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ABSTRACT

Experimental flume data on the initial motion characteristics of size fractions
contained in seven graded bed materials are compared with the behaviour of
uniform bed materials of similar size. Expected trends in particle stabilities —
higher thresholds for smaller sizes and lower thresholds for larger sizes in a
mixture — are found. One size fraction, DA, in each mixture begins to move
under uniform bed material conditions. Whether this size is larger or smaller
than Dsg inversely depends upon grading. Shielding and exposure effects on
particles smaller and larger respectively than DA appear to be common
throughout the mixtures analysed.



NOTATION
a  Regression coefficient
A Value of Fgr at initial motion for uniform sediment
Al Value of Fgr at initial motion for a particle in a graded sediment
b Regression exponent
C Coefficient in sediment transport function for uniform sediment
C! Coefficient in sediment transport function for graded sediment
d (m) Mean depth of flow
D (m)

Sediment diameter

Dj6. D35, Dsg, Dgg (m)  Sediment diameter for which 16%, 35% 50% and 84% of the sample is finer

DA (m) Sediment diameter of a graded bed material which exhibits the same
threshold conditions as a uniform sediment of the same diameter
Dgr Dimensionless grain size
Fgr Sediment mobility
g (m/s?) Acceleration due to gravity
Ggr Dimensionless observed sediment transport rate
Ggrl Dimensionless adjusted sediment transport rate
i Hydraulic gradient
m  Exponent in sediment transport function for uniform sediment
m!l  Exponent in sediment transport for graded sediment
n Transition exponent
s Relative density of sediment
v+ (m/s) Shear velocity
V (m/s) Mean velocity
X Sediment transport, mass flux per unit mass flow rate
¢ (kg/)  Density of fluid
v (m2/s) Kinematic viscosity of fluid
7 Tractive shear
« Coefficient of rough-turbulent equation
/.p; Percentage of size fraction in transported load
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INTRODUCTION

Purpose and scope of study

Ackers-White method for
computing uniform sediment
transport

The natural non-uniformity of river bed materials is treated in a simplified
manner in both the derivation and application of most sediment transport
formulae. Fluid transport processes are sufficiently complex that it is conve-
nient to simplify the problem of sediment movement by considering uniform
bed materials. Even with this assumption there is considerable disparity
amongst the various formulae (White et al., 1973). However, the necessity to
apply these formulae to natural waterway demands an assessment of ac-
curacy, and consequently, a more thorough examination of the effects of
non-uniformity of bed material is required.

For beds of coarse uniform sediments such as sands and gravels, the forces
resisting motion are caused mainly by the weights of the particles. However,
when the bed is composed of a heterogeneous material, the initial movement
of any specific size depends not only on its weight, but also upon the varia-
tion in stability caused by the relative size of surrounding particles. In a
heterogeneous bed material the finer sizes on the surface are shielded by
larger ones thereby increasing stability, and the larger sizes being more expos-
ed will exhibit less stability than their uniform counterparts.

Experimental results, for example by Rakoczi (1975) and Fenton and Abbot
(1977), field studies by Church (1972), and the theoretical work by Egiazaroff
(1965) all offer support for the expected trend in particle stabilities. Rakoczi
was able to illustrate larger threshold shears for smaller sizes and smaller
threshold shears for larger sizes, and in particular that the Dsg size of sandy-
gravel mixtures have the same threshold as uniform sediments as predicted by
the Shields’ curve (Yalin, 1972; pp. 80-86, Figure 4.7). This feature was not
found for sand or gravel mixtures alone, however. Fenton and Abbot’s study
of the effect of protrusion heights on threshold conditions illustrated, for ex-
ample, that coarse sediments with large protrusions exhibited threshold con-
ditions one sixth of the Shields’ value. Church’s results from field studies of
coarse bed material streams indicated that sediments lying on the bed surface
(therefore with large exposures) exhibited threshold conditions less than the
Shields’ value, and similar to Fenton and Abbot’s results. Also, from
measurements at low bed load transport rates, Church was able to illustrate
the possible magnitude change in the Shields’ parameter for particles incor-
porated within the stream bed. Where structural strengthening, such as im-
brication occurs, coarse particles (> 3mm) can require threshold conditions
one-quarter larger than the expected Shields’ parameter. Using a theoretical
approach Egiazaroff presented a relationship for threshold conditions for
any size in a mixture providing that the size distribution of the transported
material is known. Egiazaroff’s work led to the conclusion that the Dsg size
of a mixture will move at a higher threshold than the same size as a uniform
material.

The purpose of this report is to present the results of a study similar in desiign
to Rakoczi’s (1975), but where initial and established motion parameters are
defined by the Ackers and White (1973) approach to sediment transport. For
seven bed materials of varying grading and particle sizes, initial motion
characteristics of selected size fractions are determined, and compared with
the Ackers-White and Shields’ initial motion curves for uniform bed
material. Established motion characteristics of these same size fractions in
mixtures also are compared to the Ackers-White established motion
parameters.

Ackers and White (1973) described the movement of sediment in terms of
three dimensionless groups: (1) particle mobility, Fgr; (2) sediment transport,
Ggr; and (3) a dimensionless particle size, Dgr.

The particle mobility number is a ratio of shear forces and immersed weight.
For coarse sediments, transport is considered a bed process. The relationship
between effective shear stress and the mean stream velocity can be described
by the rough turbulent equation: T
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where

7 shear stress

£ mass density of fluid

V mean velocity of flow

d mean depth of flow

D particle size

a coefficient of rough turbulent equation
A fine sediment is considered to be transported in the main body of the flow,
where it is suspended by turbulence. As the intensity of turbulence is depen-

dent upon the total energy degradation, rather than on a net grain resistance,
for fine material:

T _ _ T
; =V, T Vedi )
where

v shear velocity

g acceleration due to gravity

i hydraulic gradient

For coarse sediments the equation for particle mobility is

Fgr = v . 1 (3)
Vg D(s—1) V32 log (a g—)

and for fine sediments

Fgr = — )

Vi
Ve D(s-1)
where s is the relative density of the sediment.

An extensive analysis of flume data led to the definition of Dgr > 60 for
coarse sediments, and Dgr = 1.0 for fine sediments. Sizes transitional bet-
ween these two limits can exhibit both fine and coarse sediment behaviour.
Which behaviour is dominant depends upon the size relative to either limit. A
general equation for particle mobility is then:

Fgr &)

n 1-n
- " \4 =
Ve D(s-1) L\/ﬁ log (& —g—)_l

where n is a transitional exponent ranging from 1.0 for fine sediment to 0 for
coarse. The value of n between 0 and 1 depends upon Dgr. For sand the tran-
sitional range includes particles approximately between 0.04 and 2.5mm.

The dimensionless particle diameter, Dgr, is defined as the cube root of the
ratio of immersed weight to viscous forces or:

Der = D (&fg:_ll)m 6)

The expression for sediment transport is based on the stream power concept,
in the case-of coarse sediments using the product of net gain shear and stream
velocity as the power per unit area of bed, and for fine sediments using the
total stream power. By combining the efficiency of transport with the mobili-
ty number a transport parameter is:
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EXPERIMENTAL DATA

Size fraction: other sources

United States Waterways
Experimental Station
(USWES) (1935)
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where X is the sediment transport as mass flux per unit mass flow rate. For
coarse sediments (n = 0) Eq. 7 reduces to:

Ggr = Xd ®
sD
and for fine sediments (n = 1):
Xd ¥x
Ger = X4 °* ©)
& sD V

As functional terms Eq. 7 is

Ggr = f (Fgr; Dgr) (10)

and the generalized transport equation is

m
Ggr = C (Eia ~1) (11

where C and m are the coefficient and exponent of the sediment transport
function, respectively and A is the initial motion parameter or the value of
Fgr below which no significant transport is considered to take place.

On the basis of over 1000 sets of experimental flume data the parameters C,
m and A were determined as single value functions of Dgr. These relation-
ships are shown in Figure 1. A was determined as Fgr when Ggr = 10-4.

The following analysis of graded sediment transport focuses upon the observ-
ed variations in C, m and A (for graded sediments C!, ml, and Al). As the
process of transportation will not alter whether a moving particle is from a
uniform or graded bed material, the n-Dgr relationship (cf. Figure 1) is con-
sidered valid and is not investigated.

A range of transport rates are necessary to determine the form of the Ggr-Fgr
functions for each size fraction in motion. For any bed material a series of ex-
perimental results are required which range from low transport rates for
definition of Al, to higher transport rates to provide sufficient data for
regression analysis to define C! and m!.

Further criteria for data were a range in bed material gradings, a range in
mean size parameters of bed materials, and to enable direct comparisons,
some overlap of sizes amongst the mixtures.

Few studies of sediment transport provide the required information on the
distribution of size fractions in transport, and even fewer studies provide a
sufficient range of transport rates for a bed material. The three sources of
data chosen for this study are listed and discussed below. Operational and
measurement procedures differ amongst the sources, and these differences
have led to several qualifications in the use of their results. Summaries of bed
material characteristics, particle size distributions, and ranges in hydraulic
conditions and transport rates are included in Tables 1, 2 and 3 respectively.
The number of separate experiments that led to a measurement of transport
are listed in Table 3, these are referred to as runs. In the experiment of Gibbs
and Neill (1972, 1973), and in the HRS experiments to be discussed later,
transport measurements are average values based upon several measurements
taken during a specific set of flow conditions. Individual sets of
measurements are referred to as tests. A listing of individual size fraction
rates are presented in the Appendix.

This report documents an extensive series of experiments into sediment
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Gibbs and Neill (1972, 1973)

Cecen and Bayazit (1973)

Size fraction data: HRS
experiments

Bed materials

transport rates for nine bed materials (Dsg ranging from 0.2 to 4.1mm). Of
these nine series of experiments, three were chosen: sand nos. 1, 2 and 9, to
augment both median size and grading data (cf. Tables 1 and 2 and Figure 2,
for distribution parameters, and Table 3 for hydraulic and sediment sum-
maries for all bed materials used in the analysis). Although only one sediment
transport measurement was made for each run, the range and detail of runs
are considerable.

In their evaluation of the efficiency of basket-type bed-load samplers the
authors presented transport measurements from two sets of experiments. A
common bed material with a median size similar to that of USWES No. 9 but
with a wider grading and range in size fractions was used for all runs.

The experiments were performed with a nearly constant flow depth and a
narrow range in mean velocity, with the shear stress being increased by vary-
ing the flume slope. Although only six measurements are available, they
represent average values of detailed studies into the variation of transport
rates. In each run 50 test measurements of bed-load were taken from a slot
sampler located in the flume bed. The length of sampling period was variable
while the interval between tests in a specific run was kept constant. A sum-
mary of these results are presented in Table 4. The authors conclude that
sampling errors are not related to transport rates and that at least 15 samples
are required to reduce the error range in the mean estimated transport rate to
about 10%.

This study differs from more traditional experiments in that they were
designed to investigate the removal of an armour bed layer. The authors
covered a bed material (two were used) with an armour layer of predetermin-
ed size distribution to a thickness of the maximum size found in the bed
material (either 20 or 30mm). At the beginning of the experiment the bed was
protected by a wire net until uniform flow was established and then quickly
removed. After a ten minute period the flow was stopped and the transported
sediment collected from the bottom of the flume and then sieved and weigh-
ed. The transport rate was determined from a time ratio of the total
transport, and therefore is a reasonable estimate of the average transport.
Also, as the time period was relatively short, any armouring effect developing
from the removal and non-circulation of sediment should have been small.

Several flume slopes were used and for each several runs were made with
water discharge extending from very low ones with almost no sediment
transport, to those which moved a substantial portion of the armour layer.
The combination of coarse size fractions and steep slopes (0.01 to 0.03)
resulted in very low flow depth to particle size ratios. Of the very numerous
data produced by this study only a series of seven runs over the smaller bed
material are chosen. These runs were made over the lowest flume slope and
depth-particle size ratios were larger (eg d/Dgg = 10). During the analysis it
became clear that all the other runs exhibited sediment transport
characteristics very different from both this series and from all the remaining
data sets as well. These shallow flow data exhibited consistently higher initial
motion values and considerably different C! and m! values. Consequently
this report examines only the first data series and an investigation into the re-
maining data is deferred. The size distribution chosen to represent the bed
material source for transported size fractions is the artificial armour layer.

Two series of experiments were undertaken to extend the range of available
data. Series A, bed material, a natural mixture obtained from a local gravel
pit, had the advantages of being both widely graded and bimodal. Although
its median size is only 1.4mm it contains size fractions ranging from 0.15 to
14.2mm (Tables 1, 2; Figure 2). This latter particle diameter was near the
maximum that could be passed through the sediment return system of the
flume.



Flume

Procedures and measure-
ments

The second bed material, Series B, was mixed from size fractions abstracted
from Series A material. Its composition was designed to produce a sedi-
ment of similar mean size but narrower grading. Utilizing the same materials
should eliminate any considerations of the effects of particle shape on
transport characteristics. This second mixture was also bimodal and its
characteristics are listed in Tables 1 and 2.

The experiments were conducted in a 2.46m wide recirculating tilting flume
(Fig 3). A sediment return system had been constructed within the flume
channel. Any suspended material was transported through the main pumping
system whereas coarser sizes were deposited into hoppers at the downstream
end of the sediment bed. This coarser sediment was pumped continuously
underneath the flume channel through a separate system of pipes to re-enter
the main channel through a set of eight nozzles located downstream of the
main discharge pump entrances and just at the beginning of the sediment
bed. The sediment bed between the nozzles and the hoppers was 18m in
length.

For all runs a 0.2m sediment bed was laid in the flume and smoothed out by
template. After each run in Series A the top few centimetres were removed
and new sediment added and levelled. In Series B the bed was formed of a
0.1m thick layer of bed material B separated by plywood sheets from an
underlying layer of equal thickness of the initial material. After each Series B
run the layer of new material was turned over and levelled.

Although there were minor variations in the sampling and measurement pro-
cedures, each run consisted of several tests (from 6 to 19), and each test con-
sisted of sediment load, discharge, water surface slope and flow depth
measurements. The sediment load was measured as it was returned to the
upstream end of the flume. During Series A and low transport tests of Series
B small baskets were hand-held under two nozzles, until all eight had been
sampled. During higher transport tests a trolley with four collection baskets
was pulled up to and under the nozzle outlets and a simultaneous sample was
taken across all eight outlets. Sampling times decreased with transport rates,
ranging from a three to one minute totals. Again, in Series A and the low
transport tests of Series B, sampling would progress from one side across the
flume width over a continuous time, ie, the second pair of nozzles would be
sampled immediately after the first and so on. Therefore the sampling could
be complete within 12 minutes. In an attempt to reduce the variability and
number of samples, the sampling of the second series was done over a half
hour period with a quarter of the total sample being taken at 10-minute inter-
vals.

Measurement of the transported sediment as it re-entered the flume may have
introduced systematic errors, particularly as the rates of size fraction
transport must differ between the main flume channel and the return system
piping (32mm diameter). This method of sampling was chosen for economic
reasons. Suspended material that passed over the collection hopper to be
recirculated through the discharge pumping system was sampled via Pitot

" tubes located in the return pipes. Even at higher transport rates the amount

of suspended material was very small and its contribution to the total load
has been ignored. All sediment samples used in the subsequent analysis were
taken not less than 2 hours after the beginning of the experiment.

Water temperature was kept constant at about 12°C by having a 100mm pipe
bringing fresh water into the reservoir tank. Without this input temperatures
could increase to 20°C.

Discharge was measured for each test from the flat-V weir located at the
downstream end of the flume, two metres beyond the sediment hoppers. For
all experiments the discharge was kept constant at about 0.2m3/s. The three
pump discharge system entered the flume about 2m upstream of the sediment
return nozzles. The entrances were proportioned according to the pump
discharge (two 0.113m3/s and one 0.028m3/s pump).



Data summary

Precision and repeatability

ANALYSIS

Transport functions

Water depth and water surface slope were also measured during each test.
Depth was measured at one metre intervals along both sides of the 10m long
glass walls of the main channel. Water surface slope was measured from a
reservoir system of five point gauges. The inlets for these reservoirs were
located at 3.25m intervals along one side of the flume.

A total of 20 runs were completed, eleven for Series A and nine for Series B.
Summaries of hydraulic and transport measurements are listed in Tables 5
and 6 for Series A and B respectively. Values for discharge, depth, water sur-
face slope and velocity, are means based on the tests made for each run. Each
mean hydraulic parameter is presented with the standard deviation given as a
measure of the dispersion in the data.

Mean velocities were determined from the continuity equation and represent
the mean velocities through the glass walled portion of the main channel.
Water surface slope was determined from a regression analysis of the five
point-gauge readings.

Sediment concentrations are given as parts per million by weight, with dry
weights being used in all calculations. The size distributions of transport sedi-
ment are given in Tables 7 and 8. The percentage retained for each size frac-
tion is a mean based upon all the test measurements made during a run. These
data are plotted against their respective bed materials in Figure 4. Size frac-
tions dimensions were determined from the variability of sieve sizes. Where
the transport of particles are discussed the dimensions given represent an
average value between a sieve size (% retained) and the next largest sieve size
used. This average size better represents all the particles falling between the
two sieve sizes.

The precision of discharge measurements, expressed as a percentage coeffi-
cient of variation (standard deviation divided by the sample mean) ranged
from 0.3 to 3% over both series. Variations in depth measurements ranged
over the same values but this measurement shows progressively less precision
during the high transport runs where the sediment bed was deformed. Water
surface slopes are the least precise direct hydraulic measurement with coeffi-
cients of variation ranging from 3 to 32%, with an average of approximately
10%.

Precision of transport measurements varies from 6.5 to 41 % (Tables 5 and 6)
with no clear tendency to change with transport rate. On average the second
series was slightly more precise (average coefficient of 20% compared to 25%
of Series A), and its range is less as well.

A visual indication of the possible repeatability of runs can be seen from
comparisons of Runs 1 and 4 of Series A, and Runs 1 and 2 of Series 2
(Tables 5 and 6). Flow conditions are similar for each set of runs, and their
average transport rates vary by approximately 40—45%, a not unexpected
result as suggested by Gibbs and Neill (1972, 1973). Of individual tests where
two or more samples were taken transport rates varied by between 2 and 50%
with an average difference (based upon 40 comparisons) of 24%.

The required calculations for Dgr, Fgr, and Ggr as outlined are straightfor-
ward. These data are presented in the Appendix. The concentration (ppm) of
each size fraction in transport, its contributing percentage to the total load,
Ap;, and the Ackers-White parameters for uniform sediment transport
are also included in this Appendix. .

Any observed transport rate of a size fraction in a mixture is not direct-
ly comparable to a uniform bed of the same size moving under the same flow
conditions. The former transport rate will always be smaller than the
latter because it is dependent upon the availability of that size fraction
in the bed material. As the transport rate of a uniform sediment refers to



Initial motion parameter

Established motion para-
meters

DISCUSSION

Initial motion

100% of the transport, each observed Ggr was adjusted to its new value Ggrl
by multiplying by (100/Ap;) ie. Ggr! = Ggr x 100/Ap;, where Ggr! is the ad-
justed or totalised transport rate for a specific size fraction in a graded sedi-
ment. The effect of this totalising procedure can be seen in Figures 5 and 6,
where the Ggr-Fgr and the Ggrl-Fgr! functions are plotted for six size frac-
tions.

In all but data sets 4 and 5 the observed Ggr-Fgr data extended through the
104 Ggr truncation value used to determine A, the threshold for uniform
sediment as illustrated in Figure 5. A log-log regression equation was fitted
through all data falling below 10-4 Ggr and to several data points above as
well. These equations were then solved for Al, the threshold for graded
sediments. The observed Ggr-Fgr functions for data sets 1 and 2 are slightly
curved towards larger Fgr values, whereas for sets 3, 6and 7 a straight log-log
relationship is maintained across the complete range of Fer (see Figure 5
where examples are demonstrated for 0.39mm size particles). For data sets 4
and 5 the Ggr-Fgr functions were extrapolated visually to determine Al.
Similar procedures as illustrated in Figure 6 were used to determine initial
motion parameters from the Ggrl-Fgr functions except data sets 4 and 5 were
not of sufficient range to extend to lower transport rates.

Ackers and White (1973) used an optimizing technique to determine the
parameters C and m. The limited data on graded sediments prevented such an
approach and the slopes and intercepts of the transport functions are deter-
mined by regression analysis of the logarithmically transformed data.

Inclusion of Al in transforming the transport functions to Equation 11, as
used by Ackers and White, can result in distortions of the modified function.
The subtraction of a constant value, such as Al, from logarithmically
distributed data artificially changes the shape of the resulting function. In
their original study Ackers and White found that the Ggr - (E&g_r_ - 1) functions
remained straight on log-log graphs, but with a much reduced slope. Similar
results were found for data sets 1 and 2, however, in all the remaining data
the inclusion of Al resulted in a curvilinear function. An example of this pro-
blem is demonstrated in Figure 7, where the original and altered functions are
shown.

As the curvilinearity is most noticeable at lower values of Ggr and Ggrl, at-
tempts were made to fit log-log equations to the upper portions of the altered
functions. Results produced by this method, and from attempts of fitting ex-
ponential equations as well, were erratic and inconclusive.

The most significant trends in the Al values based upon observed Ggr data
are the rapidly changing initial motion characteristics of the smaller shielded
particles, and the asymptotic trend shown by the larger sizes in each mixture.
A further significant trend is the separation amongst the data sets, with the
same sized particle requiring a larger shear force to begin movement in
coarser mixtures than in finer ones. This trend continues throughout the
range of particles, and is most pronounced with the smaller sizes. These
trends are shown in Figure 8 (data are listed in Table 9). The Ackers-White
and Shields’ curves used for uniform sediment transport are included in

. Figure 8.

Although these initial motion characteristics are not directly comparable to
the two threshold curves for uniform sediments, they indicate that the larger
particles in a mixture will move at lower thresholds than uniform sediments
of the same size.

The proper comparison between uniform and graded sediment initial motion
characteristics is shown in Figure 9 where A! values (cf. Table 10) determined
from Ggr! data are plotted against the two uniform sediment threshold
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curves. Only five sets are included as sets 4 and 5 could not be extended to
10-4 Ggr! with sufficient certainty.

The trends illustrated in Figure 8 continue in Figure 9, but the differences in
Al for any Dgr are much reduced, and the asymptotic trends are continued
below the Ackers-White uniform threshold curve. There is a suggestion that
this trend continues for Dgr > 60. Each data set is separated again by mix-
ture size. In Figure 10 a similar analysis of determining Fgr values for a par-
ticular Ggrl (in this case Ggr! = 0.005) is presented to show that the trends in
Al of data sets 4 and 5 can be expected to be similar to that shown in Figure
9.

An inspection of Figures 8, 9 and 10 suggests that the initial motion
parameter of a particle in a mixture not only depends upon its Dgr value as in
a uniform sediment, but also upon some particle size below which smaller
particles are shielded, and above which larger particles are moving at lower
values of Fgr due to increased exposures and instability. Interpretation of
Figure 11, where the ratio Al/A is plotted against Di/Ds, indicates that
there is a particle size, DA, in a mixture which begins to move under the same
conditions as a uniform bed material (ie Al = A). Furthermore, the diameter
of DA varies inversely with bed material grading, as DA < Dsp for widely

graded sediments, and DA > Dsq for narrowly graded materials (Figure 12).

The characteristics of stability for particles larger and smaller than DA are
shown in Figure 13, where DA replaces Dsg of Figure 11. Clearly stability
characteristics are similar amongst the mixtures, and it is only DA that
changes systematically with grading.

The stability relationship of Figure 13 can be described by a modified power
equation:

1 - 0S5
A =04 @y " +o06 (12)
A "Dy
The range of data is good, although data for Di/D A = 4 is limited, and any
extension of Eq. 12 for the larger particles in widely graded sediments must
be a qualified one. The initial motion data presented in Figures 8 to 13 in-
clusive do indicate that narrowly graded mixtures in the order of vDg4/D)6
=~ 1.4, behave as mixtures, not as uniform sediments.

The relationship between DA and «/Dgy4/Dj¢ shown in Figure 12 is not as well
defined, even though the range is reasonable. The following equation can be
fitted to these data:

D - 055
_A = 1.62 \/:—I)_84 (13)
Dso Dy

Interpretation of this relationship must remain provisional. Extension of
these data to gradings less than 1.4, and approaching 1.0, has the apparently
illogical interpretation that DA may be one and a half times larger than Dsg,
when the size distribution is approaching one grain size and all D;, and hence
DA should approach Dsg. Obviously, more data are required to define the
DA - vDga/Dj¢ relationship, and to assist in its physical interpretation.

The incomplete results of previous experimental studies prevent any
thorough comparisons. However, data presented here are not in agreement
with Egiazaroff’s (1965) conclusion that in all mixtures the Dsq size would
move at a higher threshold than the same size as a uniform sediment. The
partially available results of Rakoczi’s (1975) thorough study agree with the
overall trend for the effects of shielding of small particles and the increased
exposure and instability of the larger sizes. Fenton and Abbot’s (1977) work
on protrusion height in general terms is supportive, although it is difficult to
transfer results from studies of single grain motion, to the motion of same
sized particles contained in a hererogeneous bed material. The series of parti-
cle stability curves as shown in Figures 9 and 10 are similar to those suggested
by Yalin (1972, pp. 83-86, Fig. 4.12) for the results of a Shields’ type analysis.



Established motion

CONCLUSIONS
1

However, the separation of these curves was based upon the shape of the bed
material size distribution curve. The present study indicates that the position
of the size fraction within the grading curve is more important than the
overall grading of the sediment mixture; ie. Al/A is more sensitive to D;/Dsg
than Dg4/Dyg.

Comparisons between the established motion parameters C and m with those
observed from the Ggr!-Fgr functions are inconclusive. The nonlinear
Ggrl-(f-ﬁ—r- - 1) functions make the results of regression analysis suspect. The
limitecfx range of transport conditions for some particle sizes, particularly the
coarse ones, make regression equations even less reliable. For example, the
m! values of HRS A can double if just one low value of Ggr! is eliminated
from the analysis. Such erratic results lead nowhere.

More consistent results could be found by using the following analysis on the
observed Ggr-Fgr functions. The m! values shown in Figure 14 (see Table 9)
suggest a similar asymptotic relationship with Dgr but with m! always less
than m. The scatter in m! for Dgr values < 10 make any interpretation of the
form of this function impossible. The chaotic distribution of C1 values in
Figure 15 (see Table 9) reflects both the availability of particles sizes in the
bed material and the sensitivity of regression intercepts for logarithmically
distributed data.

In an attempt to compare the established motion characteristics of size frac-
tions in transport amongst the data sets, further power equations were
developed

Ggrl = aFgrb

There is a suggestion of a weak dependence of b, and hence a, upon Dgr with
b generally larger for larger particles (Table 10). The b values for bed
material 3 are very much different, and this is probably due to the narrow
range of the Ggrl-Fgr functions. The limited data available herein, and the
difference in procedures with the uniform sediment transport parameters m
and C prevent this approach from proceeding further. These data, however,
are offered here as a possible alternative way to approach the application of
the Ackers-White method.

The stability of a particle in a graded bed material is determined by its size
relative to a critical diameter, DA. When the ratio of these sizes is smaller
than one (D < DA) the particle is shielded from the flow and its initial mo-
tion requires a greater tractive force than suggested by its diameter. Con-
versely, when the ratio is larger than one the particle is more exposed and re-
quires less tractive force to begin movement,

The shielding exposure effects on threshold conditions are decidedly similar
across a range of particle and mixture characteristics, see Figs 11 and 13.

This critical diameter, DA, appears to vary inversely with grading, see Fig 12.
A physical explanation of this relationship has not been found as yet.

Results of the established motion analysis were inconclusive.

Tentative predictions of transport rates may be made by determining the in-
itial motion parameter for each size fraction from Eqs. 12 and 13, and accep-
ting C! = C and m! = m (Fig 14 offers some justification for this approach).
As the resulting size fraction transport rates are totalised values each rate
must be adjusted by the percentage of that size in the bed material. Actually
the shape of the transport curve is required but as it cannot be predicted the
shape of the bed material curve must be used as an approximation. As
transport curves are generally more narrowly graded than the bed material
(see Fig 4) some error is introduced by this procedure and that this error will
increase with grading of the bed sediment, as well as being more pronounced
for lower transport rates.

9
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TABLE 4 SUMMARY OF BED-LOAD VARIABILITY, GIBBS AND NEILL(1972, 1973)

Run
No.

1972 (1)

(2

3)

1973 (1)
2
(3

Duration of
transport

()

30
45
60

60
120
180

10
20
30

30
60
60

Mean transport
rate

(kg/s)

0.1884
0.1929
0.1868

0.0635
0.0571
0.0574

0.2972
0.3522
0.2936

0.1243
0.0786
0.0333

Standard
deviation

(kg/s)

0.1297
0.0856
0.0856

0.0502
0.0354
0.0284

0.2437
0.2038
0.1829

0.0992
0.0523
0.0242

Range

(kg/s)

0.0133 — 0.1893
0.0187 — 0.1642
0.0115 — 0.1119

unavailable
unavailable

unavailable

unavailable
unavailable

unavailable

0.0054 — 0.4514
0.0054 — 0.2180
0.0042 — 0.1031

Coefficient of
variation

%

69
44
46

79
62
50

82
58
62

30
67
73
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TABLE 10 OBSERVED VALUES OF A, a AND b, BASED UPON Ggr'

Particle USWES No. 1 USWES No. 2 USWES No. 9 Gibbs and Neil Cecen and Bayazit HRS Series A HRS Series B

size .

(mm) Al a b A a b A a b A' a b Al a b Al a b A a b
0.153 .0.380 0.299 6.76 0.320 0.091 4.71 0.400 0.018 5.62 0.500 0.054 9.04
0.215 0.300 0.701 6.35 0.280 0.206 4.70 0.370 0.067 6.52 0.395 0.235 8.42
0.275 - = = = — = 0.365 1.262 9.52
0.303 0.245 0.972 5.74 0.260 0.320 4.45 0.305 0.178 6.27

0.328 = = = —~ -~ - 0.350 5.363 10.50
0.390 0.230 12.020 7.49 0.230 0.510 4.49 0.280 0.512 6.69 0.300 4.675 8.88
0.463 0.215 22.070 7,57 0.210 2.980 5.68 0.262 1.070 6.93 0.277 11177 9.03
0.550 0.200 19.749 7.05 0.200 0.262 3.86 0.242 1.746 6.89 0.252 27.117 9.16
0.655 0.192 1.394x10° 8.17 0.180 13.458 6.26 0.225 2.750 6.82 0.237 65.474 9.28
0.780 0.185 2.805x10% 8.33 0.175 10.830 5.76 0.215 7.952 7.39 0.230 3.358x10% 10.15
0.925 0.165 2.027x10? 791 0.170 73.660 6.82 0.320 8.165x10° 22.05 0.200 8.962 6.99 0.212 8.678x10? 10.28
1.200 0.160 3.207x10° 9.13 0.140 16.860 5.65 0.280 5.067x10° 24.80 6.468 6.13 0.170 15.061 6.81 0.190 3.582x10° 10.43
1.550 0.150 1.717x10* 9.71 0.140 2.206x102 6.73 0.255 5.744x10!! 26.46 6.814 5.69 0.165 54.437 7.34 0.170 3.380x10° 9.77
2.030 0.143 5.104x10% 9.84 0.130 4.279x10° 10.78 0.230 2.155x10'* 28.62 20.383 6.07 0.140 46.023 6.78 0.155 3.345x10% 10.50
2.860 0.135 1.116x10° 14.08 0.205 1.592x107 30.80 37.162 6.26 1.221x10? 7.70 0.160 1.061x10° 11.25 0.137 1.084x10° 10.47
4,060 0.185 2.354x10"% 30.31 55.567 6.27 1.00x10? 7.18 0.135 1.882x10* 9.59 0.125 2.180x10° 10.35
5.560 0.170 2.330x10%! 32.92 89.131 6.37 1.173x102 7.02 0.135 3.273x10° 10.88

7.180 4.032x10? 7.09 2.380x102 7.28 0.125 7.882x10° 11.03

9.730 1.252x10° 6.29 2.443x10% 7 ) 0.127 1.075x107 12.11

11.100 1.884x10° 6.41 5.703x10? 7.51 0.122 2.547x10° 9.95

14.200 2.881x10° 6.52 9.367x102 1.65

18.000 1.437x10°% 7.74
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