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Abstract

The terms ‘wash load’, ‘suspended bed material load’
and ‘bed load' are not clearly defined but, if applied with
care, provide a useful basis for sub-dividing the total
discharge of sediment in a river for the purpose of measure-
ment. The accuracy with which each of the three types of
sediment transport must be measured will depend on their
relative magnitudes and on the purposes for which data are
being collected. This paper contains a proposed programme
of measurements to be undertaken on a typical tropical river,
one carrying appreciable wash load discharges and in which
the suspended bed material discharges are large relative to
the bed load discharges. The purpose of the programme is to
provide data on the total discharge of sediment in such a river
for studies of catchment erosion or reservoir sedimentation.

In outline, the proposed programme is as follows:

1) use an adequately calibrated turbidity monitor to provide
a continuous record of wash load concentrations;

1) undertake a short intensive programme of pumped
sampling to provide information about the relationship bet-
ween suspended bed material discharges and selected
hydraulic parameters (principally river level);

1) apply this relationship to recorded flow discharge data to
provide values of suspended bed material discharge over the
period of available hydrological data; and

1v) apply' empirical and theoretical methods to provide an
estimate of the magnitude of the ‘bed load’ (including
unmeasured suspended bed material load close to the bed)
relative to the measured suspended bed material load.

The theoretical basis for this programme is examined in
this paper. In particular, details of the assumptions made, and
their implications, are provided. In addition, practical details
of the field procedures and of the methods of analysis relating
to pumped sampling in such rivers are described.
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List of symbols _
A cross-sectional area at measuring station
A’ coefficient in Ackers-White equation

b  width of cross-section

¢ sediment concentration at a point on cross-section (mass
per unit volume)

c time averaged value of ¢

c' turbulent component of ¢

C coefficient in Ackers-White equation

d depth of flow in a given vertical

D representative particle size

D,. dimensionless grain size = D[g(y,— 1)/»?]}/3

F  dimensionless fall velocity = w/[g.D (y,— 1)]*
g acceleration due to gravity

1 water surface gradient

k  Von Karman constant (generally taken as 0.4)

m coefficient in Ackers-White equation

n coefficient in Ackers-White equation

Q total liquid discharge through cross-section

Q, total sediment discharge through cross-section

S  gravimetric sediment flux at a point on cross-section

s time averaged value of s

S time averaged sediment discharge through a specified
area

T. water temperature

v flow velocity at a point on cross-section

v time averaged value of v

v' turbulent component of v

Vs shear velocity = (g.d.)” in wide open channels
Vmeanean value of v in a vertical
V  mean velocity through entire cross-section




Vs

fall velocity of particle of given size

mean sediment concentration in cross-section ,(rétio of
weight of sediment to weight of water)

distance upwards from river bed
dimensionless mobility number = v2/[g.D (y,—1)]

parameter in expression for concentration distribution =
w/K. vy

height of an element on the vertical (for numerical in-
tegration) ’

specific gravity of sediment particles
kinematic viscosity of water

density of water
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Introduction 1.1

Review of sediment discharge measuring techniques

Over the past fifty years a large number of techniques
have been developed for measuring and estimating the rate of
sediment transport* in rivers. In the USA, in particular, con-
siderable effort has been given to the evaluation of such
techniques with a view to their standardization but this work

-has met with only partial success. On the one hand, the large

number of variables which determine sediment transport rates
limits the extent to which simplifications and generalizations

can be applied. On the other hand, unless such simplifications
and generalizations can be made, few countries could provide
the necessary resources and personnel to sustain long-term
programmes of data collection over a widespread network of
gauging stations.

In the present paper the factors which influence the
choice of sediment sampling technique are summarized. For
further details a large number of references are available;
see for example, Vanoni (1975). The techniques of pump
sampling offers a number of advantages over other sampling
methods and is applicable in a wide range of river conditions.
Details are provided, in this paper, of a method by which con-
tinuous records of sediment discharge data may be obtained,
for certain gauging stations, from a short period of pump
sampler measurements in conjunction with continuous monitor-
ing of turbidity.

In the measurement of sediment discharge a distinction is
generally drawn between wash load and bed material load;
although there is no widespread agreement about the precise
definition of these terms. Wash load comprises those particles
which are not present in appreciable quantities in the material
of the river bed. The concentration of such particles in the
flow at a given location and time is determined primarily by
their rate of input to the river system, that is, by the erosion of
the catchment upstream. Bed material load, the movement of
particles which are found in the bed of the river, may be sub-
divided into suspended bed material load and bed load. The
former comprises particles which are lifted from the bed and
are supported in the flow by turbulent eddies but which from
time to time settle back to the bed; the latter comprises par-
ticles which move by rolling or sliding in more-or-less perma-
nent contact with, and supported by, the bed. In both
categories of bed material transport the magnitude of the sedi-
ment discharge is determined primarily by the local hydraulic
conditions in the channel at any given time. The difficulties

*In this paper the terms sediment transport rate and sediment
discharge are used fairly loosely to refer to the total mass of
sediment particles, or particles of a specified size range, pass-
Ing a given cross-section in a specified or implied time period.
The term sediment flux is given a more precise definition: the
instantaneous or time averaged rate of sediment transport per
unit area through a small element in a cross-section (units,
kg/m?/s). It is, thus, a measure of the intensity of sediment
discharge through a point on a given cross-section.




Wash load 1.2

of obtaining a precise categorization of these three modes of
sediment transport are apparent in the above ‘definitions’. The
characteristics of the three modes of transport are described
more fully below. The principal methods of measuring their
magnitude are also outlined.

The most important characteristic of wash load is that,
apart from small random variations, its concentration in the
flow at a given location and time is uniform for all points on
the cross-section. Thus, provided that the concentration of
wash load particles can be determined at a single point on a
given cross-section, an instantaneous value of the wash load
sediment discharge through that section can be readily
calculated as the product of the concentration and the mean
flow discharge at the time of sampling. The flow discharge
may be obtained either directly, using a current meter, or in-
directly using an existing stage-discharge relationship.

The measurement of wash load concentrations presents
some minor practical difficulties. In essence, the field work is
extremely simple. A sample can be taken at any point in the
cross-section; moreover, the sampling method is not critical:
Thus, a hand-held bottle filled from the bank or from a boat
provides an adequate sample for analysis. For a true wash
load determination, however, the sample should contain no
particles of bed material. Since, under normal flow conditions,
the concentration of suspended bed material particles at the
water surface is very low this condition is generally ensured
by taking a surface sample. Nevertheless, it may be
necessary in some situations to remove bed material particles
from the sample before the concentration of wash load par-
ticles is determined. One way in which this may be done is by
sieving out particles larger than a given size. Attempts have,
therefore, been made to link wash load with a specific range
of particle sizes. As yet there is no concencus as to whether
this can be achieved within the general ‘definitions’ of wash
load given above although most writers assume that wash load
largely comprises the silt and clay fractions (all particles less
than, say 63um). The only reliable method of providing a con-
tinuous record of wash load sediment discharge is by a con-
tinuous programme of sampling since wash load is supply
dependent and, therefore, cannot be correlated with other
hydraulic parameters such as river stage. For this reason
various automatic sampling systems have been developed
which are capable of obtaining samples at specified intervals.
Such systems require ready access to laboratory facilities
capable of analysing large numbers of samples.

The use of turbidity monitors provides an indirect method
of measuring wash load which is of particular benefit in
remote areas where access to laboratory facilities is difficult.
In addition, since the output can be recorded in digital form
by a data logging device, continuous automatic operation is
possible. Thus, provided that adequate precautions are taken
in the calibration and operation of such monitors, a continuous
record of sediment concentrations can be obtained. The prin-
cipal difficulty in the use of turbidity monitors is that the
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calibration is sensitive to particle size. In practice this is ad-
vantageous for recording wash load by itself because, as Fish
(1983) has shown, turbidity monitors are virtually insensitive to
sand particles unless their concentration is very high. Thus,
provided that the monitors are located in a part of the flow
where suspended sand concentrations are low, an indication
of wash load concentration may be obtained. Fish (1983) pro-
vides practical details of the calibration and use of turbidity
monitors. :

In contrast to wash load particles, suspended bed
material particles are not uniformly distributed across a given
cross-section of the flow: variations in sediment concentrations
occur in both the vertical and horizontal directions. In the ver-
tical direction concentration profiles occur which show max-
Imum values close to the bed falling to small or negligible
values at the water surface (see Figure 2a). The difference
between the maximum and minimum concentration in a given
profile depends, amongst other factors, on the particle sizes
present. For this reason, it is generally preferable to record
the concentration of separate size fractions rather than the
total concentration of suspended bed material. However, to do
this would require a sampling method which could provide a
sufficiently large sample, from a selected point on the cross-
section, for accurate particle size analysis to be undertaken.
Moreover, samples would be required at a sufficient number
of points to enable concentration profiles to be drawn in both
the horizontal and vertical directions. The difficulties of under-
taking such a comprehensive programme of sampling on a
regular basis and of undertaking the laboratory analysis of the
samples obtained are considerable. Few programmes have,
In practice, achieved these objectives.

The different types of sampling device which have been
developed for measuring suspended bed material transport
rates are described in various references; see, for example,
Craf (1971), p 368-379.

The simplest category of sampler is the instantaneous
sampler. A device of this type encloses a volume of water at a
selected location and allows it to be withdrawn from the river
without contamination or loss for subsequent analysis. Such
samples can give reliable values of sediment concentration if
the sampler has been carefully designed. The sediment
discharge can be calculated from velocity data obtained by
using a current meter at the same location. The principal dif-
ficulty in using instantaneous samplers is that the sample size
is generally small (typically 1-2 litres). Since the concentra-
tions of sand particles in various size fractions are, in most
cases, relatively small, accurate particle size analysis based
on such samples is difficult to achieve. Also, the values of
sediment concentration obtained will show fluctuations due to
the effects of turbulence in the river. Multiple sampling would
be necessary if a representative mean value were required.



The alternative category of sampler is the integrating
sampler. The principle of such samplers is that the flow enters
in a controlled manner through a restricted opening or nozzle.
The sample is, therefore, taken over a period which typically
varies from a few seconds to several minutes depending on
sampler characteristics and flow conditions. In the majority of
cases the sampler is designed to ensure that its intake velocity
is equal to that of the river flow at the selected location. Such
samples may be used in one of two ways. A point-integrated
sample is one which is obtained by operating an integrating
sampler at a single point in a cross-section. The sampler has a
valve system to enable it to be lowered to the required posi-
tion before sampling begins and to be sealed, once sampling
has ceased, before being raised to the surface. Provided that
the intake velocity is equal to the stream velocity the sample
will provide a direct measure of the mean sediment discharge
at that point during the sampling period without the need to
measure stream velocity. A minimum sampling period of
about a minute would be necessary to eliminate the effect of
turbulent fluctuations, see Sub-Committee on Sedimentation
(1963), p 50. A depth-integrated sample is one which is obtain-
ed by lowering an integrating sampler at a constant rate
through the flow. The sampler may be immediately raised
once the bed is reached, again at a constant rate, thus
avoiding the need for the provision of a valve system in the
sampler. The sample obtained comprises the sediment
discharged during equal time intervals at each level in the
flow. It therefore provides a measure of the total sediment
discharge through the vertical section during the period of
sampling. The mean discharge rate through the vertical may
be calculated from the mass of sediment collected and the
mean sampling time. However, since the intake velocity may
not equal the stream velocity, due to the vertical component
provided by the motion of the sampler, it is usual to determine
the mean flow velocity in the vertical by current meter and to
multiply it by the concentration of sediment in the sample to
obtain the sediment discharge rate. A depth-integrating
sampling procedure reduces the number of samples to be
analysed since only one sample per vertical is required. On
the other hand the sampling interval at a given elevation on
the vertical is short. As a result, concentration fluctuations due
to turbulence in the river are not eliminated and repeat
samples may be necessary. Moreover, the results do not
allow concentration profiles for different particle size-fractions
to be obtained.

As with the majority of instantaneous samplers the prin-
cipal disadvantage of integrating samplers is the small size of
sample obtained. In addition, the limitations of various types of
sampler, particularly in respect of the flow conditions and
depths in which they will operate, together with certain prac-
tical considerations of their operation restrict the sites in which
they can be used. A variation of the typical integrating
sampler has been developed to overcome the first of these
problems. In such samplers, of which the Delft bottle is an ex-
ample, the sample passes from the intake nozzle into a wide
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chamber where the reduction in velocity causes sediment
particles to settle out allowing sediment-free water to be
discharged. In this way sediment from a much larger sample
of water can be collected. In general the water does not re-
main sufficiently long in the sampler for wash load particles to
settle out and it is, therefore, not necessary to make a
separate calculation of wash load if suspended bed material
load by itself is required. However, as with other integrating
samplers, the accuracy of the result relies on several impor-
tant assumptions about its mode of operation and extensive
laboratory tests are required to validate any results obtained.
In the case of the Delft bottle it has been found that its efficien-
Cy in trapping suspended sediment is a function of both parti-
cle size and hydraulic conditions. It is, therefore, necessary to
apply suitable correction factors to the results obtained.

Pumped sampling can be regarded as a variation on the
technique of integrated sampling. In a pumped sampler an in-
take nozzle extracts a sample from the flow at a known loca-
tion and in a controlled manner. A pump draws the sample
from the nozzle to a container in which it is collected for
analysis or to a filter unit through which it is passed. The
system is, therefore, far more versatile than other integrating
samplers and, in particular, samples of almost any size can be
collected if required. It is for this reason that Hydraulics
Research, Wallingford, has employed pumped sampling
techniques in many of its investigations of suspended bed
material transport rates in rivers and estuaries over the last
decade. Further details of the technique are presented in Sec-
tions 2.2 and 2.3. The procedure for calculating suspended
bed material flux from the results of a sampling programme is
described in Sections 3.1-3.6.

Since the rate of transport of suspended bed material is
governed by hydraulic processes the results of a sampling
programme over a limited period may be used to investigate
the form of the relationship between sediment discharge and
other known variables so that estimates of sediment discharge
over longer periods can be made from records of those
variables. Such a procedure is described in Section 3.9

Of the three categories of sediment transport under con-
sideration the measurement of bed load presents the greatest
difficulties. The problems arise partly from ambiguities in the
definition of bed load and partly from the practical difficulty of
Investigating processes which are occurring within a few parti-
cle diameters of the river bed. A number of practical dif-
ficulties, related to these basic problems, are likely to be
significant in any programme of field measurements. Firstly, it
is very difficult to assess the degree to which the presence of
a sampler disturbs the bed load transport processes. Second-
ly, many samplers trap not only bed load but also some
suspended bed material load or stationary particles scooped
from the channel bed. Thirdly, the presence of bed forms af-
fects certain types of sampler by preventing them from lying
in a horizontal position in contact with the bed. Forthly, where
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bed forms are present the rate of bed load transport varies in
a longitudinal direction across the profile of the bed form and,
therefore, care must be taken to ensure that samples taken
represent the mean rate of transport. Fifthly, the position of
the bed may undergo dramatic changes during the passage of
a flood, either in a lateral or vertical direction, which com-
plicate bed load measurements. Sixthly in bed load transport
the velocity of particles is likely to be smaller than that of the
surrounding fluid. For this reason it is incorrect to determine
the transport rate from the product of sediment concentration
and flow velocity. Finally, bed load transport need not be
limited to the top layer of particles on the bed; there may be a
slow downstream movement of other particles lying deeper
within the bed. Descriptions of different types of bed load
sampler and discussions of their specific limitations may be
found elsewhere; see, for example, Graf (1971), p 358-368.

It is beyond the scope of the present paper to discuss the
methods of bed load measurement in any further detail. It is
intended that the methods of sediment discharge measure-
ment described in this paper should be applied only where
the bed load transport rate is small relative to the total load. In
qualitative terms, significant values of bed load discharge are
likely to be associated with the following factors: low values of
suspended bed material discharge; large sizes of bed
material, say, mean diameter greater than 2mm; uniform
discharges in which flood surges do not carry a significant
proportion of the annual total; and flow in wide shallow chan-
nels in which turbulence is low. In quantitative terms,
estimates of the rate of bed load discharge may be widely
varying and, in many cases, meaningless. The calculation of
order of magnitude values from ‘total load’ estimates based on
two well known sediment transport formulae is described in
Sections 3.7 and 3.8, but such results require careful inter-
pretation.

In view of the difficulties involved in measuring sediment
transport rates in natural channels and the considerable ex-
pense involved in undertaking elaborate programmes of sedi-
ment transport measurement it is important that careful con-
sideration be given to the objectives of any field investigation
before its implementation. Ideally, one might first wish to
determine what level of accuracy would be tolerable in the
results if they are to be used for a given purpose and to select
a sampling procedure which would meet this requirement.
Unfortunately, sediment sampling methods have not been
studied in sufficient detail to provide a quantitative assessment
of their accuracy. The sampling efficiency of many different
types of sampler have been tested in laboratory flumes but
the results of such tests may not be applicable under the more




varied conditions found in natural rivers. In addition, the pro-
blems of using a finite number of measurements to predict the
sediment discharge across an entire cross-section, including
the region close to the bed, and to predict sediment
discharge over a continuous period prevent reliable estimates
of the level of error from being made. Compared with other
hydrological and hydraulic parameters the level of error in
measuring and estimating sediment transport rates is, in any
case, likely to be high. For example, in comparing the use of
sediment transport formulae for the estimation of sediment
transport rates from hydraulic parameters, against measured
sediment transport rates over a variety of flow conditions,
White, Milli and Crabbe (1973) found that, even with the most
reliable formula tested, the ratio of calculated to observed
values lay outside the range 0.5 to 2.0 for over 30% of their
data. '

Although optimization of sediment discharge measure-
ment and calculation procedures based on quantitative
assessments of error may not, at present, be possible, various
qualitative factors could have a considerable influence over
the choice of sampling method depending on the purposes for
which the data are required. Practical reasons for which sedi-
ment discharge data may be required include the following:

a) To predict rates of reservoir sedimentation

Loss of capacity due to sediment accumulation may pose a
significant hazard to the future operation of a reservoir pro-
ject. In order to assess the hydrological changes caused by
sedimentation and to evaluate the economic costs of resulting
changes in the output of a project, it is necessary to determine
the mean rate at which such loss of capacity is occurring.
Measurements of sediment transport rates in tributary rivers,
undertaken for this purpose, should provide information on
sedimentation rates and also identify the principal sediment
source areas. Measurements can be restricted to those parti-
cle sizes which would be deposited in the reservoir. Thus, in
certain cases where the trap efficiency of the reservoir is low,
it is adequate to monitor the suspended bed material and bed
load transport rates. In other cases, where the large capacity
of the reservoir ensures that a high proportion of sediment
particles are trapped, measurement of wash load is also re-
quired. Indeed, if initial investigations indicate that bed load
and suspended bed material load together represent only a
small proportion of the wash load, even at high flows, the ac-
curate determination of wash load becomes paramount.
Under whatever conditions, the accuracy required of the
sampling programme will depend on the rate at which sedi-
ment accumulation is occurring in the reservoir and the
magitude of the economic cost which such loss of capacity
represents.

b) To determine rates of catchment erosion

Detailed information about rates of soil erosion from specific
catchments is required in order to assess the factors which
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influence agricultural productivity and environmental conser-
vation and to identify areas of particular erosion hazard. For
this purpose it is desirable to monitor the total sediment
discharge from a given catchment using techniques similar to
those applied to the measurement of sediment inflow to reser-
voirs with high trap efficiencies. Thus, as indicated above, it is
sufficient, in certain cases, simply to measure the wash load if
this is known to constitute the bulk of the discharge. In other
cases bed load and suspended bed material load must also
be measured. Unfortunately, it is rarely possible to relate
rates of catchment erosion directly to economic factors and it
is, therefore, difficult to provide economic justification for
undertaking an elaborate sampling programme for a catch-
ment investigation. Nevertheless, the results of such work may
be of far-reaching importance in regions in which accelerated
erosion would threaten the future livelihood of large popula-
tions.

¢) - To provide information about channel morphology

Knowledge of the morphological behaviour of alluvial rivers is
required when river regulation for flood control or navigation
is undertaken or in the design of engineering structures such
as bridges. For these purposes, measurement of wash load
will be unnecessary but accurate measurements of bed load
and suspended bed material load should be made. Field in-
vestigations will be designed, primarily, to obtain sufficient in-
formation to provide a reliable basis for calibrating any
numerical or physical models of the channel behaviour which
may be undertaken. The cost of such investigations can fre-
quently be included within the budget of a specific project.

The measurement of suspended bed material load using
pumped samplers

In any programme of sediment sampling in a river the
choice of gauging station has an important effect on the results
obtained. Since in the measurement of sediment discharge the
distribution of flow velocity is important, guidelines for the
selection of liquid discharge gauging stations are relevant,
see ISO 748 (1979). However, because sediment concentration
profiles are very sensitive to unsteady flow conditions, even
greater care must be taken in the selection of the site than for
a liquid discharge gauging station. The principal factors to
take into consideration in the selection of a suitable gauging
station are as follows:

a) The gauging station should be located at a point where
the flow is uniform and unidirectional, that is, in a straight sec-
tion of the river. For liquid discharge gauging stations it has
been suggested that the channel should be straight for a
distance of at least five channel widths upstream of the station
and two widths downstream, see USDA (1979) p 171. For sedi-
ment gauging these distances should probably be increased
by a factor of two or three to ensure that stable concentration



profiles have been fully developed. Thus, ideally, in a river
10m wide, a straight channel reach over 150m long would be
required. In practice this may be difficult to achieve.

b) A straight channel reach is required not only to enable
accurate current metering to take place and to ensure that the
concentration profiles are fully developed but also to enable
accurate measurements to be made of the water surface gra-
dient. This parameter is important in defining the hydraulic
characteristics of the channel for theoretical analysis. A
realistic value of water surface gradient can only be obtained
if the channel is straight, free from constrictions such as
bridge piers and free from rapids, jumps or sills. Water sur-
face gradient is measured either directly using an engineer's
level and staff or by recording the difference in elevation of
two accurately levelled gauge posts positioned a known
distance apart along such a reach. Since, by these methods,
elevation can only be read to the nearest Smm, a difference
between upstream and downstream levels of over 50mm
would be required to give an error of under 10%. Thus, if the
mean gradient is, say 500 x 10~ (0.05%), the horizontal _
‘distance between the measuring sites must be at least 100m to
provide this level of accuracy.

c) The sediment sampling site should not be immediately
downstream of a major tributary or of an area of bank erosion
since in either case large inputs of sediment may occur which,
for a considerable distance downstream, would be unevenly
distributed in the flow.

d) The cross-section at which sampling takes place should
have a uniform shape and should not contain excessive
growths of vegetation either at the banks or in the channel.

e) In the past it has been recommended that natural reaches
of turbulent flow or artificially created turbulent flumes be us-
ed for sediment measurements because the turbulence throws
bed load particles into suspension thereby making it un-
necessary to determine separately bed load discharge and
suspended bed material discharge. This procedure has a
number of disadvantages and cannot be generally recom-
mended for present purposes. Firstly, although bed material
particles will be in suspension they will not be uniformly
distributed so that the labour of sampling at various levels in
the vertical and of computing the total discharge is not reduc-
ed. Secondly, because the flow is very turbulent, sampling
times must be increased to obtain mean values of concentra-
tion. Moreover, the possibility of introducing significant errors
by calculating sediment flux as the product of mean velocity
and mean concentration at a given point is increased. Thirdly,
there may be a significant concentration gradient along the
principal direction of flow in which case it would no longer be
correct to ignore this factor in the general equation of sedi-
ment continuity which forms the basis of sediment discharge
calculations, see Section 3.1. Finally, it is unlikely that a
reliable value of the water surface gradient can be obtained
for a short turbulent reach of channel.
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f)  Although all the above considerations are important in the
selection of sediment sampling sites, it is likely that two prac-
tical considerations will overshaddow these in the final choice
of location. Firstly, it is of considerable advantage to use an
established river gauging station not only because various
items of equipment will already be deployed and the
discharge relationships will have been studied but also
because the hydrological records which have been collected
will be used in the interpretation of the results of the sediment
monitoring programme. Secondly, whether or not an existing
station is used, accessibility will be an important factor to con-
sider especially if large numbers of samples have to be
transported from the station to a laboratory elsewhere.

The principle of pumped sampling is straight forward. A
nozzle is introduced into the river flow at a predetermined
position. This nozzle is connected by a pipe to a suction pump
which, when operated, draws water through the nozzle at a
constant rate. The required volume of the sample is collected
at the outlet of the pump. To sample at different points on a
cross-section a single nozzle may be moved between the
points or, alternatively, a number of nozzles may be used
each in a fixed location. Pumped samples have been used to
provide small bottle samples at regular intervals using an
automated system. The chief advantage of pumped samplers,
however, is their ability to provide large samples from which
reliable values of sediment flux for different sand sized par-
ticles can be obtained. Since large samples are difficult to
transport it is preferable to filter the sample in the field or, at
least, to allow the sample to stand long enough for the sand to
settle out of suspension in order that the bulk of the water can
be decanted back into the river.

The following outline illustrates a possible sampling pro-
cedure using a filter, comprising a large container whose
base is formed by 60pm nylon mesh* suitably supported from
below:

a) Attach the pump to the tube leading from the nozzle and
begin pumping. If the pump being used is not self-priming
or the lift is too great for self-priming to occur an alter-
native method of priming may be required, see Section
2.3.

b) Allow the pump to run for a minute or so to flush traces of
previous samples from the system and to establish
uniform flow in the pipe. During this time the sample runs
to waste.

c) Introduce the filter into the sample stream to collect the
sediments and, at the same time, start timing with stop
watch A.

*Strictly speaking 63um mesh should be used but nylon mesh
of this gauge is not commercially produced in the UK.

10
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d) Continue to collect the sediment until a sufficient quantity
‘has been obtained. The time for this will depend on the
mean sediment concentration in the stream as well as the
depth of sampling — samples taken closer to the bed hav-
ing higher concentrations than those near the surface.
Sampling is likely to continue for at least five minutes.

e) While the sediment collection is proceeding, measure the
rate of pumping using a container of known capacity and .
a second stop watch, B. A discharge measurement should
be made in this way two or three times during sampling
and the mean value obtained. Together with the total
sampling time, from stop watch A, this mean pumping
rate will provide a value of the total volume of water pass-
ing through the filter. This, in turn, provides values of
sediment concentration from the mass of different particle
sizes collected on the filter.

f)  Also while the sediment collection is taking place collect
bottle samples of the filtered water for subsequent
analysis in a laboratory to determine the wash load con-
centration. ‘

) If possible, a current meter should be positioned in the
flow adjacent to the intake nozzle in order that the mean
stream velocity during the period of sampling can be
measured. If this is not possible, an estimate of velocity
can be obtained by other means, see Section 3.3.

h) Carefully transfer the collected sediment from the filter to
a sample container for transport to the laboratory. If
necessary the particles should be flushed with clear
water from the filter to the container to ensure that none
are left on the filter. The sample containers, together with
the bottles containing filtered water for wash load
analysis, must be clearly labelled and adequately sealed
to ensure that the results can be identified correctly and
that no part of the sample is lost in transit.

Although in outline the above pumped sampling pro-
cedure is straight forward a number of technical and practical
difficulties arise which must be fully considered if such a pro-
gramme is to provide useful results:

a) The velocity of flow in the pipe should be sufficiently high
to prevent particles from falling out of suspension along
horizontal sections of the pipe. For a given size of pipe the
velocity required depends on the concentration of sediment
and, to a lesser extent, on the size of particles being
transported. Experimental work reported by Crickmore and
Aked (1975) suggests that with 13mm diameter pipe, provided
the line velocity exceeds 1m/s, no sediment deposition will
occur. Their tests were, however, limited to particle sizes
below 0.3mm and concentrations below 600ppm by weight.
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If larger particle sizes or, more importantly, higher concentra-
tions than these are being sampled it may be necessary to
consider whether higher line velocities should be used.
Similarly, if larger pipe diameters are to be used a higher line
velocity may be required.

b) The filter should be sufficiently large to pass the sample
volume at the pumping rate selected even when the filter has
collected an appreciable quantity of sediment. If this is not
possible it will be necessary either to introduce a pressure
filtration system or to store the whole sample in a barrel for
subsequent filtration or until particles have settled out of
suspension.

¢) Care may be necessary in choosing the type and position
of the pump to be used. For a given pipe diameter the pump-
ing rate needed to produce a line speed of over Im/s is
readily calculated. For example, using pipe of internal
diameter 13mm a pumping rate of just under 150 x 10~6m3/s,
that is 9 1/min, gives a line speed of over 1m/s. From pump
characteristics data supplied by the pump manufacturer the
maximum head over which a given pump can produce this -
discharge can be found. In most cases, however, the pump
will be capable of operating over a greater head as a force
pump than as a suction pump since, in suction, the pump is
limited to a maximum pressure of one atmosphere. This limita-
tion, rather than the pump capacity, generally provides the
principal constraint in the design of a pumped sampling
system. Thus, in any system, the maximum suction head which
can be provided is less than 10m. This includes both the static
head, the difference in elevation between the lowest river
level and the pump, as well as the head loss due to friction in
the pipe. For PVC pipes of about 20mm internal diameter the
friction head loss is likely to be over 0.1m/m at line speeds
above 1m/s. If calculations indicate that a pump working in
suction cannot provide the necessary lift and flow rate it will
be necessary to use submerged pumps located near the noz-
zle. These also overcome another problem which arises with
suction pumps, that of priming the pumps at the start of each
sampling period. Even with self-priming equipment it is
sometimes necessary to provide an auxillary hand-operated
vacuum pump to fill the sampling pipe with water when the
total head to be overcome is large.

d) It has always been considered that an important factor in
the design and operation of depth and point integrating
samplers is to ensure that the intake velocity of the sample
through the nozzle is equal to the stream velocity. If this is
achieved it eliminates the need to provide a separate
measurement of stream velocity since this can be calculated
from the sample volume, nozzle diameter and sampling time.
It has also been suggested, see Nelson and Benedict (1951),
that unless the two velocities are similar the samplers will not
provide reliable values of sediment concentration. The reason
for this is that sampling at a velocity other than the stream
velocity causes streamlines to curve either inwards or out-
wards in the vicinity of the nozzle. Larger particles fail to
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follow these streamlines with the result that if the intake veloci-
ty is lower than the stream velocity the concentration of larger
particles in the sample is greater than in the stream and if the
intake velocity is higher their concentration is lower than in
the stream. In respect of pumped sampling, Crickmore and
Aked (1975) found that even with large differences between
the intake and stream velocities the effects of sediment con-
centration are insignificant. On this basis they concluded that
neither intake velocity nor nozzle orientation are critical for ac- -
curate pumped sampling. This conclusion enabled them to
adopt a relatively simple sampling procedure without the
need to match the sampling rate to the measured stream
velocity at each location. However, the results on which this
conclusion was based were obtained from flume tests per-
formed on sediment with a maximum particle size of 0.25mm.
It is unlikely to be true for particle sizes significantly larger.
On the other hand, the sampling characteristics of a given noz-
zle can be assumed to be consistent so that, provided the
sampling efficiency for different particles sizes has been ex-
amined in the laboratory under different stream and intake
velocities, it would be possible to derive a set of coefficients
which could be applied to measured concentrations of given
particle sizes in order to obtain their true concentration.

e) In many cases the principal difficulties in undertaking
sediment discharge measurements by pumped sampler arise
in the design of apparatus for introducing the nozzles into the
river flow. Standard apparatus for current metering based on
wading rods, cableways or boats, as appropriate, can be
adapted for such work. However, the need for a shore-based
pump, when using hand-held wading rods or cableways, calls
for long pipe runs and carefully co-ordinated operation. In this
respect the use of a boat may be preferable provided that on-
board pumping and filtration can be achieved. In deep fast-
flowing rivers, where current metering would normally be
undertaken by cableway or boat, the size of ballast weight to
use with a pumped sampling nozzle would be rather larger
than that used with a current meter by itself. The reasons for
this are that the pipe from the nozzle increases the stream'’s
drag on the apparatus and that with pumped sampling it is
even more important than with current metering that the
suspension cable should be as near as possible to the vertical
in order that the height of the nozzle above the bed can be ac-
curately determined. To overcome the difficulty of accurately
positioning a nozzle and current meter within a few cen-
timetres of a river bed different designs of ‘bed frame' have
been developed. These are open structures, resting on the
bed and positioned using a boat mounted winch. Nozzles may
be rigidly attached to the frame or to a motor driven carriage
which can be raised and lowered between the bed and the
top of the frame. The principal disadvantages of such frames
are their weight, the difficulty of manipulating them from a
boat and the possibility that, unless carefully designed, the
frame will disturb the flow pattern in its vicinity. For sediment
discharge measurements at a single site a further possibility-
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Theoretical
considerations 3.1

is to use a permanent structure fixed in the bed of the river.
Such structures may be used in rivers which experience
marked seasonal differences between low flow and high flow
conditions; the installation could take place in the dry season
and, provided that the structure has been adequately design-
ed, samples could be obtained even in peak flood conditions
when sampling from a boat would be hazardous if not impossi-
ble. The disadvantages of fixed structures are that nozzles can
only be located in a relatively small number of predetermined
positions, most probably in a single vertical section, and that
there are considerable problems in designing a structure
which can withstand the forces of drag and debris impact
which arise in peak floods without modifying the nature of the
river bed during construction or causing local regions of
scour to occur in floods. As with bed frames, the influence of
the structure on the hydraulic behaviour of the river must be
considered.

f) A more fundamental difficulty arises in the use of fixed
structures for the measurement of sediment discharge. In
laterally constricted alluvial channels dramatic changes may
occur in the elevation of the bed during the course of a flood.
Leopold, Wolman and Miller (1964), p 228-230, recorded bed
scour of the order of 2m in the Colorado and San Juan rivers
as a result of flood discharges and indicated that far higher
values occur in some rivers. However, there is no theoretical
method currently available of estimating what the extent of the
scour might be at a particular site. For this reason, previous
records of channel behaviour in floods would be of con-
siderable value in designing a sediment sampling structure.
Consideration of the effects of scour and deposition is
necessary not only in the design of the structure but also in
the interpretation of the results obtained since the calculation
methods described below require that the distance of the
sampling nozzle above the bed be accurately known. In such
circumstances it may be necessary to install an echosounder
on the structure to record the local elevation of the bed. This
would also provide information about the movement of bed
forms (ripples, dunes and antidunes) along the channel if a
sufficiently accurate system were used.

Procedures for calculating sediment discharge values
from the results of a pumped sampling programme

In all standard procedures for calculating sediment
discharge values from field data it is customary to apply two
important simplifications to the general equation of sediment
continuity in the channel. Firstly, it is assumed that a steady
state condition has been reached; that is, that at the selected
cross-section concentration and sediment flux values are not
varying with time. Clearly, these values do vary with time but
the rate of change is generally considered to be small and to
have a negligible effect on sediment discharge calculations.
This assumption will be invalid in rivers which carry heavy
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sediment loads in short duration floods but even in such cases
the errors introduced by neglecting temporal variations may
be small compared with those which arise because of the dif-
ficulties involved in undertaking any form of sampling under
such conditions. Secondly, it is assumed that the concentration
gradient in the direction of flow is negligible. As indicated
above, this assumption depends in part on the selection of the
sampling station. In situations in which steady state conditions
cannot be assumed to apply there may also be a significant
concentration gradient along the stream.

The motion of sediment particles in a river is generally
described by a single equation of continuity in the direction of
- the flow. Particles will, in reality, be continuously settling to
the bed. However, under the two foregoing assumptions, the
removal of particles should be exactly matched by their
replacement as a result of turbulent eddies which carry fresh
material from the bed into the flow. Yet even in ‘steady state’
conditions, the flow velocity and sediment concentration at a
specific location will show short term fluctuations due to tur-
bulence. These fluctuations add further complications in the
computation of sediment flux. The effects are shown
algebraicly below. '

Consider the water and sediment passing through a small
element, on the cross-section under study, and having instan-
taneous velocity v and instantaneous sediment concentration,
¢ (mass per unit volume). It is assumed that the water and
sediment particles travel at the same velocity, an assumption
which is unlikely to be valid close to the bed. The instan-
taneous sediment flux, s, per unit area, passing through the
element is given by:

S =V.¢C

Writing velocity and concentration as their time averaged
mean values, v and ¢, together with a varying turbulent com-
ponent, v' and ¢’, the instantaneous sediment flux is given by:

s=F+v)C+ )

Integrating this expression over time to obtain the mean
sediment flux through the element gives:

§=V.CT+ [(v'.c)dt + . fvidt + 7. fc' dt

By definition the last two integrals both equal zero.
However, the integral of v’ . ¢’ with respect to time is likely to
have a non-zero value unless the fluctuations in velocity and
concentration are exactly in phase with each other. Unfor-
tunately, it is not at present possible to measure the fluctua-
tions which occur in a natural river with sufficient accuracy to
quantify the integral although, in many cases, it is thought to
be relatively small. For this reason, most writers consider it to
be sulfficiently accurate to calculate the steady state, time
averaged, sediment flux through a small element as:

S=Vv.C
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This expression, which is widely used as the basis for
sediment flux calculation procedures, depends on the various
assumptions indicated above whose effects cannot, at present,
be quantified. In the absence of further information it will also
be used in the present paper.

Consider, next, a vertical element in the chosen cross-
section of unit width and of height, d, (the flow depth). Within
this element the value of s varies with the distance, y, from the
bed of the channel. The total sediment load, S, passing
through this element, on the same assumptions as above, is
given by:

5= ¢ 7 &dy

It should be stressed that it is the product of velocity and
concentration which is integrated. The mean velocity, obtain-
ed by integration of velocity over depth, is readily calculated
from the results of current meter measurements but to attempt
to use this value to calculate sediment load by multiplying it
by the mean concentration and depth is incorrect*. Pro-
cedures by which S can be calculated are described in Sec-
tions 3.3-3.5. Using pumped sampler measurements it is
preferable, although not essential, to consider the sediment
load in different particle size fractions. The manipulation of
field data to separate the particle sizes is, therefore, describ-
ed in Section 3.2.

So far the calculation procedures described have been
applicable only to the calculation of the sediment load per unit
width through a single vertical on the chosen cross-section. In
an initial pumped sampling programme it may be necessary
only to sample in a single vertical in order to provide informa-
tion about the relative magnitudes of the different modes of
transport. However, if a more precise evaluation of the total
load is required measurements will be required in several
verticals since significant changes in sediment flux are likely
to occur across the cross-section. It is beyond the scope of the
present paper to discuss the number and location of addi-
tional sampling verticals since this will depend on the specific
characteristics of the cross-section under study and the
degree of accuracy required in the result. Further work is re-
quired before such recommendations can be made. Where a
single vertical is used the value of its results for predicting the
total sediment load in the cross-section will be enhanced if the
section is of fairly uniform depth with steep banks and if the
chosen vertical is located within the middle third of the sec-
tion.

*Such a procedure would be correct if the mean concentra-
tion were obtained by using a depth-integrating sampler as
described above. The reason for this is that such devices pro-
duce a sample with a ‘‘discharge weighted' mean concentra-
tion as opposed to the ‘‘spatially weighted' mean concentra-
tion which is obtained by integrating concentration over
depth. :
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Separation of particle
size fractions 3.2

Determination of
velocity profiles 3.3

The proposed sampling procedure requires consideration
to be given to separate particle size fractions. The principal
division to be made is between sand particles (> 63um) and
silt and clay particles (< 63um). Samples of the material pass-
ing through a 63um sieve are analysed to give the silt and clay
concentration. It has been assumed that this represents wash
load and is uniform across the flow. The assumption may be
verified by comparing the concentrations obtained at different -
nozzle locations and, if found to be valid, a single mean value
of silt and clay concentration may be calculated from all the
bottle samples obtained on each sampling occasion, see Form
P1. This value should be used to verify simultaneous turbidity
measurements in order that future discharges of wash load
can be based on a continuous turbidity record and a con-
tinuous record of liquid discharges. To calculate the daily
discharge of wash load, mean concentration readings are ob-
tained from the turbidity record at, say, hourly intervals. Mean
river gauge levels at the same intervals are obtained, using an
automatic chart recorder, and from these the liquid
discharges may be calculated using a previously determined
stage-discharge relationship. The discharge of wash load, in a
given interval, is then calculated as the product of correspon-
ding values of mean concentration and mean liquid discharge.
The results are integrated over a twenty-four hour period to
provide a value of the daily discharge of wash load. It should
be noted that the choice of time interval has a major influence
on the accuracy of the final result. Where concentrations and
discharges are rapidly fluctuating it may be necessary to
adopt an interval shorter than an hour whereas in more stable
conditions longer intervals may be adequate. Trial calcula-
tions will assist in choosing the appropriate interval in a given
situation.

The proposed procedure also requires the separation of
different sand fractions, see Forms P2 and P3. For each posi-
tion of the sampling nozzle in a given vertical the concentra-
tions of separate sand fractions are calculated by dividing the
dry mass of particles of each size fraction by the total volume
of the sample. These values are used to produce concentra-
tion profiles for the calculation of sediment flux values in a
given vertical as described below. However, in order to ob-
tain these sediment flux values a velocity profile in the vertical
is also required.

When pumped sampling is being undertaken from a boat
or cableway it is relatively simple to fix a current meter close
to each nozzle intake position and thereby obtain a direct
measurement of the time averaged velocity at each depth
sampled. Such values may be used directly to calculate the
sediment flux at each depth, see Form P3, or may be plotted
as a velocity profile for graphical analysis as described
below. However, in strong flow where it has been decided to
locate sampling nozzles on fixed structures which remain
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submerged for long periods it would not be practicable to at-
tach current meters since access for inspection and
maintenance, especially during the highest floods, would be
impossible. In such cases it might be possible to measure
velocity head by using the sampling nozzles as Pitot tubes
although care would be needed to ensure that misalignment
of the nozzles or increased fluid densities caused by high
sediment concentrations did not lead to spurious results. Alter-
natively, velocity profiles can be derived from theoretical con-
siderations. The velocity distribution generally adopted is a
log-normal relationship based on the Karman-Prandtl equation
for velocity distribution in a vertical for steady flow in a broad
straight channel over a rough bed. This gives the time averag-
ed velocity, ¥V, at distance y above the bed, as:

Vg :
k

V = Voean + = [In (y/d) + 1]

where .

Vmean 1S the mean of v over the depth;

V4 is the ‘shear velocity' = (g.d.)*%;

i is the water surface gradient; and
k is the Von Karman constant = 0.4.

This equation has been found to provide good correla-
tions with observed velocity distributions in relatively clear
flow under a wide variety of conditions although significant
differences have occurred in certain cases*. Furthermore, the
equation cannot be applied close to the bed since it gives v =
0 at a finite distance, y., above the bed and increasing
negative values of v if y values less than y, are used. Never-
theless, for the purposes of the present calculations the in-
troduction of more complicated functions would not be
justifiable.

The procedure by which a velocity profile is obtained
from the Karman-Prandtl equation is as follows.

a) From the stage-discharge relationship for the gauging sta-
tion the total discharge, Q, corresponding to the observed
gauge reading, is calculated.

b) From the cross-sectional profile of the station, see Figure
1, the cross-sectional area, A, of the flow at the observed
gauge reading is measured.

*The presence of sediment is known to affect the proposed
log-normal relationship, see Yalin and Finlayson (1972), but the
extent to which such changes would affect the calculated sedi-
ment flux values for a given sediment concentration profile
cannot at present be fully determined. It is, therefore, assum-
ed that the effect can be ignored except close to the bed.
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Preparation of
sediment flux
profiles 3.4

c) The mean velocity, V, through the section is calculated as
Q/A. Tt is assumed that this value may be used as the
value of v,... in a vertical located towards the centre of
the river provided that the section is sufficiently wide and
uniform.

d) The value of vy is computed from the depth and surface
gradient of the flow.

e) For selected values of y the corresponding values of v
can now be calculated using the equation above. If the
values of y used are identical to those at which sampling
nozzles are located the calculated velocities can be
recorded on a single table along31de sediment concentra-
tion values, see Form P3.

The calculation of sediment discharge rates from the
results of a pumped sampling programme is best undertaken
by a combination of graphical and numerical methods as il-
lustrated by Form P3, and Figures 2, 3 and 4. Figure 2c shows
a typical profile of time averaged sediment flux values, s, ob-
tained by multiplying time averaged concentrations, ¢, Figure
2a, with time averaged velocities, v, Figure 2b, at each depth.
In general it is not necessary to draw the concentration and
velocity profiles since the sediment flux profile can be deriv-
ed directly from data on Form P3. However, sediment flux
profiles are required for each particle size fraction greater
than 63um, see Figure 4.

A major problem in deriving total sediment discharge
rates from sediment flux profiles is the difficulty of estimating
sediment flux values below the lowest level at which sampling
has occurred. Sediment concentrations increase very rapidly
with decreasing values of y and reach the limiting value cor-
responding to loose-packed sand grains at the bed itself. At
the same time, decreasing values of y produce decreasing
velocities which fall to zero when the bed is reached. The pro-
duct of the two parameters gives rise to a sediment flux pro-
file which has a maximum value close to the bed but falls to
zero within the bed itself. Whether sediment flux is zero at y
= 0, however, depends on the chosen definition of the datum
for the y axis. The choice of a suitable datum is complicated
both by the bedforms which are present and by the move-
ment of particles beneath the top layer of the bed. Thus, if
sediment flux has been measured to within 0.3m of the bed, as
in Figure 4, there are considerable problems in predicting its
form between this level and the bed. Because of the rapid
changes which occur in sediment flux in this region it would
be most unwise to attempt to extrapolate the curves of Figure
4 by eye. The following analytical approach is offered as a
sounder basis for extrapolation desplte its significant short-
comings.
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a) It is assumed that the velocity profile adheres to the
Karman-Prandtl equation in the region of extrapolation. Thus,
if velocities have been measured directly, the available data
may be plotted on log-linear axes, see Figure 3b. On these
axes the Karman-Prandtl equation results in a linear plot so
that a straight line fitted to the measured data can be used for
extrapolation. Where velocities were not measured directly
but were computed following the procedure in Section 3.3,
that same procedure may be used to obtain addition values
closer to the bed. There are limits to how close to the bed the
Karman-Prandtl equation may be applied. Firstly, as mention-
ed above, the equation is physically unrealistic close to the
bed since it gives negative velocities below a certain level, y,
(Y, = 0.5mm in the case of the data given in Figure 3b).
Secondly, the equation is valid only for clear water. Significant
deviations from predicted velocities are likely to occur in the
heavy sediment concentrations close to the bed. Thirdly,
close to the bed sediment particles will not be travelling at the
same horizontal velocity as the water with the result that the
sediment flux cannot be calculated using the stream velocity.
(The point at which significant differences become apparent
between horizontal velocities of sediment and water provides
a possible boundary condition to distinguish bed load from
suspended bed material load but it is not clear how this might
relate to other ‘definitions’ of bed load. Moreover, the condi-
tion cannot be clearly defined, except in probabalistic terms,
nor can it be readily measured in actual flow conditions).
Finally, if bed forms are present the value of y at which this
boundary occurs would vary with time as the bed forms move
through the section.

b) Of the various empirical and theoretical formulae prop-
osed to describe concentration profiles the most widely used
1s that based on diffusion theory. Unfortunately this theory
does not enable absolute values of concentration to be com-
puted but gives concentrations of particles of a given size
relative to their known concentration C,, at a distance y = a
from the bed, as:

- @Y ay
€=C (dy 'd—a)
where

zZ = w/k u, depends on flow conditions and particle size;
and

w is the fall velocity of the sediment particles.

This relation gives a linear plot, on log-log axes, of
(d-y)/y against C, see Figure 3a. Again, the equation is not
valid close to the bed since fall velocity is no longer indepen-
dent of concentration at high concentrations and the differen-
tial equation for diffusion also becomes invalid close to a
boundary. The equation has been compared with empirical
data, for a minimum value of a = 0.05d, and has been found to
give reasonably accurate results. This is generally taken as
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Calculation of total
sediment discharge
in a vertical 3.5

the limiting value at which the theoretical relationship can
safely be applied (for the data in Figures 2, 3and 4, 0.05d =
0.15m). To apply the relationship tec field data a straight line is
fitted to the data on a log-log plot and values of ¢ extrapolated
for the required values of y. Since the theoretical curve is be-
ing used to extrapolate measured values it may be worthwhile
studying alternative distributions to determine whether they
would provide curves which fit the data as well or better than
the one given above. In particular, there might be some merit
In using the simpler relationship proposed by Lane and Kalin-
ske (1942) which reduces to the form

In (c/c,) = -6z [(y/d) + a]

The advantage of this formula, if it is found to fill measured
values sufficiently closely, is that it gives a linear relationship
when c¢7/c, (or simply C) is plotted against y/d on log-normal
axes. This is easier to plot than the previous expression.
However, for illustrative purposes the previous expression is
used in the diagrams and discussion within this paper.

c¢) If direct evidence is available on the mean height of
ripples or dunes on the bed this may be used to define the
safe limit to which velocity and concentration profiles be ex-
trapolated. In all other circumstances the limit y = 0.05 d
should be used initially. The sediment flux profile should be
extended from the lowest measured level to this limit by ex-
trapolation as described above. Values are obtained from
graphs similar to those in Figure 3, recorded in the lower part
of Form P3 and the calculated sediment flux values included
on the profiles, see Figures 2¢ and 4.

The sediment flux profiles for different particle sizes
should be integrated over y from the chosen minimum level,
VYminy 10 ¥ = d to provide the total discharge per unit width of
each particle size within the vertical. These values, together
with the previously calculated value for wash load discharge,
are recorded at the foot of Form P3. The integration may be
performed either by use of a planimeter or by numerical in-
tegration. A suitable method of numerical integration for the
data of Figure 2c is as follows:

a) The depth over which the integration is to be performed
is split into an even number of equal elements; for exam-
ple, eight.

Integration depth = d -V, = 3.05 - 0.15
= 2.90m

Height of one element, 6 = 2.90 - 8 = 0.3625m

b) The points marking the boundaries between these
elements are marked on the sediment flux profile and
corresponding values of s are noted.

y(m): 0.15; 0.51; 0.88; 1.24; 1.60; 1.96; 2.33; 2.69; 3.05.
s (kg/m?%/s). 1.94; 1.03; 0.75; 0.55; 0.38; 0.27; 0.19; 0.14; 0.12
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Determination of bed
load discharge 3.6

c) The integration is performed using Simpson's rule. If the
values of 5 are referred to as s;, S;....... S., the integral is
calculated as: '

§$Mi"§dy - —é G + 5+ A4S + S+t 5, )
+ 2(S; + S5+ +5, )1
= Q—%E; [(1.94 + 0.12) + 4(1.03 + 0.55 + 0.27 + 0.14)
+ 2(0.75 + 0.38 + 0.19)]
= 1.63 kg/m/s

Thus, the sediment discharge per unit width between y =
0.15m and the surface in the vertical represented in Figure 2c
is 1.83 kg/m/s.

Integrations performed as the profiles shown in Figure 4
demonstrate the important influence which the unmeasured
zone has on the total sediment discharge. This influence is
most pronounced with the largest particle sizes. For example,
the integral between y = 0.15m and y = 0.30m as a percen-
tage of the total integral from y = 0.15m to the surface for the
various particle size ranges were as follows:

0.067 — 0.074mm, 12%;
0.074 — 0.105mm, 14%;
0.105 — 0.145mm, 22%;
0.145 — 0.201mm, 39%;
0.201 — 0.297mm, 62%.

Such figures indicate that, for large particle sizes, values
based on extrapolation into the unmeasured zone may be
very unreliable. This is related to the fact that bed load
transport is of increasing significance as particle size in-
creases. Clearly, if the sediment discharge below the chosen
lower limit of integration is large relative to that calculated in
the integration itself the sampling and calculation procedures
proposed in this paper would be of limited value. 1t is,
therefore necessary to develop some means of judging the
relative magnitude of the bed load discharge.

The problem of determining what, exactly, constitutes the
bed load has been discussed in Sections 1.1 and 1.4. For the
present purposes the value required is not that corresponding
to any theoretical or empirical definition of bed load but
rather the fraction of the total load which has not been includ-
ed in the measurements of wash load and suspended bed
material load described above. It is likely that this value will
be higher than the ‘true bed load’, however defined, because
the arbitrary lower limit of integration adopted in Section 3.4
will, in most cases, exclude part of the suspended bed
material load from the calculation of S.
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No method of estimating bed load has proved sufficiently
reliable even for order of magnitude calculations, to be ad-
vocated for general use. It is, therefore, advisable to apply a
number of different methods and to compare the results.
Suitable methods may be categorised into three major groups.
The first group includes various methods which do not pro-
vide quantitative values of the bed load transport and are,
therefore, referred to as qualitative methods. The second
group includes ‘bed load' formulae which purport to provide
values of bed load directly. The third group uses ‘total load'
formulae to provide values of bed load as the difference bet-
ween calculated ‘total load'* and measured suspended bed
material load.

A number of qualitative approachés to estimating the im-
portance of bed load are described below:

a) An indication of whether bed load discharge is likely to
be important may be obtained from the general
characteristics of the river at the section under study.
Relevant features are listed in Section 1.4.

b) A number of such characteristics have been incorporated
into empirical tables for estimating the importance of bed
load; see, for example, the classification prepared by
Maddock which is presented by Vanoni (1975) p 348.

¢) Measurements on the sediment flux profiles of Figure 4
may indicate the conditions under which bed load
becomes significant. For example, if the area of the rec-
tangle in the unmeasured zone, formed by the co-
ordinates of the lowest extrapolated point on each curve
and the two axes, is expressed as a percentage of the in-
tegral of s from v.... to the surface the following values are
found for given particle sizes.

0.067 — 0.074mm, 17%:
0.074 — 0.105mm, 20%:
0.105 — 0.145mm, 31%;
0.145 — 0.210mm, 49%;
0.210 — 0.287mm, 102%.

Although this approach requires further investigation it is
clear that with larger particle sizes, where the area of the
rectangle is comparable with that of the integral, ‘bed
load' discharge will be significant. Whether the total ‘bed
load' discharge is significant will then depend on the
relative contribution of the larger particle sizes to the total
sediment load.

*The term ‘total load’ is misleading since it does not, in the
context of such formulae, include the wash load.
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d)

e)
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Criteria have been proposed for determining the
hydraulic conditions under which particles of a given size -
will begin to move as bed load and suspended load. The
presentation of various criteria in graphical form by
White, Milli and Crabbe (1973), Vol 2, based on the work
of Engelund, is shown in Figure 8. In this figure two
criteria for initial particle movement in the bed (indicated
by Y.) and two criteria for the initiation of suspension (bas-
ed on the dimensionless fall velocity, F, of the Rubey
equation) are shown on a plot of mobility number, Y,
against dimensionless grain size, D,,, where:

Y = vi#/[g D (.- DI;

D,. = DIg (.~ 1)/»%%; and

D is a representative grain size,

v, 18 the specific gravity of the particles, and
v is the kinematic viscosity.

Values of » may be obtained using the Poiseuille expres—
sion:

v(in m#¢/s) = 1.79 x 108/(1 + 0.03368T. + 0.000221T.2)
where T, is temperature in °C.

The criteria in Figure 5 may be applied by determining
the values of Y and D,, under observed flow conditions at
a particular site using various bed material sizes. In this
way a series of points is obtained. These form a line, gra-
dient = — 1.0, across the graph. From this line it is possi-
ble to estimate the particle sizes at which bed load
transport and suspended bed material transport would
begin, for the given flow conditions, and by comparing
these sizes with the results of analyses of bed material
samples an indication of the relative importance of bed
load and suspended bed material load is obtained. The
calculation should then be repeated for different flow
conditions.

Another possible criterion for establishing whether bed
load is likely to predominate for a given particle size is to
consider the curvature of its concentration proﬁle as
defined by the parameter z = w/kvy. If w is expressed in
terms of the Rubey equation w = F[{gD(y,— 1)1 then

z = F/kY”

This criterion can then be related to the expressions
shown in Figure 5. In particular, the upper criteria defin-
ing the initiation of suspended bed material load given by
Y = 1.0F2and Y = 0.7225F2 correspond to z = 2.50 and z
= 2.94 respectively. From this it can be seen that a
smaller value of z, say z < 1.0, may be used to indicate
the point at which suspended load is likely to
predominate over bed load. Further study of the transport
processes would be required before such a value could



be used with confidence. Even then some means of ap-
plying it to sediments of mixed size would be necessary.

'The use of ‘bed load’ formulae to provide quantitative
results is not, in general, recommended. At first sight such for-
mulae appear to offer advantages over the use of ‘total load’
formulae because they provide values of bed load directly
rather than as the difference between the two numbers which
may be considerably larger than the result. However, they
have two major disadvantages. Firstly, since there is no
generally accepted definition of what constitutes bed load the
quantity calculated is unlikely to correspond to the ‘definition’
of bed load which is adopted in a given study. This will be
especially true with the method of sediment measurement pro-
posed in this paper since ‘bed load’ has been rather arbitrari-
ly defined as the part of the load which has not been included
as wash load or suspended bed material load. Secondly, the
bed load formulae in common use have been shown, by
White, Milli and Crabbe (1973), to give results which appear
unrealistic when compared against measured sediment
transport rates. The report referred to compared computed
sediment transport rates with measured values of ‘total load’.
Thus, with formulae which are intended only for use in predic-
ting bed load transport it would be expected that calculated
and observed values show close agreement only for data in
which particle sizes are large; where ‘total load’ will largely
comprise bed load. For smaller particle sizes the calculated
‘bed load’ should be less than the observed ‘total load’. Of the
large number of specifically ‘bed load’ formulae tested by
White, Milli and Crabbe only the original Einstein bed load
formula of 1950 performed in this way. If a ‘bed load’ formula
1s to be used, therefore, this appears to be the one likely to
give the most sensible results. However, in view of the pro-
blems arising from the difficulty of defining bed load, the in-
clusion of details of this formula in this report was not con-
sidered worthwhile. Details may be seen in numerous
references (see, for example, Graf (1971) p 139-150). Care
should be taken to avoid confusion with the Einstein total load
formula, the Modified Einstein formula and the Einstein-Brown
formula.

The use of ‘total load’ formulae as a means of estimating
bed load, for a measured suspended bed material load, offers
some improvement over the use of ‘bed load’ formulae.
Nevertheless, this approach should be applied with extreme
care since the most reliable ‘total load’ formulae are likely to
give results which differ from the true values over the range
+100% to —50%. Where the suspended bed material load is "
larger than the bed load then the bed load is determined from
the difference between two larger numbers. Computed values
may then differ by several orders of magnitude from the true
values, or may even be negative, as a result of errors in the
‘total load'. Where the bed load is larger than the suspended
bed material load the use of ‘total load' formulae is likely to
give more dependable results provided that the total load for-
mulae are applicable in such conditions. Details of two ‘total
load' formulae are given below. '
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The ‘total load’
formula of Ackers
and White 3.7

Of the formulae tested by White, Milli and Crabbe (1973)
the one which gave predicted sediment transport rates which
agreed closest with empirical data was that of Ackers and
White. This formula relates a non-dimensional sediment
transport parameter, G,,, to a non-dimensional ‘sediment
mobility' parameter, F,., as follows:

G, = C(F,/A' -1y

The formula is based on physical considerations but includes
coefficients which are chosen to provide correlation with em-
pirical results. For full details of the formula and its application
see Ackers and White (1973). A brief description of the rele-
vant parameters is provided below within a structured
calculation procedure.

a) Determine the value of D,, for a ‘typical’ sample of bed
material such that:

D,. = Digly,— 1)/»%"

D, the representative grain size is based on the results of a '
particle size analysis and is generally taken to be D;;; that is,
the diameter below which 35% of the sample, by weight, lies.

b) For D,, > 60 take the values of the following coefficients
as:

n =200

A" =017

m =15

C =10.025

For60 = D,, = 1

n =1- 0.561logy D,
A" =023(D,) " + 0.14
m = 9.66/D,, + 1.34

log; C = 2.86 logyy D,r — (09 D,)2 — 3.53

The coefficients n and A’ have physical meaning, n relating to
the position within the transition zone between very large (D,.
> 60) and very small (D,., < 1) particle sizes and A’ being the
Froude number at initial motion.

c¢) The mobility number is calculated as

V" [ AV

T [gD(y,— 1)1% 5.657 logy, (10d/D)
where V is the mean velocity through the cross-section.

Pg ]l—n

Other parameters are defined elsewhere in this paper.

d) G, is calculated using the formula given at the beginning
of Section 3.7.

e) The mean sediment concentration by weight in the cross-
section is given as:
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The ‘total load’

formula of

Engelund and
Hansen 3.8

Estimating sediment
discharges over
long periods 3.9

_G,.7..D V.
X = s ()

From this the total sediment discharge rate through the cross-
section is given as:

Q. =X.V.A.p _
where g is the density of water.

In view of the complexity of the Ackers and White for-
mula preference is sometimes expressed for the formula of
Engelund and Hansen which performed only marginally less
well in the tests undertaken by White, Milli and Crabbe. The
Engelund and Hansen formula may be expressed as

0.05 . 4,.V.vy?

X =T 7 D17

In this case it is specified that the value to use for D is Ds,, the
median particle diameter. The principal weakness of the for-
mula, according to White, Milli and Crabbe, is that it
overestimates transport rates when discharges are low.

The methods proposed in this paper for calculating the
discharges of suspended bed material load and bed load on
the basis of field measurements are intended for use in an in-
tensive programme conducted over a relatively short period.
It is intended that the results of this programme be used for
estimating bed material discharges over a long period on the
basis of available data, principally recorded gauge board
levels. For this purpose a correlation should be sought bet-
ween discharges calculated from the intensive programme
and gauge board levels. In investigating this relationship it is
essential to specify whether instantaneous values or
daily/hourly mean values are to be used. If it is found that the
correlation is poor alternative methods of prediction could be
tried. These might be based on various total load formulae.
Strict application of such formulae would not normally be
possible since one of the parameters usually required, water
surface gradient, is not widely available unless levels from
two gauge boards, located close to each other, have been
recorded. However, it may be possible to estimate suitable
values on the basis of the field measurements undertaken.
The degree of accuracy which should be sought in estimating
discharge rates will depend on the relative importance of
bed material discharge against wash load and on the pur-
poses for which the data are required.
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4 Summary of proposed sediment sampling programme

The following summary lists the principal components of

the proposed methodology and indicates the sections in this
paper, or other references, in which further details are to be
found.

1)

11)

1i1)

v)

V)
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Establish the objectives of the study and determine
whether the total sediment discharge is required or
whether one mode of transport, say bed load discharge,
should be given priority. Also, if possible, determine the
level of accuracy which would be required to fulfil the
objectives (Section 1.5). The following procedure applies
to situations in which the total sediment discharge is re-
quired and bed load discharges are relatively small.

Select a suitable site at or close to a river gauging station
where a functioning water level recorder exists or could
be installed (Section 2.1).

Survey the chosen cross-section using the gauge board
zero as the datum for elevations (Figure 1).

Establish a reliable stage-discharge relationship for the
cross-section by measuring the flow velocity at different
river levels. Standard current metering techniques should
be used for this although if high velocities are experienc-
ed, the use of current meters may be difficult and hazar-
dous. In such situations other methods, such as float track-
ing, might be necessary. It should be noted that some
sections show unstable stage-discharge relationships. If
the changes are long-term it may be adequate to re-
determine the relationship periodically but if significant
short-term changes occur the site would not be suitable
for the proposed sampling programme.

Establish a continuous programme of wash load measure-
ment by installing a recording turbidity monitor
preferably on a near-by structure such as a bridge. The
monitor head should be located at a position in the flow
such that it is as far from the bed as possible but will be
submerged at all times. It should also be protected from
light. From initial observations an estimate of the max-
imum concentration of wash load likely to occur in the
river is made. Using this value as the upper limit of the
working range, calibrate the monitor using samples of
local silt obtained, for example, from downstream reser-

~ voir deposits. It is assumed that the sand concentration at

the head is low and that it will, therefore, have no effect
on the turbidity monitor. Thus, only wash load concentra-
tions will be recorded. If subsequent results from the
pumped sampling programme indicate the possibility of
high sand concentrations around the head some adjust-
ment to the calibration may be necessary. Similarly if the
organic content of the wash load is high simple calibration
procedures may be inadequate. The turbidity monitor
must be regularly maintained; once a week the head



should be checked for algae growth, and if necessary
cleaned, and the batteries should be re-charged. A
recalibration should be undertaken once a month (Section
1.2 and Fish (1983)). From the turbidity monitor record,
wash load discharges may be calculated (Section 3.2).
The values obtained may be verified against the results of
simuitaneous pumped sampling results.

vi) Select a suitable method for locating pumped sampling
nozzles at several levels on one or more verticals in the
chosen cross-section (Section 2.3). The nozzle positions
relative to the bed should be accurately known; the noz-
zle positions should be more closely spaced near the bed
where the concentration gradient is greatest. If possible,
a method of measuring the flow velocity at each of the
nozzle positions should be incorporated into the sampling
programme. Pumped samples should be obtained
through the nozzles at fairly regular intervals for a period
of, say, three months (practical details are discussed in
Sections 2.2 and 2.3). It is necessary, for the success of
the proposed method, for sampling to be undertaken
under the widest possible range of hydraulic conditions.
During periods of relatively constant discharge it would
not be worthwhile sampling more frequently than once a
day but during flood peaks sampling should be under-
taken more frequently. Using a single pump the sampling
programme for a single vertical will take about ten
minutes per nozzle, that is, about an hour for six nozzles. If
the flow is changing rapidly significant changes may have
occurred in this period. In such circumstances accurate
sampling can only be achieved by using additional
pumps to allow simultaneous sampling from several
nozzles. Samples are passed through a 63um filter, the
particles retained on the filter being analysed for particle
size distribution and the material passing the filter being
analysed to provide a value for the wash load concentra-
tion (Section 3.2).

vii)) From the results of the particle size analysis prepare con-
centration profile data for each selected particle size frac-
tion in a given vertical. The profiles may be extended
below the lowest measured level, if necessary, by fitting
curves based on theoretical distributions (Section 3.4). A
single velocity profile is also prepared for each vertical
on each sampling occasion. These profiles are derived
either from direct flow measurements or from a
theoretical relationship using a value for the mean veloci-
ty obtained from the stage-discharge curve. The
theoretical relationship is also used to provide values of
velocity at levels below the lowest measured in cases
where direct measurements have been taken (Section
3.3).

vill) Sediment flux profiles are obtained by calculating the
product of concentration and velocity at selected levels in
the vertical (Section 3.4 — the assumptions on which this
calculation are based are discussed in Section 3.1). The
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lowest level to which the concentration and velocity pro-
files may be extrapolated may be determined from
knowledge of the bed forms or, as an initial limit, the
value V... = 0.05d may be used. The sediment discharge
rates of given particle sizes through a vertical are obtain-
ed by integrating their respective sediment flux profiles
between V... and the surface (Section 3.5). The sum of
these rates, together with the wash load, provides a value
for the total discharge rate, above the level V..., in a
given vertical.

ix) If nozzles are attached to fixed structures a study of the
behaviour of the river bed under different hydraulic con-
ditions should, if possible, be undertaken. This is because
the presence of bed forms or the occurrence of large-
scale changes in bed elevation during the passage of
floods would change the distance from the bed of the
sampling nozzles which, in turn, would have a significant
effect on the value obtained by integrating the sediment
flux profile. In addition samples should be taken of the
bed material on several occasions during the three month
sampling programme to provide information on sediment
sizes within the bed material.

x) Apply various qualitative tests to determine whether the
unmeasured sediment load (including bed load) is likely
to be significant (Section 3.6). Attempt to estimate the
magnitude of this unmeasured discharge by calculating
the 'total load' using formulae such as those of Ackers
and White (Section 3.7) or Engelund and Hansen (Section
3.8) and subtracting from this value the suspended bed
material discharge calculated from the measured sedi-
ment flux profiles. (Wash load is not included in ‘total
load' formulae). If bed load and unmeasured suspended
bed material load are found to comprise the bulk of the
total, the sampling programme proposed in this paper
should be abandoned and the use of alternative methods
for measuring sediment transport rates, such as dune
tracking, should be investigated.

xi) Investigate the correlation between the measured
suspended bed material discharges and river gauge
levels in order to provide a basis for estimating sediment
discharge values once the initial pumped sampling pro-
gramme has been completed (Section 3.8). The accuracy
required in the prediction of suspended bed material
discharge rates will depend on their magnitude in rela-
tion to the measured wash load discharge rates and the
purposes for which the data are required.
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Data forms for use in the collection and analysis of pumped samples
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Form P3 HYDRAULICS RESEARCH - OVERSEAS DEVELOPMENT UNIT
PUMPED SAMPLING: SUMMARY OF CALCULATIONS

RIVER LA R B I B S I I B R B B Y SITE ..‘.......0...‘.... DATE OF SAMPLING ® 5 6 6 6868 409 850 000000
POSITION OF VERTICAL .ccvnsvscococccscaee TIME AT START OF SAMPLING secececevecnccacsne

FLOW DEPTH, d eeceeecncocnneennnn
GENERAL REMARKS:

SEDIMENT TRANSPORT IN GIVEN PARTICLE SIZE RANGE (pm)

y \-, > s e o ‘.ooo ee e e R so 0. se e 2o e so e as e WaSh

vees to to to to | to to to to to load

o 00 * 0o 80 . e o0 oo o0 * e o0 9 9 LK BN BN LK X BN L IR BN BN ) (<63)

MEASURED VALUES
c
s
c
s
c
s
c
s
c
s
<
s
EXTRAPOLATED VALUES
c ;
s
c
s
c
g
S per unit
width

TOTAL TRANSPORT OF PARTICLES >63um PER UNIT WIDTH IN VERTICAL* = .......... kg/m/s

y = position within vertical (m from bed)

v = velocity (m/s). Indicate whether measured or computed ececeseccecoesnss
€ = concentration (kg/m3 = ppm + 1000)

5 = sediment flux (kg/m2/s) computed as Vv x ¢ :

§ = total discharge of given particle size (kg/m/s)*

*

Between lower reference level y = ... m and y = d
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This technical note is one of a series on topics related to
water resources and irrigation, prepared by Hydraulics
Research, Wallingford, and funded by the British Overseas
Development Administration.

Others in the series include:

OD/TN 1 Partech turbidity monitors: calibration with silt
and the effects of sand
I L Fish, September 1983






