance Eq. 19 for hydraulically smooth
flow conditions was used because the ripples consisted of relatively
smooth galvanized metal sheet material. In the case of a sediment bed,
Eq. 18 should be used. '

' Summarizing, it is concluded that the present method, which is sim-
pler and no more crude than other existing methods (2,11,12), yields an
acceptable estimate of the average skin friction at the upsloping part of
the bed forms (Fig. 11). _

Thickness of Bed-Load Layer.—According to Einstein (11), the bed-
load transport is confined to a layer just above the bed in which the
mixing is so small that it cannot affect the particles so that suspension
will be impossible. Einstein assumes that -this layer has a thickness of
two particle diameters for all flow stages. In the present analysis it is
assumed that in the case of dominating bed-load transport, the sediment
particles are moving along the bed by rolling or by saltating or both. In
the case of dominating suspended-load transport, the movement of the
(bed-load) particles close to the bed is mainly caused by the longitudinal
velocity components during the fluid inrush phase (sweeps), while dur-
ing the turbulent outrush phase (bursts) the bed-load layer is disrupted
locally by bursts of fluid with sediment particles moving into suspension.

As a simple approach it is assumed that the thickness of the bed-load
layer for all flow and sediment conditions is equal to the saltation height
and can be described by Eq. 10 with a minimum value of two particle
diameters.

Bed-Load Concentration.—Using measured bed-load transport rates (g,),
the bed-load concentration (¢,) was determined as:

3

in which u, = particle velocity according to Eq. 13, 8, = thickness of bed-
load layer according to Eq. 10.

In the study of the motion of solitary particles, the particles were as-
sumed to be of uniform shape, size and density. Here it is assumed that
the size distribution of the bed material can be represented by the Ds,
and the geometric standard deviation o, . :

In all, 130 flume experiments with particle diameters ranging from 200~
2,000 pm were used. Only experiments in which the bed-load transport
was measured either directly or indirectly, were selected. The data were
those of Guy et al. (20), Falkner (14), Gilbert (18), Tsubaki et al. (41),
Fernandez Luque (15), Willis (44) and Williams (43). Experiments with
a flow depth smaller than 0.1 m and a Froude number larger than 0.9
were not considered. The influence of the side-wall roughness was elim-
inated by using the method of Vanoni-Brooks (42). Where the water
temperature was not reported, a value of 15° C was assumed.

Extensive analysis of the data showed that the bed-load concentration
can be represented by (35):
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FIG. 12.—Bed-Load Concentration as Function of Transport Stage and Particle
Parameter

in which ¢; = maximum (bed) concentration = 0.65.

Eq. 21, as well as the computed values, are presented in Fig. 12. About
80% of the computed values are within the range of half and double the
average value according to Eq. 21, which is rather good for a sediment
transport theory. As only a minority (25%) of the data covers the ex-
periments with particles smaller than about 300 pm, there is a need for
further experimental investigation of the bed-load transport in the small
particle range to increase the validity of the proposed Eq. 21. Finally, it
must be stressed that Eq. 21 only gives an estimate of the concentration
of the bed-load particles in the saltation layer at the upsloping part of
the bed form. In Part 2 about suspended load (to be published in the
Nov. Journal of Hydr. Engrg.) the proposed Eq. 21 will be modified so
that it can be used to predict the reference concentration for the con-
centration profile. '

CoMPUTATION OF BED-LOAD TRANSPORT

Using Egs. 10, 14 and 21, the bed-load transport (in m?/s) for particles
in the range 200-2,000 pm can be computed as:

, 2.1
9y
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The input data are: mean flow velocity (i), mean flow depth (d), mean
flow width (b), particle diameters (Ds,, Do), density of water and sed-
iment (p, p;), viscosity coefficient (v) and acceleration of gravity (g). The
computation of the bed-load transport is as follows:

1. Compute particle parameter, Ds using Eq. 1.

2. Compute critical bed-shear velocity, ux. according to Shields
(Fig. 1).

3. Compute Chézy-coefficient related to grains, C' using Eq. 18.

4. Compute effective bed-shear velocity, ui (with a maximum value
equal to uy) using Eq. 17.

5. Compute transport stage parameter, T using Eq. 2.

6. Compute bed-load transport, g, using Eq. 22.

VERIFICATION

The second phase of the analysis was focused on the verification of
Eq. 22 for bed-load data only. For comparison the formulas of Engelund-
Hansen (12) and Ackers-White (2) were also applied. These two for-
mulas gave the best results in a verification study carried out at the H.R.S.
Wallingford (25). The typical bed-load formula of Meyer-Peter and Miiller
(28) was also used. Most of the flume data used for verification were
selected from a compendium of solids transport data compiled by Pe-
terson and Howells (30). Brownlie (8) has shown that various sets of

TABLE 2.—Comparison of Computed

Flow Temper-
velocity, . ature,
Num- in Flow in
ber meters depth, Particle degrees
of per in diameter Centi-
Source tests second meters (x107% m) grade
(1) (2) 3) (4) (5) (6)
Field Japanese Channels 12 0.63-0.93 | 0.20-0.73 1,330-1,440 -
data {Tsubaki)
Mountain Creek 43 0.49-0.79 | 0.10-0.43 900 15-25
(Einstein)
Skive-Karup River 1 0.6 1.0 470 10
(Hansen)
Flume Guy et al. 22 0.36-1.29 | 0.15-0.23 320 8-34
data Delft Hydraulics 18 0.40-0.87 | 0.10-0.49 770 12-18
Laboratory
Stein 38 0.42-1.10 | 0.10-0.37 400 20-26
' Meyer-Peter 18 0.45-0.88 | 0.11-0.21 1,000-1,500 —_
U.S.W.E.S. (sands) 48 0.44-0.58 | 0.10-0.20 1,000 14-18
U.S.W.E.S. (synth. | 183 0.44-0.57 | 0.15-0.27 500-1,100 19-25
sands)
Singh 60 0.31-0.66 | 0.10-0.20 |. 600 13-20
Znamenskaya 10 0.53-0.80 | 0.11-0.20 800 J—
Southampton B 73 0.31-0.70 | 0.15-0.46 480 22-30
East Pakistan 21 0.44-0.70 { 0.15-0.30 470 25-30
Williams 33 0.46-1.04 | 0.15-0.22 1,350 16-26
Total 580
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this data bank contain serious errors. The present writer has eliminated
these errors before using the data in the verification analysis. Only ex-
periments with a Dy-value larger than 12 (=500 pm) were selected, as-
suming that for these conditions the mode of transport is mainly bed-
load transport. For nearly all data the ratio of the (overall) bed-shear
velocity and the particle fall velocity was smaller than one (ux/w, < 1).
In addition, data from Guy et al. (20), Stein (39) and the Delft Hydraulics
Laboratory (9) concerning bed-load transport only were used. In all, 524
flume tests were available for verification. To account for side-wall rough-
ness, the method of Vanoni-Brooks was used. As regards reliable field
data, which are extremely scarce, only three data sets were considered:
some small Japanese channels (Tsubaki, et al. (41), the Mountain Creek
in the U.S.A. [(Einstein (10)] and the Skive-Karup River in Denmark
[Hansen (21)]. None of the verification data were used in the calibration.

To evaluate the accuracy of the computed and measured values, a dis-
crepancy ratio () has been used, defined as:

9, , computed
r =
g, , measured

The results are given in Table 2. It is remarked that the formulas of
Engelund-Hansen and Ackers-White were not applied to the data of Guy
et al. and Stein (small particle range) because for these data the formulas
will predict the total load and not the bed-load transport.

and Measured Bed-Load Transport

SCORES (PERCENTAGE) OF PREDICTED BED LOAD IN DISCREPANCY RANGES

075=r=15
Enge- Meyer- 05=r=2 0383=r=3

Van | lund/ |Ackers/| Peter | Van Van

Rijn | Hansen | White | Mller | Rijn | E-H | AW | MPM | Rijn | E-H | AW | MPM
(7) (8) (9) (10) [ (1) | () ) (13) | (14) | (15) | (16) | (17) | (18)
48% | 61% 83% 57% 78% | 87% | 91% | 91%| 86% | 100% | 100% | 96%
28 56 21 74 54 81 67 95 84 93 98 | 100
100 0 0 0 100 0 0 100 {100 100 0 |100
64 — — 51 92 — — 87 | 100 — — {100
13 17 78 0 75 83 | 100 71 88 94 |100 86
27 — — 4 63 — — 4 92 — — 22

6 82 24 ) 29 94 59 41 82 94 94 76
50 49 80 17 92 | 100 96 50 |100 |100 | 100 60
50 39 49 30 82 85 86 56 96 99 99 74
58 55 80 3 92 97 | 100 43 100 | 98 |100 78
30 40 40 50 60 50 70 70 80 90 80 (100
44 11 34 41 87 27 64 73 .92 63 84 85
10 5 10 | 14 29 5 10 33 62 10 29 67
20 74 23 37 71 89 60 65 97 1100 82 83
2% | 43% 48% 23% 77% | 76% | 77% | 58% | 93% | 90% | 92% | 76%
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The proposed method scores an average percentage of 42% in the dis-
crepancy ratio range of 0.75-1.5, and an average percentage of 77% in
the range 0.5-2. The formulas of Engelund-Hansen and Ackers-White
have about the same accuracy. In the range 0.5-2 the Engelund-Hansen
formula scores a percentage of 76%, while the Ackers-White formula has
a value of 77%. The formula of Meyer-Peter and Miiller yields the least
good results with a score of 58% in the range 0.5-2. A sensitivity anal-
ysis showed that the computed bed-load transport according to the pro-
posed method is rather sensitive to the computed grain-shear velocity
(u%) in the case of a small flow depth (flumes) and a large particle di-
ameter (Ds; = 1,000-2,000 um). For example, the data of Meyer-Peter
had a considerably better score for a grain roughness k, = Dy, instead
of k; = 3Dy . An analysis of the computed and measured transport rates
showed that the computed values are somewhat too large for a T-pa-
rameter in the range 1-5. No serious errors in relation to the Dy-param-
eter are present (35). Finally, the accuracy of the measured transport
rates is reviewed. It must be stressed that an investigation of flume ex-
periments performed under similar flow conditions (equal depth, veloc-
ity, particle size, temperature) by various research workers showed de-
viations upto a factor 2 (35). Thus, even under controlled flume conditions,
the accuracy of the measured values may be rather low, which may be
caused by the influence of the applied width-depth ratio (43), the ap-
plied adjustment period to establish uniform flow conditions and the
applied experimental method (sand feed or recirculating flume).

Concludingly, it may be stated that it is hardly possible to predict the
transport rate with an inaccuracy less than a factor 2.

CONCLUSIONS

The aim of this study was to investigate the motion of the bed-load
particles and to establish simple expressions for the particle character-
istics and transport rate both for small and large particles. Particularly,
in the small particle range (100-500 pm) a reliable bed-load transport
formula is of importance because the predicted bed-load transport can
be used as a boundary condition (reference concentration) in the math-
ematical modelling of suspended sediment, as will be shown in Part 2
about suspended load (to be published).

The main conclusions of this study are:

1. The saltation of a small particle is dominated by drag forces re-
sulting in long but flat particle trajectories, while the saltation of a large
particle is dominated by lift forces resulting in short but high trajectories.

2. Close to the bed the lift force is relatively large compared with the
submerged particle weight both for small and large particles.

3. The saltation height and the particle velocity, which were used to
determine the bed-load concentration can be represented by simple
expressions.

4. Using the expressions for the saltation height and the particle ve-
locity, a simple function for the bed-load concentration has been derived
from measured bed-load transport rates.

5. The proposed equations predict a reliable estimate of the bed-load
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transport in the particle range 200-2,000 pm, which is based on a ver-
ification study using 580 flume and field data, resulting in a score of
77% of the predicted bed-load transport rates in the range of 0.5-2.0
times the measured values.

6. The overall inaccuracy of the predicted transport rates may not be
less than a factor 2 because the data used for calibration and verification
show deviations upto a factor 2.
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ApPPENDIX Il.—NOTATION

The following symbols are used in this paper:

A = area of cross section (L?);
C = Chézy-coefficient (L°°T");
C' = Chézy-coefficient related to grain roughness (L*°T™");
¢, = Dbed-load concentration (volume = p, 10° ¢, in ppm);
cp = drag-coefficient; :
D = particle diameter (L);
D« = dimensionless particle parameter;
d = flow depth (L);
Fp = fluid drag force (MLT “?);
F; = gravitational force (MLT 2);
F, = fluid lift force (MLT ~?);
F, = frictional force (MLT %)
g = acceleration of gravity (LT?);
k, = equivalent roughness of Nikuradse (L);
m = mass (M);
Q = flow discharge (L’T");
g, = Dbed-load transport per unit width (L*T™");
R, = hydraulic radius (L);
R = Reynolds number;
r = discrepancy ratio;
S = slope;
s = specific density;
T = transport stage parameter;
u = longitudinal flow velocity (LT™');
# = average flow velocity (LT™");
u, = particle velocity (LT™');
ux = bed-shear velocity (LT');
uy = effective bed-shear velocity (LT™');
ux = critical bed-shear velocity according to Shields (LT ');
v, = relative particle velocity (LT ');
w, = particle fall velocity of bed material (LT');
x,z = longitudinal, vertical coordinate (L);
%,Z = longitudinal, vertical particle velocity (LT!);
%, = longitudinal, vertical particle acceleration (LT-?);
zo = zero-velocity level (L);
o; = lift coefficient;
a, = added mass coefficient;
8, = saltation height (L);
8 = particle mobility parameter;
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~constant of Von Karman;

saltation length (L);

dynamic viscosity coefficient (ML~ T™?);

bed form factor; '

kinematic viscosity coefficient (L*T™?);-
density of fluid (ML™>);

density of sediment (ML ™3);

geometric standard deviation of bed material;
bed-shear stress (ML™'T 72);

effective bed shear stress (ML™'T~?); and

‘angular velocity (T77).
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