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FOR E W0 R D

Erosion and the sediment it produces cause problems in many parts of the
world. Sediment may fill streams, channels, reservoirs and harbours, cause abrasion
in hydroelectric power and pumping equipment, offect fish populotions and add considerably to the cost of water treatment.
The Commission for Hydrology (CHy), at its fifth session in 1976, recognized
the importance of monitoring river sediments and the lack of guidance on this sub-

ject and invited Dr.

O.

Starosolszky (Hungary) to act as Rapporteur on Sediment Trans-

port. His task was to finalize a report on the measurement of river sediment taking
into account the information available in Member countries. In view of his consider-

able knowledge and experience in the subject matter, Dr. L. Rakoczi (Hungary) was
called upon, and kindly agreed, to assist Dr. Starosolszky in the preparation of this
report.

It is with pleasure that I take this opportunity to place on record the World
Meteorological Organization's gratitude to Dr. Starosolszky and Dr. R6koczi for the
time and effort they have devoted to the preparation of this excellent report. I
would also like to express the sincere appreciation of the Organization to the members

of the Working Group of the Commission for Hydrology on Improvement and Standardization of Instruments and Methods of Observation for Hydrological Purposes, for their
valuable assistance in reviewing the manuscript~

A. Wiin-Nielsen
.(Secretary-General)

SUMMARY

This report is a reyiew of equipment and techniques for measuring sediment

discharge in alluvial rivers, noting that the most simple ond sophisticoted methods
are not mutually exclusive. It is demonstrated that, in many cases, the optimum
means for systematic sediment measurement may be a combination of traditional and
more advanced methods and instruments. Outlines are also given of areas where further
improvement is most needed as, for example, automation and telemetering as well as the
international standardization of the water pollution aspects of sediment monitoring.

RESUME

Le present rapport est une etude recapitulative d'instruments et de methodes

de mesure du debit solide de cours d'eau alluvioux.

II en ressort que les methodes

les plus simples nJexcluent pas les techniques perfectionnees et il est prouve que,
dans bien des cas, une combinaison de methodes et d'instruments classiques avec des
systemes plusperfectionnes constitue, eventuellement, un moyen optimal de mesure systematique des sediments. Le rapport presente egalement un aper~u de domaines dans
lesquels il est indispensable de poursuivre les progres, comme par exemple en matiere
d'automatisation et de telemesure, ainsi qu1en ce qui concerne Ie normalisation internationale des aspects de 10 surveillance des sediments qui ont trait a 10 pollution

de l'eau.

PESKJME

HaCToamH H ~oK~aA TIpeACTaB~HeT COOCH
ITO

U3MepeHHID pacxo,n;a

TBep;n;OrO

CTQKa

B

o6sop

amOBHaJIbHbIX

060pY~OBaHHH H MeTOAOB
peKaX

c

ytIeTOM

Toro,

tITQ OonbmaH tIaCTh npOCTbIX H CJIO~HbIX MeTO,IJ;OB He HBJIHroTCH B3aHMOHCKJIIDqaro~HMH.

B

;n;OKJIa;n;e ,n;eMOHcTpHpyeTcH TO,

tITO BO MHorHX CJIytIaax OIITHMaJIbHbIM cpe,n;CTBOM

AHR CHCTeMaTHtIeCKOrO H3MepeHHR HaHQCQB Mo~eT ORTb KOM6HHa~HH Tpa;n;H~HOHHHHX
H oo.rree COBpeMeHHbIX MeTO;n;OB H

yKasaHHR Ha Te OOJIaCTH,
TaKHe,

HarrpHMep,

rrpHOopOB.

B

;n;OKyMeHTe TaK:>Ke cOJJ;ep:liCaTC.fI

B KOTOPb~ HanOOJIee Heo6xQ,IJ;HMbI ycoBepmeHCTBOBaHHR,

KaK aBTOMaTHsaQHR H TeJIeMeTpHR,

a

TaK~e Me:>K,IJ;yHapO,IJ;HaH

CTaH,IJ;apTHSaUHR paSJIHtIHbIX aCrreKTQB 3arpH3HeH~H BOAbI H MOHHTopHHra HaHQCQB.

RESUMEN
. . E1 presente in forme es un estudio recapitulativo sobre el equipo y metodos
de med1c16n.d~1 caudal de sedimentos de los cursos fluviales de aluvi6n, y en el se
pone de man1f1~sto que los metodos mas sencillos no excluyen las tecnicas mas complicadas. En el 1nforme se demuestra que, en muchos casas, 10 combinoci6n de los metodos e instrumentos convencionales con los mas adelontodos pueden constituir el media
6ptima para proceder-o medicianes sistematicos de sedimentos. En el in forme se exponen en terminas generales las areas en las que es mas necesario introducir .mejoras
tales como, por ejemplo, la automatizaci6n y 10 telemedida, as! como 10 nor~~iiza
ci6n internacional de los aspectos que presenta el control de los sedimentos en relacion can la contaminaci6n del ague.

MEASUREMENT OF RIVER SEDIMENTS

1.

INTRODUCTION

The problems of monkind are a corollary to development and water management
is called upon to minimize these problems in a particular domain. Deliberate water
management as an environment-forming activity calls for the simultaneous solution of
diverse interdisciplinary problems. Water is the medium in one of the processes
jeopardizing soil fertility, namely erosion, by which an annual sediment mass,
estimated conservatively at 12 000 million tons, is transported to the oceans. The
sediment eroded from the soil is liable to form useless, or even undesirable, deposits
travelling downstream with alternating processes of silting and scouring which tend
to disturb the natural balance. The surface runoff section of the hydrological cycle
is accompanied by this "sediment runoff" sustained by the kinetic energy of the
flowing water.

In channels having a movable bed the development of the latter can be studied
in combination with sediment transport. Thu~ a thorough understanding of these phenomena is essential for the sound dimensioning and operation of any engineering structure, such as dams, barrages, or river diversions, these.being related dynamically
to the adjacent reaches. of the stream.

All efforts in exploring the laws of sediment transport, keeping continuous
records on sediment discharge, or in predicting the consequences of engineering measures are bound to fail unless we succeed in achieving a fair degree of accuracy in
sediment measurements. Whereas a few decades ago discrete sampling was the only

method available, new devices and approaches have been introduced recently, including
telemetry and remote sensing. A review of the state of sediment observations, primarily from the aspect of applicability in routine hydrometric practice, appears thus
fully justified in the present report which presents a review of recent progress in
measuring equipment and techniques of sediment discharge in alluvial rivers. Basic
methods and instrument types are also included, partly because they form the basis
of recent developments and partly because many of them are still in use in severol
countries. These traditional methods and devices are usually simple in construction
and in operation, and relatively inexpensive. Howeyer, they require a great deal of
human labour, are usually time~consuming and have only moderate accuracy.
Surveying the most advanced methods and instruments of sediment measurement,

it must be borne in mind that the simplest ones are still more prolific in everyday
practice than the former. Therefore, the basic concept of the present report is that
the most simple and sophisticated methods cannot and must not exclude each other:
not only the hydrological conditions of the given river, but also the economic,
labour, and other conditions decide the optimum ways and means of systematic sediment
measurements.

- 2 In many cases, however, the most feasible and economic solution might be

the combination of the traditional and up-to-date methods and devices. This important paint of view alone could justify the survey of recent developments in this
field. Another need for such a survey arises from the fact that no branch of hydrometry can disregard the latest achievements of technology under the ever-increasing
demand for modernized data collection. Even the presently less-developed countries
with cheap human labour but scarcity of skilled personnel must not lose sight of the
ultimate goals of progress. In such cases, it is

precisely

modern

data collec-

tion methods which might help to collect badly-needed data in the absence of long
observation periods.

This report also points out where further development is mostly needed, e.g.
automation and telemetering, and in international standardization with special
regard to water pollution monitoring, w~ich is in many ways strongly correlated with

fluvial suspended-sediment transport.
2.

DIFFERENT CONCEPTS FOR CLASSIFICATION OF ,RIVER SEDIMENTS
In contrast to the broad, geological sense of sediment, fluvial sediment is

what is meant by this term in the hydrological and technical literature.

The fluvial

sediment is composed of fragmentary, inorganic material (grains) originating from

the weathering of rocks and soils and transported by, suspended in, or deposited
from water; thus partly originating from the catchment area and partly from the river
channel. The physical-geographical aspects of sediment transport are fully described
in (13) and (20).
From the point of view of origin, the total amount of sediment transported
by the river flow, i.'e. the total load, can be divided into two parts: wash load
and bed material load. The wash load consists of very fine (usually colloidal) solid
particles brought from the catchment into the river channel in near-permanent sus-

pension. Another characteristic of the wash load is that its particles are finer
than those found in appreciable quantities in the bed material of the river. The
wash load is transported through the stream channel without deposition and its discharge depends only on the rate with which these particles become available in the
catchment. The bed material load is that part of the total load which consists of
the grains of the bed material and whose discharge is governed by the transporting
capacity of the river.
In the measurement of river sediments, however, the hydrologist is concerned
with the transport of sediment. From this point of view, the total load comprises
bed load and suspended load, the latter including wash load. The bed load is that
part of sediment which moves in almost continuous contact with the river bed and
is carried away by rolling, sliding or hopping. The suspended load consists of
particles maintained in suspension by turbulence of the flow for considerable periods
of time without contact with the bed. It moves with virtually the same velocity as
that of the flowing water.
The sediment is sometimes divided into fine sediment « 0.062 mm) and coarse
sediment (> 0.062 mm), the former being more or less equal to the wash load mentioned
above (35).

3 -

The suspended load (including wash load) is expressed in mass or volume per
unit of time for a selected cross-section of the river. The different methods of
measurement are directed towards the determination of the concentration of suspended
sediment. This means the ratio of the mass or volume of the dry sediment in a watersediment mixture to the total mass or volume of the suspension. Conventionally, the
concentration is expressed in grams or milligroms per litre although it is often
given in parts per million (by mass or volume). The latter are almost equal in the
lower concentration range, but differ increasingly from each other above about
16 000 p.p.m.
It must be noted that the term sediment load refers to material in suspension
and/or in transport. It is not synonymous with sediment discharge which is the mass
or volume of sediment passing a river cross-section in a unit of time.

In this publication the sediment transport will be divided into suspended
sediment load and bed load and their measurement will be discussed accordingly.
Further subdivisions, like contact load, or saltation load, etc., which are mainly of
academic interest, will not be dealt with.

3.

SUSPENDED SEDIMENT MEASUREMENTS

As mentioned above, all the different methods of suspended sediment measurements have a common goal: to determine, or at least estimate, the concentration of
the suspended sediment. This task can be accomplished either by:

3.1

(a)

Taking samples from the river water and analysing them in a special
laboratory;

(b)

Meosuring the concentration in situ by special gauges; or

(c)

Estimating it by remote sensing.

Methods and devices for suspended sediment sampling

There are two methods for the determination of suspended sediment load by
sampling (17 (b»):
(a)

Indirect method, in which the time-averaged concentration of the
sediment and the time-averaged flow velocity at a point or in a vertical
of the cross-section are measured practically simultaneously by separate

devices and multiplied to obtain the sediment load corresponding to a
fragment of the total cross-section around the measuring point or along
the vertical;
(b)

Direct method, in which the time-averaged suspended sediment load is
measured directly by one device.

Streamflow (and/or velocity) data must be involved in any detailed suspended
sediment determination. If no gauging station is situated near the sampling cross-

- 4 -

section of the selected river, one should be established. Rate of flow is measured
at a number of systematically located points along a number of verticals by methods
and devices customarily used for stream gauging (17(a».
The error in the sediment transport measured in streams is caused by a great
many factors. Besides the error due to the 'instrument, errors are also generated
because the cross-section is sampled only at a restricted number of points.

As yet, little systematic work has been carried out on the errors of sampling
but it can be expected that increasing the number of verticals is important for the
reduction of errors in the sediment transport. The quantity of fine sediment in a
cross-section depends directly on the amount of erosion in the drainage basin and
only indirectly on the streamflow rate. The concentration during stormflow is unpredictable with respect to time, and frequently increases by a factor of 100 to
1 000 times that of normal flow. Much of the error in sediment data results from
the lack of sufficient observations to define the large temporal variations in concentrations. Section 3.6 deals more fully with the accuracy of suspended sediment
sampling.

. For fine sediment, the concentration is fairly constant over the vertical.
For coarse suspended sediment, rather large concentration gradients exist in a ver-

tical.

The ratio of fall velocity, W, to shear velocity, v:

parameter for sediment transport in suspension.
the concentration gradient in a vertical.

W/v

The largerX the

is an important
x ratio, the larger

3.1.1
The requirements for the selection of a site for measurement of suspended

sediment load are usually similar to those for measurement of discharges (see for
example section 2.5.2 in the WHO Guide to Hydrological Practices (40».
For practical reasons, sediment concentration is not usually measured at as
many verticals as the discharge. The common methods used in various countries to

locate the transverse position of sampling verticals are as follows:
(a)

Single vertical at midstream;

(b)

Single vertical at the greatest depth (thalweg);

(c)

Verticals at 1/4, 1/2 and 3/4 width;

(d)

Verticals at 1/6, 1/2 and 5/6 width;

(e)

Four or more- verticals at mid-points of equal-width sections (panels)
of the cross-sectiDnj

(f)

Verticals at centroids of sections (panels) of equal water discharge.

- 5 The alternatives for selecting sampling verticals may be divided into three
groups:
(a)

Verticals spaced arbitrarily in the cross-section constitute the simplest
solution. One single vertical might be used in small streams only and
preferably according to (b) above. The alternative (c) can be recommended when the water discharge is not known;

(b)

Several verticals uniformly spaced in the cross-section are used in the
so-called

egual-transit-rate method.

The stream cross-section is

divided into 10 to 25 increments of equal width, and a sampling vertical
is located at the middle of each increment. The method is used mainly
where depth-integrating samplers are available because of the advantage
that the distribution of stream discharge is not required.
(c)

Verticals at centroids of equal discharge in the cross-section are used
at gauging stations where sediment and discharge measurements are per-

formed regularly. The sections of equal water discharge are determined
by visual inspection, requiring great personal skill from the observer,
or by computation from previous rate-of-flow measurements.

If the sampling verticals represent equal stream discharges, if the samples
are taken by the depth-integratian method, and if all samples have the same volume,
then all samples may be combined in one representative of the average sediment concentration of the cross-section.

3.1.2
The cancentration of suspended sediment changes from point to point in the
cross-section and fluctuates in time at a fixed point. The kind of sampler and the
technique of sampling, therefore, should be selected according to the circumstances
and to the desired accuracy of the measurement. The average suspended sediment concentration at a vertical in a cross-section con be determined either by averaging

the concentrations measured at different points along the vertical, or by using a
depth-integrating sampler which automatically takes a sample in which the concentration of suspended sediment equals the average concentration in the vertical.
According to the mode of operation, the suspended sediment samplers can be
grouped into two main types: instantaneous and time-integrating. However, it should
be remarked that a number of samplers developed so'far do not strictly qualify for
either of these types.
The instantaneous samplers are usually trapping devices consisting of a
horizontal cylinder equipped with end valves (Figure 1) which can be closed suddenly
to trap a sample of water-sediment mixture passing the selected sampling paint at a
given point in time (4). The very simple "milk_bottle" sampler is corked or provided
wi th an entrance of variable diameter up to the full opening. As soon as the bottle
is opened and the air within the bottle displaced by the sample, bubbling takes place
at the entrance, slowing the filling process. Consequently, bottle-sampling is not
really instantaneous.

6 -

-~----Figure 1 - Instantaneous sampler in closed position

The bottle-sampler is sometimes provided with an intake tube protruding
horizontally from the cork pointing upstream and a curved exhaust tube pointing
downstream (Figure 2). The filling time is indicated by the appearance of air bubbles on the surface of the stream and varies accarding to depth, stream velocity
and diameter of the tubes (4, 21, 37).
.

Figure 2 - U.S.S.R.-series bottle sompler

- 7 The time-integrating sampler takes a sample more slowly over an extended
period of time to obtain a concentration averaging the instantaneous or occasional
fluctuations of suspended sediment transport over the sampling period of time. The
time-integrating samplers may be further divided into point-integrating and depthintegrating samplers. Both types have the same construction, i.e. a metallic, streamlined body with the sampling container in it. An intake nozzle of a diameter variable according to the actual flow velocity is protruding into the current from the
sampler head. An exhaust tube pointing downstream permits the escape of air from
the container. Valve mechanisms enclosed in the head are electrically operated by
the observer to start and stop the sampling process (19).
The point-integrating sampler (Figure 3) is held stationary at the point in
the sampling vertical during the sampling period of time, and then moved, with the
sampling action stopped, to a second point, and SO on. The depth-integrating sampler
(Figure 4) is lowered to the bottom of the stream or lake and raised again to the
surface at a uniform rate, sampling continuously during both periods of transit.
Sometimes it is lowered only for sampling continuously from the surface to the bed,
so that a mean concentration from the vertical is obtained. The improved version
of these samplers is remotely controlled and allows samples to be taken either over
the whole, or only from a portion, of the vertical.

---

--'

• A .

~

Figure 3 - U.S.A. series point-integrating sampler

Figure 4 - U.S.A. series depth-integrating sampler

- 8 -

Point-integration samplers are more versatile than the simpler depthintegrating types, because in the former the intake and exhaust is controlled by a
valve. When the valve is open, the sampling action is the same as in the depthintegrating sampler; hawever, with clased valve, the air initially in the chamber is
progressively compressed and forced into t~e container as the sampler is lowered
thraugh the depth. This action equalizes the pressure in the sample container with
that of the hydrostatic pressure. Thus, any initial influx of fluid at the time of
opening the intake-exhaust valve is eliminated. If the hydraulic pressure is so
great that the air initially within the sampler is compressed to a volume less than
that of the sample container, water will spill into the container and contaminate
the 'sample. Therefore, for every size of point-integrating sampler there is a limiting depth below which the sampler should not be used.
A special type of point-integration sampler is the pumping sampler.

As the

name indicates, it sucks the water-sediment mixture through a pipe or hose, the

intake of which is placed at the sampling point. Regulating the intake velocity, it
is possible to obtain a sample that is representative of the sediment concentration
at the given point.
Pumping samplers are mainly intended for permanent installations where the
intake can be fixed at a given point in the stream. The intake is usually oriented
at 90· to the, flow. Pumping gives accurate concentrations for clay and silt grainsizes, but tends to yield less than normal concentration for coarser particles

(34, 35).
In the U.S.S.R. the vacuum-type pumping sampler is used'both for point- and
depth-integrating. It consists of a vacuum chamber, hand-operated pump and rubber
connecting pipes (Figure 5) (4, 5). The sampler may be operated from a boat or from
a bridge but the vacuum chamber should be situated not higher than 2.5 m above the
water level. The flow velocity is measured at first by current meter, then the
intake velocity is regulated accordingly. The actual sampling velocity is controlled
by observing the rate of filling through the window of the vacuum chamber.
In order that the samples taken by a sampler be truly representative of the
sediment concentration at the point of sampling, the ideal sampler should fulfil
the following technical requirements (17,(d»:

(a) The sampler should be streamlined so as to minimize disturbances to
normal sediment flow;
(b)

The velocity of inflow at the mouth of the sampler or sampling tube
shall be as close as possible to the veloci ty of water at the sampling
point;

(c)

The mouth of the sampler shall always face into the current and the
sample shall be taken parallel to its direction;

(d)

The mouth of the sampler shall be outside the zone of the disturbances
of the flow set up by the body of the sampler and its operating gear,
and the flow lines shall be disturbed as little as possible, especially
near the mouth;

- 9 -

t

-

-=====:#
Figure 5 - Vacuum-type sediment sampler

(e)

Filling arrangements shall be smooth so that there is no sudden in-rush
or gulping; the air escaping from the sampler shall not hinder the
entry of

th~ s~mple;

(f)

The sampler shall be able to collect samples at the desired depth without the samples being disturbed or contaminated by the water-sediment
mixture at other points while the sampler is being raised or lowered;

(g)

It shall be possible to take a sample exactly when and where it is
required, particularly when sampling close to the bottom;

(h)

The sampler shall be portable, yet sufficiently heavy to minimize
deflection of the supporting cable from the vertical due to current
drag;

(i)

The sampler shall be simple in design and robust in construction and
shall require minimum care in maintenance and operation;

(j)

The removable-type container within the sampler shall be easily removed,
readily capped and easily transported to a laboratory without loss of
contents. In the case where the container forms a part of the sampler,
it shall be installed so as to secure complete drainage of the contents;

- 10 -

(k)

The volume of the sample shall be sufficient for the determination of
concentration and grain-size analysis.
a minimum of 0.5 Ii tre;

(1)

The present practice is to use

Depth-integrating samplers should be lowered or raised at a uniform and
slow speed, a fraction of the flow velocity.

The value of the factor k denoting the ratio of vI velocity of sampler movement to the v flow velocity usually ranges from 1/5 to 1/15. If A is the crosssectional area of the mouth or tube of the sampler, t is the maximum duration of
sampling, V is the volume of sample and his the length of sampling vertical,
A

v

vI

=

k

h

=

vI

.

h

=

k

t

=

V

(1),
(2),

v

( 3),

t

hence
V

A

(4).

Neither of the suspended sediment samplers satisfies all the above requirements.

In special cases some samplers are used which are very far from ideal:

for

example, the ~ or pail samplers (called also gulp or dip samplers) are able to
take instantaneous surface samples and although they only pravide measurements of
concentrations at the surface, have application in the following situations:
(a)

In locations where there are no facilities for taking depth- ar pointintegrating samples, i.e. where there is no bridge, cableway or boat
from which to suspend and submerge the standard sampler and where na
standard sampler

15

available;

(b)

In rivers where excessive floating debris prevents the use af more
detailed sampling methods;

(c)

At stations without trained observers or time to carry out detailed
measurements;

(d)

During rapidly rising or falling floods. In this case a number of can
or pail samples at frequent intervals throughout the flood period would
provide more data than only one or two detailed measurements.

In cases when surface samples are collected, the relation between the point
surface concentration and the mean concentration in the cross-section should be
established by detailed measurements from time to time. The method is more suited to
rivers with a relatively uniform distribution of sediment concentration i.e. in
streams carrying fine silts and clays rather than coarser grains, and in highly
turbulent rivers.

- 11 In still waters (lakes) and in the case of very low velocities, where the
disturbance to flow is negligible, verticol samplers can be used. The vertical
cylinder or pipe forming the container is lowered to the desired depth and an
instantaneous or time-integrated sample is collected by operating the valves at either
end of the instrument. The latter is suitable for taking samples very close to the
bed.
A comprehensive survey made by the U.S. Inter-Agency Committee on Water
Resources (34) mentions or describes about 65 samplers that have been used so far
allover the world.
The ISO International Standard (17 (d}) covers only the main
types of well-known samplers. The leading countries in the development and manufacture of suspended sediment samplers are the Netherlands, India, U.S.A and the
U.S.S.R.
3.1.3
(a)

Single point: either surface sample or selected arbitrarily on the
vertical, e.g. at 0.6 m depth - simple and ropid but inaccurate method;

(b)

Two point:
near the surface and the bottom, or at 0.2 and 0.6 m
depth (Straub method) - fairly simple and rapid but generally not
reliable and accurate;

(c)

Three point: at surface, mid-depth and bottom - not necessarily reliable
for all stream conditions;

(d)

Multi-point: a relatively large number of samples at known points of
each vertical with simultaneous velocity measurements - minimum of four
to five samples are taken to be analysed separately _ one of the most
reliable and accurate methods used. Accuracy depends upon the gradients
of velocity and sediment concentration along the vertical and upon the
number of samples;

(e)

Depth-integration: one sample from each vertical - reliable under usual
conditions but accuracy varies as most of the presently-used devices do
not sample proportionally to the velocity and close enough to the bottom.
Consequently, the accuracy depends upon the depth of flow and the type
of applied sampler (17 (d}).

The first four points above apply not only·for samplers but also for in-situ
concentration-measuring gauges.

According to comparative measurements published by Perez and Scartascini (24),
ordinary bottle-samples collected at verticals in centroids of sections of equal discharges gave results about 6 per cent lower than those from depth-integrating sampling
at the same verticals. In both cases the sediment was separated by filtering.

- 12 Bottle samples collected by different abservers in verticals at 1/4, 1/2
and 3/4 of the width of the cross-section gave about 9 to 15 per cent lower sediment
discharge than depth-integrating sampling. The sediment residue was separated in
both latter cases by decanting the samples after 24 hours rest.
This finding indicates that for accuracy the proper selection of verticals
is more important than the method of sampling and that decanting after 24 hours rest
is inferior to filtering. Studies made by Bennett and Nordin (3) also support the
former statement.
The U.S.G.S. accept the theory of Colby and use a nomograph (Figure 6) for
the determination of the required number of sampling verticals (11). According to
this, the variability of concentration for different verticals can be closely related
to the ratio of the mean flow velocity squared and the depth: y2/D. To make the
y2/D index useful for comparison among all streams, the compound ratio

Y2/D (max)
y2/D (mean)
sand

Percentage
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y2/D (mean)
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o
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Number of verticals

Figure 6 - Nomograph to determine the number of sampling verticals

-13 is suggested, where the nominator is the ratio from the vertical having the maximum
y2/D, and the denominator is the ratio of the mean velocity squared to the mean depth
of the whole stream. The latter is taken from water discharge measurements.
Figure 6 indicates the number of sampling verticals required for a desired
maximum acceptable relative standard deviation based on the percentage of sand in
the suspended sediment and on the y2/D index. When the discharge of sand-sized
particles (d>O.D62 mm) is of primary interest, the 100 percent-line should be used
regardless of the amount of fines in the sample. The graph was constructed using
imperial units, thus Y and D should be substituted accordingly.
3.2

In-situ sediment concentration measurements

The common and main disadvantage of all types of suspended sediment samplers
is that they provide results only after a long period of time. The samples have to
be transported ta a special laboratory for further treatment and analysis until the
concentration is finally determined.
The so-called "in-situ sediment gauges" can overcome this difficulty by
indirect concentration measurement; they determine electronically the absorption
losses of electromagnetic radiation depending upon the density of the water-sediment
mixture. The relative decrease of the rodiation can then easily and rapidly be converted to concentration by calibrotion curves determined previously.
Another significant advantage of in-situ gauges is that they can be connected
point can be
recorded continuously for a longer period of time.

to recorders, thus, the variation of concentration in a selected

Both of these features are very valuable sources of information for the
hydrologist especially in the case of floods; pgxtly

be~~v~e th~ co~ce~tr~ticndatQ

are available at the site of measurements, and partly because the sudden and short
duration peak values can be observed. The data may also be telemetered and recorded
at a regional centre or at the headquarters of a water resources project.

3.2.1
The term turbidity denotes the cloudiness of a liquid and can be used as a
measure of suspended-sediment concentration. Generally, the turbidity is measured
as the ratio of the intensity of the light scattered by the suspended sediment particles to the intensity of light transmitted through the liquid. The photocell in
the detector is alternately exposed to the transmitted light and then, by means of
solenoid-operated shutters, to the scattered light. The recorder responds to changes
in turbidity only during the scattered-light portion of the measuring cycle. Stability of the ratio measurement is achieved by using a single light source and a
single photocell to measure both scattered light and transmitted light.
A turbidimeter for continuous concentration measurement usually consists of
a pumping and recirculating system, sedimentation chamber, detector and recording
system. Some of the turbidimeters can be. adjusted to monitor sediment .concentrations

- 14 ranging from about 10 p.p.m. to a couple of thousand p.p.m. with an accuracy of
10 per cent. Both range of application and accuracy depend upon the type of instrument. Unfortunately, turbidity also changes with the size of the sediment. Therefore, the concentration cannot be determined unless the particle size distribution
is known.
Due to the foregoing requirement, some types of turbidimeter ore also
adapted for grain-size analysis. To this end, the pumping of sediment-liquid mixture
from the river into the turbidimeter is stopped ond turbidity is recorded against
time as the particles settle out of suspension and out of the light beam in the
sedimentation chamber.

The weight of sediment in each size group is computed as a

percentage of the total for each incremental change in turbidity.

After the par-

ticle size spectrum has been determined, concentration is found from a calibration
graph in which turbidity is plotted versus concentration, and size is shown as a

parameter.

Such a graph can be developed from turbidity tests on several knowh con-

centrations of suspensions with known particle-size distribution.

For these tests,

the size spectrum is determined by the traditional settling procedure.
In principle, this pumping-type turbidimeter is adaptable to a field instrument~

however, it is not easily portable. It requires permanent installation in a
measuring cabin and a reliable electricity supply, etc. Consequently, this device
and method are best suited to principal sediment measuring stations with permanent

staff.

.
There are turbidimeters with svbmersible probes for real in-situ measUre-

ments (20, 23), working on the light-scattering principle. However, the sonde is
too delicate ta use in deep and/or swift-flowing streams without fixing it to bridge
piers or similar structures, and the electronic equipment connected to it needs frequentmaintenance" and weather-proof housing. Developments using glass-fibre optics,

although

promising,are still at the experimental stage.

More simple submersible electro-optical turbidimeters (earlier types) work
on the light-trahsmission principle. Here the absorptian of a permanent light beam
is determined by a phatocell placed a few centimetres apart from the light source.
This method is inferior when compared with light-scattering measurement because the
turbidity in this case depends not only on the concentration and grain-size of sediment but also on the concentration of organic matter and the colour of the dissolved
chemicals in the flow (21). The calibration of such instruments is even more difficult due to the unstable opacity of the transparent housing of lamp and detector
caused by the abrasian effect of the suspended mineral particles passing by.
It should be mentioned that there are several ather types of equipment for
the continuous determination of concentration and/ar grain-size distribution of
pumped sediment samples:

electronic, ultrasonic, manometric, etc.

However, all

these types are to be used in laboratories, and are thus mare suitable for industrial applications only, e.g. for sludge monitoring.
3.2.2
These truly portable in-situ sediment concentration gauges work on similar
principles as those of the electro-optical gauges, but utilize nuclear radiation

- 15 instead of visible light.

Nevertheless, they also can be used permanently installed

at a sediment measuring station. Even in the latter case, they do not require pumping of sediment samples, and their electronic counter recorders are more compact,

rugged and less dependent on mains electricity than those of the optical gauges.
The nuclear sediment concentration gauges measure the attenuation of either
the transmitted or that of the back-scattered radiation. Due to the rather high
mass-absorption coefficient of the water and the mineral sediment grains, only gammaradiation sources are suitable for sediment concentration gauges. However, such
gamma-emitting isotopes must have a rather low energy, because otherwise the atte-

nuation of radiation intensity due to slight changes of concentration would become
immeasurably small. On the other hand, the radiation source should be monoenergetic,
i.e. it should emit gamma-photons in a narrow band of energy only.
Another requirement for the isotope is a long half-life to avoid frequent
re-calibration of the instrument, or change of radiation source due to rapid decrease

of radiation intensity. All these prerequisites make the selection of isotope rather
easy because only a few of the available radioisotopes can satisfy them. In practice,
Cadmium-l09 and Americium-241 are used, the latter having the advantage 'of a longer
(450 years) half-life.
The intensity of monoenergetic gamma-radiation passing through clear water
of x em thickness, I W1 decreases compared with the intensity of the same radiation

passing through air of ~ cm thickness, 1 0 • The decrease occurs due to the counter~
action
between radioactive radiation and matter ana depends on the density, p ,
and mass-absorption coefficient, ~ , of the medium, and on the energy of radiation.
In the case of water, the decrease in radiation intensity can be expressed as

follows:
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Since the characteristics of water and sediment in a river can be regarded
constont and the distance between the radiation source ond the detector at a given
1nstrument as also constant, the decrease of radiation intensity in practice is
expressed as the ratio III , in favourable cases this will depend on the sediment
concentration c only. How~ver, in the field neither river water nor sediment has
constant characteristics! since the chemical composition, amount of salts dissolved
~s

- 16 by the water and also the mineral composition of the sediment grains may vary both
in time and space. Thus, the response both of the transmission and the scattering
gauges depends on the chemical (mineral) composition of sediments being investigated.
Because of the dominant effect of photoelectric absorption in attenuation of low
energy photons, the chemical composition is characterized by the so-called "material
parameter":

i=n

P =

where

L
i=l

p.

1

Z~

(8),

--.!

A.1

P. is the amount of an element in per cent by weight,
1

Z

is the atomic number and

A

is the mass number of the same element.

As can be seen from the above expression, the material parameter is heavily

dependent upon the atomic number of its chemical components.

The value of P usually

varies between 8 000 and 33 000, however, in extreme cases, as for example when

the iron content is high above average, P can attain 50 000.
The sensibility of concentration measurements is usually expressed by the
ratio of the relative change in radiation intensity to that of the sediment concen-

tration:
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The sensibility and accuracy of the measurement increase propo!tionally with

the difference between the mass-absorption coefficients of sediment and that of
water. Consequently, it is advisable to use lower energy gamma-radiations since

if p > P I the variations in the density of water due to temperature fluctuation
repr~sentW less significant sources of error. It should be noted that the low-energy

gamma-radiations are more sensitive to the chemical composition of the sediment.

Finding the optimum of the combined effect of these two factors should be the main
goal of future investigations.
The first portable nuclear sediment gauges· were U-shaped, fork-like devices,
the 109Cd or 241Am radiation source being mounted in one arm and the detector in the
other (27). The awkword construction, weight and shape of such instruments, however,
reduce. their usefulness in field use, especially as portable devices held in the
water by rods (Figure 7 (a)),
The horizontally arranged sediment gauge avoids most of these operational
difficulties. It can be suspended on a narrow steel cable and submerged by a winch
from the measuring vessel. The arrangement to be seen in Figure 7 (b) is more
suitable for use in lakes due to its remarkable resistance to flow.
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- 18 The type developed by the Internotional Atomic Energy Agency (Figure 7 (c))
wo-s designed for use in riveTs and measures the attenuation of scattered photons.

In this case, the source is held by a rod protruding from the detector casing and
the crystal is shielded against the direct radiation. This useful instrument has
proved to be more sensitive and to have a lower minimum detectable sediment concen-

tration than the previous direct attenuation probes.
However, the main disadvantage of this type of sediment gauge is that the
scattering processes of the gamma-radiation are taking place in a cylindrical water

body around the longitudinal axis of the instrument, in the so-called "sphere of
influence", whose radius ranges from 50 to 70 em.

This fact prevents their use in

shallow streams and close to the river bed or to the water surface.
Another horizontally-arranged probe, developed recently in Hungary, works
on the transmission principle (Figure 7 (d)). Bath the source and detector are built
in a perforated steel tube of 100 mm diameter. The lead container of the source can
be shifted inside the tube, thus changing the source-detector distance, and permitting
the sensitivity of the instrument to be adjusted to the higher or lower concentration
ranges of the sediment to be measured. The lead shield (collimation) of the isotope
enables the source to emit radiation only in a narrow band and directly towards the
detector. The latter is also collimated towards the source and the thick lead shielding by reducing the amount of scattered radiation reaching the detector to a minimum,
simultaneously gives the necessary weight to the sonde for lowering it to the bottom
of a medium-sized river (4-6 m depth). This makes it possible to measure the concentration of sediment as close as 5 cm to the bed (half the diameter of the sonde).
While the scattering principle dominates amongst optical sediment concentration gauges, transmission-type devices aTe more practical amongst nuclear gauges
for field use, because of the absence of a II sp here of influence". For the same
reason, the calibration of the transmission instruments is easier because it can be

carried out in smaller tanks.
To obtain a reliable correlation between the rate of impulses indicated by
the instrument during a time unit and the concentration of suspended sediment, the

following requirements should be sotisfied:
(a)

The effect on the density of water of the elements dissolved by the
water should be negligible;

(b)

The chemical composition of dissolved and solid materials should
influence the accuracy of the measurement up to an acceptably low
extent only.

If the first requirement is not satisfied, the concentration of the dissolved elements should be determined separately, i.e. the change or radiationintensity in "clear water" (5) should not be measured in tap water, but in the raw
river water after settling and separating out the solids.
As for the fulfilment of the second condition, the effects due to the
variation in chemical compositions can be reduced significantly by the proper selection of the radiation energy applied, and by that of the source-detector distance.

- 19 The laboratory calibration of nuclear sediment gauges is usuolly carried
out in sodium sulphide solution, having a material parameter very close to that
of quartz (p = 10 000), or in sodium chloride solution with P = 27000 similar to the
material parameter of natural sediments.

Natural sediment can be used for laboratory calibrations in flumes of high
water circulating capacity only, since it can be kept in continuous suspension by

a very high level of turbulence.
Figure 8 shows the laboratory calibration curves for both types of portable
sediment gauges in the case of sodium sulphide solution. Ascan be seen, the calibration curve for the nuclear gauge measuring the direct attenuation of gamma-radiation
(with 32 em source-detector spacing) practically coincides with that of the gammascattering gauge in the concentration range lower than 10 000 p.p.m. The higher
sensibility of the latter instrument is apparent in the higher concentration range

only. The sensibility of the gamma-attenuation gauge with 22 em source-detector
spacing has not proved satisfactory.
The most suitable duration for measurements is three minutes for optimization

of the statistical parameter of impulse counting. A shorter measuring time would
increase the relative error of counting, due to the random fluctuation of both the
sediment concentration and the radioactive radiationi however, a longer measuring
time would make the procedure in the whole cross-section last much too long.
Nevertheless, laboratory calibration cannot be substituted for field calibration, when suspended sediment samples are taken with traditional devices at the
same time and at the same points as the operation of the nuclear gauge.

Consequently,

the accuracy of the field calibration depends mainly on the accuracy of mechanical
sampling. In the course of one such field calibration, 10 samples were taken at
each measuring point. The relative error of sampling was found to be four to six
per cent in the

c~ncentraticn

range abovo 2000 p.p.m. but it increused

from 10 to 30 per cent below this level.

~apidly

The relative error of impulse-counting

remained lower than four per cent in the whole measured concentration range.

The complete calibration procedure can take several months or years as it
should include the higher concentration ranges occurring rarely and having only a
short duration.
Since the suspended sediment concentrations in most rivers are very low

during the major part of the year, the most important feature of nuclear sediment
gauges fromapracficalpoint of view is the minimum detectable concentrotion. According to the experience in Thailand with these instruments, this lower limit of detection may be c.150 p.p.m. in the case of extremely high sediment loading (four to
five per cent iron content) but only about 500 p.p.m. in the case of suspended solids
of normal mineral composition.

The latter limiting value might be too high in several practical cases and
thus nuclear gauges may not be applicable for routine measurements during the whole
year. However, the advantages of these instruments - the in situ, instantaneous
determination of concentrations, as well as continuous measurement and recording -

make their application justified even if used for part of the year only.

Because
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Figure 8 - Calibration curves for nuclear gauges
of the low energy and activity of their radiation sources, the nuclear sediment

gauges can be applied safely and their operation does not require highly qualified
personnel.
3.3

Problems of continvous monitoring of concentration

From the previous sections it can be seen that both electro-optical ond
nuclear sediment gauging ore suitable for the continuous measurement of sediment
concentration at a selected point of a cross-section or vertical. Even under opti-

mum conditions of permanent installation and operation (i.e. a permanent building,
dependable electric power supply and adequate staffing, ~tc.), continuous monitoring
still presents several problems, especially in hard winters or in rivemwith flashy
flow r~gimes.
Any sediment probe mounted at a set point in a river has mainly operational
and maintenance problems, especially if the stream has had floating ice and debris.
Even under an ice-free regime, however installation and maIntenance problems grow
j

with the size of the river. The gauge-height variation and the nature of the river
r~gime should both be taken into account before deciding about fixing the location of
sediment concentration recorders. If the concentration does not vary significantly

- 21 over much of the year and if the changes take place gradually, it is questionable
whether it is worth the weekly supervision and servicing of a permanent gauge. Often,
the repeated or continuous operation of a portable gauge during floods only might
prove more economical. The more flashy the flow regime of a river, the greater
the amountafannual sediment transport to arrive at the site of observation during
floods.
In any case, the correlation between the sediment concentration measurable
at the point of the fixed gauge and the mean concentration of the given cross-section
of the river
must be determined by thorough, systematic measurements, repeated
at different flows (25). This repetition is important because the relation is not
necessarily linear and constant throughout the year and in all ranges of sediment
concentration.

As field calibration and the necessary periodic checking of optical or nuclear
sediment gauges is carried out by simultaneous traditional sampling techniques, the
existence of a conventiona1 suspended sediment-sampling network and that of a suitable sediment laboratory is inevitable when in-situ gauges are introduced. The price
of this equipment is high and will probably remain so for a long time, permitting
their application only in the principal stations of a sediment data.collecting network. On the other hand, the sediment dato can often be so valuable, especially
during flood waves, that the purchase and operation of such precious in-situ gauges

might be feasible.
A recent survey of sediment inventory data of 13 rivers in the U.S.A. (31)
has led to the conclusion that automatic sediment monitoring is justified if the
daily mean concentration exceeds 10 000 p.p.m. for even one day annually. A quorter
of the streams investigated have shown peak concentrations of between 10 000 and
100 000 p.p.m. Based on these data, it is estimated that a monitoring device with
a 1 000· p.p.m. lower limit of detection and a range of 100 p.p.m. would measure
~b0Ut

85 per CGnt of the annuul

gU~perlded

sediment load.

Certainly, many rivers on

a world scale fall into this category, although, the 1 000 p.p.m. lower detection
limit is too high for several streams in Europe, for example. In the latter case,
a combination of photoelectric gauges (say, between 20 and 2 000 p.p.m.), and nuclear
sondes (above 1000 p.p.m.) might be a practical solution. The necessity for continuous monitoring or the frequency of measurements should be judged only after a
thorough analysis of the flow regime.
3.4

Measurements under difficult conditions
Most of the difficulties in suspended sediment measurements are due either

to the geographical situation, i.e. remoteness and poor accessibility of the observation stations selected, or to the climatic conditions - tropical weather or long
periods of freezing up of rivers, etc. Especially in developing countries, it is a
common problem that over vast, scarcely populated areas and in the absence of ration-

al agri- and sylviculture, extremely high degrees of rural erosion may develop. Consequently, the rapid increase in sediment transport of the streams causes more and
more problems both in the river channels and in the flood plains. Reliable sediment
data are thus badly needed to permit urgent control measures. However, in remote
areas, the absence of roads, electricity and observers often makes the establishment
of a sediment data-collection network impossible.

- 22 In such cases, temporarily unattended sediment samplers can provide some

essential data even if af limited accuracy. Such a simple, battle-type device is
the single-stage sampler. It starts to work at a selected gauge height, not according ta time, and takes samples on the rising limb of a flood wave only. The corked
bottle has a syphon-type air-exhaust tube and a similar water-intake tube (Figure 9)
(11).

~

--~r---IExhaust

,~~~__

port

Intake nozzle

Bottle seal

/~
::0... Inner end
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Figure 9 - Single-stage sampler
The sampler shauld be mounted on a vertical support (timber pile, bridge pier,
etc.), preferably near the centre of the measuring cross-section. When the rising
water surface reaches the elevation of the intake nozzle, the water-sediment mixture
starts to enter the tube. Assuming a continuous rise of gauge height, the water level
in the intake rises until the combined potential and velocity-head pressure at the
intake nazzle forces water over the crown of the syphon. When the syphon is primed,
the sampling bottle begins to fill, and the process continues until the water level
attains the inner end of the exhaust tube, sealing it and thus stopping the flow.

- 23 Using several samplers mounted one above the other, samples can be obtained
at several predetermined stages. No staff need be present at the time of sampling
but the samples must be collected a couple of days after the flood hos passed the
measuring site. The sompler is manufactured as verticol- and horizontal-intake types,
the former being more suited to finer, the latter for coarser (sand) sized sediments
(34).
Unfortunately, with the increase in sediment siz~ sampling errors also
increase because the samples are usually collected near the surface or the edge of
the stream channel. Furthermore, the size, shape and orientation of the sampling
and air exhaust tubes cannot be properly selected in odvance to ensure an intake
velocity equal to the stream flow velocity. Trash or debris may occasionally create
unnatural flow conditions around the sampler. During the period of submergence
subsequent to sampling, the water-sediment mixture may circulate through the sampler
and spoil the sample.

Theoretically, a pumping sediment sampler, operoted continuously or intermittently and connected to any of the automatic monitors described above could also
be used for sediment measurement under difficult conditions. However, apart from
their high cost, these sophisticated instruments may easily break down in a severe
climate and cannot be left unattended for long periods. In addition, their proper
operation and maintenance require a considerable technological back-up in the given
country.

In arid climates, with ephemeral stream~ a sediment-trapping structure can
provide approximative data on suspended sediment transport. A measuring structure

is installed at a suitable location, possibly attached to an existing measuring weir
(Figure 10) (18). From the total flow-rate passing over the weir a thin, slotted
steel flume deflects a small portion (e.g. K =
towards a settling basin. A
l
second flume further divides the water-sediment
mixture, e.g. by the ratio
K ~ ~. A third flume leads approximately K = ~ per cent of the overspill tathe
3
2
secona- container. After the flood wave has passe~, the amount of water and solids
trapped in the containers is measured an~ based on these ratios, the average concentration and transport of suspended sediment is determined. The containers are
covered to prevent significant evaporation losses or dilution of the trapped water
by rain. The device, developed by the Centro Studi Ricerche de Catane, Italy, has
to be calibrated to determine the actual dividing ratios of each flume (18).

555)

Between the two extremes! i.e. the single-stage samplers and the automatic,
continuous monitors, a practical solution might be·the application of portable insitu gauges, transported to the site from the regional headquarters of a hydrological
data-collection network. This system is especially recommended for countries with
definite and predictable rainy seasons where the transport and operation of equipment
can be organized well ohead. Regarding the very high sediment concentrations occurring during flash floods, nuclear gauges are to be preferred, the measuring range of
which is above 1 000 p.p.m. The most recent types are rugged and weatherproof enough
to operate safely even under tropical conditions. Their built-in, battery-operated,
portable electronic scaler assures at least eight hours uninterrupted work, which can
be extended if car batteries are used as external power sources.
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Experience gained in south-east Asia and Africa proves that the maintenance
and re-calibration of nuclear sediment gauges can usually be undertaken at a moder_
ately equipped field base and that the low-activity 109Cd or 241Am isotopes employed
are virtually harmless to the operators and the environment.

3.5

Remote sensing of sediment transport

Recent technological developments in the field of multiband aerial photography and precision mapping camera photography enable us to use special methods
of aerial photogrammetry for different river studies. One of the most important
applications is colour infra-red photography with a precision mapping camera, proven
to be very suitable for the evaluation of sediment transport processes in streams.
This kind of photographic process requires a light aircraft and good light
conditions, preferably without clouds. Like the ordinary colour films, colour infrared film also has three layers of emulsion, but sensitized to respond to the

- 25 wavelengths corresponding to green, red, and photographic infra-red. Through a
subtractive colour process, this film produces a lIfalse" colour image of the terrain
in which green appears blue, red appears green and photographic infra-red appears
red. Colour infra-red film, processed to a positive transparency and viewed on a
light table with a magnifying glass provides a most useful medium for river studies.
Small differences in suspended material concentration in water provide a
distinctive tone change on the colour infra-red film. This tone varies from very
dark blue for relatively clear water, to very light blue for waters containing high
concentrations of suspended sediment. Green colours are produced in some cases on
the false colour film where the true colour of the water approaches a red tone. This
distinctive tone change can be used to monitor the sources of sediment, the transport process, and the deposition locations. In cases where colour infra-red photos
are available for long reaches of a river, sediment sources and sinks can be readily
identified.
Interpretation of colour infra-red photos is most effective and reliable when
carried out in conjunction with adequate ground-truth information. The groundtruth survey teams collect data primarily on sediment concentration and turbidity,
surface water temperature and water depths. Experience gained SO far in various
rivers in the U.S.A. (29, 30) shows that remote sensing with aerial colour infra-red
photagraphy is most practical for locating and identifying existing and potential
inflows of sediment-laden streams to a river system. The interpreter can evaluate
the ground-truth information more accurately and can locate future ground sampling
sites that are more representative of the phenomenon under investigation. Field
survey work can be performed with greater efficiency and at lower cost because of
prior knowledge of drainage locations.
Hence, infra-red remote sensing currently provides gualitative information
about sediment transport processes only. Small changes in low concentrations can be
oeTected errecT1vely and l:calibration;; of colour infra-red photos can be expected
in this concentration range also. To this end, however, several repeated and coordinated aerial and ground surveys should be performed on the same river at different
flows. Unfortunately it was found that, with high water flows the colour tone concentration correlation does not hold, probably due to variations in the type of
sediment caused by overbank and tributary inflows. The changes in the silt-clay
content and in the amount of organic matter changes the reflectance of the water
surface and thus influences the colour of the infra-red film. Another limitation
of the remote sensing method is that each flight provides a "one_shot" view of the
river only, though turbidities and sediment concentrations would vary for different
flow conditions.

Further research should be carried out to quantify the factors influencing
the photographic image and to improve the present interpretive techniques. These
efforts are, without doubt, worthwhile because the method is very promising. At
present, remote sensing could be used for example in obtaining a quick view of the
general sediment transporting characteristics of a river system, especially in the
planning stage of a sediment data-collection network or to improve the representativeness and efficiency of an existing one.

26 3.6

Accuracy af suspended sediment sampling

Data in the literature concerning the occuracy of sampling are relatively
scarce. The effect of the number of sampling points and verticals was discussed in
paragraphs 3.1.3 and 3.1.4 respectively. The relative error of instantaneous
sampling was briefly dealt with in section 3.2. More detailed information is available on the U.S. integroting samplers. The relative sampling rate (ratio of intake
velocity to ambient flow velocity) influences the sampling error as shown in Table I
(35.):
TABLE I

Relative sampling rate
0.5
0.8
1.0
1.2
1.5

Error in concentration

(per cent)

+ 29
+ 5
0
- 5

-11

According to these results, it is important to check any new samples to ensure
that the relative sampling rate is between 0.8 and 1.2 over a range of streom velocities from about 0.5 m s-l to at least 2.0 m s-l. Stream velocity is measured by
current meter and the intake velocity is computed from the filling rate of the sample
container. With a tolerance of ± 0.2 on relative sompling rates, the error should
not exceed ± 5 per cent for particles of fall with a diameter less than 0.45 mm.

The grain size of the suspended sediment also has a strong influence on the
accuracy of sampling. Figure 11 (II) shows this influence quite clearly for sediment
of grain size> 0.06 mm.
In the U.S.S.R., comparative sampling was conducted to evaluate the accuracy
of suspended sediment concentration measurements (5). Table II gives the standard
deviations 0, and the maximum deviations A from the mean value for various types of
samplers. It is interesting to observe that the error of tilted ordinary bottle
sampling is not inferior to more sophisticated samplers, at least not in the case
of lower concentrations. At even lower concentrations, in the 100-200 mg 1-1 range
and with fine grained sediment, point sampling with tilted bottles proved to be quite
acceptable, according to Hungarian experiments.
The W'l0 project "Intercomparison of hydrometric instruments" can be expected
to provide the framework for the testing of several suspended sediment samplers in
different countries. The evaluation of the results will form a sound basis on which
to estimate the accuracy of suspended sediment sampling.
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Figure 11 - Variation of sampling error with the relative sampling rate

TABLE II

Relative
depth of
sampling

Concentra-

4.40

0.2

1 200

1.20

0.6

1 600

Water depth

tion

g m- 3

GGI

Vacuum

sampler
(Figure 2) (Figure 5)

Ordinary bottle sampler

sampler
~

~

4.8

15.0

9.7

25.0

a

~

3.5

6.0

9.0

17.0

Til ted at 24°

Vertical

~

a

3.6

10.0

6.1

20.0

15.0

22.0

H.5

34.0

a

"
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Processing of sediment concentration data

3.7.1
Suspended sediment samples are usually pracessed and analysed in special
laboratories, where after a settling time of one to two days, the clear water is

decanted from the top of the sample and the remainder is filtered. The sediment is
then dried at a temperature of about 110°C and weighed. If the sediment is separated
by evaporation, a correction has to be made for dissolved solids (12). The concentration is expressed in mg 1-1, g m- 3 or in p.p.m. (up to 16 000 p.p.m. there is no
significont deviation between mg 1-1 ond p.p.m.) (35).
To avoid the use of highly sensitive equipment in weighing, i.e. to have at
least 0.1 g sediment in a sample, taking samples of the volumes as shown in Table III
is recommended:

TABLE III

Expected concentration of
g m- 3

suspended sediment,

Volume of sample litres

> 500

1

100 - 500

5

< 100

10

Remembering that standard sediment samplers in some countries have a con-

tainer capacity of one litre or less, sampling should be repeated until the required
volume of sediment sample is obtained.
3.7.2

Determination of concentration by in-situ gauges
------------------------------= -==-------

The intensities of light or nuclear radiation as indicated by the submerged
photoelectric or nuclear probes of in-situ sediment gauges should be divided by the
intensity measured in clear water, and the sediment concentration corresponding to
this ratio read from the calibration curves of these instruments.
3.7.3

~~~~!~!~~~_~i_~~~~=~~=~:~=~~~=~!_~~~:~~~~=

In cases where the time-averaged concentration of suspended sediment (p.),
and the time-averaged current velocity (v.) are measured virtually simultaneousl~ at
a large number of points (n) in the sampling area of the cross-section (indirect
measurement in section 3.1), each concentration and velocity is representative of a
small sub-area (~o.). The sum of all sub-areas equals the total sampled crosssection (A). The l~tter is usually smaller than the cross-sectional area determined
by sounding, because a suspended sediment sampler cannot take samples near the bed

- 29 of the chonnel. There is, therefore, an "un sampled zone" between the sampled and the
total cross-section and the computation of the suspended sediment transport referrs
to the "sampled zone" of the river channel only.
The suspended sediment load (R s ) is . determined using the formula

Rs

(10) •

=

The steps of the semigraphical computation are as follows:
(a)

Draw the velocity distribution and sediment concentration curves as in

Figures 12 (a) and 12 (b) for the sampled zone;
(b)

Determine the praduct of concentration (p.) and velocity at corresponding points (v.) and plot the rate of sedi~ent discharge curve as in
Figure 12 (c)y

(c)

Determine
Figure 12
Figure 12
under the
(17 (b».

-

the areas of the water discharge, per unit width (q ), from
(a) and the sediment discharge, per unit width (r )~ from
(c). The latter can be obtained by determining t~e area
curve (Figure 12 (c) either by computation or by planimetry

P.

V.

~

~

-

(vp).

~

~

71\

;-----.-{

limit
sampled zone

~----.yLower

-

of~--------------~

--,------,

Velocity distribution

Sediment-concentration

distribution
(a)

(b)

Sediment-discharge
distribution
(c)

Figure 12 - Vertical distribution of suspended-sediment discharge

- 30 Since both concentration and velocity fluctuate with respect to time in
turbulent flow, the indirect method implicitly assumes that the time-averaged sediment transport per unit width (pv).1 is equol to \p II) 1.•
The procedure explained obove is too lobour-intensive both in practice and in
theory. Usually, velocities are not measured at the same points where sediment is
sampled. If the sediment is fine (grain size is less than 0.075 mm) it can be assumed that
the concentration is uniformly distributed throughout the vertical and therefore a
single sample taken at any depth is likely to be sufficient for determining the mean
concentration in a vertical. In this case the product of the mean concentration and
the mean velocity of the vertical gives the sediment transport per unit width.
When the velocity measurement and the sediment sampling takes place at different verticals, both the water discharge and the suspended-sediment discharge are
determined by a semigraphical method (17 (a)). For each sediment-sampling vertical,
the corresponding partial water discharge (q) should be determined as the partial
area between the water-surface line and the dgpth-velocity curve constructed previously for the water discharge computation (Figure 13). The total suspended-sediment discharge is obtained by adding up the partial suspended-sediment discharges:
r = p q as
s

v p

R =

86.4

I> s ,

(ll~

where
r

s

Pv

is in kg s

-1

l
and Ps is in t d- ,.

is the discharge-weighted concentration of sediment in a partial area
of the cross-section.

When depth-integration sediment samples are taken at verticals passing over

the centroid of panels of about equal discharge (section 3.1.1 point (iii)), the
weighted mean sediment concentration (p in kg m- 3 ) for the entire sampled crosssection is calculated as

5

(of each panel)
=

where

(12),

(of each panel)

3 -1

is the partial water discharge in a panel in m s a n d
is the discharge-weighted concentration in the vertical at the centroid
of the panel.

When the sediment-sampling verticals are distributed at equal distances
along the cross-section (section 3.l.1, point (ii)), and depth-integrated samples
are taken at each vertical, using the same transit rate, all samples can be merged
into a single, representative discharge-weighted sample. The concentration of this
sample is the weighted mean concentration in the entire cross-section.
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The suspended-sediment discharge (R in tons/day) is computed as
R

where

Q

is the stream discharge

.

~n

86.4

=

Ps

Q

(13),

3-1

m

s

If the sampling or in-situ measuring points are pre-selected accarding to
the procedure suggested in section 3.1.3, the necessity for simultaneous water discharge meosurements can be avoided by a series of preliminary rate-of-flow measurements.

These ore carried out at various gauge heights in correspondingly more or

less verticals and points. Thus, the required number of sampling points in a vertical (n) and the ratio of any partial suspended-sediment discharge referring to 0
unit area around the sampling point (r .) determined by time-integrated sampling at
each point to the time-averaged mean s~ sediment discharge at the given vertical
(f), denated byo(., can be prescribed for different river stages (17 (b)).
s

~
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The main aim of this method is that sediment sampling should be carried out
only at a given hydrological situation and only at the pre-selected points. The
mean sediment discharge at a vertical:

1
r

s

=
n

n

L:
1

0(.

~

r

.D

s~

(14),

where D is the depth in metres.
The method seems to be really advantageous at low and medium flows where
there are usually no significant differences in water-surface slope. Unfortunately,
even with rapidly increasing or falling flood waves, where this time-saving method

could provide the most benefit, slope changes are also rapid and, therefore, the predetermined«. values do not necessarily hold, as previously stated in section 3.3.
~

3.7.4
To estimate the annual or long-term suspended-sediment transport of a river,
a number of stream gauging stations are usually selected for sediment gauging with
regular or occasional sediment sampling or, if it is hydrologically and economically
justifiable, with automati€,continuous concentration monitoring. Having collected
a series of data, the logarithms of corresponding water and sediment discharges are

plotted to establish a graphical or analytical correlation (25). The line fitted
to the plotted points is the so-called "sediment-rating curve". The long-term sediment transport is then calculated by successively reading the sediment discharge
values in selected water-discharge class-intervals, multiplying them by the corresponding water-discharge frequencies and summing the products.
The procedure is simple but its results can hardly be regarded as anything
more than a rough estimate, due partly to the generolly poor correlation between
flow rates and sediment concentrations, and partly to the incorrect application of
flow frequencies. In the following, 0 closer look at these factors is given (28).
If one considers the processes of sediment entrainment which take place
partly on the basin and partly in established channels, it becomes evident that the
instantaneous values of flow and sediment transport, as well as their variation in
time, are controlled by the same or similar factors. In detail! however! these
often act differently and even in opposite directions. For example, in a basin
covered by impervious rock or soil, the runoff coefficient - and thus the peak flow are higher than in one consisting of loose granular soil with no vegetative cover.
The peak-suspended sediment concentration, however, will be much lower in the first
case than in the second.

Similarly, runoff and erosion are affected in quite different ways such as,
simply, whether the precipitation producing the measured concentration values in the
river fell at the end of a long, dry or wet period. The seasonal variation of sediment production is also widely known! its main causes being seasonal variations in
the density of vegetation, in agriculturol practices, and in soil temperature, etc.

- 33 Even from this lengthy list of factars, it is apparent that the values af suspendedsediment concentration depend on the complex result of various interconnected controls, and that they there fare cannot be characterized by a too-variable correlation.
Indeed, the associated graphical plots usually demonstrate considerable
scatter even on double-logarithmic co-ordinates. Their representation by a line
necessarily leads to an aversimplification af the prablem and an arbitrary averaging
of the effects of different factars. The flaw-sediment discharge carrelation becomes
significantly more pronounced if the record of precipitation intensity is analysed
along with the record af gauge height or water discharge at a given station. In
addition, air and soil temperature data should be considered, if available. Using
this approach under a moderate continental climate, the highly scattered poin~s can
generally be separated into at least two, and often three or four groups, on the
log-log plot. Each of these groups can then be represented by a separate relationship which generally has a higher correlation co-efficient than the original sediment
rating curve based on all the plotted points (Figure 14).
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Figure 14 - Suspended-sediment rating curves

- 34 Another reason for the poor correlation may be that the field sediment measurements are not carried out in sufficient numbers and/or over the right time period.

In many cases, when the estimation of the long-term suspended sediment transport
becomes very' urgent for some reason, daily samples are token for a period of months
or a year to construct a sediment rating curve. Obviously, this observation period
may be .unrepresentative of the flow and sediment transport regime of the given river,
resulting in a serious QYer- or under-estimation of the long-term sediment transport.
Significant error might also arise from the practice in which a measuring
team visits unmanned sediment stations at predetermined intervals and takes samples

from the stream with no regard for the momentary flow conditions.

Using this sys-

tem of data collection, a great number of unnecessary and insignificant low concen-

tration data are obviously obtained and the higher (flood) concentrations of suspended sediment are only measured occasionally and then by chance.
The necessity and importance of measuring the rare high sediment concentra-

tions were dealt with earlier in section 3.3 and the ways of accomplishing this task
were also summarized in sections 3.3 and 3.4. All these efforts are aimed toward
the ultimate goal of establishing more reliable sediment-rating curves.

However,

even with such curves, the present method of applying flow frequency data in the
calculation of long-term sediment transport can provide quite misleading results.
Considering sediment transport as a natural process, flow frequency and
duration values are unsuitable for use with daily mean suspended sediment discharge

data, for example, because they disregard the continuity and successivity of the
phenomenon whose momentary values are characterized by the individual sampling
results. As was pointed out above, the same depth of precipitation can generate
quite different sediment discharges under different conditions, e.g. in various
seasons.

Even in the same season, the· value of sediment concentration depends on

such factors as whether the preceding period was dry or wet.
trolling effects are concealed by the flow-frequency data.

These and other con-

The only valid and recommendable solution is based on the thorough analysis
of the flow characteristics, preferably carried out on a long period of gauge-height
records and coupled, if possible, with precipitation and air temperature data. Such
hydrometeorological records are usually available for much longer periods thon sediment records. The analysis of these data series can be accomplished by suitable
computer programs, selecting the flood events whose peaks and/or sizes make them
dominant for annual sediment transport. Using the daily mean discharge of these
floods, in association with the multi-parameter sediment rating curves, the sediment
discharge can be calculated for each flood wave or series of floods with a reosonable
degree of accuracy (7, 28).
3.8

,Concluding remarks on suspended-sediment measurements

This section summarizes briefly the state-of-the-art of suspended-sediment
surveys without trying to go too deeply into the details of either the instruments
or the methods presently used. More details are easily found in the literature
referred to or in general hydrological handbooks and guidelines. In the writer's
opinion, this part of the subject is rather ,widely' known, and each country, even

- 35 with only moderately developed sediment data-collection systems, already has its
own standardized instruments and methods, usually those offered by the leading
nations in this field, or occasionally their own.
This section clearly shows that these devices and methods are highly diversified and even the useful efforts of the International Organization for Standardization (ISO) only summarize and recommend them for the various users. We can not
expect, consequently, that in the near future every country will sample or measure
in-situ suspended-sediment concentrations with the same type of instruments. The
most urgent task is, therefore, not a strict or even forced international standardization, but the recognition by each country of the importance of the sediment transport of its rivers and the selection of the optimum density of its sediment datacollection network, the most efficient and economical means and methods by which to
measure sediment concentration when and where it is essential for obtaining reliable
estimates of long-term transport.
All this involves an intelligent consideration of the possibilities offered
by present technology and a realistic judgement of their introduction. For example,
aerial remote sensing, although
still virtually in the experimental stage,
might be taken into consideration seriously even in developing countries in order
to establish where sediment gauging stations are most needed, in accordance with the
sometimes complicated sediment transporting conditions of a river system. Such
remote-sensing flights can often be connected with general reconnaissance flights to
assist planning other hydrometeorological station networks or to solve overland
accessibility problems, etc. The realistic solution 'of these problems is more vital
for the establishment and operation of a useful data-acquisition system than the
choice of instrument or observation to be applied.
Standardization of equipment and methodology is needed for international
collaboration and data exchange, especially in coun~~ies within the same river basin.
It should be nuted, however, that standardization must also include the co-ordination
of sampling frequency, methods of processing sediment data and of calculation of
long-term (annual) sediment transport. For example, to fit the annual suspendedsediment transport along the Danube from data estimated by the various Danube countries is rather difficult at present. The reason for this is not primarily the use
of the different measuring equipment but the unequal frequency of measurements, different ways of data processing and calculation.
Another important point to consider is the environmental aspect of rivers.
Streams do not respond onTy to human intervention, but are also heavily influenced by
many kinds of environmental impact. Suspended sediment in itself is a pollutant and
its concentration and annual amount can be highly influenced by human activities.
In addition, sediment is gaining in importance as a carrier of various industrial
pollutants, especially heavy minerals. These adsorbed elements not only change the
transport and settling characteristics of the natural sediment grains but, being bioresistant, toke part in the intermittent (repeated settling and scouring) process
of their transport for a considerable .length of time.

Suspended sediment must not be regarded from the hydrological or the civil
engineering point of view only. It should be remembered that river pollution

- 36 surveyors and researchers have been developing a rapidly-increasing- observation net-

work for 011 pollutants including suspended sediment. Their equipment and methods,
both individuol sompling and continuous monitoring are often different from those
used by hydrologists (38). In this context due reference should be made to the output of the Unesco/UNEP/WHO/WMO Workshop on the Assessment of Particulate Matter Contamination in Rivers and Lakes held in Budapest (1978). Since the sediment (mostly
as suspended sediment) can accumulate and transport several forms of pollution,

especially micropollutants, the sampling technique for suspended sediment and bed
material should be suitable - in many cases - for chemical and biological analysis.
This new aspect may involve new sampling requirements (33).
The writer feels that hydrologists and pollutionists could and should cooperate both in improving data collection and processing, and by exchanging sedimentconcentration data. The latter will have to be made directly comparable or at least
convertible and is thus a field where standardization is needed most urgently.
4.

BED-LOAD MEASUREMENTS

4.1

Devices and methods for bed-load sampling

The field measurement of bed-load discharge is difficult because of the
stochastic nature of sediment movement in almost continuous contact with the bed,
and because this movement forms ripples, dunes and bars on the bed. Sampling the
bed load is not only more complicated than sampling the suspended sediment but· also
has many more sources of error. The very high scatter in the results is the main
reason for the fact that there are fewer types of bed-load sampler than suspendedsediment sampler, and that their standardization has not been attempted so far.
4.1.1

Instrumentation

No single apparatus has proved to be completely adequate for sampling the
largest and finest bed-load particles with the same efficiency while remaining in a
stable and flow-oriented position on the stream bed and yet not altering the naturol
flow pattern and sediment movement (16, 34).
Bed-load samplers can be classified into three main types:
pressure-difference.

basket, pan and

The basket- or box-type sampler is made of wire mesh material mounted on a
rigid steel frame. The mesh has apenings of a size that passes the suspended sediment but retains bed load. The upstream end of the basket is completely apen and
thus able to catch the largest cobbles appearing in the upper stretches of rivers.
The Dutch "Arnhem" sampler and its modified version, developed by the U.S.G.S.
and named the "Helley-Smith" sampler, alsa use mesh baskets but they are constructed
to catch sand and/ar sandy gravel bed load. The latter (Figure 15) has an entrance
nozzle 7.62 cm square and a 46 cm long sample bag of 0.2 mm mesh. Because it also
traps the coarser fractions of the suspended sediment, it is best suited ta grain
sizes from 0.5 mm to 16 mm. The weight of the Helley-Smith sampler is 30 kg (2, 8).
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Figure 15 - Basket-type bed-load sample (Helley-Smith)
The pan-type samplers are wedge-shaped in longitudinal section (Figure 16).
They are placed on the bed with the point of the wedge cutting the current. The
bed load moves along the top of the pan and is trapped in the transverse slots at
the downstream end. This sampler is best suited for sand material.

Transverse partitions

•

flow
direction

Figu:r·e 16 - Pan-type bed-loud sUillpler- (Polyukov)

The -pressure-di fference type samplers are designed to produce a pressure

drop at the exit of the sampler sufficient to overcome energy losses, assuring an
entrance velocity approximately equal to that of the undisturbed stream. A perforated
diaphragm within the sampler body forces the flow to drop its sediment into the
retaining chamber beneath the screen and to leave through the upper exit (Figure 17).

Because the bed-load samplers represent an obstruction to the flow to a
greater or lesser degree and because several uncertainties are involved in the
sampling process, it is necessary to determine an efficiency coefficient (ratio of
sampled to actual bed-load discharge) for each type of sampler. The calibration
takes place in laboratory flumes with natural sediment beds. Here, the bed-load
discharge can be measured in a sump at the end of the flume although uni form transport conditions over
its width and length are difficult to maintain. Even with
extreme care, true efficiency factors are not easily determined because they vary
according to the grain-size distribution of the moving material and to the degree
of fullness of sampler, etc. For comparison, the sampling efficiency of the pan-type
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sampler was found to be about 45 per cent and that of the pressure-difference type
sampler (VUV) about 70 per cent. On the contrary, the Helley-Smith sampler showed
nearly a 100 per cent efficiency during field calibration and it is cloimed not to
change with changes in transport rate (10). The hydraulic efficiency, i.e. ratio
of intake velocity to mean ambient velocity, was found to be 1;54.
- - suspending _ _
cable
flow

•

direction
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- - - - - -----
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Figure 17 - Pressure-difference type bed-load sampler (VUV)

Bed-load discharge is determined from the amount of sediment trapped per
uni t time in a sampler located at one or. more points ·on the stream-bed. Generally
speaking, there should be three to ten measuring points in a cross-section. In

selecting the sampling points, it should be remembered that, except during floods
bed-load transport takes place in part of the stream width only. By disregarding
this partial bed-load movement, not only will the computation of sediment transport give misleading results (as will be explained later) but also the measurement
procedure will require more time because of several unsuccessful sampling attempts at
points with no movement.

On gravel-bed rivers, where the partial movement of bed load is most characteristic, acoustic detectors can help to solve this problem. Submerged to the
vicinity of the bed, they pick up the clicking sound of moving and colliding grains
indicating that the bed material is in movement and,

moreover, the frequency of noises

may give some qualitative information on the intensity of the movement (14). In
moderately deep rivers, where sounding rods can be applied, the operator feels
whether the bottom of the channel is soft or hard. The latter case indicates very
weak or ceasing sediment movement, and this information can help to select bed-load
sampling points.
In the U.S.S.R., an acoustic detector consisting of a microphone built into
a metal sheet is used to observe bed-load movement in mountain rivers (41). The
plate is submerged to the bottom and it picks up the noise of the coarse grains
passing over it. The device is claimed to be applicable in water of depth of four
metres and flow velocity of five metres per second.
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Recently, successful attempts have been made to observe the beginning and
the process of bed-load movement by underwater television cameras (15). Using special halogen lamps, filming was possible despite turbidity of the water.
The samplers are lowered to the bottom and held in position by a rod or
In large rivers the rather bulky sampler requires an elaborate suspension systern. In some types the entrance and exit gates close automatically when the sampler
is in the suspended position to avoid washout losses during li ft-off.
wire.

The duration of sampling is usually five to ten minutes, depending on the
dimensions of the sampler and on the intensity of bed-load transport. In the range
of lower flow velocities near the bed, the downstream forces are reduced and the
sampler tends to dive into the stream bed. The result of this is that the device
scoops up bed material which is not in transport, especially if the sampler has
drifted farther downstream from the measuring boat or if it is lifted from the bed
carelessly or too quickly.
Measurements should be performed at various flows so that a rating may be

prepared showing the relation between stream discharge and bed-load discharge. Due
to the self-paving (armouring) effect, often observable on the surface of river beds
consisting of sandy gravel or gravel, the sampling has to be timed to such periods
when the armoured layer has already been broken up by the flow or before it
establishes itself again. The self-paving, or the armour-loyer-destroying water
discharge, has to be determined empirically for each measuring station, if needed.
Due to the highly complex and random nature of sediment movement, and to
the errors of sampling, a single catch at a measuring point provides only a very
uncertain estimate of the true bed-load transport. Therefore, repeated sampling

should be carried out at each point.

The number of repetitions depends on the local

circumstances but statistical analyses of field data resulting from up to a 100 repe-

titions have shown that the bed load can only be measured with limited accuracy
unless an impractically large number of samples are taken at each point (38).
Research conducted in the U.S.S.R. (5) gave the following figures (Figures 18
(a) and (b))givinq the relative error of bed-load sampling as a function of the number
of repetitions (Figure 18 (a» and that of the number of verticals (Figure 18 (b»).
Measurement of bed load is not only difficult but often impossible due to
serious problems encountered in lowering the sampler as well as in holding it and the

boat in position during the sampling.

Usually, under high flow conditions, where

the bed-load transport is more intensive, bed-load sampling cannot be carried out,
especially in larger rivers. This fact seriously restricts the use of samplers. In
some, mostly European countries, where samplers were developed about twenty years
ago, they are still in use when flow conditions permit. Based on such experience,

the Dutch "Arnhem" sampler can be recommended for sand-bed rivers while the HelleySmith sampler and the improved version of the Hungarian device (VUV-type) are better
for grain sizes between coarse sand and coarse gravel (34).
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Bed-load traps

Bed-load traps are slots, trenches, or small pits built ocross the stream
channel to catch sediment moving in contact with the bed. The amount of sediment
caught in the trap is collected and weighed~
These structures can be quite elaborate, and correspondingly expensive, or

simpler and cheaper. According to published data, the widest stream on which a
sediment trap has been built is about 30 m wide. The entire river bed was paved
with concrete for about the same length. Near the lower end of this pavement the
river was divided by concrete vanes into 14 sub-channels, 1.5 m wide, each having
a grating in the bottom which could be opened and closed. Bed load dropping into
the slots was periodically pumped out through a pipe beneath the floor to a hopper
on the bank where it was ~eighed. Continuous records of bed-load discharge have
been obtained with this apparatus (34).
Despite the fact that bed-load traps provide the most direct
ment measuring and that their efficiency is virtually 100 per cent,
and difficult instollation prevent their general use. In addition,
repeated pumping or digging of trapped sediment and the maintenance

method for seditheir high cost
the frequently
of the apparatus

is rather expensive.

The installation of a complex bed-load trap may be justified in the case of
field calibration of a new bed-load sampler. So far, this rather delicate manoeuvre
has been carried out in laboratory flumes, but field·calibration is obviously much
more realistic and reliable. For the calibration of the Helley-Smith bed-load samp
sampler, a conveyor-belt bed-load trap was established across a smaller river (10).
A concrete trough 0.4 m wide and. 0.6 m deep was constructed orthogonally
to the flow direction, constituting an open slot into which would fall any sediment
mcv~ng

na-cr or en the stream bed.

Along the botiOifl uf the trough

passes an

end-

less belt of rubber, 0.3 m wide, carrying the sediment to a sump in the riverbank
where it is scrap.ed off. The sediment is then excavated by a series of buckets,
lifted to an elevation 3 m above the bank and dumped into a weighing hopper. The
weighed sediment is returned to the river by another conveyor-belt system.
The concrete slot across the river bed may be closed by a series of eight
gates, each 1.83 m in length. The length of the grating is thus 14.6 m, corresponding to the full width of the bed active in bed-load transport.
4.3

Indirect methods of bed-load measurement

Between the direct sampling of bed load and the analytical treatment and
calculation of bed-load transport which is outside the scope of this Report, indirect
methods have been developed involving field measurements as well as calculations.
These methods, properly applied and under favourable conditionsrcan provide a realistic picture and a relatively accurate estimation of bed-load discharge, though they
are mostly used by research institutes on experimental river reaches. Some of these
methods require expensive instruments and highly qualified personnel. However, in
the future more and more countries will be able to afford these requirements, especially with the scientific and technical assistance of international organizations.

- 42The two main types of indirect method are (a) ultrasonic measurement of dune
movement; and (b) tracing of bed-load movement:
(a) In sand-bed rivers, where the bed-load mavement takes place in the farm
of well-defined dunes, the continuous sounding of water depth in the vertical of a
selected cross-section by ultrasonic echo-s~under provides the profile of the dunes
and the velocity of their movement. Under quasi-permanent flow conditions, usually
8-12 hours of continuous observation give enough data for the determination of an

average dune height and a mean travelling velocity.
Regarding the triangular shape of the longitudinal dune profiles, their area
can be approximated by the quadrangle defined by their base lenath and half crestheight: multiplying the area of this quadrangle by the mean velocity of dune movement gives the bed-load discharge per unit width of the river channel. The method
is usually restricted to sand-bed rivers because gravel beds develop dunes that are

too long and shallow, unsuitable for this calculation.
To increase the reliability at the evaluated bed-load discharge, the total
width of the river channel has to be scanned in the neighbourhood of the observations of dune movement, with special regard to the parts of the bed which actually
move;

(b) A tracer technique means that sediment grains are marked by luminescent
or radioactive substances placed anto the stream
bed and their movement followed
by repeated sampling and subsequent analysis ar by in_situ radiation detectian.
Samples containing a mixture of unmarked and luminescent sediment grains are ana-

lysed under ultra-vialet light, where the marked grains shine SO brilliantly that
even the smallest ones can be detected easily among thousands of unmarked particles
(26) .
The marking process usually consists of surface labelling of previously
cleaned and dried natural sediment grains by mixing them with a solution of luminescent pigments and a colourless liquid epoxy resin. The surface coating abtained
after six to eight hours af drying is abrasion-resistant enough to remain on the
surface of the grains for weeks. In the case of particles finer than about 0.2 mm,
mass labelling techniques are used, when artificial sediment grains are produced,
e.g. from a special glass material containing a luminescent substance and ground
to the desired sizes.
By the spatial integration method the tracer material is submerged into the
river in special bags or containers opened in the vicinity of the bed at the desired
points. The application of differently coloured tracers allows a simultaneous detection of marked grains injected at various locations or ~t different times. The systematic and repeated sampling is somewhat time-consuming and is carried out by any
of the bed-material samplers discussed later. The length of observation period
depends on the velocity of the sediment movement and on the rate of mixing of marked
particles among the unmarked ones.
By plotting the sampling points on a map of the river in question, several
qualitative problems of bed-load transport can be solved. However, the results can
also be utilized for quantitative calculations if at each plotted point the number
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of this parameter, the centre of gravity of the elongated area representing the
extension of the injected tracer material can be determined. The average velocity
of the centre of gravity is obtained by repeating the sampling and plotting process
on several consecutive days. The bed-load discharge can then be calculated by multiplying the half crest-height of dunes (determined, for example, by echo-sounding) or,
in the absence of dunes, the assumed value of the depth of the moving bed· layer by
this measured velocity. In the latter case, several authors recommend that double
the mean grain size of bed material equalling the depth of moving bed layer be
assumed (9).
Radioactive tracing is similar to luminescent tracing l but the surface Qr mass
labelling has to be carried
out under strict radiation control. Coarse gravels are
sometimes marked individually by drilling a hole into each grain and placing an
appropriate amount of a suitable isotope within it. The half-life, energy and total
activity of the radioisotope to be used must be selected carefully and in accordance
with the regulations of the local public health outhorities, as well as with the
expected duration of the field measurements. The immersion and release of the tracer
material is also more complicated "because of the need for radiation protection.
The main advantage of radioactive compared wi th luminescent tracing lies in
the simpler detection of sediment movement. No sampling is needed since the radiation detector is lowered in the vicinity of the stream bed from the measuring boat
and the activity is observed by impulse-counTers on board. If the geometry of the
detection, Le. the distance of the detector from the bed, is kept constont, the
observed octivity is roughly proportianal ta the number of marked grains aver a unit
area of the channel surface. The extension of the area covered by tracer porticles
ond the position of its centre of gravity can be determined and plotted similarly
as -for luminescent tracing.
In=situ radiation d~tccticn techniques are lubou~-suvih9 and raplO 1 but
where these factors are not very important, the luminescent method is to be recommended because its total cost is only a fraction of that of radioactive tracing, and
does not require either complicated instruments or specially trained personnel. Unfortunately, the practical difficulties of hydrographic field work during floods
limi ts the use of both tracer methods to low- and medium-flow periods. In lakes,
however, where the direction of bottom sediment movement is usuolly the principal
question,tracer methods ore almost the only way of obtaining satisfactory information.
The "time-integration ll method is based on the concept of discharge measurement by dilution methods. The tracer material of known K (kg) mass is placed
instantaneously in one or more points onto the moving strip of b (m) width along a
cross-section. Some distance downstream, in another cross-section, the variation of
the tracer concentration with time is observed continuously by sampling or radiation detection. The observations are continued until the whole of the tracer material
has passed through this cross-section, in practice selected at a suitable distance
from the injection point to allow complete mixing of tracer. The area under the
time-concentration curve, C, divided by the ratio K/b, gives the reciprocal of the
bed-load discharge per unit width:

K

( kg s -1 m-1)

=

g

(15),

b x C
Provided the complete longitudinal and loterol mlxlng of tracer isguoranteed
the successive sampling can be carried out in any vertical within the b width of

bed-load movement.

This method is less reliable than the spatial-integration method

because unsteady flow conditions can seriously affect its accuracy unless the sediment
movement is very fast.

A variant of the time-integration method is when the tracer is injected
continuously with a known g. (kg s-l) intensity. Repeated sampling is required at
the observation section onl~ for the determination of the time at which the mixing
of tracer with bed load has become constant. Then, only one sample, i.e. one concentrotion (Pk)' is needed for the calculation of bed-load discharge per unit width:

g

=

(16).

This latter method may require a great deal of tracer if a long period is
needed to achieve constant concentration.

Consequently, this method is more suited

to fast sediment transport.
4.4

Computation of bed-load discharge

4.4.1
The sediment collected in the sampler is dried and weighed. The dry mass,
divided by the time taken for the measurement and by the width of the sampler, gives
the bed-load discharge per unit width of stream channel, g. Plotting these values
on the graph of the cross-section in the sampling verticals, a curve can be drawn
showing the distribution of g in the stream width (Figure 13). The area between
this curve and the water-surface line represents the total bed-load discharge over
the entire cross-section, G. The value of G can also be calculated without graphicol
steps using the measured g-data:
G =

86.4

gl
gl +
( - Xl + - - - - x

2

2

2

(17),

+ ... +
2

l
· ·1n
. ,1n k9 5 -1 m-1 I an d x is 1n
. m. Th e 1atter denotes
where G ~s
t d- I
9 15
the distance between subsequent sampling points or between a marginal point and the
edge of the water table or that of the moving strip of the stream bed.
4.4.2
In the case of tracer measurements, the velocities of bed-load movement,
Vb' are known at various points along the stream width and the depth of the moving
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is estimated or measured.
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The total bed-load discharge is computed
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2

v
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X
l+--x) (18),
-n.n

d' is in m; y' is the dry vol-ume mass of -bed-load sample in

In the case of spatial-integrotion and time-integration methods, G can
simply be calculated by multiplying the g-values obtained by (15) or (16) by the
width of the moving strip, b.
4.5

Continuous record of bed-load

dischar~

Besides the direct and continuous measurement of bed-load discharge by
special sediment traps mentioned in section 3.2, the most usual way of obtaining a
continuous bed-load discharge record is to relate it to water discherge Or some
other fluvial hydraulic variable with available records. This relation is approximately linear for stream discharges above a limiting value corresponding to the
beginning- o-fsediment -movement because the- tractive force of flow increases in direct
relation to the· increase in water discharge ..

Due to the complexities, practical difficulties and obvious inoccuracies of
bed-Iocd measurements, often neither of them is used, but analytical computations
based on theory and laboratory flume experiments are opplied. The comparison and
cri tical review of bed-load formulae ore outside the scope of this Report, so it is
only remarked here that their results are also somewhere scattered,' mainly due to
the discrepancies between the criteria of sediment movement under laboratory and
natural flow conditions.
Therefore, it is recommended that, if possible, both meosuring ondcam~
tional methods be used with results checked os to whether they coincide at least
within one order of magnitude. Such a comparison for a single cross-section is not
enough to prove the volidity of any method. This should be mude for at least two
to three cross-sections selected along a stretch of river-reach with no significant
tributary inflow. The continuity of bed-load transport con be applied here in such
a way that the long-term volumes of bed load recorded or calculated for the crosssections are in accordonce with each other. It meons that the results either should
coincide t or the summarized aggradation or degradation of stream bed between two
neighbouring cross-sections should equal the observed difference in volumes.
It can be seen that the rather complex problem of quantitative determination
af bed-Iaad dischorge requires long-term dato collection, preferably bosed on different methods of meosurement ond colculatian and establishing bed-load rating curves
for two or more stations situated within the same stretch of river, frequently
checked and improved by repeated field measurements. Only rating curves of this
kind may be used reliably for obtoining records of continuous bed-load discharge.

-.4.6

Summary on bed-load measurement

In spite of the fact that suspended sediment has the predominant share af
the total sediment discharge in the majority of rivers, bed-load transport is of
primary interest in all investigations and engineering pro~lems concerning streambed changes or alterations. A series of properly selected control cross-sections
and established bed-load rating curves can answer most questions. The more constant
the streamflow rating curve, i.e. the more stable the given cross-section, the more'

reliable the bed-load rating curve will be.
The critical remarks concerning the use of flow frequencies for the calcula-

tion of long-term (annual) sediment transport in section 3.7.4 apply even more to
bed_load transport. It should be remembered that there is a significant discrepancy
between the bed-load carrying capacity of a river and the amount of sediment aYail~
able for transport in a given reach. In other words, considerable differences may

exist between the bed-load discharges at flows on the rising or falling limbs of a
flood- hydrograph or at stagnating,

quasi~permanent

flows, even when they correspond

to the same gouge height.
These phenomena can result in wide loops or scatter on the bed-load rating
curve. Self-pavement (armouring) effects of the bed-surface enhance this adverse
situa.tion, e.g. by shifting the limiting value of water discharge belonging to the
threshold of sediment movement much higher than that calculated or expected. Flow
frequencies disregard and mask these processes, thus the only way to avoid misleading

results is again by a thorough study of long-term characteristics of the flow regime
analysing the time series of water discharge and/or gauge heights. The use of special computer programs is recommended, when dealing with records of many years,

SO

that the periods when the bed-load carrying capacity of the given river is fulfilled
or those when self-pavement is predominant may be selectee.
Direct or indirect methoas of bed-load measurement are almost inevitable in

cases when no rating curve is to be constructed but the selection of the bed-load
formula most suited to local conditions is required. Cross-checking of results obtained by different measuring methods and by various formulae should also be compared
whenever possible, with available bed-survey, bank erosion, even land-erosion data,
to avoid physically unrealistic conclusions.

5.

TOTAL-LOAD MEASUREMENTS

The total sediment load of rivers consists of both suspended and bed load.
Measuring them separately with the instruments and methods explained in sections 3
and 4 and summing up the results is the most obvious but not necessarily the simplest
and easiest way of determining the total sediment discharge. Another variant is to
add the measured suspended sediment discharge to the calculated bed-load discharge.
The minimum requirements concerning field data for the latter calculation are: grainsize composition of bed material and characteristics of the flow conditions.
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A special way of determining total sediment discharge is the repeated, systematic measurement of sediment deposits in reservoirs. The methods and devices
used for this purpose are discussed below in detail.
5.1

Measurement of sediment deposits in.reservoirs

There are two approaches to the estimation of the amount of sediment trapped
in reservoirs. The first is the survey of the actual deposits while the second includes the measurement of the inflowing and out flowing sediment. Sometime~ only
the former is measured and the latter is estimated by an empirical coefficient, the
"trapping efficiency" of the reservoir. The second approach is usually applied to
reservoirs under desi9n (11).

voirs.

Several methods are known for the measurement of actual deposits in reserThese vary according to the amount of ,water in the reservoir at <the time of

the survey. and to the degree of precision required (1. 35).

5.Ll
-Before i t- is first· filled, a number of cross-sections of- the r.eservoir ore
surveyed and then periodically re-surveyed. These cross-sections are called ronge
lines. The survey can be carried out either by conventional geodetic methods or by
echo-sounding. The most odvanced ech~grapns are co~pled to radiometric continuous
distance-measuring equipment and draw the cross-section on a strip-chart in _preselected scales.
.

The volume of sediment which nos accumulated between successive surveys
can readily be determined. The aCCuracy depends on the nunibin of range lines, the
accuracy of the survey method applied,and The spatial variation of sediment deposi ts. In loose rleposi ts the sounding rod gives uncertoin depth data. Although the
echc-s~under sometimes shews multiplebottcm traces, this lS probably because of
distinct changes in particle size or the consolidation of sediment.

5.1.2
In certain cases aerial photogrammetry may offer a rapid and -fairly accurate
method for determihing sediment or water volumes through changes -in the reservoir

topographic contours. Its main disadvantage is that it is limited to times when
the reservoir is empty or has only shallow water cover (35). The application of this
method in larger reservoirs is possible but costs are -higher because of the increased

extent and difficulties of ground control. The aerial infra-red imogery, briefly
explained in section 3.5, is promising ror use in depth measurement even in the case
of full reservoirs, at least up to depths of five to six metres, but no data on its
practical application have yet been published.
5.1.3
Concrete boxes of relatively small dimensions, e.g. 1.5 x 1.5 m and 0.5 m
deep, are built in the shallower part of the reservoirs at easily accessible points.
The depth of sediment which has settled in the box since the previous inspection is
measured and the total amount of deposited sediment is estimated (1).
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The main limitations of this method are as follows:" the sample of the reservoir sediment deposits thus obtained is very small; the method is invalid if the
rate of sedimentation is too high; the presence of the boxes themselves may
influence the pattern of deposition; wave action may cause addition or removal of
material as the boxes become exposed. Some of these shortcomings can be avoided by

placing steel pans on concrete platforms at deeper points of the bed, marked by
buoys and lifted for inspection. This alternative is more complicated and still
suffers from most of the disadvantages of concrete boxes.

5.1.4
In cases where the above methods cannot be applied f direct measurement of

depth of sedimentation can be made at a suitable number of points.

Some form of

mechanical sampling has to be used, from a boat where it is not possible fa drain
off the stored water_using, for example, a piston core sampler or a -core sampler
with a vibrating vertical pipe. Simpler, manually operated soil samplers can only be

opplied when there is no water cover or shollow deposits (34). Even if the reservoir
can be droined, the high water content of the sample taken from the bottom of freshly
drained reservoirs presents difficulties. This method is not very practical tneref~re, and is not frequently used.
Fine sediments are usually easily cored, but sand

and gravel are difficult. Samples deep in the sediment generally require special
pile~driving equipment, often producing disturbed or compacted samples.
5.2

Determination of bulk density of sediment deposits
The bulk density of a sediment deposit is the dry weight of sediment per

unit volume, providing a simple and direct conversion volume to dry weight"o-f sedimen~.

The bulk density depends primarily on the porticle size of sediment; however,
sorting of grain sizes may have a disturbing effect. Sediments consolidate with
time, due to overburden pressures, and t~ alternate wetting and drying if exposed

to the air by fluctuations in the water surface.
Traditionally, undisturbed core somples are taken by appropriate samplers
whose dry weight is related to the useful volume of sompler. this time- and labourconsuming method is now often replaced by the use of nuclear de~sity gouges (22).
The operating principle of nuclear density probes are similar to those used
for suspended-sediment concentration measurement: they detect the decr~ase in

intensity of back-scattered or transmitted gamma-radiation. In the former case the
isotope and de~ector are placed in the same sonde, lead-shielded from each other and
lowered vertically into a stainless steel tube previously driven into the sediment
deposit. The detector counts the impulses from the radiation scattered by the soil
particles in a spherical region of about 40-50 cm diameter around the probe. The
number of counts per unit time is a function of the soil density.
The arrangement of the latter method for measuring transmitted gamma-radiation has the disadvantage compared with the former thot two steel tubes are required
and these should be driven into the sediment deposit not only vertically but also
strictly parallel with eoch other (Figure 19). The isotope is lowered into one of
the tubes and the detector into the other. The distance between the tubes has to be
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selected on the basis of preliminary experiments, depending on the energy of the
isotope used, the compactness of the deposit, the sensitivity of the detector, etc.
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Figure 19 - Two-well arrangement for measuring bulk density'
of sediment deposits
The main advantage of the two-tube arrangement is that if the gamma radiation is narrowly collimated, and both the isotope container and the detector are
lowered cUI'efully at a constant Tate and pruperly fucing ~uch oiher, i:he densi iy

of sediment deposit can be measured step-by-step in successive layers about 2-3 cm
thick. This feature is significant when considering the stratification of deposits.

6.

BED-MATERIAL SAMPLING

The sampling of bed material is practised throughout the world, in contrast
to bed-load sampling. Correspondingly, both instrumentation and methodology are more
developed and standardized than those of the latter. There is a close but not
exactly defineable correlation between bed material and bed load. According to the
usual definition, bed material is the sediment mixture of which the streom bed is
composed. From the point of view of bed-load discharge, however, bed material is a
permanent storage and source of bed load.
Bed-material samples are taken primarily to determine the size distribution
of the bed material so that bed-load discharges can be calculated by analytical
methods. It is strongly recommended that more than one sample be taken in each
cross-section (at least 3 and up to 7-9 samples in wide rivers) because the grain-

- 50 -

size distribution of bed material may vary laterally.

If the sieve-curves of the

samples taken along the same cross-section differ significantly, it indicates differences in sediment transport, even the existence of moving and standing strips in

the channel.

In such cases bed-load discharge for the different strips should be

calculated using the corresponding grain-size data, rather than a single average
bed-material particle size for the whole cross-section.

The main types of bed material samplers are as follows (7 (c»:

6.1

Drag-bucket sampler

The drag-bucket sampler consists of a weighted bucket or cylinder, one end
closed and the another equipped with a conical cutting edge (Figure 20). The sampler
is thrown into the river from a boat and after reaching the bottom, it is dragged
along the bed by a rope or line. During this process, the sampler scoops up bed
material from a surface layer about five centimetres, roughly equal to the difference
of radii of the bucket and the cutting edge. Because of exposure to the stream-flow,
some of the finer material caught in the bucket may be lost in transit to the water
surface. Consequently, the drag-bucket is more suited to gravel-bed materials but
its efficiency depends also on the skill and careful wark of thase carrying out the
s<ll1lf'lilli"g.
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Fig,ure 20; - Drag,-bucke,t bed:"ma,teriaL sampler
6.2

Scaope-type' sompler

This sampler is supported on a long rod and operated manually from a boot.
Its use is thus limited to shallow rivers" up to a depth of water of about four
metres. A hinged cover, closed by a spring, may be placed over the cutting end of
the scoop to prevent the sample from being washed out by the current. A rope
attached to the cover plate is used to open the cover and drag the sampler along
the stream bed (Figure 21).
6.3

Vertical-pipe sampler

This sampler is also operated from boots and farced manually into the stream
bed. Thus, it is also more suitable for shallow rivers. The most advanced type af
vertical-pipe sampler works on the vacuum principle. A rubber piston is placed

- 51 inside the steel or aluminium sampler pipe of about 5 cm diameter and held stationary while the pipe is driven into the sediment deposit. The partial vacuum created
in this way assists in holding the sample in the tube as the equipment is raised
(Figure 22). The penetration depth of the sampler is usually 0.6 m or less.

-Flow

Figure 21 - Scoop-type bed-material sampler'
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Figure 22 - Vertical-pipe bed-material sampler
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Clams nell-type and grab-samplers

Tne clamshell and another grab-type samplers are similar to the clamshell
bucket grabber used in earth-work operations. The cupped jaws of the bucket may
be closed on reaching the stream bed, either by a pull on an auxiliary line or by
an automatic spring arrangement.

The main disadvantage of these samplers is the

risk of losing part of the sample while being lifted to the surface, especially if
large sediment grains happen to be caught in the jaws. The advantage is that the
grabbing depth and the amount of grabbed material can be kept nearly constant by
care ful operation.

6.5

Mechanical bed-material sampler

This sampler consists of d heavy fish-like body of about 45 kg, suspended
on a steel cable and equipped with tail vanes. A small half-cylindrical bucket
inside the body revolves around a hinge so that it can be totally retracted and
cocked by a spring. When the tension on the suspending cable is released by resting the sampler on the bottom of the river, the neavy coil spring swings the scoopbucket out of the bottom of the sampler body and snaps it shut (Figure 23). A
sample is taken from the'top five centimetres of the stream bed and enclosed in
such a way that it cannot be was ned out when the sampler is raised to the surface.
Obviously, this sampler is used in sand-bed rivers only, but it has a
significant advantage in tnat it can be lowered to virtually
any depth encountered
in practice. The constant sampling depth is advantageous also but it can prove to
be too narrow and the volume of sample too, small in some cases (160 cm3 ).

•

Figure 23 - Digging-type bed-material sampler (USBM-54)
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Determination of sample size

Generally, it can be stated that sample size and error of sampling ore
related. If p. is the frequency by weight of the grain-size froction D. and r .
is the accepto51e relative error in p., then the sample mass m (in kg),lshouldPl
1
fulfil the requirement:
m

>

F (D.)

(19)

1

to reproduce the coarse toil of the particle size distribution with sufficient
accuracy.

Using a ~ series of sieves, the function F(D.) can be determined experi1
mentally for the range 0.3<D. < 13.6 mm:
1

F (D.)

~ 2.2 D~ '10- 6 kg (D. in millimetres)

11.

(20).

1.

For the finer fractions the error will be smal~er:

D84 has been accepted (i.e:

B4 per cent by weight of finer) as a charocterlstlc dlameter for the coarse t~11

of the particle size distribution. It is recommended b~ ISO (17 (c)~ that thls .
diameter be considered in the determination of the requ1red sample 51ze. Selectlng
a conservative value for p. t e.g-. 0.1, this can be com-bined with various values
1
of r .:
pl
2'
r
r . x PL
pI

...e!.
1

.,

~

%

'"
fU

"high accuracy"
11'1.-

lV

4

10 %

6.7

"normal accuracy!!
1I1ow accuracyll

Photometric method of bed-moterial analysis

In the U.S.S.R. a photometric method has been developed for the in-situ
determination of grain-size distribution of bed materials (5). The first step is
photographing a portion of the river bed exposed to the air, then counting the
grains of various size class-intervals visible on the photo, and last by the calculation of their percentage share to their number or the area they occupy. Before
photographing, a 1 x 1 m frame is laid upon the bed having 0 10 x 10 cm wire mesh.
Thus! the areas occupied by the various fractions can be compared with the unit area
of the mesh, whose diameter corresponds to the maximum measurable grain-size diameter.
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The area covered by grains finer than the resolving capacity of the objective
is calculated as the difference in the total area covered by the counted fractions
and' the mesh area:
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Proporti~nal to the areas covered', the percentage share of the selected
,grain::-size fractions can -be computed as follows:.
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=

1

100

the'number<>f 'fractions.

If a large number of photos have to be analysed, the counting and sizing of
grains can be solved efficiently by optical particle-size analysers (12).

7.

CONCLUSIONS AND RECOMMENDATIONS

Present techniques and equipment for the measurement of river sediment have
been reviewed' to describe and explain the possibilities and limitations of this
particular branch of hydrometry, and to assist potential users in selecting the
optimum methods and devices for their requirements.

The reader is advised to look in hydrological handbooks and manuals for more
detailed information concerning the items of most interest to them (4, 32, 34,35, 36,
37, 40). Similarly, problems and guidelines for planning and establishing sediment
data-collection networks have not been included because sediment measurements are
almost always connected with streamflow measurements, therefore some stations of the
stream gouging network have to be selected for continuous or intermittent sediment
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conditions are given in section 3.2.3.3 of the I>MO Guide to Hydrological Practices(40).
This review demonstrates that here are no precise methods for measuring and

estimating sediment loads, especially bed-load. However, the main difficulty in
calculating sediment transport does not originate from the defects of devices and
methods but rather from the insufficiency and poor quality of available data. Very
often sediment is not measured at the right site and time. Another common situation is when sediment-transport data are urgently needed for planning important
hydraulic structures. It should be remembered that missing time series can neither
be supplemented rapidly, nor generated by computer programs.
The installation of even the most modern, accurate and automatic sampler is
useless if operated alone without a basic sediment-measuring network and without the

necessary technological background and skilled manpower for proper maintenance. The
collection of sediment data really suitable for reliable calculations and estimations takes a longer time regardless of the instrument used. The minimum length
of time required depends primarily on the flow regime of the river investigated and
the proper sampling programme. If long flow records ore available, ond especially
if there is a regularity in the occurrence of floods and droughts, the time intervals
when sediment gauging is most needed can be determined and the measurements organized

accordingly.
In rivers with a more irregular flow

reg~me,

the frequency of routine

sampling can also be selected, and the limiting gauge height, above which the observations should become more frequent or continuous, be determined. With an adequately
dense network for routine observations and with a well-equipped and fast-moving insit~ gouging team, reliable data of fair accuracy can be collected within a relative-

ly short time. Anyway, it is desirable to check these data whenever and wherever
possible to avoid significant over- or underestimates. This task can be accomplished
by collecting land-erosion data from the catchment area, surveying river-bed topography and bank erosion, determining the filling rate of nearby reservoirs, etc.

Representative basins selected and installed in the framework of the International Hydrological Decade and the International Hydrological Programme can be
used to introduce and check new instruments, to train- personnel and to carry out
comparative bed-survey sediment-transport measurements. The results of this systematic data collection may form a basis for comparison with sediment generation
and transport characteristics of lesser gauged or ungauged basins in the same region
and having similar geomorphic, vegetation, etc. characteristics.

In accordance with the main conclusions of this report, the following general
recommendations can be made for fluvial sediment measurements:
(a)

Suspended-sediment discharge
(i)

Check the existing streamflow gauging stations, their topographical situation, distance from each other, accessibility, records,
equipment, cross-sectional shapes, and select the most suitable
ones for sediment measurement;
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(ii)

If no streamflow network exists or it is insufficient for sediment gauging, combine field and aerial reconnaissance surveys, and

if possible, oerial colour infra-red photography during floods
to select the most characteristic sites for sediment data col-

lection;

(iii) Each new sediment-measuring cross-section must also satisfy the
requirements for streamflow gauging and has to be equipped accord-

ingly;
(iv)

Equip the principal stations with point-integrating or depthintegrating samplers, and with basic tools for storing, settling

and decanting of samples;
(v)

At one or two of the principal stations with permanent observers,
install automatic, continuous concentration monitors if the flow
regime requires. It should be remembered that automation implies

many

field staff available for maintoining the instruments in

operational conditions. Wherever water pollution monitoring is
also required, it is as well to consider the installation of a
combined sediment-pollutant monitoring station (6, 39). (See olso

Preliminary Considerations on the Design of a Network for Globol
Woter Quality Monitoring (WHO, 1977f);
(vi)

Establish regional centres with permanent staff equipped with a
laboratory for sample processing, together with any kind of
sampler (from bottle to integrating), within easy reach of principal and secondory stations (at most, eight hours by car). The
equipment should also include current meters, sounding gear, etc.

and portable boats if there is no permanent or cable bridge at
the stations;
(vii) If continuous concentration monitors are not available or it is
not feasible to install them, keep one portable in situ concentration gauge, e.g. d nuclear sediment sonde in good working
condition at the regional centres for temporary use during floods;

(viii)Install single-stage samplers at remote stations which are not
accessible during floods but accessible within a couple of days
thereafter;
(ix)

Do not regard either the existing sediment measurement network,
or the present sampling programme as rigid, invariable systems.

Stop the work or alter the sampling programme at stations where
the data prove to be unnecessary, superfluous, or become irrelevant. Change the location of stations if the new sampling site
promises to provide more accurate or more characteristic records;

(x)

Frequently and systematically, check the collected sediment data
by comparing them with data obtained by different methods and/ar
devices, and with river bed or reservoir survey data, if available;
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Bed-load discharge
(i)

In sand- and gravel-bed rivers use a sampler especially designed
and calibrated for sand or gravel;

(ii)

Give special consideration to those parts of the measuring crosssection with weak or no sediment movement, and/or self-pavement
and exclude them from bed-load discharge computation;

(iii) In problem river reaches where bed-load transport is of primary
importance, select and establish "experimental. river· reaches ll
with permanent or frequentondcregular observations including
co-ordinated bed-load sampling, bed survey and water-'-surface slope
measureme~tsf streamflow gaugingand,'i f possihle., luminescent
or radioactive tracing;

(~)

(iv)

For analytical bed-load discharge computations, callect bedmaterial samples, water depth, veloci tyand slope ,data;

(v)

Compare the results of bed-load discharge determinations based
on sampling, trocing, and/ar computations with each other and c
w~th cfield data on stream channel alterations, reservoir 'sediment.o-tion, etc. ·to avoid physically irripo·ss·ible cOriclusionsj

Total-load discharge
(i)

Install streamflow and sediment gauging stations ,upstream and
downstream- from existing or planned reservoirs;-

(ii)

Compare their records with other nearby, preJerablyolder, sto-tionsand c-ontinue -observations for at least 10-20 years aft.er

the inauguration of dams or barrages;

{iii) Survey annually the deposited sediment in the reservoir preferably connected with soil density measurements ceither by traditional methods 'or by nuclear gauges and compare cthe results with
those from the upstream and downstreom stations."
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