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FOREWORD

In the development of water resources, increasing attention is being focused
on a better understanding of the processes of erosion and sedimentation and their
relationship to the surface runoff component of the hydrological cycle. Precise estimates of the sediment transported by rivers are basic to the understanding of these
processes. Whereas a few decades ago sediment load was estimated by discrete sampling, the current trend is to obtain a continuous record of sediment discharge; sediment discharge measurements are thus becoming an important part of routine hydrometric work. General guidance on this subject is provided in a Technical Note,
Measurement of River Sediments, published by WMO as Operational Hydrology
Report No. 16 (WMO-No. 561).
At its sixth session in 1980 the Commission for Hydrology requested the
preparation of a report on operational methods for the measurement of sediment
transport, which would take into account relevant experience gained by developing
countries. To undertake this task the Commission appointed Mr Long Yuqian
(China) as its Rapporteur on Sediment Transport. This Manual has becn prepared by
the WMO Secretariat on the recommendation of the seventh session of the
Commission in 1984 and is based on the report prepared by Mr Long Yuqian and on
Operational Hydrology Report No. 16. It is hoped that it will provide guidance to
water-resource planners and managers, water engineers and hydrological personnel
involved in both field and laboratory work.
It is with great pleasure that I express the gratitude of WMO to Mr Long
Yuqian for the time and effort he has devoted to the preparation of the report which
provided most of the material for this Manual.

~~Q..
G. O. P. Obasi
(Secretary-General)

SUMMARY
This Manual describes the methods and equipment used for the measurement and estimation of sediment load in rivers and reservoirs and discusses the merits
of some of the methods and equipment for various river-flow conditions. The major
topics covered include: the measurement of suspended sediment, bed load and total
sediment load; sedimentation surveys; laboratory procedures; data processing; and an
assessment of the accuracy and reliability of sediment-transport measurements.
Recommendations are made for enhancing data acquisition and for research on the
improvement of operational methods of measurement. In cases where measurement
techniques and equipment are not discussed in sufficient detail, the reader is referred
to the literature included in a comprehensive list of references.

RESUME
Le present manuel decrit l'equipement et les methodes utilises pour la
mesure et l'estimation de la charge solide des cours d'eau et reservoirs, et examine
l'interet que certains d'entre eux presente dans diverses conditions de debit des cours
d'eau. Les principaux sujets traites sont les suivants : mesure des sediments en suspension, du charriage de fond et de la charge solide totale; etudes de la sedimentation; methodes de laboratoire; traitement des donnees; evaluation de la precision et de
la fIabililt des mesures du transport de sediments. Des recommandations sont formulees en ce qui concerne Ie renforcement de l'acquisition des donnees et la
recherche dans Ie domaine de l'amelioration des methodes pratiques de mesure.
Lorsque les techniques et I'equipement de mesure ne sont pas examines de fa<;on suffisamment detaillee, Ie manuel renvoie Ie lecteur 11 des ouvrages de reference, dont iI
fournit nne Iiste complete.

SUMMARY
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PE3IOME
B lIamIOM HacraWlemrn OIIHClnla1OTCH MeTIWl H o6opyllOBallHe, IICIIOJIL:JyeMbIe JJ)lJI HJMepellHH H ouemrn 1I1l1IOCOB B peKaX H BQllOXPlllIHJ1l1I11ax, a TalaKe
oOcy](()llleTCH BOllpOC 0 Ka.ecrnax lIeKOTOpbIX MeTQI\OB H o6oPYIlOBaHHB )I,JlH pa311HqubIX yCllOBHii, CYII\OCTByKlII\HX B pequbIX 1I0TOKaX. OXBaTbIBaIOTCH Clle)lyIOII\He
OCIIOBHhle TeMII:

H3Mepemte roBeweHHbIX H3J1OCOB, .n.OIUn.lX llaJlOCOB H 06m.ero KOJIH-

'1ecrsa lIallocolI; CLeMKa OT110",eIlHii; 11a60paTOpllbIe "POUeIlypbI; oopa60TKa
.n.aIlIIHX; a TaICKe ou:emca TO'llIOCTH H Ha,lle~IIOCTH H3MepelBtH nepen0C3. 113l10c0B.
'pllIOTCH peKOMell.naUHII 110 YBeJluqellHIO c60pa .namlbIX H 110 llpoOOllellHIO lIayqubIX
HOCJJeIlOBallHii )I,JlH YJly.rnellHB OllepaTHB11bIX MeTQl\OB HJMepeIlHB. B Tex Clly.axx,
rile MeTOIlHKH H OOopYIlOllallHe II11D H3MepellHii OIlHCbIBaIOTCH lIeIlOCTaTO.1I0
1I0llPOOIIO, '1HTaTeJllO IIpellllaralOTCH CCbI11KH lIa 11HTepaTypllbIe HCTO.IIHKH,
IIK11IO.eIlllbIe II oOIIIHPllbIii CIIHCOK HCIIOJILJOHallllOii 11HTepaTypbI.

RESUMEN
En el presente Mannal se exponen los metodos y el equipo que se utilizan
para medir y calcular la carga de sedimentos en cuencas fluvial"s y embalses a ]a vez
que se analizan las ventajas de algunos de los metodos y. equipos en funci6n de las
diferentes condiciones de las cuencas fluviales. Los temas priucipales tratados son
los siguiemes: la medici6u del sedimento en suspenci6n, el arrastre de foudo y la
carga total de sedimentos; los estudios de sedimentaci6u; los procedimieutos de laboratorio; el proceso de datos; y la evaluaci6n de la precisi6n y fiabilidad de las mediciones de transporte de sedimentos. Contiene recomendaciones para pcrfeccionar la
adquisici6n de datos e investigar el perfeccionamiento de los metodos operativos de
medici6n. En los casas en los que en el Manual no se abordan con suficiente detalle,
se remite al lector a la bibliografia contenida en la lista global de referencias.

CHAPTER 1
MEASUREMENT OF SUSPENDED SEDIMENT

Suspended load is the sediment which moves in suspension in water under the
influence of turbulence. According to its origin, or source nf supply, the total amount of
sediment Inmsported in the river may be divided into two parts: wash load and bed malerialload. The amount of wash load consists of fine partieles, and depends mainly upon supply from the source area. The discharge of bed material is controlled by the Inmsport
capacity of the stream, which depends upon the bed composition and the relevant hydraulic
paramelers. Wash load moves entirely in suspension while the bed malerial load may
move either as lemporary suspended load or as bed load.
The purpose of suspended sediment measurement is to determine the total
amount of suspended load, sediment concentration and its size gradation at specific places
along the river.

1.1

Minimum network for measurement of sediment transport

Sediment Inmspnrt and/or deposition are significant quantities to be measured at a
hydrometric station. A minimum network of sediment stations shonld be developed and
incorporated with existing stations to provide a basic framework for expansion to meet the
needs for assessing, developing and managing the waler resources. As stream records must be
collecied at all stations where sediment discharge is measured, sediment transport stations
should fimction as components of the minimum streamflow netwoIks. Observations are made
of suspended and bed-load discharge in streams with natural regimes as well as with regimes
modified by management activities. Sedimentation surveys in alluvial reaches and/or =rvoirs may be supplementaIy to the sediment Inmsport measurement at hydrometric stations.
The minimum density norms for stream gauging stations according to the
WMO Guide to Hydrological Practices (WMO, 1981b) are summarized in Table I. It
is recommended in the Guide that sediment discharge be measured at the following
percentages of stations within the minimnm network of stream ganging stations:
Arid regions
Mediterranean regions
Hnmid temperate regions
Non-arid, heavily popnlated tropical regions
Non-arid, sparsely settled tropical regions
Tnndra and taiga regions

30%
30%
15%
15%
5%
10%
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TABLE 1 Minimum densities of hydrometric stations

Type of region

Range of norms for
minimum network
(area km~/5tation)

Range of provisional

norms tolerated in
difficult conditionsl11 )

.

(area km 2/station)

1 000 - 2 SOO

3 000 - 10 000

Mountainous regions of temperats,
mediterranean and tropical zones

300 - 1 000

1 000 - 5 000

Small mountainous areas with
very irregular precipitation, very

140 - 300

Flat regions of temperate,

mediterranean and tropical zones

dense stream networks

Arid and polar zones(2]

5 000 - 20 000

(1) The last figure of the range should be tolerated only for exceptionally difficult conditions.
(2) Great deserts are not included.
SoURCE: WMO,1981b

In general, the necessity for measuring sediment discharge at a hydromclric station is determined by the importance of the sediment problem in the development of the
water resources. It relates to a large extent to the quantity of sediment transported in the
river and the temporal variation of this quantity. As stipulated by Chinese standards
(Ministry of Water Conservancy, 1975b), sediment discharge is to be measnred at all
hydrometric stations in rivers where the average annual concentration exceeds 0.05 or
0.1 g 1-1. For rivers in which the concentration is less than the appropriate value, measurements are made at ouly some of the stations, or ouly in the flood season. For some river
rcaches, experimental or auxilliary stations may be set up to take detailed measurements.
The siting requirements for a sediment measuring station are essentially the
same as for a stream gauging station. In general. the same cross-section is used for both
discharge and sediment measurements. Sometimes samples may be taken at other convenient places ncar the basic cross-section used for discharge measurement, such as at
bridge crossings,etc., provided that the water, as well as the sediment discharge, is essen·tially the same at the two sites.
1.2

Measurement methods

1.2.1

MEASUREMENT OF SUSPENDED SEDIMENT DISCHARGE IN A VERrICAL

Suspended sediment discharge over an entire cross-section is usnally measured
by dividing the cross-section into a number of sections. Sediment discharge passing
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through each section is first obtained by taking measurements along the vertical within the portion of section it represents. It has been shown that the vertical distribution
of sediment concentration for various size groups is quite different. Figure I gives an
example for the Yellow River. The vertical distribution of sediment concentrations
observed in the Amazon, the Mississippi and the Rio Grande also reveal that even for
sizes finer than 0.062 mm a gradient exists, as reported by Nordin (1981) in Figure 2.
It is very difficult to take samples very close to the river bed due to the limitations of the structural design of samplers or in situ measuring devices. Even for
measurement by multiple points. such as five points, an unmeasured zone exists in
each vertical. The gradient of sediment concentration is the largest in this zone. In
the selection of measurement points in a vertical, this fact should be kept in mind.
Errors which may be induced by lack of data in the unmeasured zone are discussed in
Chapter 7.

Conventional methods used to measure sediment concentration in a vertical
are sampling by point integration or depth integration and in situ measurements.
Sampling at points can also be done by instantaneous samplers. A measuring scheme
may be summarized as shown in Table 2.

1.2.1.1

Selection ofmeasuring points in a vertical

Selection of measuring points in a vertical has been proposed by standards
issued by various countries. The number of points can vary according to the depth of
the river and the size of sediment in suspension. Methods may be classified into multipoint and simplified methods.
In multipoint methods of suspended sampling it is common to sample at
five points. However, more points may be used since this will tend to increase the
accuracy. The accuracy also depends on the grain size of the suspended sediment and
the shape of the distribution curve.

Simplified methods differ from the multipoint methods in that samples are
taken at fewer points in the interest of lessening the work involved in taking and processing samples. Such methods should be adopted only after results obtained with
them are checked against measurements obtained with multipoint or other more accurate methods. Commonly used simplified methods are as follows:

(a)

One point, at relative depth (ratio of depth of sampler to stream
depth) 0.5 or 0.6;

(b)

Two point, at relative depths 0.2 and 0.8. Samples may be combined with a proportion of 1:1, or the concentration at each point
may be weighted against the proportion of discharge it represents;

4
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TABLE 2 Schemes for measurement of suspended sediment in a vertical

{

Instantaneous

By points
Sampling

Point Integration (multipoint)

{
By depth integration

Measurement

of suspended {
sediment
concentration

In situ measurement of suspended sediment concentration
usually at points with nuclear gauge or turbidity meter

Measurement

By direct accumulation of sediment, usually at points with
apparatus such as Neyrpic or Delft bottle

of suspended
sediment

(c)

Three point, at relative depths 0.2, 0.5 and 0.8. Average concentration
may be computed from the proportion of discharge each sample represents according to Formula lor from the proportions 2;1;1 or 1;1;1. If
the volumes of sample are approximately equal, a composite sample
could be obtained by direct mixing according to these proportions.

The sediment discharge per unit width in each vertical may be determined
either by graphical integration of the product of velocity and sediment concentration
throughout the depth or by Formula I;

•

qs ::;

in which q,

L
l=l

Csi Vi /ldi

(I)

is the sediment discharge per unit width in kg- l sol mol;

n

is the number of measuring points;
Gsi is the sediment concentration at the measuring point as determined in
field laboratory or directly by in situ instrument in g 1-t or kg m-3;
is the velocity at the measuring point in m sol;
is the portion of depth which the measuring point represents in m, or in
fractions of depth, k d.

Fractions of depth k may also be considered as a weight to be applied to the
products of velocity and sediment concentration. Formula I can be rewritten as;
N

q, = .fL L
"'" k'
Cs iVi
Ji
N

i"'l

(2)
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where k'; equals k;aj' aj is the weightiug faclor for the ith sample;
N is the sum of the weighting factors at a vertical..
Values of the faclor k', as recommended in the Chinese standards (Ministry
of Water Conservancy, 1975b), are given in Table 3.

TABLE 3 Values of depth factor k' used for weighted concentrations (Formula 2)

according to Chinese standards
Number of measuring
points in a vertical

N

0

5

10

1

3

Measuring at relative depth

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

3

3

2

4
3

2
1

1
1

1
1

2

2

1

1

1

0.9

1.0

1

1
1 or 1

The above formula applies to the method which measures velocity and sediment concentration simultaneously at each sampling point If the sediment discharge
is measured directly by accumulation of sediment, the sediment discharge per unit
area, i.e. C,i Vi, may be computed by:

Csi Vi =

where

a

Wsi
a I

(3)

a is the COffec tion coefficient obtained by calibration;
Wsi is the weight of sediment caught by the sampler at the measuring point
in time period t;
is the area of nozzle.
a

The average sediment concentration in a vertical can be computed by dividing q, by q, the water discharge per unit width at the vertical. The sediment discharge
per unit width q, is obtained by Formula I or 2 and q, the discharge per unit width, is
obtained directly from discharge measurement.

1.2.1.2

Sampling by depth integration in a verlical

Depth integration is usually performed with samplers in which the intake
velocity of the nozzle is approximately equal to the ambient velocity. Water and sedi-
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ment mixtnre can then be taken in continuously while the sampler is moving at a
constant transient rate along the vertical. If the ratio of intake velocity to ambient
velocity is equal to one, the volume of samples at each point will be proportional to
the local velocity. The sediment concentration of the sample should be
representative of the average concentration in the vertical.
Sampling may be carried out by round trips of lifting and lowering or only
by a single trip from the surface to the bottom, or from bottom to surface.
Electromagnetic devices may be installed to open and close the intake. Thc depth
limitation for a standard depth-integration sampler is 4.5 m for round-trip sampling
and 9 m for single-trip sampling. The depth over which depth-integrating samplers
can function can be increased by increasing the volume of the air chamber.
Collapsible-bag samplcrs can be built to operate in extremely deep rivers. The transit
rate of lowering and raising the sampler should not exceed four-tenths of the mean
velocity in the vertical and is also limited by the rate of air compression in the sampling bottle. In order to obtain a representative sample, the container should not be
filled entirely during sampling.
The sediment concentration of the sample taken by the depth integration
method should be the discharge-weighted average concentration in the vertical. The
sediment discharge in the vertical is expressed by:

q. = C. q q

(4)

in which q. is the sediment discharge per unit width;
C.q is the average sediment concentration in the vertical;
q is the discharge per unit width.
It should be noted that, strictly speaking, Formula 4 gives only an approximate value of q. because the depth integrating sampler does not sample a thin layer of
the flow near the bed.

1.2.2

SELECTION OF SAMPLING VERTICALS

Suspended sediment discharge is computed by summing the products of
q. and section width for each of the verticals. Proper arrangement of the verticals
in the cross-section has considerable influence on the accuracy if the transverse
sediment distribution is uneven. It has been proven by field observation that, for
fine particles, the transverse distribution is rather uniform while for particles
larger than 0.05 mm, i.e. sand particles, such distribution is highly non-uniform.
An example of transverse distribution of relative concentration Csq/C. q by size
and velocity is shown in Figure 3. The quantity C. q is the mean value of the con-
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Figure 3 - Typical transverse distribution of suspended sediment concentration at
Shaanxian Station, 20 April 1958

centration in the cross-section If the purpose of measurement is to determine the
sediment discharge of each size group, enough verticals should be chose to
ensure necessary accuracy. However, if the main purpose is to determine the
total sediment discharge, and the coarse particles constitute only a small fraction of
the total load, fewer verticals could be allowed without introducing appreciable error.
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Selection of verticals based on the Iransverse distribution of concentration

The number of verticals required for sediment discharge measurement
depends on the size distribution and concentration distribution of the sediment. as
well as on the desired accuracy for data acquisition. Verticals should be spaced
closely in zones of large transverse variation in sediment concentration and in the
main currents. The maximum number of verticals at which measurements can be
made during a flood before excessive changes in flow rate and sediment discharge
occur should be determined and located in advance of floods.
In measuring sediment discharge. it is usual to measure the velocity simultaneously with the sediment concentration. For new hydrometric stations. the number of sampling verticals is usually approximately half those along which velocities
are measured. It is suggested in the Guide to Hydrological Practices (WMO. 1981b)
that. in general. the interval between any two verticals should not be greater than onetwentieth of the total width. and that the discharge between any two sediment sampling verticals should not be more than 10 per cent of the total discharge. for a proper
measurement of water discharge. In the Chiuese standards a minimum number of
velocity measuring verticals is recommended as shown in Table 4.

TABLE 4

Minimum number of verticals required in discharge
measurement (Chinese standards)
Velocity

Minimum number
measuring verticals

*'

B/H' < 100
BlH' > 100

.

Width

50

100

300

10
10

12
15

15
20

lOll

1000
15
25

> 1000

15
> 25

ratio width/depth

SOURCE: Ministry ofWater Conservancy, 1975 b

Analysis of a group of suspended sediment discharge measurements may
show that the number of sampling verticals can be reduced without intolerable reduction in accuracy. For analysis of the transverse distribution of sediment concentration. the minimum number of sampling verticals should not be less than three to five.
Figure 4 is a chart developed by the US Geological Survey (USGS) (USGS.
1976) for determining the relation between the number of sampling verticals. the percentage of sand in the samples and the relative standard error in the measured suspended sediment discharge. The factor V'l/d characterizes the concentration at a vertical in which V is the mean velocity in that vertical and d is the depth of the vertical.
The ratio of the maximum value of V'l/d in a flow to V'l/d is the index in Figure 4.
The quantity V is the mean velocity and d is the mean depth at the section.
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As an example, in studying the transport rate of sand, if the maximum allowabte
relative standard error is 15 per cent, and the Vl/d index is equal 10 two (follow the dotted

liue in Figure 4), the minimum number of sampling verticals should be seven. This
method of selecting verticals may be used as a guide at newly established measuring sites.
Sometimes, as specified in the Indian Standards (1966), the following
empirical rules are observed: three verticals are chosen for a width of less than 30 m,
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five verticals are used for a width varying from 30 to 300 m, and seven verticals are
used for a width greater than 300 m.
For the middle or lower alluvial reaches of a river, flows over a flood plain
usually take place dnring floods. For a sediment-laden river the distribution of water
and sediment discharge in the main channel and the flood plain should be investigated. The distribution of sediment should be taken into account in the arrangement of
the verticals. To shorten the duration of sampling, simplified methods and a lesser
number of verticals are usually used for measurement over the flood plain.

1.2.2.2

Selection ofverticals based on equal discharge

In this method verticals are arranged according to the distribution of water
discharge across the section. Each sampling vertical represents approximately equal
portions of discharge. The sample volume for each vertical is kept approximately
equal. The following procedure is used to locate the verticals:
(a)

The cumulative percentage of the partial discharge across the section is calculated by using the discharge measurement data;

(b)

The cumulative percentages of the partial discharge at different
stages are plotted against horizontal distance;

(c)

From the graph, the horizontal position of sampling verticals can
be determined for a given number of sampling verticals.

The method described above and illustrated in Figure 5 (b) is known as the
"Equal Discharge Increment" or EDI method. It is suggested in the Guide to
Hydrological Practices (WMO, 1981b) that three to ten equal sections of discharge be
selected_ If the volumes of sediment-water mixtures sampled at verticals are the
same, a composite sample may be obtained by mixing all the samples to yield a
cross-sectional average sample from which the average concentration, as well as size
gradation, can be determined by laboratory analysis. The method is simple in sampling work and computation. The distribution of discharge across the section must be
computed prior to the sampling work. If the main current shifts its position frequently or drastic scour or deposition takes place in the cross-section, sampling points representing equal portions of discharge should be promptly adjusted according to the
variations, which may be difficult dnring floods.

1.2.2.3

Selection ofequally spaced verticals

The channel width at the water surface is divided into sections of equal
width corresponding to the number of verticals required. The Guide to
Hydrological Practices (WMO, 1981b) suggests that the whole width be divided
into six to ten equal segments for taking depth-integrated samples. When the depth
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Figure 5 - Sketch ofmethods for measuring sediment discharge by depth integration sampler

integration method is employed the transit rate of the .sampler is kept the same and
the same nozzle is used at all verticals. The sample bottle should not be allowed to
fill completely.
Ideally, the volume of the sample will be directly proportional to the water
discharge represented by the vertical. The average concentration in the cross-section will be the concentration in the composite sample made up by combining all
samples at the cross-section.
This method, known as the "Equal Transit Rate" (ETR) method, is illustrated in Figure 5 (a). It has the advantage over the ED! method in that the distribution of flow in a measuring section is not needed before sediment samples are taken.
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CONVENTIONAL AND SIMPLIFIED SAMPLING MElHODS

Measurement of sediment discharge may be classified into multipoint or
multivertical methods and simplified methods. The multipoint and multivertical
methods are referred to as conventional methods. Simplified methods are those in
which the number of samples laken is less than in the conventional methods.
The sampling methods used must be adapted to the conditions existing at
each sIation or project. Among such conditions may be the needs and objectives of
programmes and the resources available. Often this will require simplification of
methods by reducing the number of measurements with consequent reduction in
accuracy. Methodologies suiIab!e for use at each sIation should be chosen according
to the local hydrological conditions, the availability of technical equipment and the
desired accuracy of the daIa required. Different aspects of various methods will be
discussed in detail in the following sections.

In natural rivers, the discharge as well as the sediment concentration vary
with time, in particular during floods whcn it would be impractical to lake measurements at verticals using either the multipoint or the multivertical method. Reasonable
simplification of measurement is indispensable. Rules for the arrangement of verticals using a simplified method may be considered using one of the following
approaches. First choice would be the selection of fewer verticals for equal increment of discharge. The second approach is to choose fewer represenIative verticals
based on the analysis of the distribution of discharge and sediment concentration
from the field daIa. Results obtained by a simplified method should be compared
with those obIained by a more deIailed or conventional method.

1.2.3.1

Multipoint and/or multivertical method

These methods (see section 1.2.1.1) are used to determine as accurately as
possible the sediment concentration, size distribution and sediment discharge along a
vertical and across the entire section of a stream. They also provide the basis for the
simplified measuring methods. The results may be used in the eSIablishment of sediment discharge relationships which are indispensable for sediment compuIation.
Sampling by these methods thus eSIablishes the norm by which the adequacy of measurements made by other less detailed schemes or methods is judged.

1.2.3.2

Conventional method

Allowable limits of error for conventional and simplified methods used for
discharge measurement have been put forward in the Chinese slaOdards (Ministry of
Water Conservancy, 1975b), as shown in Table 5.
For measurement of sediment discharge, the cross-sectional average sediment concentration as obIained by a conventional method should not be in error
exceeding 3 to 5 per cent for a confidence level of75 per cent.

-

---- - - -

-

-----------~

-~-----

~-----~---

--- - - -

14

CHAP1ER I

A conventional sampling method in a vertical used in the United States and
some other countries is the depth integration method (see section 1.2.1.2). The two
well-known methods for sampling in a cross-section, Le. sampling by Equal Transit
Rate (ETR) and by Equal Discharge Increment (ED!) (see sections 1.2.2.2 and
1.2.2.3), were developed by the USGS in response to the adoption of depth integration sampling techniques. The instrument series (USD and USP series) have been
developed to cope with various field conditions. For deep rivers additional space
should be provided in the container for adjusting the pressure. A simple collapsiblebag sampler may be used in such cases.

TABLE 5 Allowable error in discharge measurement as related
to multivertical andlor multipoint method (Chinese
standards)

Method
Conventional

Simplified
Based on precise

Error at 75%
confidence level
< ±3%

< ±5%

Error at 95%
confidence level

Systematic

< ± 5%

< ± 1%

error

< ±10%

method
Based on conventional method

< ±4%

< ± 8%

1.2.3.3 Simplified method
Sampling work by the multipoint method is usually laborious and expensive in field work, laboratory analyses and data processing. A conventional method
may not permit adequate sampling to be earried out during a flood. Hence, there is a
need to develop a sampling method of greater ease and simplicity of operation in
order to take samples during the entire flood. Such a simplified method is called a
"unit-sampling method".
Unit samples should be taken at the same time that the multipoint and/or
conventional method is being used. The concentration of the unit samples is correlated with the cross-sectional average concentration obtained by a conventional method.
If the relationship is stable the ratio of cross-section concentration to unit sample concentration is plotted against discharge or stage and used to convert unit sample concentration to the cross-sectional average value. Sediment yield can then be calculated
by integration of the sediment discharge obtained by the product of discharge and
sediment concentration over a period of time.
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Relationships of the concentration of the unit sample to that of the crosssectional average value are discussed in Chapter 6. Some of the methods in current
use for collecting unit samples are discussed below. Various methods have been
employed in rivers with different characteristics. Obviously, some of these are rather
complicated and may even be considered as conventional methods. 11 has been
shown from actual data that the distribution of sediment varies with change in flow
conditions. A drastic change in both water and sediment discharge may be observed
during floods and with time it would be difficult to make precise measurements to
establish the variation of concentration. Quite often it is easier to use a conventional
method to convert the concentration of unit samples. The relationship between unit and
conventional concentration is empirical; therefore, the result of the computatiou after
converting all the uuit sample concentrations into cross-sectional average concentrations is only approximate, especially if not enough points are obtained to define the
concentration relationship.
Structures already in existence or specially built can be utilized to take sediment measurements by installing sampling apparatus or in situ instruments. Pumping
samplers of various designs, radioisotope gauges, turbidity meters and depth-integration
samplers have been used by many countries such as Indonesia, Italy, United Kingdom,
USA, ete. (IAHS, 1981). These devices are used to monitor the variations in sediment
concentration during flash floods. Samples taken by such devices are equivalent to unit
samples. During a flash flood most of the sediment carried by the torrential currents is
wash load and the distribution across the whole cross-section is fairly uniform.
Samples taken at any point in a cross-section should be representative of the average
value. In other words, the ratio of concentration of the unit sample to that of the crosssectional average is nearly equal to one. In such cases the concentration in the unit
sample represents approximately the variation in average concentration. However, for
large alluvial rivers the situation may be complicated. In reaches where erosion and
deposition may take place on a large scale, a unit sample taken at a fixed point in the
river could not be expected to be representative and the relationship of the concentration of a unit sample to that of a cross-sectional average sample would not be stable.
In summary, there are no definite and reliable rules for the selection of measuring points for taking a unit sample. The measuring points should be carefully selected, bearing in mind the desired accuracy. The following are recommended:
(a)

When the variation in sediment along the transverse direction is relatively large, three to five verticals arranged in an equal dischargeincrement basis should be used for taking unit samples whenever
possible. Depth integration or point sampling at one to three points
maybe used;

(b)

When the river bed undergoes drastic changes during floods in a
wide river, it would be impractical to determine the centroid of equal
portions of discharge accurately. Five to seven verticals covering
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roughly the deepest parts of the section may be selected for taking
samples. Depth integration or sampling at one or two points in each
vertical may be used. Samples should be combined for laboratory
analysis;
(c)

Three verticals at 1/6, 1(2 and 5/6 of the slream width for mountain
streams, or arranged by other appropriate divisions such as one in
the main current, two on both sides, etc., are proposed by the
Indian Standards (1966);

(d)

During floods, when more verticals are precluded from use, one
vertical may be used in order to shorten the duration of measurement. One vertical located near the main current is sometimes
used to represent the cross-sectional average conditions. The exact
position varies with the velocity and sediment concentration distribution. One vertical located near one bank is allowed only when
the preassigned position for sampling is inaccessible. When the
transverse distribution of sediment is fairly uniform, the sampling
position may be fixed at a point determined by analysing actual
field data. In the example of field data given in Figure 6, samples
should be taken at a distance of 280 m, where the cross-sectional
average C,q occurs.

Sampling on the water surface can only be allowed if other methods are not
practicable. Results should be corrected by analysing actual observed data. The
Indian Irrigation Board (Singhal, 1981) proposes that a correction factor of 2.35
should be applied to the surface sample concentration.
Unit samples are taken at hydrometric stations as a supplement to the conventional method for measuring suspended sediment discharge. The sampling position must be carefully chosen by analysing data obtained by precise and/or conventional methods. Simplified methods listed in this report can only serve as a reference
and should be adopted with caution to avoid misleading results.
1.2.4

SAMPLING FOR SIZE ANALYSIS

The purpose of sampling for size analysis is to provide information on temporal variation in grain size and to compute the sediment discharge of each size
group. The distribution of sediment size along a vertical and across a transverse section can also be obtained to assess the accuracy and reliability of the measurement of
suspended sediment discharge.
A precise method for determining the size distribution over a cross-section
may also be simplified so that more samples may be taken during a flood period, or
to be used as a conventional method in routine work. In general, samples used for
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determining concentration are nsed for determining size gradation. In selecting simplified methods, inclnding methods for taking nnit samples, the representativeness of
size distribution of the sample should be considered.
Along with velocity, channel shape, ete., sediment size is a major factor

influencing the non-uniform distribution of sediment concentration across a section.
If coarse particles constitute only a small fraction of the total snspended sediment, the

concentration obtained by a simplified method may be representative for total suspended sediment but not for coarse particles. Vertical and transverse distribution of
suspended sediment is affected by hydraulic elements such as water depth, slope, etc.,
as well as sediment characteristics such as grain size. The exponent Z in the expression of sediment distribution in a vertical based on diffusion theory may be used as
an index (ISO, 1977b; Vanoni el al., 1975):

z

= ---'!!-

k U.

(5)
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in which w is the average settling velocity for the size group under study;
k is the Karman constant;
U. is the friction velocity.
For sizes fmer than 0.1 mm settling velocity varies with the square of particle
diameter. Under the same hydraulic conditions, the value w or Z may differ one-hundredfold for particles of 0.1 and 0.01 mm in diameter. Different patterns of sediment distribution are found for these two size groups: for 0.0I mm sedimen~ the vertical as well as the
transverse distributions are rather unifonn, while for 0.1 mm sediment, large gradients
exist in a vertical and across the stream. Errors which may be involved in adopting simplified methods should not be overlooked when coarse sediment particles are present.
In the selection of a measuring method a compromise has to be made
between simplification and desired accuracy. In general, the sclection of measuring
verticals or points for unit sampling has to take account of the characteristics of size
distribution if a better understanding of the sediment transport of various size groups
is desired. Errors which may be induced by the simplified methods will be discussed
in later chapters.
Judging by experiences gained from field observations on sediment-laden
rivers, the variation in particle size with time may be less than the variation in sediment concentration. As far as sampling frequency is concerned, more samplings
should be earried out during floods in order to clearly define a sediment hydrograph.
Figure 7 shows the variation in discharge, sediment concentration, concentration for
sizes greater than 0.05 mm sediment and median diameter of the suspended sediment
at a station about halfway down the Yellow River. If samples are expected to be representative regarding both concentration and grain size, a composite sample taken on
the basis of equal portions of discharge by combining multipoint samples or depth
integrated samples is recommended. Errors involved in simplified methods such as a
unit sample taken at one point in a vertical would be too large, particularly if the sediment load contains an appreciable amount of coarse particles.
1.2.5

ANALYSIS OF SAMPLES

Samples obtained by various means must be analysed to obtain the sediment concentration. Procedures for analysis of water and sediment mixtures arc discussed in Chapter 5. Types of analysis may be classified into two groups:
(a)

Analysis of individual samples: samples taken at each point may
be treated individually to obtain the sediment concentration at the
measuring point;

(b)

Analysis of composite samples: to simplify the analysis, samples
taken at each point may be combined for treatment.
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Figure 7 - Variation of flow rate, suspended sediment concentration and sediment
sizes. Yellow River at Longmen Station, August 1973

A composite sample is obtained directly by using depth integration along
each vertical. If sampling is done by points or point integration, a composite sample
may be obtained from preassigned proportions of the point samples. For example, a
proportion of2:1:I may be assigned to samples taken at relative depth of 0.2,0.6 and
0.8. Depth-integrated samples obtained by either the EDI or the ElR method can
also be combined to yield a composite sample representing the cross-sectional average concentration and sediment size.
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1.2.6

FREQUENCY AND TIMING OF SAMPLING

The desirable timipg and freqnency nf sampling depends nn the runoff
characteristics of the basin. Fnr many streams, an average of 70 to 90 per cent of the
annual sediment load is carried down the river during the flood season. Suspended
sediment should be sampled more frequently during these periods than during lowflow periods. During floods, hourly or even more frequent sampling may be required
to define the sediment concentration accurately. During the rest of the year sampling
frequency can be reduced to daily or even weekly sampling. For watersheds with a
wide variety of soil and geological conditions and an uneven distribution of precipitation, sediment concentration in the stream depends not only on the flood event in the
year but also on the source of the runoff in the basin. Undet such conditions no definite sediment schedule can be assigned. Sampling or measurement of suspended sediment concentration should be proper!y timed to check the temporal variation in
sediment.
The accuracy needed from the sediment data also determines how often a
stream should be sampled. The greater the required accuracy and the more complicated the flow system, the mOre frequently it will be necessary to take measurements.
1.3

Computation of sediment discharge

When )loint samples of suspended sediment are'taken the sediment discharge per unit area is obtained by the product of velocity and sediment concentration
measured at the same point. These concentrations should be integrated along each
vertical to give sediment discharge per unit width. Sediment discharge of the entire
cross-section can ,then be computed by integration of the sediment discharge per unit
width along the entire width, of stream. In practice this is done by summing the products of sediment discharge per unit width and the section width for each vertical.
If the measurement is carried out by pOint samples, the average sediment
concentration in each vertical may be computed by Formulas I or 2. If the measurement is carried out by the depth integration method, the average sediment concentration in each vertical is obtained directly by laboratory Processing of the samples, in
which case the weighted mean sediment concenttation for the entire cross-section can
be computed as:

=L

C",

L

q"

(of each section)

qp (of each section)

where C,q is the weighted mean sediment concentration in kg m,3:

(6)
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is the discharge-weighted concentration in the vertical representing the
average sediment concentration in each section in kg m-3;
qp is the water discharge in each section in m s-l.
Csq

If the sampled verticals represent centroids of equal discharge (EDI
method), the mean concentration is the average of that at the several verticals.
Samples obtained by the EDI method which are to be combined for particle size analysis must have the same volume. If used to define the later distribution of sediment
in a cross-section, samples collected at each centroid should be analysed individually
and, therefore, do not require an equal volume of water in each sample.

In the ETR method the sampled verticals are equally spaced and the same
transit rate is used for all the verticals. All samples should be combined into a single
representative discharge-weighted sample, the concentration of which is denoted by

Csq; the sediment discharge over the entire cross-section is then computed as:

(7)

where Q. is the sediment discharge of the entire cross-section in kg s-l;
Q is the water discharge expressed in m3 sol.
Some types of instrument such as the Delft bottle sampler or the Neyrpic
sampler can only sample the accumulated sediment passing into the sampler nozzle
over a certain period of time. Sediment discharge per unit area can then be computed
by dividing weight of sediment accumulated by the sampling time and also by the
area of the intake nozzle and the efficiency of the sampler (Jansen et al., 1979).
Thc computation of average size gradation along a vertical or over the
entire cross-section can be calculated by weighting the amount of sediment in each
size class in each sample according to the flow rate represented by the sample. The
sediment sizes should be divided into groups to meet the requirements of data analysis. In some countries, they are divided into three size groups such as sand (2.0 to
0.05 mm), silt (0.05 to 0.005 mm) and clay (finer than 0.005 mm). If necessary, the
number of size groups may be increased. In India, suspended sediment coarser than
0.075 mm (Indian Standard 6339, 1971) is classified as coarse. In the ISO standards
(ISO, 1982a), the division line between coarse and fine sediment is set at 0.06 mm.
1.4

Measuring devices and instrumentation

Devices for suspended-sediment sampling currently used in various countries may be classified into two categories: instantaneous and integration types.
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104.1

SAMPLER FOR TAKING REPRESENTATIVE SAMPLES

Basic types of samplers are classified in Table 6. A variety of similar samplers developed in various countries are not listed in the table. Although these may
differ in structural design, type of suspension, sampling volume, nozzle size, etc.,
they may be classified in one of the categories listed in Table 6.
TABLE 6 Classification of suspended-sediment samplers

Classification

Description

Depth

Operation

Basic

sample

for

feature

volume

limit-

(1 )

atian

Instant

Point

aneous

sampling

Horizontal

Vertical

0.5,
1.0,
2.0

1.0

May be opened or closed by spring
dropping hammer or electro-

None

magnetic switch; operated by rod
or suspended by cable
BoUle sampler; cork opened and

None

closed by spring and lever system
Integratian

Depth
inte-

gratioo

Pressure
adjusted
by

1 pint
or
0.471

USD or USDH series with nozzles
in 3 different sizes; used at depths

4.5m
round

of less than about 5 m

trip

Bottle sampler with intake nozzle

4.5m
round
trip

chamber
0.5

pointing to the flow and air exhaust;

used at depths of less than 5 m
Pressure

adjusted

1.0 2.0

by col lapsible beg

Plastic nozzle exchangeable;
while used in deep water the
volume of sample may be
increased by using large plastic

None

begs

Point
integration

25 40m;

1 quart
or
0.941

USD series with nozzles in 3
different sizes; used under 55 m

valve

1.0
2.0

JS or JLC series with exchangeable nozzles

Pressure

1.0 3.0

Plastic nozzle exchangeable
uses plastic food storage bag

None

1.0 2.0

Rubber bag specially made;

None

Pressure
adjustable;

open and

max.
55m

close by

adjusted by
by collaps-

ing bag;
open and
close by
valve

nozzle exchangeable
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Table 6 (contd)
Classification

Operation
for

Basic
feature

Intake
velocity
maybe
adjusted

Sample
volume
(1 )

Practically no
Iimitation

1 pint
or
0.471
Accumu- Direct
Water
lation of accumula- flows out
seelition of
while
ment
sediment sediment
retained

Small
fractions
of flow are
diverted
into
chamber

Enough
for
sampling
in runoff
period
from
where sedi- small
watershed
ment
deposits

Description

Depth
limitation

Vacuum chamber used for
adjusting pressure; may be used
near bed surface

None

Intake velocily adjusted by varying
pump speed; may be used near
bed surfaoa

None

Single-stage sampler;
used in flashy streams

Delft bottle or Neyrpic type for
measuring suspended bed
material; discharge correction
factor should be applied
Various methods are adopted to
extract small fraction of flow;
mosdy in experimental basins
for soil conservation research

Samplers are selected to meet data collection requirements with due consideration of suitable measuring methods. More than one type of sampling device is
sometimes installed at key hydrometric stations to meet various flow conditions.
Comparisons of results with different samplers should be made if consistent data are
to be obtained. Sometimes it may be found necessary to make small modifications to
samplers to cope with local river conditions, without sacrificing their basic properties.
Samplers designed on the basis of time inregration have been widely adopted allover the world. Random errors due to fluctuations may be eliminated to a cerlain degree, improving the reliablility of the results. Instantaneous samplers are also
used exrensively. These are simple and easy to operare; however, errors due to fluctuations in velocity and sediment concentration are inevitable and should be compensated for by repetitive samplings.
Basic requirements for an ideal sampler may be summarized as follows:

CHAPTER I

24

(a)

Intake velocity of the nozzle for a time-integration sampler should
be made equal or close to the ambient velocity. Experiments show
that the coarser the particle size, the greater the error of concentration induced by the difference in intake vclocity and the ambient
vclocity. To ensure sampling accuracy, it is better to calibrate the
intake velocity of the nozzle. It has been proven by experiment
that error in the measurement of sediment concentration is less
than 5 per cent if the ratio of intake velocity to the ambient velocily is kept within 0.8 to 1.2 (USGS, 1976). For flow with a hyperconcentration of sediment, no appreciable differences have been
observed even if the raito falls far bclow the above range (Hn
Jingxing, 1981);

(b)

The sampler should be able to 'collect samples close to the bed so
that the'unsampled wne is as small as possible. The distance from
the c,ntre line of the nozzle to the bottom of the sampler is 10 to
12 cm for USP or USD series samplers;

(e)

Disturbances created by the sampler, particularly near the nozzle
intake,should be minimized;

(d)

Enough weight should be available for the sampler to maintain its
stability nnder water. Ease of operation and maintenance are
essential;
Sampling, volume should be sufficient to fulfil minimum requirements for determining concentration as well as size gradation.
Repetitive sampling may be necessary to fulfill minimum requirements for sample quantity.

(e)

In the design of a time-integration sampler, the intake velocity is adjusted
by pressure equalization in the sampler container. Limitations as to the depth within
which the adjustment is effective should be strictly observed. For instance, present
US point-integration samplers can be operated to a depth of 23 to 37 m with a maximum of 55 m, while the US depth"integration sampler series can be used to a flow
depth of less than 4.5 m for around trip operation (USGS, 1976).
Recently collapsible-bag samplers have been studied in the United States
and China. The US bag sampler system, which consists of the D-77 sampler with a
prefabricated plastic cap incorporated with intake and air vent nozzle, is attached to a
plastic bottle within which a lightweight plastic food storage bag is inserted as a collapsible bag. With a newly developed solenoid valve, it can be used either as a
depth-integration or point-integration sampler (Stevens et al., 1980; Szalona, 1982).
The Chinese version uses a specially made rubber bag as a collapsible bag. They perform similarly and a concentration of samples taken by both samplers corresponded
closely from 0.7 to 3.0 m s-l and concentrations ranging from 4 to 90 kg m-3 . It
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seems that this type of sampler has potential for use in the field. A sketch of a collapsible-bag sampler is shown in Figure 8.

Cable

. . _------~-----,:1...~ad

weight

•
In8tal frome

Perforated plastIc bottle,
in which a collap$ible plastic
bag is in.~rt.d
Figure 8 - Three litre collapsible-bag sampler mounted below a sounding weight

In recent years automatic pumping devices have been used in small rivers,
canals, experimental basin outlets, etc. One of the characteristics of this type of sampler is its ability to collect samples at predetermiued intervals at a defined poiut in the
river. The entire variation in sediment concentration of a flash flood may be followed. Sufficient samples can be obtained automatically to define the variations in
the scdiment concentration during a flood. It is particularly useful for stations located
in remote areas. A simple pumping sampler developed by the USGS is shown
schematically in Figure 9 (Stichling, 1969; Inland Waters Directorate, 1979; York,
1976; Skinner et al., 1981).
In order for the concentration obtained by a pumping sampler to represent
the variation in concentration in a cross-section, the relationship between the concentration observed at a point and the cross-sectional average should be obtained for
conversion purposes. Good relations usually exist during flash floods in mountain
creeks and small tributaries.
A portable pumping sampler may be used for taking point-integrated or
depth-integrated samples at any point or vertical in a cross-section. A sampling nozzle
may be mounted on the streamlined sounding weight, together with velocity or depthmeasuring devices such as a propellcr meler, echo sounder transducer, etc. A device
for measuring sediment aud velocity distributions in rivers and estuaries has been
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Funnel

Distributor

Air valve

Di.tribut~
II

Intake
tube

II
Backflu.hll
reservoir)

I

II
II
~I I

""lve

t~

~DeliverY

Q
.

point
Sampling

bottle

Backflu.h

Figure 9 - Schematic diagram of hydraulic system for PS-4 pumping sampler (Skinner eJ
al., 1981)

reported by Crikmore and Teal (1981). A pumping sampler with an attached fIltering
device has also been developed and used in Pakistan.

1.4.2

IN srru MEASUREMENT OF SEDIMENT CONCENTRATION

"In situ" monitoring of sediment concentration has been developed and
applied in some countries with promising results.
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Nuclear gauge

Measurement of sediment concentration by in situ nuclear gauges has been
carried out in sediment-laden rivers. In general, the following features are common
to the various types of radioisotope gauges:
(a)

Range of measurement: different ranges are specified for gauges
of various design. The lowest detectable concentration within the
tolerance of allowable error for hydrometric measurements is, in
general, 0.5 g 1-1. The maximum concentration may well exceed
1000 g 1-1;

(b)

Accuracy and reliability are ensured by calibration at certain intervals of time or by comparison with traditional sampling methods.
The result of a field experiment shown in Figure 10 indicates that
the lower the concentration, the greater the relative error;
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(c)

The measured zone for the portable type of nuclear gauge may
extend to only 5 em from the bed. In general, the unmeasured
zone extends 15 to 25 em from the bed;

(d)

241 Am or 137c , is used as source;

(e)

Continuous record of the temporal variation in concentration may
be achieved by installing the sensor at a definite point in the crosssection. This is one of the advantages with which none of the
existing apparatus can compare;

If)

Sampling still has to be performed for size analysis..

The working principle of various radioisotope gauges has been well explained
in WMO Operational Hydrology Report No. 16 (WMO, 1981). A summary of the characteristics of nuclear gauges currently used in some countries is given in Table 7.

1.4.2.2

Photoelectric turbidity meter

Determination of sediment concentration by measuring turbidity on the
basis of photoelectric effect can only be adopted in rivers where variation in grain
size is very smaII and the concenlration is fairly low. The upper limit of application
is I t05 gr' (Brabben, 1981; Grobler,1981).
The development of the photoelectric turbidity meter is based on the principle of attenuation oflight transmitted through sediment-laden water. Fromlight scat_
tering theory it can be deduced that the intensity of transmitted light is related to the
intensity of light before transmission as follows:

(8)
where 1 is intensity of light;
10 is intensity oflight before transmission;
k is an extention coefficient;
L . is the distance between light source and detector;
c is sediment concentration in g I-I;
d is particle size.
Photodensity, the ratio of lila, depends not only on the concentration c but
also on the particle size d existing·in ihe medium: The extinction coefficient k does
vary with size but approaches a constant when the particle size exceeds 0.02 mm. It
would therefore be possible to establish a relationship between the sediment concentration and a pholodensily reading only if the grain size were relatively constant. In
operation, the instrument must be calibrated carefully to establish such a relationship.
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TABLE 7 Summary of characteristics of radioisotope gauges currently in use

Country

Italy

Radioactive

Type of

source

detector

241 Am
137Am

Hungary 241 Am

Measuring
times (s)

Range of
concentration (g 1-')

Scintillation
Scintillation

600
500

5 -100
10 - 100

semiconductor

300

Poland

241 Am

Scintillation

1 000

China

241 Am

Scintillation

100

0.5 - 12

Description

Gauges are fully
automatic and
powered by pholovoltaic solar panel

Gauge with a new
scaler, has a built-in
programmable pocket calculator; it can
display directly sediment concentration
5 em from stream
bed

Only for high concentrations

0.5 - 500

FT-1 type; instrument
accuracy on S;
± 0.04%; relative
error 10% at
concentration 0.5 9 1- 1;

gauge can compensate effect of fluctuations in water temperature and change
in dissolved mineral
salts

Proportional

100

>0.4

counter

Wilh NIM scaler,
accuracy O'n ±O.O3%

Double
scintillation
counter

300

>0.6

With dual scintillation counter, error
in measurement
of sediment concentration can be
lowered

SoURCE: Lu Zhjet at; Berke and Rak6czi, 1981; Tazioli, 1981; Basinski, 1981
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Figure 11 shows the relation of III0 versus c using d as parameters, obtained
from experiments with Yellow River sediment.
Calibration of the monitoring system is a problem of major concern
when the system is installed at remote sites. The system should be visited as frequently as possible for maintenance and checks.

1.4.2.3

New developments

Optical ultrasonic device

The Institute of Civil Engineering of the University of Florence, Italy,
has developed an optical ultrasonic device to measure the sediment concentration
and mean particle size in situ. By taking relative readings on two meters reflecting the ultrasonic effect and the photoelectric effect, respectively, sediment concentration and particle size can be interpolated by graphs obtained by calibration
in the laboratory (Billi et al., 198Ia).
In situ measurement of sediment transport by means of ultrasound scattering

A method has been developed based on the scattering of ultrasound (4.4
MHz) from suspended sediment particles. By measuring the frequency as well as
the intensity of the Doppler signal within a sand suspension, both the velocity
and the sediment concentration can be measured simultaneously. It is reported
that the instrument has been successfully applied for offshore measurements
(Jansen, 1978).
Pumping sampler with in situ separation of water and sediment

For low sediment concentrations such as are found under tidal conditions, a method is required which permits the sampling and handling of a large
volume of water (for example, 50 1) in order to obtain a reliable average value of
the concentration. A pumping sampler combined with an instrument for the in
situ separation of water and sediment has been developed by the Delft Hydraulics
Laboratory. The separation is carried out by a sedimentation or filter method.
Sample volume is determined by means of a calibrated vessel. Comparisons with
the acoustic Doppler method in the field gave satisfactory results (van Rijn,
1980). The new developments in the measurement of sediment concentration
cited in the above three examples show promising results. Needless to say, these
instruments are still in the process of development. More research work has to be
·done before they can be adopted for use in routine work.
It should be meutioned here that the electro-optical device, nuclear
gauges or the pumpiug sampler rushed to a site from a regional centre and operat-
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ed during flood periods can also be used for monitoring purposes. In this way
damages or breakdowns of the equipment dUFing dry or low-flow periods can be
avoided.
1.4.3

INTERCOMPARISON OF MEASURING DEVICES

In order to ensure accurate and comparable results, observations with
in situ measuring instruments and/or sampling devices should be compared for standardization of sediment samplers; the need for a better understanding of the probable
error involved in sediment measurement further emphasize the importance of the
intercomparison of sediment measuring devices. For time-integration samplers, the
hydraulic efficiency of the nozzle should be checked prior to its adoption for routine
work, both in the laboratory and iu the field. Sampling efficiency could also be
checked by taking samples with a reference nozzle which has a sampling efficiency
of 100.
It is recommended that comparisons be made by means of parallel samplings with samplers in traditional use and with new samplers, before their adoption.
Attention must be paid to operational techniques to avoid any systematic errors.
When data are collected for intercomparison, several samples should be collected and
analysed to minimize errors due to fluctuations. In situ measuring devices have to be
checked for deviation from their calibration curve which has usually been determined
previously in the laboratory. In the Chinese manual for stream gauging (Ministry of
Water Conservancy, 1975a), it is suggested that the results of parallel sampling
(including measurements taken by in situ apparatus) should not deviate by ± 5 per
cent at the 75 per cent confidence level.
.

An intercomparison of four point-integration samplers was made jointly by
the Delft Hydraulics Laboratory (Netherlands) and the Cerni Institute (Yugoslavia) on
the Danube River near Belgrade in 1979. Velocity of the stream at the sampling point
was approximately 1.0 m s-I. The sediment concentration was 0.1 to 0.2 kg m-3 with
a mean diameter of 0.2 mm. Some typical results from their work are given in Table 8.
Results of the intercomparison are informative, not only with respect to the
results from sediment transport values but also for the characteristics and performance of the various samplers. Table 9 summarizes the intercomparison of characteristics of the samplers used to obtain the results in Table 8

•
•

MEASUREMENT OF SUSPENDED SEDIMENT

33

TABLE 8 Comparison of sediment discharge measured with different samplers

Ratio
<0.07
mm
VB/USP
VB/DB,
VB/DB 2
VB/PFS

Mean ratio for sediment transport in size group
0.07 - 0.14
0.14-0.23
>0.23
mm
mm
mm

1.01
21.32
17.16
17.31

1.01
1.63
3.46
1.08

VB

Vacuum Bathometer;

USP
DB
PFS

US Point Integrating Sampler P61;
Delft Bottie, Bl big straight nozzle, B2 big bent nozzle;
Pump Filter Sampler.

SoURCE;

0.91
0.93
1.20
0.76

1.01
1.19
2.03
1.03

Dijkman and Milistic, 1982

TABLE g Comparison of characterislics of inlegralion samplers

Name of sampler:

Vacuum Bathometer

US P-61

Delft Bottie

Functions:

Sampling 01 total for
concentration

Suspended
sediment

Direct measures of bed
material
sediment
discharge

Time required
for sampling:

300 s or more as
required

Adjustment for
pump

By adjusting the
isokenetic sampling:

In general

10-30sfor
V<2ms· 1

Automatic
vacuum

Range of sediment All sizes
size sampled:

All sizes

Volume of sample: No limit; 20 I for Os >
0.5 kg m-3 ; 40 I for

Approx.
0.41; may be
too small for

Cs < 0.5 kg

lowconcentralion

Sampling for bed
material sediment

concentration

In general
600 - 900 s;
exact time
should be
measured

300 s or more
as required

Automatic

By adjusting rate

pressure

Preferably

Preferably

mm

> O.07mm

> 0.14

m-3

Pump Filter
Sampler

No limit; may be
recorded by
calibrated integrating discharge
meter

------- -------- -- -

---

34

CHAPTER 1

Table 9 (cootd)
Name of sampler:

Vacuum Bathometer

Handling and
processing:

Cumbersome due to Should be
Maybe
large volume sampled processed in weighedor
at low concentration
laboratory
take volume
readings in the
field of concentration; no laboratory processing necessary

In situ filtering
by nylon filler with
0.05 mm mesh
opening

Dimension of
nozzle:

9 - 35 mm; best size
may be chosen as
function of stream
velocity and depth

4.76mm

15.5 mm. for V

Hosed 1.6mm

and two
other sizes

> 1.25m 5-1;
22.0 for V <.

V<3ms- 1,
d<50m

d55m

River conditions
or design criteria:

Calibration:

US P-61

Deln Bottle

Pump Filter
Sampler

1:25 ms- 1

Needed for hydraulic- Needed for
efficiency
hydraulic
efficiency

V 0.25 2.5 m 5. 1

V should be >
1.14ms-1

Needed for

Needed for

sampling

hydraulic efficiency

efficiency or·

correction factor in compulation

..

CHAPTER 2
MEASUREMENT OF BED LOAD

Bed load is the part of sediment load which moves in almost continuous
contact with the stream bed by saltation and traction, that is, by bouncing, sliding and
rolling along the bOllom by the force of the water. A single particle may move intermittently along the strcam bed. The bed-load movement is quite uneven in both transverse and longitudinal direction and fluctuates considerably. Therefore, certain concepts which have been proven useful in measuring suspended sediment, such as the
selection of a representative vertical, will not be valid for the measurement of bedload. In practice, it is more difficult to measure the bed-load discharge accurately than
it is to measure suspended load. The measurement of bed load has been tried in various conutries and many kinds of instruments and methodologies have been developed;
however, not a single method or instrument is adaptable to suit all field conditions.
Bed-load movemeut is an important type of sediment transport in rivers. The
bed load, composed mainly of coarser particles, has important effects on the fluvial process, even though its quautity is not as large as that of the suspended load. Research
work ou the improvemeut of sampling techniques are uecessary. The main purposes are:

2.1

(a)

Improvement of accuracy in the determination of total load;

(b)

Verification of the mathematical models developed analytically
and/or through flume studies;

(c)

Provisiou of necessary data for the design and management of
water conservancy works.

Measurement methods

According to the data acquisition requirements, measurement methods may
be classified into two categories: the direct and the indirect methods.
2.1.1

DlRECf METHOD

The direct method is the method which measures the bed-load discharge by
taking samples directly from the stream with a properly designed sampler. Apparatus
or samplers used in the direct method may be classified into the basket type, pres-

-----~--
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sure-difference type, pan type and pit type. Weight of the sample taken by these samplers in a.pecific time interval rcpresent" the bed"load discharge per width of the
sampler.
The advantage of the direct method is that the samplers are made in
portable form ,md are relatively easy to operate if proper hoisting facilities are available. Temporal as well as spatial variations may be observed, although the necessary
sampling may be laborious and time-consuming. Sampler efficiency should be
obtained by calibration in laboratory flumes or in the field when the bed-load discharge can be determined by other reliable methods. The efficiency of a sampler is
defined as the ratio of thc quantity of sediment trapped in a bed-load sampler to that
being actually transported as bed load in the space occupied by the sampler. It varies
from 40 per cent to about 100 per cent for different types of samplers (ISO, 1981a;
Hubbell, 1964).
2.1.2

Il\'DIRECf ME-i'noD

2.1.2.1

Sedimentation process

If bed load constitutes the major part of deposits in a reservoir, measuremeut of the volume of the deposits by repetitive surveys should give an average
bed-load rate. In the evaluation of bed load, fine material which is carried into the
reservoir mainly as suspended sediment should be deducted from the total volume
of deposits. Unit weight of the deposits may be determined fairly accurately by
field mcasurcmcnts. Preferably, systcmatic suspended sediment load data should
be obtained at both inlet and outlet hydrometric stations. The amount of the bed
load is then the amount of sediment deposited less the difference between the
amount of incoming and outgoing sediment discharge. The indirect method of
bed-load measurement gives an average rate of bed-load discharge in a period
between two successive surveys rather than the instantaneous rate. If the amount
of bed-load discharge is not very large a long period of time is necessary between
repetitive surveys to obtain a fair degree of accuracy (Shandong Provincial Office
of Hydrology, 1980).

2.1.2.2

Dune tracking

The dune traCking method of measuring bed-load discharge involves the
measurement of the rate of movement of dune-shaped forms in the direetion of flow.
It is generally difficult to measure the bed-load in an alluvial river, whieh eonsists
mainly of fine sands, by means of existing measuring methods. The dune tracking
method has an advantagc in this respect, in that only hydrographic suiveying techniques are employed. With this method, a sounding system should be established
which permits the recording of bottom profiles along pre-fixed courses in a river
reach. Bed-load rate can be estimatcd from the propagation of dunes, calculated by
successive surveys.
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Two methods are used in monitoring the movement of dunes:
(a)

Moving boat technique: Longitudinal profiles are measured
repetitively by an echo sounder mounted on a boat. The length of
reach traversed should be long enough to include 20 to 25 welJdefined dune forms. Usually a straight reach is selected for this
purpose. Accurate records of time and the position of the boat
should be maintained. In the active bed zone of the reach, five or
more longitudinal profiles are usually measured during each survey;

(b)

In situ echo sounding: Continuous soundings taken at a fixed
point or several points in the cross-section of the flow monitor the
variation in depth and, thus, the movement of dunes. Time for taking such measurements should be sufficient for at least 20 to 25
dunes to pass the point of measurement.

The accuracy of the dune Ifacking methods relies on the accurate determination of the bed elevation and positioning of the measuring points. Data can be processed by computer (Havinga, 1981).

2.1.2.3

Tracer method

The tracer method, as well as the dilution method, is based on detection of the
movement of sediment by tracers. The method is feasible for measuring bed material
discharge and sediment dispersion. However, there are large variations in techniques.
Selection of a proper technique depends on the purpose of study and the river conditions
in the measuring reach. Procedures and techniques involved are the selection and
labelling of the sediment tracer particles, the method of introducing the tracer into the
flow system and the method of detection. Field data collection includes tracing the
labelled particles, sampling the bed material and measuring hydraulic elements in the
river reach under investigation. The latter two are usually measured eonventionalJy.
Three labelling methods are available for use with the tracer method. The
fluorescent tracer, radioactive Ifacer and stable isotope tracer can all be used in rivers
where the bed material is composed of relatively coarse particles such as gravels and
sands. However, only the radioactive tracer seems to be suitable for use in places
where the bed material is composed mainly of fine sand, silt and clay. Fluorescent
and stable isotope tracers have to be detected in laboratories, from samples taken
from the field, but the radioactive tracer can be detected directly in situ with a
portable instrument. With the fluorescent tracer method, the movement of radioactive tracers of different sized sediments can be measured by dyeing them with various
colours to represent particles in different size ranges. However, it is rather difficult to
trace the movement of radioactive tracer particles of different sizes. In contrast to the
radioactive tracer, the stable isotope tracers have no environmental impact as they do
not involve radioactivity until the samples taken from the field are neutron-activated
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in the laboratory. Analysis is made by comparing the gamma-ray spectra of labelled
sediment with that of natural sediment. In all cases the labelled particles should have
the same hydraulic bchaviour after labelling as before and should resist leaching,
abrasion and decay of traceable property (Chen and Simons, 1981).
2.1.2.4

Investigation of the lithologic properties ofsediment

Bed-load sediment is originally composed of rock fragments formed
through weathering and wear in the course of transport over long distances. The
lithologic properties vary with the geological conditions of individual watersheds. If,
for instance, the bcd-load content of the tributary is known and the lithologic composition differs distinctively from that of the main stem, the lithologic composition of
the bed load may be utilized as natural labelled tracers in the estimation of the bed
load in the main stem of the river.
Let Q,j, Q,z and Q,3 be the bed-load discharge of sediment within a given
lithologic formation, respectively in the main stem of a stream below and above a
confluence and in the tributary. Also let P b P z and P 3 be the fractions of Q,j, Q,z
and Q,3 in a given size class. The ratio Q,t/Q,3 is given by:
Q,j = P3 -Pz
Q,3
P1-PZ

(9)

This relation is valid only if there are no appreciable amounts of erosion and deposition within the reach studied.
As PI, P z and' P3 can be obtained by lithologic analysis of bed load or bed
materials and Q,3 is known from actual measurements, it is obvious that the Iotal
amount of bed load in the main stem may be estimated by the above formula.
In practice, the method proposed has been used 10 evaluate gravel bed load
in a large river. However, the method is rather laborious and time-consuming, as a
tremendous amount of field as well as laboratory work has 10 be done if a fair degree
of accuracy is expected. However, the method can provide a feasible means of estimating bcd-load discharge when other methods are impossible in practice or too
expensive to be conducted (Han Qiwei el al., 1980).
2.2

Measurement of bed-load discharge

2.2.1

ClIARACTERISTICS OF BED-LOAD1RANSPORT

Factors affecting bcd-load transport are hydraulic conditions in a river
reach (velocity, depth and width, slope, size, shape and unit weight of bed composition, morphology of bed forms, etc.) and availability of sediment from the sonrce

MEASUREMENT OF BED LOAD

39

area. Actual measured data appear to be rather raudom in nature, with large fluctuations under relatively stable hydraulic and supply conditions. Figure 12 presents an
example of the variations in bed-load discharge as measured in the field and Figure 13
gives the results of a laboratory flume experiment on bed-load transport (Yangtze
Valley Planning Office, 1980a).
Generally speaking, the bed-load discharge increases very rapidly with
increasing velocity. Consequently, the temporal distribution of the bed load is characterized by its intensive transport during the flood season, particularly during several
large floods. For example, at Wutongqiao Station on the Yangtze River in China,
60 per cent of the total amount of bed load in the year 1965 was carried down the
river in only one day.
The spatial distribution of the bed-load transport rate is also not uniform.
Heavy transport may take place over only fractions of the bed width, while the transport rate outside these strips may be very small or seem to approach zero. Although
the bcd-load transport is strongly influenced by local currents and the availability of
bed materials, it is quitc common for thc maximum velocity to occur within a strip
other than whcre the bed-load transport is the highest.
The variation in bcd-load transport rate along the river course is also pronounced. Actual measured data in the East Fork River in the United States reveal
that there is an orderly progression in bed-load transport rate from pool to riffle,
reflecting thc phcnomenon of tcmporary storage of bed material (see Figure 14)
(Emmett el al., 1981; 1983).
2.2.2

FREQUEi'lCY OF MEASUREMENT

Frcquency of sampling or measurement depends on the data requirements
for computation of the total amount of bcd-load discharge for a specific flood period,
one month or one year. Field work for measurement of bcd-load discharge over an
entire cross-section is laborious and timeRconsuming. In the measurement of suspended sediment, simplified methods are usually adopted for routine work.
However, fluctuations observed in bed-load transport are far larger than those in suspended scdiment. Simplified methods may induce appreciable error and should not
generally be used.
In general, measurements of bed-load discharge should be planned to cover
a large variation in water discharge. Frequency of measurement should be much
higher during floods than in the low flow season. If bed-load measurement cannot be
carried out satisfactorily during the rising limb of a large flood, the bed-load discharge may be extrapolated from the discharge-bed-load transport relationship established under low and mcdium flow conditions. On the Yangtze River, China, the
number of measurements taken in a year usually exceeds 100 to monitor the entire
process of bcd-load transport.
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In some cases the bcd-load transport fluctuates in magnitude. The periods of
these fluctuations arc governed by the wave period of the bed forms. Except in rare
cases, where dune lengths are large in comparison with the depth of water, it is not possible to accurately place the sampler in a particular location on a dune. Therefore, random samples have to be taken. Figure 15 illustrates the influence of dominant dune
length Il on the problem of taking random measurements over a length L of a stream.

42

CHAP1ER2

-

-::-

\\
\
\

-:w:-l:~--.....

....~

~

~-=~~

L

\\

-....
\

~-

\

,

\•

\

\

\

®
\

J. L:IJ

Figure 15 - Influence of dominant dune length A. on random measurements over
length L

If the condition L ~ A is fulfilled (case A) the sampler, lowered from a fixed
survey boat, reaches the bed at a random position somewhere within the interval L.
For L < A (case B), the survey boat has to take different positions along a line perpendicular to the cross-section, in order to achieve a random sampling (Jansen, 1979).
Obviously, it is essential to know A under the given circumstances.
Sounding along lines perpendicular to the cross-section is therefore necessary before
bed-load measurements are taken with samplers.
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2.2.3

SELECTtON OF SAMPLING VERTICALS

2.2.3.1

Determination of the boundary of bed-load movement
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The portion of the bed over which bed-load movement occurs should be
identified prior to selecting the sampling verticals. Usually it is determined by lrial,
proceeding from each bank to the thalweg of the stream. A sampling method may be
employed for this purpose. If gravcls or pebbles constitute the major part of the bed
load under investigation, an acoustic detector may be used or a piece of steel pipe
may be set up on the river bottom and the bed-load movement may be judged through
the transmission of the sound produced by the impacts of bed sediment particles.

2.2.3.2

Selection ofsampling verticals

Sampling verticals are choscn to check the transverse variation of bed-load
movement. They are distributed within the portion of the bed where the movement
of bed load takes place. The transverse distribution of bed-load transport for both
sand and gravcl measured at Yicheng Station on the Yangtze River, China, is shown
in Figure 16. In the calibration of the Helley-Smith bed-load sampler on the East
Fork River, good rcsults were obtained by conducting two traverses on the stream
and sampling at least 20 verticals on each traverse (Emmett, 1979). For large rivers,
it is suggested that sampling verticals should not be spaced at intervals of more than
15 m within the narrow zone of bcd-load movement, or that sections between two
adjacent verticals should cover not more than 15 per cent of total bed-load transport.
2.2.4

DURATION OF SAMPLING AND NUMBER OF REPETITIONS REQUIRED

In order to minimize the influence of fluctuations, the duration of sampling
should be made as large as possible. In general, the quantity of material sampled
should not exceed one-third, or at most two-thirds, of the volume of the sampler.
Analysis of the fluctuations of bed-load transport observed in the field indicates that
it is impossible to obtain a high-precision result unless the sampling work is repeated
many times, which is impractical in the field.
For sand bed streams, measurements are usually repeated three times at
each vertical with a duration of thrce to five minutes for each sampling. If the transport rate is fairly high, the duration may be reduced to not less than 30 seconds. For
gravel bed strcams, two to five repetitions at each vertical with an accumulated duration of 10 minutes is necessary for four to five verticals, while only one sample with
a duration of three to five minutes is taken at the remaining verticals. The repetition
can also be done by traversing twice and taking only one sample at each vertical.
Field experiments on the fluctuations of bed-load movement conducted in
the Yangtze River indicate that the coefficient of variation may vary from 0.94 to
1.70 for gravels and an average of 0.76 for sand moving as bed load. It is clear that
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the duration of sampling should be sufficient to reduce random eITor (Huang
Guanhua et al., 1983).
Probable relative eITor which may be induced by the number of verticals
and number of repetitions has been reported by Comecon, as quoted by Operational
Hydrology Report No. 16 (WMO, 1981a). Figure 17 is taken from this report.
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Measuring devices

This section comments briefly on the sampling devices used most commonly in the direct method of bed-load measurement,
2.3.1

TECHNICAL REQUIREMENTS FOR AN IDEALIZED BED-LOAD SAMPLER

The technical requirements for an idealized sampler may be listed as follows:
(a)

The sampler should exert minimum disturbance on the flow, especially in the vicinity of the mouth of the sampler;

(b)

The sampler should have a moderately high sampling efficiency
for di ffcrent sizes of bed load. It should be calibrated for efficiency;

(c)

The sampler should be simple in design and robust in construction.
A portable version should be sufficiently heavy, yet easy to operale;

(d)

The flow velocity near the entrance to the sampler should not be
influenced appreciably by the sampler's presence.

For some types of pressure-difference samplers, the ratio of intake velocity
to ambient velocity may be slightly higher than unity.
Techniques involved in the measurement of bed load are rather complicated. A commonly used bed-load sampler may not fulfil all the above requirements,
but good results may still be obtained if great care is given to the proper handling of
the sampler.
2.3.2

VARIOUS KINDS OF BED-LOAD SAMPLERS

Bed-load samplers currently used all over the world may be classified into
four types: basket type, pressure-diffcrence type, pan or tray type and slot or pit type.

2.32.1

BaskeHype sampler

A basket-type sampler is generally adopted for sampling coarse bed-load
material such as gravel and pebbles. Metal or nylon mesh is put on the side and top
of a metallic frame. Loosely woven iron rings or other elastic materials may be put at
the bottom to cope willi the variations of bed surface. The average efficiency of a
basket-type sampler is about 45 per cent, although it may vary from 20 to 70 per cent
(Hubbell, 1964).
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Pressure-difference Iype sampler

The main feature of the pressure-difference type of bed-load sampler is
that the ratio of the velocity at intake to the ambient velocity and the hydraulic efficiency does not differ much from unity. The pressure difference is obtained by
enlarging the 110w section beyond the intake. Bed-load sediment is collected by the
meshed bag at the rear of the 110w section. A general description of several samplers follows.
Changjiang 78 bed-load sampler

Three types ofChangjiang 78 samplers are available. Type 78-1, weighing
15 kg, is suitable for streams with shallow depth and low velocity. It is mounted on
a rod and operated by hand. Type 78-2, weighing 50 kg, is suitable for streams with
a velocity of less than 1.5 m s-l and is suspended from a cable. Type 78-3, weighing
100 kg, may be used in streams where the velocity and depth are greater.
The main feature of this sampler is the position of its centre of gravity,
which is maintained in the front part of the sampler by heavy lead strips and by a
buoy in the rear part. A protective plate in front of the sampler prevents unnecessary
settling and excessive scour around the entrance. The efficiency is about 60 per
cent. The sampler has an effective sampling volume of 161 and is suitable for use in
streams with a velocity of less than 2.5 m s-t and with bed materials smaller than
2 mm. A sketch is given in Figure 18 (Yangtze Valley Planning Office, 1980b;
Zhou Dejia el al., 1981).
Reiley-Smith bed·load sampler

As far as the general design of the sampler is concerned, the Helley-Smith
sampler is an improved type of Amhem sampler. The intake section measures 7.62
by 7.62 em; a modified version with the intake opening enlarged to 15.2 by 15.2 cm
has also been developed. Bcd sediment load is caught in a nylon bag with a mesh
opening of 0.25 mm. The hydraulic efficiency is about 150 per cent by laboratory
calibration; however, sampling efficiency is 100 per cent when used over medium to
coarse sand and gravel beds with a bed material size of 0.5 to 16 mm. It can be used
in streams with a velocity of less than 3 m s·l. A sketch is given in Figure 19.
VUV bed-load sampler

The VUV sampler is used to measure the transport rate of particles I to
100 mm in size. The entrance is 50 cm in width and 45 em in height. Its hydraulic
efficiency is about 100 per cent and its sampling efficiency has been determined at
about 70 per cent. The principal advantage of the VUV sampler is that it usually
gives a good representation of the actual bed-load size distribution.

---
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Figure 18 - Changjian 78 bcd-load sampler (Yangtze Valley Planning Office, 1980; Zon Deji.
et al., 1981)
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Figure 19 - Helley-Smith bed-load sampler (Emmett et al., 1979)

2.3.2.3

Pan or tray-type sampler

There are two types of pan-shaped bed-load samplers: open type and pressure-difference type. In longitudinal profile they look like a wedge. As the bed-load
sediment passes through the sampler width it is retained by the trailsverse sand traps.
This type of sampler is suitable for use in sand bed streams. The Polyakov-type sampler is a pan-type sampler limited to low velocities and low transport rates with a
sampling efficiency of about 46 per cent. The SRIH sampler is a pressure-difference
type sampler. It can be designed to sample fine sands and cobbles np to 200 mm. Its
efficiency is extremely variable.
2.3.2.4

Slot or pit-type sampler and sampling method

The USGS has set up a bed-load trapping system to collect bed-load sediment Concrete troughs or trenches 0.4 m by 0.6 m are constructed across the river to
a width of approximately 20 m. The slot is divided into eight sections fitted with
gates. Along thc bottom of the concrete trough a rubber belt 0.3 m wide is threaded
around some drive and guidance pulteys, then returns overhead. Sediment falling
into the open slot is carried laterally to a sump in the river bank. After continuous
sieving and weighing, the sediment is returned to the river downstream of the trap by
the conveyor belt. Measurement of bed load by this type of installation is reliable
and accurate. However, it is adaptable for use mainly in relatively small rivers and
particularly for experimental study or calibration of samplers (Emmett, 1979).
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Bed-load traps

Traps made of mel1l1 plates or other suil1lble material can be inserted into
the river bed to collect sedimcnt moving as bed load. The width of the traps can be
100 to 200 times the grain size. Sampling efficiency approaches 100 per cent.
Instead of sampling at regular invcrvals, this type of sampling method is used primarily to obl1lin the total amount of bed load in a flood period, as it is not easy to remove
or replace the traps during floods. Bed-load traps can also be used to study the bedload transport in small experimental basins. Sediment trapped in this type of sampler
may be extracted by pumping if the material trapped is fine enough. Otherwise, the
sediment together with the trap has to be pulled out from the bed for weighing or
sampling purposcs (Billi et aI., 1981).
Table 10 summarizes the characteristics of represenl1ltive bed-load samplers
for direct measurement.
2.3.3

PROBLEMS REMAINING IN THE MEASUREMENT OF BED LOAD

2.3.3.1

Problems relating 10 the measuring device

Sand dunes and other bed configurations usually exist over the sand beds.
The surface of gravel beds is rather irregular and uneven. It is not easy to place the
sampler close to the bed. When the sampler has been put into the sampling position,
interference with the flow inevil1lbly causes local scour around the entrance to the
sampler. Furthermore, it is rather difficult to make the velocity at the entrance equal
to the ambient velocity as the local resiSl1lnce increases due to the existence of the
sampler. A small change in local velocity has a large influence on the transport rate of
the bed 10ad.The sand traps in the pan-type sampler are exposed to the flow in the
process of lifting and arc therefore liable to lose some sediment during operations.
Also, the mesh size used in some pressure-difference samplers may be too small, in
which case the sampler may easily be clogged, or the mesh size may be too large, in
which case some sediment particles may be lost through the mesh openings.
For the reasons cited above, the efficiency of the samplers currently in use
is low, particularly for samplers used' on gravel beds. Efficiency of 60 to 70 per cent
should be considered satisfactory for ordinary cases; for sampling gravels, the efficiency is generally lower. In any case, the efficiency of the bed-load sampler should
be determined by calibration in the field or studied in the laboratory prior to its operation in routine work.

2.3.3.2

Influence ofbed configuration on bed-load sampling

As previously sl1lted, the stream bed is not generally a flat surface. On a
sand bed in an alluvial river, dunes of larger or smaller dimensions usually exist.
There are great differences in the rate of bed-load transport at different positions on
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TABLE 10 Characteristics of representative samplers for direct measurement of bed load

Type

Name of Size

repre- of ensenta- trance
tive
(em)
sampler

Basket

Hy-

draulic
efficiancy
(%)

-

Swiss

Appro•.
Federal 40 - 50
Authority;
Ehrenberger

Pressure Changjiang 78

10.10 105

Sampiing
elli-

cieney
(%J

Mosl probable range
of application
Size of
Flow
bed-load
velocity
(mm)
(m s")

Av.45;
varies from
20-70

Coarse
material
such as
gravel up
10 100

Low

60

sand < 2

< about
2.5

Remarks

Available in
three

different sizes
HelleySmith

7.62.
7.62

About
150

100

0.5 - 16.0

<

about

3.0

Larger size
bedioad may
be sampled

with larger
nozzle

Pan or
tray

VUV

45.50

109

70

1-100

< about
3.0

PoIyakov

-

-

46;

Sand

Low

variable for
different

Efficiency varies
with different
grain size

sizes

Siolor
pil

East
Fork

installatfons

Width
100200
times

-

100

Sand and

Generally

gravel

restricted to
small streams;
material col-

size of

leeled may be

bed load

continuously
removed and
weighed

the dune. On the upstream surface of a dune, the transport rate increases from the
trough to the crest, while a stagnation point may be observed at the downstream side.
Even though the measurements are taken at the same spot under the same discharge
conditions, different results in transport rate may be obtained at different times due to
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the movement of dunes. With gravel beds the fluctuation is more pronounced.
Results of individual measurements can hardly be considered representative due to
the temporal and spatial variations. If it is hoped to obtain an average transport rare
to a fair degree of accuracy, measurements should be carried out at a sufficient number of verticals by traversing across the channel and back.
2.3.3.3

Opera/ional/echniques

Placing a bed·load sampler at its correct position is very important as the
top layer of bed material is usually loose. If the sampler is cable suspended, the tail
part of the sampler should touch the stream bed fIrst so that the entrance may be
pressed close to the bed during the lowering operation and great care should be
observed in raising the sampler after the sampling is accomplished. WhiLe. sampling
in a rapid current, additional lead weight has to be placed around the sampler to facilitate the lowering. In this case, the increased flow resistance of the additional weight
should be minimized so that the hydraulic and sampling efficiencies will not be materiallyaffected.
In summary, due to the complications involved in bed-Ioadmeasuremenl,
including practical difficulties and obvious inaccuracies, no single method, including
direct sampling and indirect methods, can be recommended for use under all flow
conditions. Samplers need to be improved to provide more efficiency and ease of
operation. A combination of direct measurement and analytical methods seems
promising. New approaches using advanced techniques should also be studied. In
the past two decades some indirect measuring devices have been reported which measure certain consequential characteristics of sediment movement rather than bed·load
discharge directly, such as acoustic instruments, ultrasonic samplers. tillmerers, etc.
However, these devices are not yet fully developed and cannot be used on an operational basis.
2.4

Calibration of samplers

As discussed in previous sections, different types of bed-load sampler are
designed for usc under various bed conditions. The trap efficiency is different for
different samplers. Without calibration, the bed load cannot be estimared quantitatively. Calibration can be performed according to one of the following procedures.
2.4.1

DrnEcr FIELD CALIBRATION

Efficiency is determined by directly comparing the result of measurement
by the sampler under study with the bed load measured directly by a more accurare
and reliable method. The transverse slot with a conveyor belt installed on the East
Fork River is a typical example of an accurate method for measuring bed load. This
installation illustrates how the bed load was collected, sieved and weighed automatically to calibrate the Hclley-Smith sampler.
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INDIRECT FJELD CALIBRATION

If there exists within the measuring reach a highly turbulent section and a
normal section, mcasurement of bed·load discharge may be conducted by taking sus·
pended·sediment samples from both the turbulent and the normal sections by stan·
dard suspended·sediment sampling techniques. The difference between the sediment
discharges obtained in these two sections should give a good estimate of the bed·load
discharge in the normal section.
In highly turbulcnt sections sediment that normally moves as bed load is
suspcnded and can be sampled by a suspended-sediment sampler. This principle has
been used by the USGS to measure total sediment discharge in a turbulence flume
built in a natural stream (Vanoni et aI., 1975).

2.4.3

LARORATORY CALIBRATION

Bed-load samplers can be constructed to scale and tested in laboratory
flumes. For instance, Engel and Lam Lau (1981) carried out such experiments to
determine thc efficiency of a basket-type bed-load sampler. It was found that the efficiency of a sampler could be related to two dimensionless Darameters:

E (%)
where E
L,
D so
T.
U.

=f

[L,
T. U. ]
Dso L,

(10)

is the efficiency of the sampler;
is the width of sampler;
is the mcdian diameter of bed-load particles;
is the duration of sampling;
is the shear velocity of the flow.

When L,IDso is large, i.e. equal to or exceeding 80, 106, 1(iO, etc., the efficiency varies only with the parameter T. U.IL,. From experiments, efficiency was
found to vary from 82 to 30 per cent with a change of T. U.IL, from 10 to 90. When
LJDso equals 27, variation in efficiency amounts only to 30 to 52 per cent (Engel and
Lam Lau, 1981).
Large differences have also been observed in the experiments carried out
by the Yangtze River Planning Office in using model samplers with a different scale
ratio. It is claimed that the discrepancy is caused by an inadequate measuring method
used in the model. It has been found that the efficiency of a sampler is not constant
but varies with the velocity, depth, particle size, transport rate and local bed conditions. For instance, the cfliciency of a basket sampler with a soft bottom for sampling gravels would be vcry small at the moment the gravels just start to move. The
efficieocy becomes greater as the transport rate increases. For a pressure-difference
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sampler the efficiency would change with the velocity of flow. It is c!e>lJ that indefinite bed-load transport rates may be obtained due to the uncertainty of the sampler
efficiency.
Calibration of samplers on a reduced scale will lead to scale effects and it is
advisable to test the full-scale instrument. Hubbell of USGS has reported the recent
refinements in calibrating bcd-load samplers. Calibration curves rather than efficiency percentages were derived by two independent methods using dala collected with
prototype versions of the Helley-Smith bed-load sampler. The tests were made in a
large calibration flume capable of continuously measuring transport rates across a
2.7-m width. The flume is 2.7 m wide by 1.8 m deep and 83 m long, with a discharge
as large as 8.5 m3 s-l. An adjustable width slot extends across the full width of the
channel, dividing it into seven lateral sections. The facility is designed to recirculate
bed-load panicles ranging in size from 2.75 mm at rates up to 12 to 20 kg s-l.
Apparently, with this type of facility, results oblained by laboratory calibration sbould
be much more reliable than the earlier laboratory calibrations using scale models
(Hubbell, 1981; Druffel el aI., 1976).
. 2.5

Computation ol'.bed"load discharge

Bcd-load discharge per unit width measured at each vertical may be computed from the following formula (Ministry of Water Conservancy, 1975b):

q,b =

100 Wb
..'
e bl

(11)

where q,b denotes bcd-load discharge per unit width after modification according
to the efficiency of the sampler;
W b is the weight of sample collected in a periodoftime ,;
e is the efficiency of the sampler, usually expressed in per cent;
b
represents width of sampler inlet;
I

is time.

The efficiency of the sampler is oblained mainly through calibration or, if this is not
available, by comparison with similar types of sampler.
The total bcd-load discharge over the entire cross-section can then be computed by integration along the width of the stream. This is done either by a graphical
or an analytical method. In the graphical method, the bed-load discharge is plotted as
ordinate, and the horizontal distance along the entire width is plotted as abscissa. The
tOlal bed-load discharge is given by the area under the curve. In the graph the distribution of mean velocities is also plotted to make a visual inspection of the reasonableness of the measured results. The analytical method involves the computation of
bcd-load discharge by a trapezoidal formula, assuming a straight-line variation
between two adjacent verticals.
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Results obtained for each individual bed-load measurement should be plotted against the water discharge during the period of measurement This relationship,
together with the rating curve at the same site, can provide a necessary tool in the further computation of the total amount of bed load.

CHAPTER 3
MEASUREMENT OF TOTAL SEDIMENT DISCHARGE

The total sediment discharge is the rate at which sediment passes through a
specific cross-section of the stream. It includes the rate at which sediment is transported as bed load and the measured and unmeasured suspended sediment discharge.
Direct or indirect methods may be employed to determine the total sediment discharge.
The determinatiou of total sediment discharge is not the simple summatiou
of the measured suspended sedimeut discharge and the sediment discharge from a
bed-load measuring apparatus. The reasou for this is that the measured suspendedsediment discharge is not the total suspended sediment discharge and that some bedload measuring apparatus measure more than the bed-load discharge. Hubbell has
proposed a method to evaluate the total sediment discharge by direct measurement of
both suspended aud bed sediment discharges (Hubbell, 1964).
3.1

Direct methods

There are three types of direct method for measuring the total sediment discharge: measurement of suspended and bed-load discharge at a specific cross-sectiou, measurement of sediment accumulation in reservoirs and measurement by turbulence flume.
3.1.1

MEASUREMENT OF SUSPENDED SEDIMENT AND BED-LOAD DISCHARGE

The most direct and intuitive method is to take separate measurements of
the suspended and the bed-load discharge simultaneously at the cross-section.
However, under present technical conditions, it is probably too time-consuming to
adopt this method generally for all hydrometric stations. In computing the total sediment discharge, the transport in the so-called unsampled zone must be accounted for
and the bed-load discharge should be measured as often as the transport of suspended
load.
Installations and devices used by the USGS on the East Fork River, supplemented by regular suspended-sediment sampling over the section, can satisfy the
measurement requirements even though they may be too expensive to operate on a
routine basis. Constriction structures or weirs across a small river to concentrate the
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flow of water and sediment have been constructed in some experimental basins in
Italy. At the bottom of the weir, a vortex tube is built to collect bed-load materials.
Devices such as automatic-pumping samplers or other types of sampler may be used
for suspended-load sampling (lARS, 1981). Such measuring installations can only
be constructed on relatively small rivers. They would be impractical for nonnal sediment networks. However, for some experimental reach where the measurement of
total load is significant, they provide an effective method worth adopting.

3.1.2

MEASUREMENT BY SEDIMENT ACCUMULATtON

The total volume of deposition or the growth of deltas in a small reservoir
over a certain period of time can be detennined through repetitive surveys. The volume of deposition, converted to weight and divided by the duration, will give the
average rate of accretion of sediment discharge coming into the reservoir. The sediment passed through the reservoir can sometimes be measured accurately by taking
only suspended samples in fully developed turbulence sections at the outlets. This
amount can be added to the amount of deposition to determine the total sediment discharge.
Methods for conducting a reservoir survey will be discussed in Chapter 4.
A certain degree of accuracy can be achieved in detennining the total sediment discharge if the surveying work is done strictly according to accepted standards.

3.1.3

MEASUREMENT BY MEANS OF TURBULENCE FLUME

This method can be used at certain narrow constrictions in sand-bed
streams with sections so turbulent that nearly all sediment particles moving through
the reach are in suspension.
The turbulence flume was so named in literature because artificial roughness elements were put on the floor of the flume to produce intense turbulence. In
such a flume, measurement of total sediment transport may be conducted by taking
only suspended samples. The turbulence flume set up at Dunning on the Middle
Loup River contained a series of baffle piers arranged crisscross on top of a concrete
base. The base was placed at the same elevation as the original river bed. The additiona turbulence thus created was effective in putting all the sediment into a state of
suspension. Suitable samplers could be used for depth integration (Vanoni et al.,
1975).
The idea of a turbulence flume is practical. Its advantage is that a conventional method can be used without modification to obtain the transport rate of the
total load. The total sediment discharge can be measured reliably and directly.
However, the cost of constructing artificial roughness elements may prohibit its use
in the main stern of large rivers. Turbulence flumes cannot be used when the bed
material is coarser than 2 mm.
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Indirect methods

Due to the complexities involved in bed-load movement, no established and
universally applicable techniques are available for measuring bed-load discharge on
rivers all over the world. Thus, even though many varieties of bed-load samplers
have been developed and in operation in gauging stations, sometimes for years, accurate methods for estimating bed-load transport are still lacking. In contrast, measurement of suspended load, after loug-term research and development, uow yields
acceptable results iu most sediment-laden rivers.
Except in some experimental reaches or basins, there are thus still no reliable means of measuring the total sediment load in a river; neither can the discharge
in the suspended sediment which exists in all verticals be accurately estimated by
ordinary sampling procedures. Schroeder and Hembree (1956) have pointed out that,
in wide and shallow streams, the total quantity ofbed load and suspended load within
the unmeasured zone may well- amount to 20 to 60 per cent in some cases.
Since the late 1950s methods for computing the total load by means of
observed data and various formulas, computed mainly in the laboratory and verified
by field data, have been developed. These methods are classed as indirect methods in
this report and are described below.
3.2.1

MODIFIED

EINSTEIN PROCEDURE AND OTHER METHODS

The modified Einstein Procedure has been widely used in some rivers in
the USA to estimate the total load. Basic field data required for computation are
width, avemge velocity, avemge depth and water surface slope, sediment concentration within the sampled wne, size gmdation ·of measured suspended sediment and
bed material and water tempemture. The Einstein bed-load function was modified
for computation. The method was first developed by Colby and Hembree (1955).
The basic concept involves using the measured quantities such as the suspended sediment discharge, velocity, etc. to estimate the unmeasured suspended sediment aud
bed-load discharge, based on the modified Einstein relations (Einstein, 1964; Colby
and Hembree, 1955). These relations make it possible to calculate the ratio of the
total sediment discharge to .the measured discharge for each size group. The lotal
sediment discharge is:

Q,

=

Q,m[.Jk..]
Q~m) j

(12)

is the sediment discharge over the entire depth, including bed load;
is the actual measured suspended-sediment discharge;
is the computed theoretical sediment discharge over the entire depth;
Q,c
Q,c(m) is the computed theoretical sediment discharge for the measuredwne.

in which Qs

Q,m
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The method has been verified in medium and small rivers where the total sediment
load data are available. Schroeder and Hembree (1956) have applied this method in
large rivers with a sand bed. Colby and Hubbell (1961) simplified the computation
procedure by using nomographs.
Pemberton (1972) of the US Bureau of Reclamation also proposed modified procedures to the Einstein formula to be used in the planning and design of
hydroprojects. Toffaletti (1969) analysed extensively both field and laboratory data
by using some of the concepts proposed by Einstein. Exponential forms of velocity
and sediment concentration distributions were used. Sediment discharge for each
size group could be computed by integration of the products of velocity and concentration throughout the depth, which is divided into three layers. It has been shown by
verification with field-measured data that satisfactory results can be obtained by
using either the Colby or the Toffaletti method. The method as proposed is a useful
tool to establish the relation between discharge and bed-material transport rate for
sand-bed rivers. If the bed is composed mainly of gravel or coarse sand and gravel,
the bed load may be computed by means of the Meyer-Peter-Mueller formula.
It has been shown by Chien (1980) that the expressions used in the transport formulas of various researchers look quite different, yet they can be converted
into the same form of expression with very little difference within a range of flow
intensity such as shown in Figure 20. Emmett (Emmett et al., 1981; 1983) has shown
that large differences are observed in the computation of sediment transport by the
different formulas proposed by various authors if the size distribution of the bed
material is bimodal. Nevertheless, in the computation of total load using field data
and one of the well known formulas, boundary conditions of the river bed should be
studied to see whether or not it fits the conditions from which the transport formula
was derived.

3.2.2

STIlLCZER METHOD FOR INDIREcr ESTIMATION OF BED-LOAD SEDIMENT

The Stelczer method (Stelczer, 1981; 1984) is applicable for the determination of the bed-load transport rate in a simple way. In the process of bcd-load transport, two closely interrelated states of motion are distinguished: the critical condition
as the boundary state between movement and resting, and the intermittent periodic
movement of the particles. The Stelczer method determines the critical condition by
stochastic approach, in which allowance is made for the effect of diverse measurable
and non-measurable factors influencing the boundary condition of movement.
In developing the method of calculation a point of primary importance was
that the hydraulic parameters to be used in bed-load transport rate calculations should
be the same as those used in the determination of suspended (depth of flow, bottom
slope, bottom flow velocity, etc.) sedimeut discharge. That is, the determination of
bed-load transport was closely connected to the rate of flow and the discharge of suspended sediment. This means that bed-load transport can be calculated for all those
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cross-sections where flow measurements and suspended-sediment discharge measurements are carried oul.
Among the physical parameters characterizing the bed-load, the diameter of
particles is the most important. On the basis of laboratory and field results by Rak6czi
(1984), Bogardi (1978) and Stelczer (1984) it is claimed that the movement of bed load
comprising several size fractions is controlled overwhelmingly by a particle size of
around d BO , corresponding to the 80 per cent value of the particle size distribution
curve. Knowledge of the material of the stream is important from the viewpoint of bedload movement and transport. Consequently, the bed material should be studied qualitatively (condition of stream bed) as well as quantitatively (composition of particles).
The developed procedure considers bed-load transport as a random phenomenon; thus the important but non-measurable physical parameters affecting bedload transport (the shielding effect of larger particles, wedging and locking of particles, the increment force due to spiral flow and flow around the particles, etc.) are
also taken into consideration.
The critical condition (the boundary state between movement and rest) is a
special characterictic of bed-load transport that is closely related to - indeed cannot
be separated from .- the mechanism of transport. Such an interpretation of the critical
condition implies that the virtual velocity of travel vhv of the intermittently moving
bed-load fraction at which the particles are arrested, i.e. the virtual rate of travel,
drops to zero. This is the bOllom velocity characteristic of the boundary state
between movement and no movement, thus of the critical condition. Consequently,
neither the critical condition nor the virtual travelling velocity can be described in
terms of a single value, but must be approached as a random phenomenon by the
methods of probability theory. With the determination of critical condition a conclusion should be drawn as to whether or not there is a movement of bed load in the partia cross-section of concern. The minimum value of the critical bottom-flow velocity corresponding to this condition is given by:

vfern....
. =- a d 800.36 h O. 14
where vfcmin
a
d go

h

(13)

is the minimum critical bottom flow velocity in cm s-l;
is a constant dependent on the condition of the stream bed;
is the sieve particle size corresponding to the 80 per cent value of
the particle size distribution curve in m;
is the depth of flow in m.

The average value of the critical bottom-flow velocity is:

Vre =

V(c min

-+ 0.14

where iife is the average critical bottom flow velocity in cm s-I.,

(14)
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The maximum value of the critical bottom-flow velocity is:
\Ire max

=

VCe min

+ 0.28

(IS)

where vic max is the maximum critical bottom flow velocity in cm sot. If in the partie·
ular cross-scction Vic < Vi, then there is movement and Vf is the botlom-flowvelocity;
ifvfc 2:vf then there is no movement.
The virtual rale of traveLis the distance covered by actual intennittent particle motion over a longer reach of the stream divided by the corresponding (total)
time. The virtual rate of travel is calculated as:

(16)

where b,
VI

is a constant which depends on the streambed conditions;
is the average bottom-flow velocity;
Vic is the average of critical bottom-flow velocity.

The critical stale is interpreted, for a given particle size, as the boundary
state between movement and rest of the mixed particles, the transition velocity rnnge
between the picking up of a single particle and Ihe full movement of the bed load.
The number of particles, in mOlion as against flow-velocity relationship can be
described by a non"'ll distribution function. The standard deviation of this nonnal
distribution is ( j ; 0.06 and its mean value is equal to the average of the minimum
and maximum critical bottom-flow velocity:

m =.

Vic min

+ vrc max
2

(17)

. where m is the meancritical"flow velocity oCthe nonnal distribution in em s·t.
Al the start of the critical condition the minimum value of bottom-flow
velocity will correspond to the value of I per cent probability of the nonnal distribution while its maximum value is 99 per cent probability. The average value of critical
bottom-flow velocity Vic will be.the mean value of the distribution (p; 50 per cent).
With the critical condition of bcd-load movement determined, the rate of
transport can be calculated.• The relationship for the estimation ofthe·specific rate of
bed-load transport is given as:
(18)

MEASUREMENT OF TOTAL SEDIMENT DISCHARGE

where

3.2.3

63

a

is the value of critical bottom-flow velocity corresponding to the given
panicle size, characerized by the normal distrtibution with values ranging bctween 0.01 and 1.0;
vhv is the average valne of the virtual rate of travel;
A is the cross-seclion area through which the bed load is passing, corresponding to a nni t width of 1.0 m for soft bed material A = 4 d so ; for hard bed
material A = 2 d so .
MODIFICATION COEFFICIENT METIIOD

This method applies a correction coefficient IJ to the measured suspendedsediment discharge to obtain total sediment discharge (Zhou Dejia el al., 1981). The
coefficient IJ is defmed as:

IJ = Mea'nrcd snspended-sediment dischargc
TOIaI sedimcnt discharge

(19)

in which the suspended and total sediment discharge are for a particular size group.
For the point integration method, for a specific size group:
h

IJ =

•

L

kj Csy; Vy ;

(20)

i-I

in which h

represents the depth;
is the number of measuring points;
i
is an index applying to several measuring points in a vertical;
lq
is the fraction of depth represented by the velocity and concentration
at a sampling point;
Csyi is the concentration of the sediment in the size group at a point dislance
yi from the river bed;
Vyi is the velocity at a point dislance yi from the river bed;
i,q" is the total sediment discharge per unit width of the specific size group.

n

The point concentration C syi ' point velocity Vvi and total sediment discharge irist in Formula 20 can be replaced by theoretical values given by Formulas 21
to 24 presented below.

(21)

Vyi = 5.75 U. log [ 30.2

~

]

(22)

- - - - - - - - - - - - - - - - - - - - - --

-

- - - - - - - - - - - - - - - - - - -- - - - - -

CHAPTER 3

64

(23)

(24)

D
z

is thc concentration of sediment in the size group at a distance W from
the bed (in computation the concentration within the bed layer is used);
is the mean grain size ofthe size group;
is thc exponent in the sediment distribution formula equals wlkU••
where TV is the scttling velocity of the sediment grains and k is the uni·
versal coefficient;
is the grain shear velocity;
is thc effective grain roughness;
is the computed bed-load discharge per unit width for the size group.

The parameter P iSc computed by:
F

= 2.30310g [ 3(t2 ~}

(25)

/ t. h are two definite integrals which are ,functions of A and z. where A is -Wid.
Graphs of the integrals It and /zhave appeared in several papers, e.g. Vanoni (1975).
Lettiug xi = yJd. and substituting values from Formulas 21 to 24 into Formula 20. 9
may be expressed as:

o-

0.215

{:_:~ -1-+-P-'-;I-+~/-z tt ki [1~;i]' (F +2.303

log

Xi)

(26)

Once the number and positions of the measuring points and k; are determined 9 varies only with A. zand P. In the lower Yellow River. P varies from 10 to
16; an average of 13 may be used The coefficient 9 for each size group can be computed by this formula. The measured suspended-sediment discharge of a given size
class divided by 9 will give the total sediment discharge per unit width of the size
class at the vertical. Obviously, if the ratio 9 is to be used to calculate the total sediment discharge. the measured suspended-load discharge by size fraction must-first be
determined. The summation of the total sediment discharge of all the size fractions
will give the total sediment discharge at the vertical. These can be summed for all
verticals at a section to give the total sediment discharge for the stream.
Let a denote the ratio of the amount of unmeasured sediment discharge to
the measured sediment discharge. in per cent. Then:
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a = (I.O) 100

(27)

The measured suspended-sediment discharge divided by 0 gives the total discharge
per unit width of sediment in the given size grade in the vertical. Figure 21 shows
examples of graphical representation of the correction coefficients which have been
partially verified by the data obtained from the Yellow River, China (Lin Binwen,
1981).
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For the depth integration method the portion of total sediment load caught
by the depth-integrating sampler may be deduced as:

(28)
where a deuotes the distance of the lowest sampling position above the bed.
3.2.4

RATIO OF BED~LOAD DISCHARGE

m

SUSPENDED-SEDIMENT DISCHARGE

Most pUblished data are limited to the discharge of suspended sediment.
For a rough estimate, the ratio of bed load to suspended load may be used empirically
for the estimation of total sediment discharge:

r=ibq,b=
1
i,q.
PI I + 1'2
in which r

(29)

is ihe ratio of bed~load discharge to suspended-sediment discharge;

i,q, is the suspended-sediment discharge per unit width for a certain size
II

Iz

group and the integrals;
is for a size group;
is for a size group.

The'ratio r varies with the diameter of sediment transported and the boundary conditions of the flow. According to rough estimates based on field'data from some hydrometric stations on the lower Yellow River, r may vary from 0.02 to 0.5. However, for
rivers with a relatively stable boundary and inflow conditions, the range of variation
may not be so large.
Maddock 'made a summary of the ratio of bed load to suspended load based
on bed composition and suspended-sediment concentration (Vanoni el al., 1975), as
shown in Table II.
In an alluvial river the suspended bed material load and, the bed load being
transported may have the same correlation, as they are related to the hydraulic conditions of the flow. The transport rate of wash load depends 'more on the supply of this
fine material contributed from the watershed than on the amount being transported as
bed load. Forthis reason the ratio of bed-load discharge to suspended-load discharge
of wash load should be indeterminate.
3.3

Comments

The 'following pertinent points are worth mentioning regarding the evaluation of total sediment discharge. The total load may be classified as bed material load
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and wash load. Discharge of bed material depends fundamentally on the transport
capacity of the flow, which may be evaluated by transport formulas for given
hydraulic and morphological conditions. Transport formulas should be verified or
modified if necessary by using observed data. A second point is that wash load transport depends on the availability of sediment from the source area, and moves essentially as suspended load. Accurate estimation of wash load relies mainly on reliable
measurement in the field, either by sampling or measurement in situ. An indirect
method for estimating total sediment discharge, as discussed in the previous section,
would only give an evaluation of the discharge of bed material and not of the wash
load.

TABLE 11 Estimation of ratio of bed load to suspended load
Suspended sediment
concentration
ppm
< 1 000

Bed composition

Suspended load

Ratior

composition

Similar to bed

0.25 -1.50

Small amount sand

0.05-0.12

Sand

Similar to bed

0.10 -0.35

Gravel, ·consolidaled

25% $3I1d or less

0.05-0.12

Sand

Similar to bed

0.05-0.15

Gravel, consolidated

25% sand-or less

0.02-0.08

"Sand
Gravel, consolidated

clay
1 000-7500

clay
>7500

clay
SooRm: Vanoni ct al.. 1975

Therefore, if the evaluation of total sediment discharge is needed for the
study of sedimentation problems in river reaches and reservoirs, the amount of washload discharge should be estimated by analysing field data obtained from direct measurement The bed sediment discharge is important in sedimentation studies, not only
in determining total transport but also because it reveals the proper relation between
the transport rate and the hydraulics of the flow, which is a basic characteristic in the
study of the fluvial processes.
Great difficulties are involved in the direct measurement of total sediment
discharge, particularly in evaluating the part of the sediment load moving near the
bed. Great efforts have been made since the early 1960s to compute the bed-material
discharge by using transport formulas incorporating data obtained directly from field
measurement, or by corrections applied to the measured suspended load. The
approaches seem promising, although the methods still require improvement Most
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of the sediment transport formulas currently proposed have been deduced from flume
data and verified by a limited number of field measurements. The scarcity of field
data is due to the various limitations in totalload.measuring techniques. A combina·
tion of analytical methods and field measurement data would provide a useful and
more accurate method to evaluate the total sedimeut discharge. For prediction pur.
poses, however, the total sediment discharge can only be estimated by transport for·
mulas.

:, .

CHAPTER 4
MEASUREMENT OF EROSION AND DEPOSITION IN RESERVOIRS AND
RIVER REACHES

4.1

General description

Sedimentation surveys in reservoirs and river reaches are nsed to determine
the total quantity of erosion and/or deposition, as well as the pattern and distribution
of deposits. Such surveys are usually made in order to modify the capacity curve
used in reservoir operation and to provide data for the study of the fluvial processes
upstream and downstream from a dam.
The range of surveys, frequency of measurement and proper timing to conduct a survey should be determined from the requirements of the research programmes and from the reservoir operation for flood control, water supply and irrigation. The range of the reservoir sedimentation survey should meet the requirements
for a revision of the reservoir capacity curve at normal high water level and for an
evaluation of the upstream extension of reservoir deposits. Repetitive survey·s should
be made whenever there is a change in capacity exceeding ± 3 to 5 per cent. The
survey should be conducted before or after the flood season under relatively stable
flow conditions. Similar requirements are adopted for conducting a survey in river
reaches (Ministry of Water Conservancy, 1978).
4.2

Methodology and instrumentation

Three methods are most commonly used to measure erosion and deposition
in reservoirs and river reaches: measurement by range surveyor range method, topographic survey, and composite method, which is a combination of the range and
topographic methods. Selection of method depends mainly on the accuracy desired.
4.2.1

TOPOGRAPillc METIIOD

A topographic survey, covering the area of the whole reservoir or river
reach, or only a portion, is a precise method to be employed in measuring the volume
of deposits. The method may be subdivided into a land survey and an underwater
snrvey. The volume of deposition or erosion is calculated from the difference in
capacity at a given elevation measured from the topographic maps obtained from two
successive surveys. Variations in land surface are precisely reflected on the map.
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Surveying by topographic methods is rather laborions and is used only as a controlling method in the evaluation of deposition in the long term. The result provides a
basis for correction of capacilies compuled by the range method.

4.2.1.1

Scale of topographic map

The scale of a topographic map for a reservoir or a river reach is determined by the desired accuracy of the computation of quantity of erosion and deposition. For a medium-size reservoir or a short reach of river, a scale of 1:5 000 or
1:10 000 is prcferred. For very large reservoirs or long reaches, a scale of 1:10 000
or 1:25 000 should be used. If an accurale computation of the volume of deposition
is required, the scale should by no means be less than 1:25 000 (MinistrY of Water
Conservancy, 1978).

4.2.1.2

Preliminary and repetitive surveys

In general, prior to impounding water in a reservoir or commencing construction for an experimenk11 study of the fiuvial processes in a river reach, topographic surveys are conducted to provide basic data for future studies. The topographic map is considered a fundamental map from which revisions are made periodically in accordance with later repetitive surveys. Repetitive surveys only cover an
area over which a variation in land surface takes place. The highest contour drawn in
the repetitive survey should, of course, coincide with the corresponding contour on
the original map, above which no change in landscape takes place.
Elevation of the highest contour measured in the preliminary survey should
be 4 to 5 m above normal high-water level or, preferably, above the possible maximum level reached at design fiood. Maximum probable range of bank sloughing
should also be considered in deciding the range of the preliminary survey. Once the
scale of the map is properly determined, the whole survey should be conducted
according to the relevant specifications and standards.
4.2.2

RANGE METHOD

Relatively speaking, the range method has the advantages of simplicity and
the shorltime required to eomplele a survey. If ranges are arranged at reasonable
intervals, the desired accuracy can be obtained within a tolerance limit expressed in
allowable error. The range method is a conventional method in general use for most

reservoir studies.
4.2.2.1 Arrangement of ranges at reasonable intervals
A sedimentation survey for a reservoir should extend at least to several
ranges upstream of the end of backwater deposits. If the distance between the end of
the backwater deposits and the hydrometric station used as an infiow sediment-mea-
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suring station is large, a number of ranges should be set up in such reaches. The river
bed in this reach would undergo changes by self-adjustment of the alluvial channel.
From measurements performed on these ranges, data may be obtained to verify the
water surface profile or to aid in the evaluation of sediment balance. For a river
reach, ranges should be arranged to cover reasonably all the bends and transition
regions, pools and riffles, wide and narrow parts, etc.
Ranges should be positioned approximately perpendicular to the main trend
of the contour lines within which the reservoir is operated. At confluences, ranges
should be set up in large tributaries if the deposition in the tributary is estimated to be
appreciable.
The nmnber of ranges considered reasonable implies a minimum number of
ranges established in a river reach or reservoir which could reflect the essential pattern and distribution of sedimentation, both longitudinally and transversely, and yet
with no sacrifice of desired accuracy in the computation of total volume of sedimentation. As a general rnle, it is recommended to keep the difference in the volume of
sedimentation computed by the range method and by the topographic method within
a limit of ± 5 per cent. Two procedures are used.
First method: On the preliminary topographic map with a scale of I: 10 000,
ranges spaced at equal distance, for example 200 m, are drawn approximately perpendicular to the contours below the elevation of normal high water. Capacity or volmne
at normal high~water level is calculated by the range method and compared with the
volume calculated from the topographic map by perimetering or other methods.
Computations are then made using fewer ranges, so as to select one out of two
ranges, one out of three ranges, etc. The simplification or reduction of ranges should
proceed until the relative error for computation of the capacity or volume is still within the tolerance limit of ± 5 per cent, using the volmne computed by the topographic
method as a reference. For instance, if the volume at a certain elevation enclosed by
C.S.I and C.S.3, computed by the topographic method, is VI as shown in Figure 22
and oJ> 02' 03 are areas enclosed by three different contours, then the volume computed by the trapezoidal formula is:
(30)
is the trapezoidal volume in m-3 ;
is the difference in elevation between contours in m;
are areas enclosed by three different contours in m2 .
The volume as computed by the range method should be:
(31)
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where Vdu

Lt. 0.

is the range method volume in m3;
are distances between ronges in m;
are cross-sectional areas at a certain elevation in m2.

Assuming Lt , 0.. Lz are equal. the above formula may bewritten as:
Vdu

=

L Lr

(WI

2

+ 2W2 + W3)

(32)

where L r is the optimum distance between ranges in m.

C.S.2

C.S.l

C.S.3

Figure 22 - Illustration for computation of reservoir capacity

For a reach or a reservoir. similar computations may be made with a number of ranges. The procedure is repeated several times by using a simplified number
of ranges until the error of the computed volume exceeds the tolerance limits of
± 5 per cent. or:
Vd - Vdu
100 < ±5%
Vd

(33)

L r is claimed to be the optimum distance for laying out ronges (Li Zhaonan. 1980).

Second method: Hakanson (1978) has made studies of the optimum
arrangement of raoges in a lake survey. The optimum number of ranges may be computed from the following formula, established by using data obtained from four large
reservoirs in China (Sanmenxia Reservoir Experiment Station. 1980):
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(34)

I

in which A represents the area enclosed by the highest contour line in km 2;
L, is the accumulative distance between ranges in km;
p = LJ2(11A)1f2, whereLo is the length of the highest contour line measured
inkm.
Based on studies of reservoir data it was found that range spacing according to the above fonnula will result in surveys with a fair degree of accuracy. If the
range intervals arc properly arranged, the accuracy in computing deposition by the
range method is within 5 per cent of that determined by the topographic method.

4.2.2.2

Surveying me/hod

For the preliminary survey, range surveying should be made to the highest
poiut of each range, designated by the normal high-water level or the maximum flood
stage recorded. For successive surveys, it may be terminated at a point where no
change in land surface has taken place. After the ranges have been laid out in the
field according to the intervals proposed, stakes or markers, as well as beuch marks,
should be installed in the field to facilitate successive surveys. Surveying work may
proceed from one bank to the other· according to the regulations specified in relevant
standards.

4.2.2.3

Frequency ofsurveys

In sediment-laden rivers, an enormous amount of erosion or deposition may
take place during floods and surveys are conducted more frequently than on ordinary
rivers. Repetitive surveys arc usually made at least once a year before or after the
flood season. Range surveys may be required between two floods, to study the sedimentation process. In this case, the range surveys conducted at regular intervals, I.e.
once each year, are called basic annual surveys, while the surveys taken on an irregular basis are called auxiliary surveys. Simplified methods involving the reduction in
the number of ranges may be used in auxiliary surveys to reduce the time required to
make such a survey. For rivers or reservoirs where the sediment load is not appreciable, repetitive surveys may be made only once or twice and the decision to make successive surveys will depend not only on the manpower available to conduct such a
survey but also on the quantity of deposits and the precision desired.

4.2.3

COMI'OSHE METIIOD

Topographic and range methods may be combined to gain a better under-

standing of the variations in ground surface in a river reach or in a reservoir. Bank
failures usually take place at a point not covered by a range survey. Progress of delta
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formation at the head of a reservoir may be studied by means of a topographic map.
Thus a local topographic survey may be indispensable to supplement the sedimentation survey. In fact, there will be essentially no difference between the results
obtained by the two methods if the number of ranges is increased sufficiently so that
a topographic map can be drawn from the data obtained from the range survey. This
is particularly true for surveys of the bed by underwater soundings. Aerial photographs may be used to advantage during reservoir drawdown periods, in combination with soundings k1ken in the portion still covered by water.
4.2.4

INSTRUMENTS AND POSITIONING FOR DEPITI SOUNDING

4.2.4.1

Depth sounding

Instruments or apparatus most commonly used for depth measurements are
the sounding pole, the sounding weight and the echo sounder. Appropriate selection
of instruments depends on the local depth, velocity, bed material composition and its
degree of compaction. A bcll-shaped sounding weight made of cast aluminium
(weighing 2 or 4 kg), or sounding pole (aluminium sectional pole with each section
about 1.5 m in length, fastened together with threaded dowels) may be used to take
soundings where an echo sounder is not available (Soil Conservation Service, 1973).
The type of echo sounder is selected mainly according to its ability to distinguish the bed surface. The results of depth measurement may differ with transducers of different power and frequency response in the detection of the top of soft muds.
Echo sounders arc usually specified by their relative accuracy. If a depth 50 times the
thickness of deposit' is measured by an echo sounder with a relative accuracy of] per
cent or more, a large and intolerable error will be included in the sounding results.
Hence, a more precise instrument should be nsed. In general, an echo sounder
equipped with transducers operated at a low frequency is preferred in measuring a
reservoir bottom composed of unconsolidated soft muds.
When an echo sounder is used for taking depth measurements in a reservoir
or river reach, the instructions specified for each instrument should be strictly
observed. The transducer should be properly installed on the bottom or the side of
the measuring boat. Water temperature should be measured and the instrument
adjusted accordingly. The depth recorded by an echo sounder should be compared
regularly with that measured by other reliable fixed-point methods during the operation. The comparison can also be made by lowering a metal plate from the boat into
the water to a predetermined depth by a length of cable. Deviations in depth recorded
by the echo sounder can be used as a guide for any necessary adjustment.
The bed of a sediment-laden river or reservoir is usually not very well
defined. Soft mud or the lOp of density currents composed oflayers of differing sediment concentration have been recorded by some types of echo sounders. Field
checking should be emphasized so that beller agreement can be obtained between the
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depth measured by echo sounder and that measured by conventional instruments
(Ministry of Water Conservancy, 1978).

4.2.4.2

Positioning ofsounding points

In a sedimentation survey carried

Ollt

in reservoirs or in river reaches, no

matter which method is used, the topography above and below the water surface is
always surveyed separately. For surveying above the water surface, ordinary surveying methods are used for measuring elevation and position of the topographic points.
For the part under Waler, soundings should be taken in accordance with the position
of the sounding boat. In small reservoirs, a wire or cable has been used to record the
horizontal distance from a fixed point on one bank.
For economy, expediency and accuracy, the US Soil Conservation Service
has long used the range-cable method of locating sounding points in making sedimentation surveys of small flooded reservoirs. Equipment needed includes an aluminium reel holding about 800 m of cable (2.4 mm diameter galvanized aircraft cord,
or 6.3 mm plastic water-ski tow cable), equipped with a line meter (Soil Conservation
Service, 1973).
In large reservoirs or wide river courses, sextants or intersection by transits
from two or three points have been used as a traditional method of locating points.
More advanced techniques have been developed, such as positioning by radio signals,
laser instruments, Or microwave systems. The accuracy of a sedimentation survey,
needless to say, relies on the accurate positioning of measuring points, particularly in
places where the sediment deposit is not appreciable. Obviously" at points where no
deposition or erosion takes place, the elevation of the bed surface should coincide
with that measured in a previous survey. This is a good check of the accuracy and
reliability of the sedimentation survey.
Aerial photogrammetric techniques are most effective for making base surveys before the reservoir is filled or at the start of a research programme into the fluvial processes in a river reach. Capacity can be measured by photogrammetry, using
vertical air photography tied to permanent ground control points. All such points
should be co-ordinmed and elevation controlled to the same degree of accuracy.

4.2.4.3

Surveying system

To cope with the increasing demand for more complete and accurate information on hydrological and geomorphological processes in river reaches or reservoirs, the Water Survey of Canada has developed automated, high-speed data collection and processing systems (Hydac 100 and Hydac 200). These systems are used
with a computerized data reduction and analysis system (Hydra). The Hydac 200
system is composed of four subsystems, as illustrated in Figure 23. The equipment is
mounted on a 10 m, shallow-draft aluminium survey launch called HYdrographic and
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SEdiment SUrvey SYstem, HY-SE-SUSY. The launch is capable of operating safely
in less than one metre of water, can be taken up to the shore to facilitate the loading
and unloading of survey instruments and can be transported on an ordinary trailer.
The main portions of the data are stored on magnetic tape. Most of the data preparation and reduction is performed in the office with the aid of a digital computer. The
flow chart of the Hydra system is shown in Figure 24. The system, which has evolved
since 1973, has proved to be a valuable asset to the sediment survey programme. By
means of the quick and efficient data collection and analysis of this system, geomorphological studies on river reaches that are undergoing drastic changes during a flood
can be conducted more comprehensively and accurately at low cost (Durette, 1977).

4.2.4.4

Measuring sediment thickness

In cases where accurate maps of the original reservoir basin are not available, thickness of sediment deposits must be measured directly to detennine the original capacity and sediment volume. A spud or auger may be used. The spud was
developed by the US Soil Conservation Service. A sectional spud, made up of 0.9 m
(3 ft) sections which can be assembled up to a length of approximately 5.5 m (18 ft)
with nickel-stecl alloy dowel pins is recommended. The spuds are made of case-hardened steel rods, 38 mm (1.5 in) in diameter, into which encircling triangular grooves
are machined at intervals of 2.5 mm (O.l It). The base of each groove is machined to a
depth of 3.2 mm (1/8 in) to form a cup in which sediment deposits can be caught and
held. The layer of new deposits can generally be distinguished easily from the original
bed material, and by this means the thickness of sediment deposits can be detennined.
In order to enhance the accuracy, a combination of spudding and sounding is preferable if the thickness of deposits is small (Soil Conservation Service, 1973).
4.3

Measurement of bed material composition

The grain size, composition and unit weight of deposits are essential factors
to be measured in a sedimentation survey. Disturbed and/or undisturbed samples are
obtained by various means and sent to the laboratory for further analysis.
Suitable apparatus for collecting disturbed samples of bed material, including deposits in reservoirs or river reaches, have been described in standards issued by
ISO (1977c). A sketch of a bcd-material sampler suitable for a sand bed is shown in
Figure 25.
Methods for collecting undisturbed samples in the field are described below.
4.3.1

UNDISTURBED SAMPI.ING

Apparatus used for taking undisturbed samples, ranging from simple to
complicated equipment, are the Axle type, cylindrical revolving type, gravity core
type, piston type, vibration type, etc. Two of these are illustrated in Figures 26 and 27.
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Figure 25 - Digging sampler for bcd-material sampling (Jansen et ai., 1979)

Each sampler has its particular range of application. The cylindrical type can be used
in unconsolidated soft deposits (Bajiazui Reservoir Experimental Station, 1980). For
shallow streams with fine bed material, the USBMH 53 sampler may be used. It consistsof a stainless steel cutting cylinder, 5.1 em in diameter and 20.3 em in length,
with an internal retractable piston. For shallow streams with slightly to well compacted beds of fine material, the Phleger 840-A bollom corer may be used to take 3.5 em
core samples (Durette, 1981). A gravity-core sampler can be used for sampling in
deep water such as in a reservoir (Vanoni et al., 1975). For detailed operating

instructions users of these devices should refer to relevant manuals or specifications.
The pit method is suitable for an exposed river bed or flood plain. The proeedure is to dig out a pit or hole of appropriate size. The volume of the pit is measured
by weighing the amount of standard sand particles required to fill the pit and the predetermined relation between volume and weight of the standard sand. Unit weight of
the deposits can then be computed by weighing the amount of sediment dug out of the
pit. A cylindrical ring with a knife edge is used frequently for sampling deposits composed mainly of fine particles. The volume of the cylindrical ring can be calculated by
measuring its diameter and height. After sealing the top and bottom of the sample, the
sample together with the ring can be sent to the laboratory for determination of the
unit weight as well as the moisture content (Vanoni et al., 1975).

4.3.2

RADIOISOTOPE DENSTI'Y PROBE

Measurement of unit weight of sediment deposits may be carried out in situ
with a radioisotope density probe, various types of which are available. Just as with
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Figure 27 - Sampler for taking undisturbed samples in unconsolidated deposits (revolving
type) (Bajiazui Reservoir Experiemental Station, 1980)
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the nuclear gauge used in the measurement of sediment cpncentration, the radioisotope probe should be calibrated before its application in the field. The probe can be
lowered from a raft by cable or it may be fastened to the end of a drilling rod lowered
along the outside pipe; by this means, the unit weight of deposits in a lower layer can
.
be measured directly in situ (Vanoni et aI., 1975).
4.3.3

SELEcrION OF SAMPLING POINTS

Samples of bed material or deposits are usually taken along the range established for the sedimentation survey. The distance between sampling points is usually
set at random. It is preferably dislribuled according to·th~ thickness of the deposits,
although this may be difficult to determine at the time of~pling. Table 12, showing the minimum number of samples to be taken in re'ac~es of different lengths, is
given here as a guide. When the samples are taken on the flood plain, the number of
sampling points required depends upon the width of the: dePosits over the flood plain
and the variation in bed material sizes. Ordinarily, the sampling points are eveuly
dislributed or they can be random.

TABLE 12 'Minimum number of sampling poinls'iQr bed materials
-

Width of main channel in m:
Minimum number of sampling poinls:

< 500

3

,::

'SOO - 1 000
,. :

;

. . 3-5

> 1 000
5-7

As discussed in Chapter 3 with reference to total.sediment transport,' the
bed materials' size and composition have an important influence on their transport
and should not be overlooked. The size composition of an alluvial river bed may
change during floods or it may change gradually whenever' the oncoming flow condition varies. The armouring effect due to coarsening of bed materials during erosion
is an important aspect which deserves thorough research. Sampling of bed materials
provides valuable information on this subject and more samples should be taken than
suggested in Thble 12 to achieve a better understanding of the spatial dislribution of
bed materials. The general layout of sampling points can be arranged on a random
basis if there are no other particular requirements.
For river beds composed mainly of gravels or even larger-sized particles,
the sampling work should be carried out more carefully than in .sand beds in order
to obtain representative samples. Grid, areal or transect saUlpling procedures may
be selected for surface sampling in the study of armour effect, as well as in studying initiation of motion and flow resistance. Bulk samples maybe collected by
pipe sampler, freeze-core sampler, gravel-cutter sampler, etc. for subsurface explorations which are related mainly to the study of bed material transport (ISO,
1981b).
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4.4

Data processing

Observed data, such as elevation and distance from a fIxed point on a bank,
are tabulated as range survey data for further processing. Data obtained from repetitive surveys should be extended to the highest point measured in the preliminary survey or to a defInite stake on both banks of the river. The position and elevation of the
defInite stake will have been noted in the preliminary or previous survey. A graph of
the cross-section is usually drawn to scale on transparent paper for comparison with
the cross-section previously surveyed. Inspections are made to see if there are any
unreasonable points or variations which should be checked in the field. This is an
important step in data processing if reliable results are expected. Computation of the
reservoir capacity or the volume of deposition or erosion may then proceed.
4.4.1

COMPtITATION OF RESERVOIR CAPACITY

The trapezoidal formula is the simplest formula to be used in the computalion:
(35)

where V
At, Az
L

represents the volume or capacity occupied between two seclions or
two contour lines;
represent the areas of sediment deposits or water area at adjacent vertical
seclions or contour lines between which the volume is computed;
is the distance beteen cross-seclions or between two contours.

If the topography is more complicated and when (A 1 - A z)
the prismoidal formula should be used:

v

=

L L (A, + A2 + YA I A2 )
3

"

0.4 (A 1 + A:z)

(36)

In order to obtain consistent data from the preliminary and successive surveys, results obtained by the range method are correlated with those obtained by
topographic survey. Correclion factors are found for every specifIc reach or portion
of a reservoir and are applied to the results obtained by the range method in later surveys.

In Figure 28 two examples are shown to demonstrate the characteristics of
reservoir capacity. The shaded area in graph A represents the reservoir capacity
between two elevations and that in graph B represents the capacity between adjacent
sections for a specific water elevation usually taken at normal high-water level.
Computations can, of course, be carried out by graphical methods (Vanoni et al.,
1975).
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4.4.2

COMPUTATION OF VOLUME OF DEPOSITION AND EROSION

The volume of deposition or erosion and its distribution may be obtained
by the difference in capacity between two contours or two cross-sections. If the
range method is used. the volume of deposition may be obtained by computing the
area of deposition or erosion at each cross-section and then by applying the
trapezoidal or prismoidal formula in which L is the distance between two consecutive
sections. The distance between the ranges used in the computation is measured along
the centre line of the high-water surface and is kept for use in later surveys. In order
to improve accuracy. different distances may sometimes be used in computing the
volume in the flood plain and the main channel.
4.4.3

COMPUTATION

or CAPACITY FROM IDPOGRAPHIC SURVEY

There arc two approaches in computing capacity from topographic survey
data: the point elevation-area method and the conventional contour-area method. A
computer is used for efficient and economic data evaluation. In the point elevationarea method the surveyed area is large and has a high data density as shown in
Table 13.

TABLE 13 Number of point elevation data per km' required in topographic surveys
Quantity of point elevation data per km~
Detailed survey
Rough bottom

Relatively smooth bottom
Smooth bottom

2500-3500
1500- 2 500
800-1500

General survey

1500-2500
800 - 1 500
400 - 800

Reconnaissance survey

800 -1 SOD
400 - 800
100 - 400

SOURa<: ISO.1982b

In the elevation~area method the area should be separated into modules for
more convenient data analysis. A grid system with increments x and Y. specified by
the user, is set up and elevations are compnted for each grid-line intersection from
field data input.
The capacity is computed by subdividing the sub-area into horizontal slices
with the thickness of the slice or elevation increment z specified by the user. The
total capacity of the reservoir is obtained by adding the volumes of all the horizontal
slices.
The elevation-area method has advantages over the contour-area method in
its efficiency for field data processing. Elevations at grid-line intersections at known
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co-ordinates are in a format suilable for contour generation by the compuler. TIle
grid can be reproduced in every respect for subsequent surveys and differences in
point elevations at grid-line intersections can be compared to provide direct data on
the spatial distributiou of sediment deposits.

CHAPTER 5
LABORATORY PROCEDURES

5.1

Measurement of sediment concentration

Suspended-sediment samples obtained in the field must be treated in the
laboratory for the determination of sediment concentration and particle size.
Evaporation, filtration or displacement methods are generally used in laboratories to
determine the sediment concentration of the sample. An optical method has been
used in Zimbabwe under specific conditions. One of the above methods is chosen on
the basis of desired accuracy. In general, the evaporation method is suitable for use
with low concentrations. Filtering may be used for samples of medium and high concentrations. The displacemcnt method, however, is suitable only when the concentration is high. In ordcr to ensure accuracy in the measurement of sediment concentration, a minimum volume of sample is required and a high-sensitivity weighing apparatus must be available in the laboratory. Evaporation, filtration and displacement
methods are all direct methods. Sediment concentration is determined by weighing
the dried sediment contained in the sample and dividing by the volume of sedimentwater mixture of the sample. An indirect method is one which, for example, takes a
reading from a turbidity meter corresponding to a certain turbidity unit to obtain the
sediment concentration from the calibration curve, expressing the relationship
between the turbidity unit and the sediment concentration.
Sediment concentration may be expressed in three different ways: C, represents the weight of dried sediment contained in a unit volume of sediment-water
mixture commonly expressed in mg I-I, g I-lor kg m-3. C,g represents the weight of
dried sediment divided by the weight of the sediment-water mixture. It may be
expressed in percentage of weight (%) or, when the sediment concentration is low,
expressed in pariS per million (ppm). C,v represents the volume of sediment particles
contained in a unit volume of the sample, expressed in per cent (%).
Conversion of sediment concentration expressed in any of the several different ways to other ways may be accomplished by the formulas:

C, = lOC,vq,

(37)
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in which Cs is expresscding 1-1 ;
Csv is in per cent by volume;
g, is the density of sediment particles in g em-3;

c ~
•

k

C:,g

(38)

1000

in which C, is expressed in g I-I;
k isa conversion factor;
e,g is expressed in ppm.
The conversion factor k is given in Table 14 assuming water density = LOg cm-3,
g, = 2;65g cm·3, and the dissolved solids content is less than 10 000 ppm.

TABLE 14 Factors for converting sediment concentration in ppm to g I"

Concentration in ppm
0- 15900
16000 - 46800
46900 - 76500
76 600 - 105 000
106 000 -133 000
134000 - 159 000
160000 - 185000
186000 - 210 000
211 000 - 233 000
234 000 - 256 000
257000 - 279 000
280000 - 300 000
301 000 - 321 000
SOURCE:

k
1.00
1.02
1.04
1.06
1.08
1.10
1.12
1.14
1.16
1.18
1.20
1.22
1.24

Concentration in ppm
322000 - 341 000
342000 - 361 000
362000 - 380 000
381 000 - 399 000
400000-416000
417000-434000
435000 - 451 000
452 000 - 467 000
468 000 - 483 000
484 000 - 498 000
499000 - 514 000
515000 - 528 000
529 000 - 542 000

k
1.26
1.28
1.30
1.32
1.34
1.36
1.38
1.40
1.42
1.44
1.46
1.48
1.50

USGS. 1977

Procedures preparatory to the determination of sediment concentration are
given below.
Measurement of' the volume: Usually done in field laboratories. A graduated cylinder is usually used. Error in taking readings from the graduated cylinder
should not exceed I per cent of the volume of the sample. Loss of sediment or sediment-water mixtures should be minimized by careful operation. Graduation of the
cylinder should be calibrated by comparison with standard vessels.
Settling in still water: Most of the clear water must be withdrawn from
the container after all the sediment has settled to the bOllom ;of the vessel, so that the
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sediment can be dried and wcighed. The time required for the settling of all the sediment in the sample depends upon the amount of fine particles contained in the sample. If the time for scWing of the sediment is too long, water in the top layer of the
vessel may be withdrawn by pipette if fine particles contained in the top layer do not
exceed 2 per cent, or at most 5 per cent, of the total sediment. Correction is applied
In the result to compensate for the sediment withdrawn with the supernatant water. A
coagulation agent may be added to speed up the settling if size analysis is not
required.
Weighing: Accuracy of determination of sediment concentration in the
laboratory relies mainly on accuracy in weighing. The procedure is carried out in
field laboratories and the sensitivity of the balance used for weighing should be chosen according to the sediment concentration in the samples or, in other words, according to the weight of sediment in the samples. In general, a balance with a sensitivity
of 1/100 to 1/10 000 may be uscd at stations where the concentration is greater than I g
I-I. A balance with a sensitivity of 1/1 000 must be used for a concentration of less
than I g]-l. Sometimes, a balance with a sensitivity of 1/10 000 is preferable
(Ministry of Water Conservancy, 1975b).
For indirect methods, field calibration of the meter reading is indispensable.
In general, the rating curve for a radioisotope gauge varies regularly. The rating
curve obtained through calibration in the laboratory has to be checked in the field by
comparison with the results obtained by a conventional method. A turbidity meter,
based on the principle of light attenuation, should be used only in cases where no
appreciable change is observed in particle size.
5.1.1

EVAPORATION METHOD

The evaporation method is preferably used for measuring low concentrations.
The wet sediment sample, after the withdrawal of clear water from the vessel, is transferred In an evaporation dish and dried at an even temperature of 1l0°C. If the dissolved solids exceed 2 per cent of the sample weight, their concentration should be
determined separately in the original water. The content of dissolved solids should be
subtracted from the weight of dried sediment in computing the sediment concentration.
The dry weight of the evaporation dish is usually precisely determined beforehand. In
routine operation, it should be checked to avoid any possible error.
5.1.2

FILTRATION METHOD

Filtration is used to determine concentration which is not too low. The
qualily of the filter material inlluences the accuracy of this method to a great extent.
Experiments should be made to test the filter material before it is finally selected.
The first experiment is to find out the amount of sediment which may be leaking
through the filter material. If the leak exceeds 2 per cent of total sampled sediment,
better quality filter material should be used. The second experiment is to find out the
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content of soluble matter in the fIlter material. By comparing the dry weight of the
filter material before and after immersion in water, the weight loss can be determined
and can be used to correct the dry weight of sediment obtained by filtering.
In the filtration method, a Gooch crucible can be used in conjunction with
various types of filter material. The crucible is a small porcelain cup of aboilt 25 ml
capacity with a perforated bouom. Glass fibre fIlter disks have proved satisfactory
for filtratiou of most types of sediments (illMAT, 1979; Colby and Hubbell, 1961).
Force filtering may be used, in which air pressure is applied to the water surface to
speed up the filteriug process.
5.1.3

DISPLACEMENT METIIOD

The displacement method iuvolves determining the differeuce in weight
between a sample of sedimeut aud water and an equal volume of clear water. This
method cau only be applied to samples with a relatively high sediment concentration.
It can also be used to determine the weight of sediment in low-<:oncentration samples
if a sensitive balance is available. The dry weight of sediment is computed by the
following formula:

(39)
where

k =
in which W,

Ww,

q,
q

-'bq - q,

(40)

is the weight of sediment to be determined in g;
is the weight of the specific gravity flask plus the weight of sediment
water mixture in g;
is the weight of the specific gravity flask plus the weight of clear
water with volume and temperature equal to that of the sediment-water
mixture; during weighing the water temperature should be constant;
is density of sediment particles;
is density of water; during weighing the water temperature should be
constant.

In routine work, the values of k and W w have been tabulated in forms for a
given water temperature. The density of sediment particles q, should be checked
occasionally. At normal temperature, k varies from 1.59 to 1.61 for a range of q,
from 2.65 to 2.70.
Ww also varies with the temperature. In laboratories, the value of W w for
commonly used specific gravity flasks (usually 50, 100,200 or 250 ml in volume) is
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calibrated once a year and its value can easily be determined once the temperature is
known. To ensure accuracy, water temperature in the flask should be measured to
O.loC and Ww should be weighed to at least 0.001 g.
In calibrating Ww' the original water may be used instead of distilled water.
If the origiual water is used iu weighiug Wws and the influence of dissolved solids on
the concentration is negligible no correction is needed. If the dissolved solids vary
much in a year, it would be better to calibrate the weight of the flask by using distilled water and to make the necessary corrections for the dissolved solid content
(Ministry of Water Convervancy, 1975b).
5.1.4

OrnER ME11IODS

There are other methods to determine the concentration of a sample besides
the traditional methods mentioned above. For example, in Zimbabwe, measurement
of sediment concentration by turbidity meter has been carried out in the laboratory.
Light absorption, as measured by the turbidity meter, is related to various concentrations for different size groups by laboratory experiments. Based on average size gradation, the relation between light absorption and sediment concentration is established. The method is applied to measure the concentration of silt and clay contained
in a sample and this concentration added to the sand concentration gives the total
concentration. The range of concentration within which the method is applicable is
0.03 to 3.0 g]-l. If the sand fraction is high, for example greater than 50 per cent, the
method should not be used because the results are sensitive to small fluctuations in
the clay fraction (Chikwanha, 1980; Ward and Chikwanha, 1980).
5.2

Size analysis

Size gradation is an important parameter in the study of sediment problems.
The sources of supply and mode of movement are quite different for different sediment sizes. It is necessary to determine the size dislribution together with the total
quantity of sediment
5.2.1

SEtECfION OF METHODS FOR SIZE ANALYSIS

There are many methods available for size analysis. However, each
method can only be applied in a specific size range. As the movement of sediment
particles, particularly in suspended sediment, is closely related to the settling properties of the particles, the settling diameter should be adopted as a standard in the size
analysis of flovial sediment. For sediment with a size smaller than 2 mm, i.e. sand,
silt and clay, it is preferable to use methods based on settling properties. However,
there are still differences in the flow pattern around particles during their settling process. Different methods have to be adopted for various size groups. For gravels and
pebbles larger than 2 mm in diameter, sieve analysis or direct measurement is usually
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preferred. MeulOds commonly used for size analysis in routine work in China and
the USA are listed in Table 15 (USGS, 1977).

TABLE 15 Size analysis methods commonly used in China and Ihe USA
Method

Range of application
(mm)

Concentration
(g "1)

Sieve

0.05 ~ 20.0 or more

100 - 200 if done
independently

0.062 - 32.0

More than 20 for coarse
Darticles; minimum 0.05

Siltmeter

0.06 - 0.5; may be
more if longer tube
is used

0.3 -5.0

Visual accumulation tube

0.062·2.0

0.05 -5.0

Weight of sample
required (g)

Settling in
clear water
(two-layer
system)

Settling in
dispersed
medium system

0.005 - 0.05; may be
used for 0.002 - 0.1

3.0 - 20.0

3.0 -20.0
(in 1 000 ml)

0.002 - 0.062

2.0 - 5.0

1.0-5.0

0.002 - 0.062

1.0 - 3.5

0.5-1.8

Photosedimentation

0.005 - 0.05; may be
used for 0.005 - 0.1

<

Hydrometer

0.005 - 0.05; may be

15.0 - 30.0

Pipette

Bottom withdrawl tube

used for 0.002 . 0.05

Direct
measurement
>20mm

1.0

< 1.0

15.0 - 30.0
(in 1 000 ml)
Sufficient quantity

The purpose of size analysis is to improve our understanding of the sediment movement. Size distribution of a sediment sample to be analysed may spread
over a wide range. Two or even more methods may be necessary to analyse the
whole sample. Methods based on the seluing principle should be adopted for analy-
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sis, for instance, the visual accumulation (VA) method for sizes 0.062 to 2.0 mm and
the pipette method for 0.005 to 0.05 mm. Sometimes, the sieve method may be used
for small fractions of coarse particles while the siltmeter method or its equivalent VA
method is used for particles greater than 0.05 mm and the pipette or other appropriate
method used for particles smaller than 0.05 mm. In the methods based on the principle of settling, the particle size is obtained by means of the settling velocity. Settling
properties of particles in movement are more important than their size. It is for Utis
reason that, in selecting a size-analysis method for fluvial sediment, methods based
on the settling principle are preferred to more sophisticated or automatic methods.
In methods bascd on the settling principle, a basic assnmptionis that a single particle settles as in a still medium (water) of infinite extent. This cannot be realized in practice. Particlcs smaller than 0.05 or 0.062 mm settle in a laminar state of
motion and obey Stokes Law and the same flow pattern prevails throughout the medium. Mutual interference is limited by the.concentration allowed in the settling medium. For particles larger than 0.05 or 0.062 mm, the flow pattern around particles
becomes more complicated and Stokes Law no longer holds. Settling in clear water
is preferred for the analysis. In practical work, it is customary to divide sediment
samples into two parlS in order to minimize the mutual interference in the· settling

pattern of particles. Sediment smnples are often divided by separating grains finer
than 0.05 or 0.62 mm from coarser ones, i.e. the silt and clay is separated from the
sand. In tbe selection of a proper method for size analysis, the basic principle of each
method should be studied and the range of application should be observed with care.
Sediment size as obtained by different methods has different meanings.
When a direct measurement method is used, particle sizes are measured in three
mutually perpendicular directions denoted by a, band c, in whiCh c is the shortest
and a is the longest axial length. Mean diameter is the summation of a, band c divided by three. The shape factor SF is given by the expression dab.
Nominal size is expresscd by the dimneter of a sphere with the same volume as the particle. It may be obtained by measuring the volume of the particle by
immersing the particle in water and measuring the volume of displaced water.
Nomiual size is calculated from the formula for the volume of a sphere.
Sediment size as determined by methods based on the settling principle is
defined as the diameter of the sphere which has the smue settling velocity and same
density as the given particle. It is called the settling dimueter. The relation between
sieve dimueter and settling diameter is determined from Stokes Law or charts of fall
velocity of spheres. The relation between sieve diameter and settling diameter is
shown in Figure 29.
The relationships between sizes with different definitions are noted in the
Indian Standards as follows (Indian Standard 6339, 1971): settling diameter equals
0.94 mm, sieve diameter equals 0.67 mm. In the transitional region between laminar
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and turbulent flow, the settling velocity may be expressed in different ways.
Sediment size obtained by using different expressions for settling velocity will also
be different. Due to the different meanings implied in the definitions of particle size
evaluated by various methods, the size distribution curves will not coincide with each
other at the junction portion. when two methods based on different principles are
employed in size analysis. Empirical revisions or corrections are necessary at the
junction point. For sediment sizes smaller than 2 mm, methods based on the settling
principle are recommended as no discontinuity in the gradation curve will be induced
by the defmition of size implied in the methods used for size analysis.
As can be seen from Table 15, the suitable concentration range is different
for different methods. Hence, the quantity of sediment sample required for analysis
is also different. It is a factor which should be considered in selecting the appropriate
method for size analyses in practice. The quantity of sediment in the sample should
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be considered on the basis of convenience in the field work as well as the minimum
requirement to ensure the desired accuracy.
Results of size analysis are usually expressed by a size gradation curve with
an accumulated percentage finer as ordinate and sediment diameter in log scale as
abcissa. A log frequency curve may also be used. Nevertheless. characteristic figures can always be interpolated from the curve, such as dso • d3s. d6S. d90 • do.os and
dO•02S • etc.• where the subscripts of d represent the percentage of the total sample that
is finer than the indicated size. Mean diameter and mean settling velocity of the sediment mixture can also be computed by interpolation.
In the Indian Sl1mdards, size analysis for suspended load. bed load and bed
materials is performed by subdividing the total suspended load into three size groups:
larger than 0.2 mm, 0.2 to 0.075 mm and smaller than 0.075 mm. representing coarse.
medium and fine particles. The sediment sample is first wet-sieved through a 0.2 mm
sieve and then the fine particles arc drawn off by decantation. The portions retained
on the 0.2 mm sieve and left in the vessel after decantation are dried in the oven and
weighed. The weight of the portion of fine particles is determined by hydrometer.
The percentage of the threc portions of sediment is then calculated. For bed load and
bed materials the sediment sample is subdivided into two portions: smaller and larger than 0.6 mm. Conventional methods arc used for detailed analysis of each portion.
The size .diSlribution curve is obtained merely by addition of the individual results.
Similar procedures are proposed in ISO draft standards.
The lrealrnent of suspended samples in three parts is a kind of simplification of the method employed in the determination of percentages of each portion.
Just as in the simplification methods used in sampling of suspended sediment, the
simplification for size analysis is worth studying. For instance, in an alluvial river
with a bed composed mainly of coarse sand. silt and clay particles are wash load. If
the amount of sand (greater than 0.05 mm) could be roughly determined during
floods by making a simplified analysis of unit samples. a better understanding of the
role played by coarse particles in the fluvial process should be revealed.
5.2.1.1

Sieve analysis

Sieve analysis is a traditional method used for mechanical analysis of sands
and gravels. From the practical point of view direct measurement of particles greater
than 20 to 32 mm contained in a sample may be more convenient than by sieving.
National standards for sieves, as well as operational specifications used for analysis,
have been established in most countries. When sieve analysis is adopted for size
analysis of fluvial sediment. two methods may be followed. The wet-sieving method
makes the analysis by immersing the whole sample in water while the sieving operation is carried out, or a small water jet is used to rinse all the particles to speed up the
process. In the dry-sieving method, sieving is performed in the usual way. The
sieves are shaken to speed up the process.
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To ensure accuracy in sieve analysis, comparison of results with sieves
used in routine work witl] those obtained with standard sieves should be made on a
regular basis. Corrections should be made if necessary.
At present, the lower limit of sizes within which sieve analysis may be
applied is 0.05 mm. It is recommended that settling diameter rather than sieve
diameter be used in analysing suspended sediment and it is preferable to use meth"
ods based on the sellling principle, such as the VA-tube method or siltmeter
method, for analysis of sizes 0.05 to 1.0 mm, commonly found in suspended sedi"
ment. For bed materials, however, the major part of the sample will be in the sand
range and sieves are commonly used for analysis. Characteristics of bed material
are usually expressed directly by size, while for suspended sediment it is more
common to give characteristics in terms of settling velocity or settling diameter
rather than sieve size.

5.2.1.2

Melhods based on settling principle

According to the settling medium, methods based on the settling principle
maybe classified into two groups: settling in clear water or the two-layer system,
and settling in sediment-laden water or the dispersed system.
Two.-Iayer system

The settling tube is filled with clear water (distilled water) prior to the analysis; and sediment is inserted into the tube from the top. Different-sized particles will
separate automatically in the tube according to the different settling velocities.
Sediment settled at the bottom of the tube may be taken out at a predetermined time
for weighing, or the volume accumulated at each time may be measured and converted into weight for computation of size distribution. Figure 30 is a sketch illustrating
how this system of sellling works.
At time II all parti.cles of size d t which have fall velocity hilt havesellled
to position h. Sediment discharge per unit area passing through the cross-section of
the tube should be Ct wI, where WI is the settling velocity of the particle of size d t and
c1 is the sediment concentration at position h corresponding to sediment size d l •
During the period a tolt, the [olal sediment passing position h should be:

fo"

cw d I

(41)

This is the part of the sediment of size equal to or greater than d l in the tOlal sediment sample. The greater percentage in the total sediment sample could be
expressed as:
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p

> d1 =

J:'

cwdt

[c

(42)
W

d I

in which T is the time required for settling of all the particles in the sediment sample.
This is the basic principle of the siltmeter and visual accumulation tube
method. In practice, the weight of settled sediment from the tube is obtained directly
in both methods. instead of hy calculation. In the VA tube method the height of accumulation is recorded and the volume occupied hy different size groups is converted
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into weights by relalions obtained from previous experiments. In the siltmeter
method, settled sediment from the tube is withdrawn at prescribed intervals and the
weight can be detcrmined directly. A sketch of the VA tube and the settling tube
developed by the Delft University of Technology (DUST), Netherlands, which operates on the same principle, is shown in Figure 31.
(b)

(a)

-Sample Introduction
Device (V.netian blinds)

·c:c

Settling tube

time

. Recoz:ding paper

ecording
8C1svring device

Visual Accumulation Tube and
Recording Mechanism
Figure 31 - Settling tube system (DUST)

From the above analysis, size gradation can be obtained once the sediment
concentration c at point h and time t is determined. Photoelectrical devices installed
near the bottom of a settling tube record the variations in concentration at that point,
as shown in Figure 32, from which a size gradation curve can also be calculated.
Settling in a clcar water system is suitable for size analysis of 0.05 to 1.0 mm
sediment, i.e. mcdium and fine sand. In practice, the settling velocity of a small
group of sediment particles is measured instead of the settling velocity of a particle.
This does not fulfil the rcquiremcnt set forth in the assumption on which the formula
for settling velocity is based. It has been shown by experiments that the size of the
tube as well as the quantity of d,e sample have an influence on the results of the analysis. Corrections are made to the results obtained by the VA tube or siltmeter
method. A method suggested in the report of the US Federal Interagency
Sedimentation Project (FIASP) is to prepare a composite sample with known gradation to serve as a standard sample. Size analysis is made by the VA tube method and
corrections can be made by comparison of the results with the known size-gradation
curve if there are any differences. A standard sample is prepared by subdividing a
sediment sample into many groups by sieve analysis. One hundred particle grains are
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then picked out from each group. Settling velocities are determined in the tube for
each individual particle and the size distribution within each group can be worked
out. Composition of the size distribution curve for each group according to the
weight of each group will give the size distribution curve of the composite sample,
which is the known gradation of the standard sample to be used for comparison
(Federal Interagency Committee on Water Resources, 1940-1963).
It is recommended that, in selecting the tube size and the correct amount of
sample, the concentration in the tube should preferably be less than 0.5 per cent by
weight, assuming that all the sediment in the sample is dispersed uniformly in the
tube.
Experiments on the precision of the siltmeter and photo-sedimentation
methods have been made by the Yellow River Conservancy Commission (YRCC) in
China. Thirty or more samples were withdrawn from a sediment specimen.
Repetitive measurements were made with these methods. By comparing the results it
was shown that, for the accumulated percentage fmer than a certain size, the maximum deviation from the average value is less than 3 per cent at an 80 JlCf cent confidence level.
Dispersed system

Methods of size analysis adopting the dispersed system commonly used in
various countries include the pipette, hydrometer, bottom withdrawal, photo-sedimentation, etc. These methods are suitable for sizes of less than 0.05 mm in the silt
and clay range or, in practice, from 0.05 to 0.002 mm. With the pipette method,
water and sediment are well mixed in a cylinder before the test. At time II a small
volume of mixture VI (ml) is withdrawn at distance h below the water surface. After
treatment, the dry weight WI of the sediment in the small sample can be obtained.
The weight of sediment finer than size d l in the test cylinder can be computed as follows:
(43)
in which WI is the dry weight of sediment;
V is the volume of the water-sediment mixture in the test cylinder.
The percentage by weight of sediment finer than d l can be computed by:

% P fincrthan d l = WI
VI

.!L
W

where W is the total weight of the sample placed in the test cylinder.

(44)
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In the pipette method a 1 000 ml graduated cylinder is used for the test
cylinder. After sufficient dispersal of the mixture in suspension, five or six samples
(25 ml) are withdrawn from the centre of the cylinder intermittently at positions 5, 10
or 20 em from the water surface at predetermined times. A period of 10 seconds is
allowed for each withdrawal by pipette. From experience the optimum concentration
recommended for the suspension is 0.5 to 2.0 per cent by weight. An evaporation or
displacement method may be used to determine the dry weight of sediment contained
in the pipette samples. Some apparatus for pipette analysis are shown in Figure 33.

(b) More complex pipette

(a) Simple pipette
,-~_,'Rubber

bulb

-Pipette

-

--

--Figure 33 - Sketch of pipette apparatus

Photo-sedimentation is a method for determining size gradation used extensively by various industries. It is a simple, rapid method particularly suitable for size
analysis of silt It is based on the principle of the scattering of light through sediment-laden water. A typical record made by a photo-sedimentation size analyser
develped in China is shown in Figure 34.
To made a size analysis, a small test sample is withdrawn from the welldispersed suspension in which the original sample was diluted to reduce the concentration of dissolved solids. Concentration in the original sample is in general
kept lower than 1.0 to 2.0 g I-I. After sufficient dispersal of the test sample contained in the vessel (approximately 75 ml in volume), the variation in photodensity
versus time at a defined depth in the settling medium is recorded for 10 minutes.
Size gradation can be obtained by simple calculation, taking readings from the
recording graph.
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Many comparisons have been made of results obtained with the pipette and
photo-sedimentation methods by analysing the same sample. The average deviation
in the percentage finer for a number of samples is less than 1.0 to 1.5 per cent, with a
maximum deviation for a single sample of less than 4.5 per cent. Repetitive analysis
by the photo-sedimentation method shows that the deviation from the average value
of percentage fmer is less than 5 per cent at an 80 per cent confidence level.
There are many methods suitable for size analysis of sediment finer than
0.05 mm. Two of the requirements for routine size analysis of fluvial sediment are a
small quantity of sample and a large quantity of analysis. Several hundred samples
are needed for analysis each year at a station in a river transporting a moderate
amount of sediment A method which is simple in operation and calculation and also
well adapted for mass production should be favourable. Various methods were summarized in HASP reports in the early 1950s and in Allen's work (1977). It seems
that pipette and photo-sedimentation methods are appropriate for analysis of fine sediment, with ease of operation and relatively low cost.
Accuracy and reliability of size analysis depends not only on the selection
of suitable methods, treatment of samples and careful operation of instruments, but
also on the experience of the technical personnel in charge of the analysis. To ensure
the reliability and consistency of the size analysis, some standards have recommended that the adoption of new methods for size analysis should be based on the results
of comparisons made with traditional methods. The allowable error is specified
(Ministry of Water Conservancy, 1975b). Comparisons maybe made with the percentage finer for a specific or other index size by which a size gradation curve can be
defined.
A semi-automatic pipette withdrawal apparatus has been developed, as
reported by HASP. The autopipette is an apparatus which makes six scheduled withdrawals (for particle sizes of2, 4, 8, 16,31, 62l1JIl) automatically in the pipette sizeanalysis procedure. A fixed-elevation, 12-depth siphon sampling scheme is used
instead of mechanically lowering the pipette to a predetermined depth for each withdrawal. An optical water level sensor stops the siphon when the correct volume of
sample is obtained. Flushing the siphon line precedes each of the scheduled sub-samples (Beverage, 1982).
.
5.2.2

TREATMENT OF SAMPLES FOR SIZE ANALYSIS

Sediment samples should be treated in preparation for size analysis. There
are, however, some problems related to the treatment of a sample which may have
considerable influences on the results. Basic requirements should be observed in
preparing a sample for size analysis.
The state of sediment particles moving in natural streams is quite complicated. Flocculation, coagulation and various physical phenomena have been
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observed in natural rivers when the sediment particles are trailsported, eroded or
deposited throughout the river course. Dissolved salts, organic matler and flow turbulence influence the physical state of sediment particles, which is why samples
should be treated prior to size analysis.
For suspended sediment analysed by settling methods, there are two
schools of thought on the treatment of samples. The fIrst one is to treat the sample to
achieve a standard state so that the results of the analysis obrnined at different times
can be compared to each other. The other one is to keep the sample in a state as close
as possible to the natural stale. Since the influence of waler quality as well as the
physical state of the particles on the settling property of fluvial sediment is still not
well known, it is difficult to study the settling property of sediment particles in different environments. This is true in particular for fIne sediment such as fme silt and
clay particles among which flocculation easily takes place. It has been shown by
experiments that flocculation occurs easily when there are appreciable amounts of
Ca++ and Mg++ ions present in the original water, or when the organic matter
absorbed or attached to sediment particles exceeds more than 1 per cent of the weight
of the sediment. The influence will vary with sediment concentration in the river. If
the sample has not been lrealed for organic matter and no dispersing agent has been
applied to the suspension medium, no reasonable explanations can be given for the
results of size analysis in the original water due to the complicated relationships
existing among the variables. In some rivers, flocculation varies with the season
while in others no change is noticeable. It is for this reason that analysers generally
find it preferable to disperse the sediment sample and to use distilled water as a set.
tling medium. In other words, size analysis is preferably carried out in a standard
stale inSlead of a natural state.
For compilation of comparable data it is proposed in the manual issued by
the USGS (1977) that size analysis be performed in distilled water for routine work
and at the same time by two parallel methods for certain key stations, involving one:
third or one-quarter of the samples. Original and distilled water are used in the analysis as well as in the treatment of samples. When the original water is used no treatment for dissolved salts and organic matter is necessary and no dispersing agent is
added to the suspension medium for measuring the settling properties- (Nordin,
1981).
In general, samples are lrealed by the following procedures:
(a)

Treatment for dissolved salts: sample is heated to boiling point
and supernatant waler is withdrawn afler settling. The procedure is
repealed until basically no dissolved salts are found to exist in the
sample;

(b)

Treatment of organic matter: 5 ml of 6 per cent HzO z is added to
1 g of sample and mixed to speed up the oxidation process;
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(c)

Anti-coagulation: Dispersing agent is added to the sample. The
effectiveness of the anticoagulation agent should be determined by
experiment In general, 1.5 ml of 0.5 N-(NaP03) may be added to
each gram of sediment. The original water has a pH value of 7.0 to
8.5. For pH of less than 7, NaOH should be used as the dispersing
agent (Ministry of Water Conservancy, 1975b).

During field sampling for size analysis, dissolved-salts content and water
quality should be monitored by measuring pH, concentration of Ca, Mg, Na, K, carbonates, etc. Appreciable amounts of coal powder or fragments are sometimes present in the sample. The densiIy of the coal powder is quite different from that of
ordinary sediment particles which are composed mainly of minerals. Separation of
the coal particles is necessary to minimize the probable error induced by the difference in densities.
From the above discussion it may be concluded that, with the present state
of knowledge, it is better to make size analysis by a standard method of sample treatment, keeping the sediment in a state of dispersion. Parallel analyses should be made
to study the potential of flocculation and the influence of organic matter on size distribution. Chemical analysis of water should be made with original water while collecting samples for size analysis.
5.3

Measurement of physical properties

Some physical properties of sediment particles or groups of particles are
important parameters in the study of sediment movement. The relation between sediment size and its physical properties is shown in Table 16. Nomenclature of different
sediment sizes follows the standards prevailing in the hydrological and hydraulic
engineering field in China. It differs very little from that adopted by the American
Geophysical Union. Close relationships exist between sediment size and its physical
properties, as well as its Iype of movement.
5.3.1

DENSITY OR SPECIFIC GRAVITY

Density or specific graviIy is an important physical property of a sediment
particle, which may be measured with a specific-graviIy flask. A sample with a dry
weight W, is transferred into the flask filled with distilled water. Air bubbles are
removed from the flask by vacuum pumping or boiling. The weight of the flask filled
with the water-sediment mixture Wws and the weight of the flask fIlled with distilled
water Ww are measured by a sensitive balance. Specific graviIy of sediment particles
may be calculated by:

W,

SG = -----,--'---,
W,-(Ww,-W w )

(45)
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where SG is the specific gravity of sediment particles;
W s is the weight of the sediment;
Wws is the weight of the flask filled wilh lhe water-sediment mixture;
Ww is the weight of the flask filled wilh distilled water.
TABLE 16 Sediment properties as related to sediment size
P't"i nc i pal
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In general. lhe specific gravity of sediment particles varies from 2.60 to
2.70. For quartz sand particles a value of 2.675 is usually assumed. Sedimeut particles are composed of various kiuds of rock fragments, mineral fragments and clay
minerals. Specific gravity obl1lined by lhe above melhod represents an average value
of lhe composite sample. If an appreciable amount of coal powder is present in the
sample, it should be separated from the sample.
5.3.2

UNIT WEIGIIT OF SEDIMENT DEPOSITS

The unit weight of sediment deposits should be obtained to convert the volume of deposits into weight. It is also an important parameter in the study of sedimentlransport. Unit weight of sediment is defined as the dry weight of sediment particles per unit volume of sediment deposit. Methods for determining unit weight
in situ or in the laboratory were discussed in Chapter 4. In general, undisturbed samples are obtained in the ficld and sem back to the laboratory for analysis. If it is difficult to obtain an undisturbed sample in the field, a disturbed sample may be taken
instead and lhe unit weight may be estimated by empirical formulas from size analysis data.
The initial unit weight may be obtained by the following empirical procedure: Divide the sample into size groups and weigh each size group. Mix each size
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group with water in separate calibrated vessels and wait until the particles settle. The
vnlume of the deposits may then be measured and the initial unit weight can be computed and plotted as shown in Figure 35.
Lane et al. proposed the following formula to compute the unit weight of
deposits (Yanoni et aI., 1975):

'0 + B

, =

(46)

log t

in which, is the final unit weight accounting for the degree of compactioll and the
variatiou of unit weight with time;
is the initial unit weight;

'0

B is a coefficient;

t is the age of deposits in years.
The quantities,0 and B differ for sand, silt and clay deposits. Table 17 gives values
of'oandB.
TABLE 17

Un~

weight of depos~s in I m-3

sand
Reservoir operation
Deposits always submerged
Moderate drawdown
Obvious drawdown

Fnequentdrawdown

'.

a

'.

1.489
1.489
1.489
1.489

0.0
0.0
0.0
0.0

1.041
1.185
1.265
1.313

Silt

Clay

a

'.

0.091
0.043
0.016
0.0

0.480
0.737
0.961
1.249

a
0.256
0.171
0.096
0.0

'0 = initiaf unit weight;
B

= coefficient.
Vanoni et a!., 1975

SoUltCB;

The unit weight of a composite sample may be determined from Formula 46
by knowing individual fractions of sand, silt and clay from size analysis. For
instance, if the composition of deposits is 20 per cent sand, 40 per cent silt and 40 per
cent clay and the deposits are always submerged, then the unit weight of the composite deposits after 100 years would be 1.19 t m-3• Here, the unit weight of an individual size fraction is obtained by Formula 46. The method as proposed, taking into
account the properties of sediment mixture and various means of reservoir operation
or degree of compaction, can be considered a reasonable means of estimating the unit
weight of reservoir deposits.
5.3.3

DETERMINATION OF DISSOLVED SOLIDS

Determination of dissolved solids is an auxiliary item to be carried out in
the laboratory. The evaporation method is usually used for this purpose. Supernatant
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clear water is withdrawn from the sample and is placed in an oven at 110°C for about
one hour. Weight of the residue dividcd by the volume of clear water withdrawn
from the sample represents the concentration of the dissolved solids. Other relevant
analyses should be made according to prevailing standard chemical analysis procedures for monitoring water quality.
5.4

Monitoring the quality of particulate matter

There are many other physical and chemical properties of sediment worth
investigating, such as the mineral composition of sediment particles, non"toxic or
toxic elements attached to the surface of fine particles, etc. However, such analyses
are usually carried out in specialized laboratories and not in field laboratories
involved in the evaluation of tOlal quantities of sediment transported in rivers.
The following paragraphs are abstracts taken from the GEMS/Water
Operational Guide. Global water-quality monitoring is part of UNEP's Global
Environmenlal Monitoring System (GEMS) (WHO, 1978).
5.4.1

GENERAL

Particulate matter, a broad name for fluvial sediment, is an imporlant element to be monitored in environmenlal quality studies, for it can be considered a pollutant carrier. Heavy melals and organic micropollutants are mostly carried on the
particulate matter. Whcndepositcd, the conlaminated particles constitute a potential
pollutant source available to contaminate the biota through direct contact or by
release of pollutants into the water body. The level of contaminants in sediments can
be used as indicators in the detection of environmcntal contamination, even at very
low levels.
The substances found on particulate matter can be classified into two major
groups:
(a)

Pollulants - organic or mineral substances, natural, anthropogenic
or both - which are directly toxic to humans or to the biota;

(b)

Nutrients. The eutrophication eventually affects the water quality
indirectly by lowering the dissolved oxygen content during the oxidation of organic matter.

Substances pertinent to the quality of particulate matter related to different types of
sediment are listed in Tablc 18 (microbiological analysis not included).
It has been found that the absorption capacity of the sediment is indirectly
proportional to its grain size. The finest fractions (colloids and clays) have the highest absorption capacity, particularly for heavy mClals, radionuclides and pesticides.
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TABLE 18 Substances pertinent to particulate malter quality

Substances measured in:
Suspended matter
Deposited matter
Basic substances

Total suspended solids,
volatile suspended
solids

Substances of global
significance

Hg, Cd, Pb, chlorinated
hydrocarbons

Optional
substances

Toxic

substances

Size fractions,
ignition loss

As, Cu, Cr, Ni, Zn.
polycyclic aromatic

hydrocarbons
Nutrients

P, N

Organic

Chlorophyll, total
organic carbon, particulate organic carbon

matter

Supporting

substances

Matrix effects:
general information
Geochronology

AI, Fe, Mn, quartz
content

Particulate
organic carbon

AI, CaC03, Fe,
Mn

137-Cs, 210-Pb, pollen
analysis, water content
and dry density

The presence of clay minerals is usually linked to a higher concentration of
pollutants. The concentration of pollutants in the particulate maller is also proportional to the amount of organic particulates.

5.4.2

MONITORING PROGRAMME

A systematic monitoring of the quality of sediment in rivers and reservoirs
should be a major component of the water quality monitoring system, particularly in
sediment-laden rivers. The purpose is not only to assess the present level of pollution
but to evaluate the quantity of those substances flowing into lakes, reservoirs or other
water bodies. Trends of these levels and fluxes could be predicted. The programme
may be carried out in steps. In the preliminary studies flow regime, variation in suspended-sediment discharge, location of pollutant sources and types of pollutants
should be investigated. Detailed information should then be collected in the second
phase of data collection. Sampling networks should be carefully planned.

5.4.3

FIELD WORK

The quantity of pollutants in the particulate matter is usually rather small.
Contamination of the particulate matter during sampling and processing should be
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avoided. Procedures recommended for sampling depend on the type of substances
under study. For mineral mieropollutants it is preferable to use a plastic sampler and
hard-lined polyethylene bottles for storage. For organic micopollutants plastic
devices should be avoided in all operations, from sampling to the laboratory analysis.
The sampler should be mctallic and rinsed with hexane or other organic solvent free
of chlorinate hydrocarbons. For organic carbon and nutrients, the sampling and filtering apparatus can be metallic or plastic, cleaned and rinsed normally. Storage vessels are better made of glass.
Samples of bottom sediment to be analysed for contaminants should be
taken from the inner part of the original sample. Those to be analysed for trace metals should be kept in plastic bags and those to be analysed for toxic substances kept in
glass vessels.
Criteria for the selection of measuring points and sampling verticals for
pollutants are similar to those for taking sediment measurements. However, the
quality of the sediment is much less variable than its quantity across a section. An
integrated sample of the average total suspended sediment loads can be considered
as representative of the quality of the particles. Sampling frequency is determined
according to the type of information needed. In general, 12 analyses per year
should be made at the beginning of a programme and the number of analyses
should be adjusted and appropriately timed to facilitate the evaluation of total flux
of contaminants. The minimum amount of suspended matter to be sampled is 500 mg
and the volume of water rcquired may vary from IO to 100 I, depending on the turbidity.
For separation of dissolved from particulate matter, sample filtration is
always recommended. Filters with a 0040 to 0045 IlJ11 pore size are commonly used.
Different types of filters should be used for the separation. For toxic mineral substances, organic filters (polycarbonate, cellulose, acetate) are recommended. Glass
fibre filters are recommended for toxic substances, particulate organic carbon and
chlorophyll measurements. It is possible that glass fibre filters may absorb dissolved
chlorinated hydrocarbons. The amount of pollutant absorbed by the filter should be
calculated. Filters should always be cleaned in a dilute solution of clean acid, followed by a rinse with double distilled water for the metal analysis, and by solvent
extraction and baking at 300°C for the toxic substances.
All the samples should be carefully stored, in dry form, before analysis.
The drying temperature varies with the type of pollutant or nutrient: 20°C for
organochlorines and hydrocarbons; 50°C for nutrients, total organic carbon and
volatile mineral compounds of As, Hg, Pb. For determining trace metals and nutrients, samples should be stored in plastic bags in a refrigerator. For determining
hydrocarbons and other organics, samples should be placed in glass containers sealed
with aluminum foil and stored in a freezer at a temperature of _20°C.

----------
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LABORATORY PROCEDURES AND DATA EVALUATION

Detailed procedures for laboratory analysis and the pretreatment of samples
are not discussed in this report. Reference should be made to the GEMS/Waler
Operational Guide (WHO, 1978). To ensure that the results of analysis are of good
quality and comparable to the results obtained from all Iaboratories in the entire monitoring system, sample collection and prerreatment procedures should be unified and
standardized as much as possible over the whole monitoring system. The qnality of
analysis may be conrrolled by intra- and inter-Iaboratory comparative analysis. The
accuracy of the analyses can be checked in individual laboratories by applying a chosen analytical method to standard reference materials of known concenrrations. Interlaboratory analysis of homogeneous samples of unknown concentrations can be made
to yield comparative results.
The data evaluation should take various factors into account: dilution of
pollutants by nncontaminated materials such as quartz or carbonates, correction for
size fraction and evaluation of natural backgronnd values. The analysis of pollution
fluxes in rivers and sediment deposited in lakes and reservoirs can be incorporated
with the processing of the data on measurement of sediment discharge.

CHAPTER 6

DATA PROCESSING

Data on sediment transport provide infonnation needed for the development of water resources. Sediment data acquired by various means have to be
processed in a uniform manner. Sediment discharge data may be interpolated at
any time. Daily, monthly and annual sediment discharge and variations in size
gradations are usually tabulated and published together with the original observed
data.
6.1

Data processing for suspended load

In order to evaluate the total quantity of sediment transported throngh a
specific section, the sediment concentration of the unit sample and the measured sediment discharge have to be further processed. The first step should be a cateful examination of the original data. Any abrupt change in sediment concentration reflected
on the hydrograph should be thoroughly examined to fmd out if there were any mistakes in the process of data acquisition. Errors should be corrected if possible. A
detailed examination of the original data obtained in the field is an indispensable and
important task to ensure the desired accuracy. The measured sediment discharge,
after amendment for possible errors, should be tabulated in time sequence. By proper
computation, daily average sediment discharge as well as sediment concentration can
be obtained and tabulated.

6.1.1

COMPUTATION OF SEDIMENT DISCHARGE AND CROSS-SECTIONAL AVERAGE SEDIMENT CONCENTRATION

Ideally, sufficient sediment discharge measurements shonld be taken routinely in the cross-section to define its variation both in time and space. However, in
practice, simplified methods have to be used, particularly during floods. If unit samples are taken, the sediment concentration of the unit samples should be converted
into a cross-sectional average concentration. Relationships between unit sample concentration and cross-sectional average concentration, variation in the proportional
coefficient with stage and/or with time, etc. may be used, depending on local conditions.
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6.1.1.1

Relationship of unit sample concentration andcross-sectional average

concentration
The above relationship is commonly used in China and is suitable for rivers
where the relationship is relatively stable. The relationship may be expressed by the
correlation at a single vertical or at multiple verticals depending on the characteristics
of the measuring section, the source of sediment and the method for taking unit samples. If the concentration of the unit sample is closely related to that of the cross-sectional average and deviations from average verticals are less than ± 10 or 15 per cent
for a number of points at a frequency of 75 per cent, the relationship may be considered relatively stable. A regression line passing through the centroid of groups of
points is used for conversion of the concentration in the unit sample to cross-section
average. Figure 36 gives an example of such a relationship.
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In cases where concentration for flows above a certain water stage have
obvious tendencies to deviate from the average line and the cross-section is relatively
stable a second line, different from that for lower stages, may be established, as
shown in Figure 37. This may occur when a river overflows its banks and occupies
its flood plain andlor when the distribution of suspended sediment at high stages differs from that at lower stages and the position of the unit samples is kept the same for
all stages.
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If the points on the graph of unit concentration against cross-sectional average concentration tend to group according to the season of the year, the correlation
may have two branches, as illustrated in Figure 38. It was found from analysis of the
field data that the scattering of points was due to the shifting of the thalweg in the
flood season. From January to June 1956, the main current was located near the left
bank and the unit sample concentration approximately equalled the cross-sectional
average. From June to July, the main current shifted gradually from the left bank to
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Figure 38 - Relationships of sediment concentration at Imen Station, Yellow River"in 1956

the right due to drastic changes in the bed, but unit samples were still taken ou the left
bank. Consequently, concentratioujn the unit sample was much lower than that of
the cross-sectional average. After July, the cross-section became stabilized but the
main current remained near the right bank. Three correlation lines were then used for
conversion purposes (Cui Jiajun, 1965).

6.1.1.2

Variations o[proportional coefficient with water stage

If systematic deviations in the relationship between the unit sample concentration and the cross-sectional average concentration are observed for different water
stages, the proportional coefficient method may be used to advantage. The coefficient, defined as the ratio of measured cross-sectional average concentration to the
corresponding unit sample concentration, is computed from the observed data and
plotted against the stage, as shown in Figure 39. The cross-sectional average concentration may be determined at any time by multiplying the unit sample concentration
by the proportional coefficient obtained from Figure 39, using the water stage as a
parameter. If the deviation of more than 75 per cent of the measuring points is less
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than ± 10 La 15 per cenl [rom the curve, then the relation expressed by the Clli-ve may
be used for conversion; if the deviation is greater, another appropriate method should
be used.

6.1.1.3

Variations ofproportional coefficient with time

In cases where the relationship between the concentration of the unit sample and the cross-sectional average concentration; i.e. the proportional coefficient,
shows a large scatter due to variations in flow conditions, neither stage nor discharge
can be correlated with the proportional coefficient. Variations in the proportional
coefficient with time can be plotted similarly to a hydrograph and used for interpolation if there are sufficient sediment-discharge measurements as shown in Figure 40.
The cross-sectional average concentration can then be obtained by multiplying the
unit sample concentration by the proportional coefficient interpolated from the graph
(USGS, 1972).
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Here, further commentson unit s8JIlpling are.called for. In Chapter 1, section 1.2.3.3, the idea of unit sampling is considered merely as a simplified method to
supplement a conventional method.. If three to ·five verticals, arranged on an equal
discharge increment basis, are adopted as a unit sampling method, the result may be
acceptable. However, if only a single vertical is used, the unit sample may be unrepresentative of many rivers due to the loose correlation between the unit sample concentration and the cross-sectional average concentration. In some streams, such as
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the Danube, where the concentration varies between only 50 mg 1-1 and 1.5 g lot,
there can be quite remarkable differences between the concentration at various points
and the cross-sectional average. In untrained rivers, significant and time-dependent
differences may exist even in the higher concentration ranges. Therefore, the advisability of adopting this kind of unit sampling should be carefully examined by study
of actual data and in the light of experience. The treatment of data as illustrated in
Figures 36 to 40 can also be used to estimate the applicability of the optical or nuclear concentration gauges, as well as an automatic pumping device, mounted at a fixed
point of the cross-section.

6.1.1.4

Discharge-sediment-discharge relationship

The relationship between water discharge and sediment discharge is sometimes called the sediment rating curve. If a sufficient number of sediment-discharge
measurements have been taken, a sediment rating curve can be plotted and used for
extrapolation purposes_ The rating curve can be drawn from measurements at different stages of a flood. If the peak of the sediment discharge lags behind the peak of
discharge, a clockwise loop is usually obtained and vice versa. In cases where insufficient observed data are available to define the loop, an average line is drawn
through the data as an approximation. However, the result is less accurate or reliable
than if the loop in the rating curve can be drawn.
The relationship of water discharge to sediment concentration may be
drawn for different time intervals such as instantaneous, daily, monthly, annual or
flood period_ The instantaneous curve may reflect the effect of different factors on
the basic transport characteristics; however, it is not theoretically applicable to the
direct computation of daily sediment discharge from daily water discharge, except for
days on which the rate of water discharge is approximately constant throughout the
day. Daily or instantaneous water-sediment discharge curves, adjusted for factors
which account for some of the scatter from an average curve, may be used to compute approximately the daily, monthly and annual sediment discharge (Mimikou,
1982).
6.1.2

DEVELOPMENT OF A SEDIMENT HYDROGRAPH

Together with the hydrograph of stage and discharge, the sediment hydrograph reflects the variations in sediment discharge or sediment concentration with
time. Many integrated, complex interrelations among variables affecting the availability and movement of sedimcnt in streams can be seen from the graph. Visual
inspection can be made of the adequacy and frequency of measurement. If insufficient measured data are available to define the hydrograph it is necessary to estimate
the concentrations for the missing periods. A study of the variation and range of sediment concentation with time at a specific station in the past record should be useful
in estimating concentrations for ti,e missing periods. Direct comparison with the
sediment hydrograph obtained in adjacent stations is an effective tool to check the
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accuracy of the record under study. The water-sediment discharge relation may also
be used to advantage. The metlJods or combination of metlJods nsed to estimate
missing data may vary from station to station and may also vary seasonally for tlJe
same station. Each period of missing data should be studied on tlJe basis of comparisons of tlJe results obtained by two or more methods. A study of the sediment
hydrograph can also be helpful for improving the frequency and proper timing of
measurements in future floods.
6.1.3

COMPUTATION OF AVERAGE DAll..Y SEDIMENT DISCHARGE AND CONCENIRATION

During tlJe low-flow season or when the water discharge shows little variation, only one sample is taken daily or even over several days. Average daily sediment concentration is usually obtained by interpolation of an appropriate value from
the sediment hydrograph for the day. Sometimes, samples taken on successive days
are combined for treatment. The concentration may be used as tlJe average concentration for tlJe period. If tlJere is no appreciable change in discharge but the sediment
concentration shows variations, several samples may be taken in a day. The aritlJmetic mean of the concentration may be used as the average value.
A graphical method may also be used to obtain tlJe average value of concentration over an interval of time. This is accomplished with a thin sheet of plastic
with an index line etched along its major axis. The average value is detennined by
placing tlJe index line over tlJe intersection of tlJe sediment concentration time graph
and tlJe vertical line representing the beginning of tlJe time interval. The index line is
rotated abont this intersection nntil tlJe area A is visnally balanced witlJ the area B, as
shown in Figure 41. The average value is read at tlJe intersection of the index line
and the vertical line representing tlJe midpoint of the time interval.
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Figure 41 - Determination of average value by graphical method
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If there are appreciable variations in discharge and sediment concentration
during a day, errors involved in the computation of daily average sediment concentration by the methods discussed above will be intolerable. In such cases the concentrations should be weighled with the water discharge in the computation of daily average sediment discharge or concentration. The most common methods may be summarized as follows:
(a)

Instantaneous discharge may be multiplied by the cross-sectional
average sediment concentration to yield the instantaneous sediment
discharge. The instantaneous sediment discharge is plotled against
time. Inlegration of the sediment discharge with time should give
the total sediment load in a day. In other words, the sediment discharge should be weighed by the time inlerval it represents to give
the mean daily sediment discharge:

(47)

whereQs

is the mean daily sediment discharge;
is discharge at 0 hours;
q24 is discharge at 24 hours;
Cso is sediment concentration at 0 hours;
Cs24 is sediment concentration at 24 hours;
LIt is the time interval between measurements in hours;
/I
is the number of measurements in a day;
j
is an index for discharges, concentrations and the time
inlervals between measurements.
qo

qo' q24. Cso and Cs24 may be interpolaled from the hydrograph. An

example of a calculation according to Formula 47 is shown in
Table 19.
(h)

The sums of two successive discharges and the corresponding
concentrations are multiplied together to obtain the average
sediment discharge in the time interval. Daily average
sediment discharge is then obtained by summation of the
product of average sediment discharge and the time interval it
represents, divided by the total time interval in a- day, as
shown in the following expression:

Qs

=

9~

N

t:,

(q;-I + qi)

(C,;-l

+

c,J

(48)
"'Ii
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Errors involved in this method may be smaller than in the method
of Formula 47 under conditions in which both discharge and sediment concentration change drastically during a day and the number
of measurements is insufficient to delineate the changes.
TABLE 19 Computation for average daily sediment concentration and sediment
discharge
Day

Time
(hr)

Dlscharge
(m 3 s- 1)

(1 )

(2)

21

0000
0800
1800
2000
2100
2140
2200
2300
2400

Weighted
average

6.1.4

.

(3)

Crosssec. avo

Sediment
discharge
sed. cone. (kg 5.' )
(4)
(5)

2.33
1.96
1.50
69.50
47.90
36.80
69.50
150.00
143.00

18.3
16.2
43.2
33.2
476.0
467.0
463.0
502.0
195. 0

19.4

--

Weight
of time

intervals
(6)

Product

Daily

of
(5) x (6)
(7)

avo sed.
sed.
(8)

42.64
31.76
64.80
2307.40
22800.00
17186.00
32179.00
75300.00
27885.00

8.0
18.0
12.0
3.0
1.7
1.0
1.3
2.0
1.0

341.1
571.5
777.6
6922.2
38760.0
17186.0
41832.0
150600.0
27885.0

Summation

48.0

284875.0

5930.0

Daily
sedcone.
BV.

(9)

306.0

TABULATION OF AVERAGE DAILY SEDIMENT DISCHARGE AND CONCENTRATION

Average daily sediment concentration and sediment discharge are tabulated
after examination for possible mistakes made in the process of computation. Figures
and results of mathematical operations should be checked.. The monthly average sediment concentration is obtained by dividing the monthly average sediment discharge
by monthly average discharge. Similarly, average annual sediment concentration is
obtained by dividing the average annual sediment discharge by average annual discharge. Total annual sediment discharge is summation over a year of the product of
the average daily sediment discharge in kg s·1 and the number of seconds in a day.
The sediment modulus is defined here as annual sediment discharge per unit area of
drainage basin. It is obtained by dividing the total annual sediment discharge by the
area of the drainage basin and is usually expressed in t km-2 yr l •

6. 1.5

EXAMINATION OF PROCESSED DATA AND EXPLANATIONS OP DATA PROCESSING

The processed data, including the average daily, monthly and annual sediment concentration and sediment discharge, should be carefully examined for its reasonableness and all calculations should be checked. In the published yearly report,
explanations should be given concerning the major factors and procedures followed
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in the data acquisition and processing to help the user judge the quality of the data for
his specific purposes.

6.1.5.1

Examination ofprocessed data

For the data obtained at a single station, relationships between the sediment
concentration of a unit sample and a cross-sectional average concentration, and relationships between sediment discharge or sediment concentration versus water discharge, as shown by the data obtained over a year, should be compared with the relationships used in past years. If there were no changes in the operational methods,
either in the measurement of sediment discharge or in the collecting of unit samples,
the trends in the relationships should not vary. Points deviating from the trend should
be checked for correctness or possible reasons for the deviation should be explored.
Hydrographs of discharge, water stage and sediment concentration should be drawn
to detect any unreasonable bias. Inconsistency can usually be judged by experience
and should be rectified if necessary.
In the comparisons, impacts on the sediment yield such as construction of
impounding reservoirs, land reclamation, effectiveness of soil conservation works,
etc. should be taken into consideration.
Sediment and water balance data may also be used in the examination of
processed data. Monthly and annual sediment discharge at stations located on the
same river should be tabulated according to a sequence from upstream to dowustream. Inflows from nibutaries should be added to the sediment load at upstream
stations and compared with the sediment load at downstream stations. Amounts of
sediment withdrawn from the river, sediment inflow from intemiediate regions and
the amount of deposition or erosion should be estimated or measnred, in order to
detect any bias. This can be expedited by applying a sediment-balance equation
(WMO, 1981b; Ministry of Water Conservancy, 1975b; USGS, 1972).

6.1.5.2

Summary ofexplanations ofdata processing
An explanation of data processing should include:
(a)

Operational methods for sampling suspended sediment, instrumentation, methodology, sampling frequency, problems remaining to
be solved, etc.;

(b)

Analysis of data, checking for reasonableness, method of interpolation if any;

(c)

Assessment of accuracy and reliability of the data;

(d)

Suggestions for future work, problems remaining unsolved, etc.

I~

6.2

C~R6

Data processing for bed load

Bed load is a part of the bed material load. It varies with the velocity of
flow and other hydraulic properties. The measured bed-load discharge shonld be
plotted on the hydrograph of water stage, discharge and suspended sediment discharge to detect any inconsistency. Abrupt changes or deviations from an average
tendency should be checked for reliability in the measnrement of bed load. Measnred
bed-load data are tabulated for further processing. Daily bed-load discharge is computed by appropriate methods.
6.2.1

COMPUTATION OF DAlLY BED-LOAD TRANSPORT RATE

If a sufficient number of bed-load measurements have been made over a
section, a hydrograph may be plotted to show bed-load movement for the duration of
the hydrometric investigation. Daily bed-load transport rate may be read directly
from the hydrograph. For some stations, many measurements are necessary to define
the hydrograph. Accuracy of each measurement relies, of course, upon proper selection of sampling verticals and the sampling techniques.
Although the bed sediment moves at random under average conditions, a
definite relation exists between the bed-load transport and hydraulic elements.
Empirical relalions between bed-load discharge and hydraulic quantities may be
based on measurements in low and medium flows and extrapolated to high flow conditions. After verification with measured bed load, well known formulas may· be
used in the calculation (Lin Binwen, 1981). Empirical approaches currently in use
are grouped below.

6.2.1.1

Bed-load transport as related to average velocity

An exponential relation may be established between average velocity and
bed-load discharge, as shown in Figure 42. The average velocity may be obtained
from the average daily discharge.·

6.2.1.2

Bed-load transport as related to discharge

The rating curve shown in Figure 43 was obtained at Yichang Station on
the Yangtze River, China, in 1974. Two curves were obtained for a bed-load discharge of gravels. Curve I was obtained for the river reach under. deposition prior to
August of that year, while curve 2 was obtained for the river reach nnder erosion.
The bed-load transport rate could then be determined by directly extrapolating from
the average daily discharge (Xiang Zhian, 1980).
Stream power may also be used .as an important factor in establishing the
relationship between bed-load discharge and the hydraulic elements of the flow. The
establishment of such a relationship, as well as the above-mentioned empirical rela-
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tionship, depends on the bed material size composition of the river. If the bed material composition remains relatively stable during floods, bed-load discharge should he
uniquely related to hydraulic elements. It has been' revealed by various researchers
that an armouring effect takes place in the bed-load movement which should he considered in the establishment of relationships between bed-load transport rate and
hydraulic elements. After an extensive study of the bed-load movement in the East
Fork River, Emmett et al. (1981) reported the temporary storage ofhed sediment in
certain river reaches due to spatially varied transport rates. Figure 44 presents data
which demonstrate how the bed-load Iransport rates may vary at different localities in
a river reach with discharge or stream power.
6.2.2

TABULATION OF RESULTS Al>"D EXPLANATION

Procedures similar to the ones for treating suspended load should he followed for processing bcd-load data. However, careful examination of the original
field work is indispensable to checking the validity of the field data. Sometimes
observed field data are too scarce to fulfil the minimum requirements for the computation of daily bed-load discharge, or the empirical relationships to he used in the
flood periods have not been verified by actual data. Only actual observed data should
he tabulated. The daily as well as monthly average bed·load discharges, obtained
mainly by computation using empirical formulas, should he clearly marked to indicate how they are obtained. An assessment of reliability should he included in the
explanations.
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Data processing for sediment size

Data obtained from size 311alysis of field samples are usually expressed in
percentages finer than a certain size. According to the classification adopted in various standards, definite sizes are chosen in the final tabulation of original size data. In
China, for instance, definite sizes are set at 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5,1.0
and 2.0 mm. In the US, divisions are set at 0.004, 0.008, 0.016, 0.031, 0;062, 0.125,
0.25, 0.50,1.0 and 2.0 mm (Minislry of Water Conservancy, 1975h; USGS, 1976).
In the processing of sediment size data, results obtained from size 311alysis
of suspended 311d bed·load samples, bed material and sediment deposit samples
should all be carefully checked for correctness. As two or more methods may be
used in the 311alysis of a sample, the composite size gradation curve should be drawn
smoothly through the entire range of sizes. The data should also be examined for reasonableness before 311Y computation proceeds further.
There arc two approaches to the presentation of sediment size data. One is
to express directly the percentage finer th311 a certain size and tabulate the results of
computation for daily, monthly 311d yearly average values. The second is to divide
sediment into groups according to the prevailing standard classification, for instance
gravel, s311d, silt, clay, etc., and to compute sediment discharge by size fractions. The
average daily value could also be expressed by size groups. Instead of expressing the
size data by percentage finer than a certain size, the amount of sediment discharge
classified in size groups is tabulated for further use.
6.3.1

AVERAGE DAll.Y GRAIN SIZE OF SUSPENDED LOAD

The average percentage finer than a certain size is commonly used to
express sediment size in computation. Usually only a limited number of precise measurements for' the distribntion of sediment concentration 311d .sediment size over an
entire cross-section are available in a year. Therefore, the unit sample used in the
measurement of sediment concentrations has also been used to define the variations
in sediment size with time. Unit samples taken for the purpose of determining sediment concentration may also be used for size analysis. Again, the relationship
between the percentage fmer for the unit samples 311d for the cross-sectional average
samples can be used for determining the average size distribution. Figure 45 is 311
example of such a relationship. It is recommended that deviations from the average
correlation line should not exceed ± 3 to 5 per cent for 75 per cent of the points for
coarse particles and not exceed ± 5 to 10 per cent for 75 per cent of the points for fine
particles. Percentage finer for a certain size of the unit sample C311 be converted to a
cross-sectional average value by means of this relationship (Ministry of Water
Conservancy, 1975a).
As the vertical 311d tr311sverse distributions of sediment concentration have
different characteristics for different sediment sizes 311d vary with the hydraulic ele-
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ments of the flow, it would be impossible to obtain a simple correlation between sediment concentration for various size groups of a unit sample and that of a cross-sectional average sample. The method discussed above is merely an approximation for
practical purposes. For rivers with a large amount of fine materials, the errors
induced may be negligible. However, if coarse particles greater than 0.05 mm are
predominant, the errors should not be overlooked. The discharge of coarse particles
is usually underestimated.
Average daily, monthly and annual values of the percentages finer for a certain size of suspended sediment can be computed by weighting individual values with
the sediment discharge. If the sediment discharge is relatively stable, an arithmetic
mean may be used without introducing appreciable error.
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A second approach in determining mean size distribution of suspended sediment is to divide the sediment into size groups. For each size group, the procedures
discussed in the previous sections should be followed in the computation of average
daily, monthly and annual sediment concentration, and of sediment discharge.

6.3.2

COMPUTATION OF AVERAGE MONTHLY AND ANNUAL SEDIMENT SIZE

Average monthly and/or annual sediment size is computed from the size
gradation curve. After the average percentage fmer than a certain size is obtained for
a month or for a year, an average size gradation curve can be drawn. The limits of
each size group are indicated on the average size distribution curve and the percent
finer corresponding to these limits noted. The computation of average or mean sediment size may then proceed as follows:

•

I,M'; D;
D

=

''='''-:-:-100

(49)

where D

is the average monthly or annual sediment size;
is the percentage of the sediment in the ith size group;
is the mean size of the ith group;
Dj
Dui,D li are the upper and lower limits of grain size in the ith size group;
is the number of size classes.
II

LIP;

6.3.3

EXAMINATION OF TI-IE REASONABLENESS OF TIlE PROCESSED DATA

The majority of the sediment yield at a station comes from the upland erosion in the watershed. Definite trends exist for sediment sizes produced from various
physical-geographical regions in the watershed. Data on sediment sizes collected
each year should be compared with those of past years to detect any abrupt variations
which might be influenced by environmcntal impacts. The correctness of size analysis data should be checked in the first place to see if any systematic errors were
involved in the method of analysis or the method of computation. Hydrographs of
discharge, sediment concentration, sediment sizes or their equivalent percentage finer
values should be plotted to check the consistency of the results. Variations in sediment size are usually not as large as those in sediment concentration. In a sedimentladen river, suspended sediment sizes are generally coarser iu the uon-flood season
than in the flood season. During the passage of a flood the sediment load tends to
become coarser as a consequence of the high transport capacity of flood flows. In
assessing the reliability and reasonableness of sediment size data, the impact of
human activities as well as variations in natural conditions should be taken into consideration.
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It should be emphasized that a reliable computation of the daily, monthly
and annual sediment transport serves as a basis for a better evaluation of the variation
in sediment sizes. If armouring effects are significant, the granulometric changes in
the upper layer of the bed are an important characteristic to be investigated. Data on
the bed material sizes should be collected and processed and may be used in the study
of armouring effect as well as in the study of bed-material transport.

6.4

Data processing by computer

The method of data processing discussed in previous sections is the traditional method performed manually in many hydrological offices. However, fundamental rules still have to be observed if computers are adopted for data-processing
purposes such as recording and transmission of observed data. processing of data
according to a definite program and the storage, retrieval and publishing of the processed data.
6.4.1

COMPUTATION OF SEDIMENT DISCHARGE

Fundamental data to be processed are the average daily sediment discharge
and sediment concentration. Instantaneous water and sediment discharge and crosssectional average sediment concentration during the flood period should also be
extracted from the processed data for publication. Monthly and annual sediment discharge can be computed by summation of the daily values.

6.4.1.1

Cross-sectional average sediment concentration

If the sediment concentration ofa unit sample is closely correlated to the
cross-sectional average concentration. the original data on the sediment concentration
can be put into the computer. Optimum relationships can be obtained directly by
means of the method of the least square with the aid of a computer. In general, a
polynomial equation is established. Sometimes, the correlation may be drawn manually by a hydrologist with sufficient expericnce. A sufficient number of controlling
points may be extracted from the relationship and put into the computer for interpolation. The Lagrange interpolation formula is commonly used for such purposes.

6.4.1.2

Computation of average daily sediment concentration

In the previous sections, we discuss methods for computing average daily
sediment concentration based on manual procedures. Some of these procedures have
to be simplified in order to simplify the data processing. However, by meanS of a
computer, methods involving complicated manipulations which will give the most
accurate results may be adopted. Average daily sediment concentration is computed
from the weightcd average of the product of sediment concentration and water discharge divided by the average discharge.

132

6.4.1.3

CHAPfER6

Extraction ofsedimenltransport data

Some of the processed data are used in the publication of annual reports
wbich reflect the major results of common interest to all users. The processed data
extracted, such as instantaneous water discharge, sediment concentration and particle
size distribution, should be stored on magnetic tape and made accessible by a special
program to be available for various purposes. The extracted data should reflect the
entire process of variation in water discharge and sediment transport, particularly during floods. Criteria should be established for optimum selection of the appropriate
points.

6.4.1.4

Flow chart
Figure 46 is a flow chart for data processing.

6.4.2

DATA PROCESSING FOR PARTICLE SIZE DISTRmUTION

Sediment size data should also be processed to give the relation of crosssectional average size gradation to the instantaneous sediment discharge. The procedure is similar to that described previously. Once a cross-sectional average size distribution is obtained, the problem is to determine the interval of time it represents.
Determination of the division line of the time period represented by each size distribution depends upon whether or not there are maxima or minima points or points of
inflection between two adjacent measuring points at which size distribution data are
available (Zhang Kuotai, 1981). This procedure refers to the sediment in transport,
such as suspended sediment. Size analysis data for bed sediment should be compiled
and tabulated in proper formats. In general, no computation is involved in the data
processing of the size distribution of bed materials.
6.5

Data transmission, storage and publication

Hydrological data, in general, should be transmitted to a centralized office
for further processing. This is particularly true for sediment measurements such as
samples laken in the field which have to be sent to regional or district laboratories for
size analysis, even though the sediment concentration is nsually determined in field
laboratories. Except in a few cases, it is unnecessary to transmit sediment data on a
real-time basis. However, recent developments in automatic observation systems, as
wen as the widespread adoption of computerized systems for data processing, have
created the need for efficient transmission of observed data after preliminary processing.
·Different transmission systems may be selected according to the speed at
which data are required and the availability of proper instanations. Methods for
transmission of hydrological data may include manual, semi-automatic and funy
automatic methods. Details of the transmission methods will not be discussed in this
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report. Some general guidelines are discussed in the Guide to Hydrological
Practices (WMO,1981b).
The vast quantities of observed and processed data being gathered call for
careful consideration of its storage. Microfilms may be used to advantage as they
require only about one three-hundredth of the storage space needed for original
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records. For computer processing, digital data are used for transfer to punched cards.
At present, most of such data are transferred to magnetic tape or disk for working
storage. One 762-m magnetic tape at a typical density of 320 characters per centimetre will hold the data of about 250 000 cards. Duplicate copies of magnetic tapes can
easily be made. Punchcd paper tape can be discarded after the data have been transferred to magnetic tape. Microfilm is nsually used for permanent storage of data.
After propcr processing and tabulation in standardized formats convenient
for various uses, sediment data should be published by the relevant authorities. The
annual report is a common form of presentation for all fundamental hydrometric data,
including sediment data. Since sedi.,'ent data are always used in conjunction with the
water-flow data thcy should be published as a complete set rather than separately.
In general, the annual rcport is divided into volumes according to the river
drainage basins. Every year, data obtained at various stations located in the same
drainage basin receive preliminary processing at each station and are then compared
to rectify any processing errors. If there are any unreasonable results, careful examination should be made of the field and office work and, if necessary, additional field
investigations should be conducted. Correctness of computations should also be
checked to minimize probable errors. The next procedure is a final examination of
the data" obtained at various stations in the same drainage basin, within which water
and sediment balance should be achieved. Publication of the hydrological data is the
final step in the annual data-processing exerecise. Needless to say, the work should
be published promptly with errors kept to a minimum. In recent years, computer
technology has been universally adopted for data processing, induding publication.
In processing data by computer the normal fundamental procedures have to be followed if reliable data are to be expected.
Formats for publication may be greatly influenced by whether or not computers are used. .If the data have been collected on machine-readable media or if
manually collected data have already been transferred to machine-readable media,
tabulation can be performed by computer line printers or by photocomposItion much
faster and more economically than by manually typed copy. A typical speed for
printing is 100 lines per minute and no proof-reading is necessary.
Formats for publication are usually standardized by the authorities in
charge of hydrological measurements in each country. A series of manuals on data
processing of sediment measurement has been issued by various countries. As an
example, those issued by the Inland Waters Directorate of the Department of the
Environment, Canada, are listed in the references (1977; 1978; 1979); WMO/ HOMS
Reference Manual components may also be of use.

CHAPTER 7
ASSESSMENT OF ACCURACY AND RELIABILITY IN MEASUREMENT
OF SEDIMENT TRANSPORT

7.1

General description

Errors in measurement may be defined as the differences between the
observed and the true values. There are many sources of error involved in the measurement of sediment transport in rivers. Shortcomings in instruments and operational methods are unavoidable. It would be impractical to expect measurements to
attain a very high degree of accuracy.
Errors may be classified as systematic or random. Random errors, represented by the precision of measurement, are caused by many independent factors. As
the number of measurements is increased, the distribution of the deviations of
observed data from the mean value tends to follow a normal distribution. Thus, if
there are no systematic errors, a mean value can be determined which approaches the
true value as the number of observations increases. If a systematic error exists, it
cannot be eliminated by merely increasing the number of observations. Hence, systematic errors accumulate with the increase in the number of observations.
Systematic errors may constitute only a small fraction of the total amount of observed
sediment discharge, yet intolerable errors could result if the measured sediment load
were used in the estimation of the total amount of erosion and deposition for certain
reaches. Both random and systematic errors should be controlled within allowable
limits. Elimination of systematic error in measurement is a key problem in improving the reliability of sediment data.
7.2

Major factors influencing the reliability of measurement of sediment
transport

7.2.1

APPARATUS

Apparatus used in routine measurement should be chosen carefully and
maintained to minimize probable errors. For time-integrating and depth-integrating
suspended-sediment samplers, the ratio of intake velocity to the ambient velocity is
an important factor to be controlled. For a sediment size of less than 0.45 mm, error
would be less than ± 5 per cent if the velocity ratio could be controlled within 0.8 to
1.2 (USGS, 1976).
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Errors may also be induced by misuse of depih-iniegrating samplers. The
transit rate of the sampler should be kept uniform and less than 0.4 times the average
velocity in the vertical; othcrwise, samples may not be representative.
For an instantaneous trap-type sampler, the natural fluctuations in sediment
movement havc a large influence on the reliability of observed sediment concentration. The fluctuations vary with the characteristics of flow as well as with sediment
concentration. Figure 47 gives examples obtained by in situ measurements by means
of radioisotope gauges at two hydrometric stations, one on the Yellow River and the
other on a tributary. It is clearly shown that fluctuations in sediment concentration
seem to be less intcnsive under high concentration than under low concentration.
Concentrations in suspended sediment samples taken with horizontal traptype instantaneous samplers at more than 10 stations on several large rivers in China
were analysed for errors due to fluctuations in concentration. This study showed that
the relative standard crror in measured concentration due to fluctuations may reach
± 10 per cent.
7.2.2

CHARACfERISTlCS OF MEASURING SECTION

The boundary and hydraulic conditions of the measuring section are closely
related to the accuracy of measurement. If the measuring section is sited at a narrow
constriction of the river and the bed is composed mainly of gravel and pebbles, sufficient mixing will take place to suspend sand materials due to the turbulence of flow.
The distribution of sand-size materials should be fairly uniform; both vertically and
transversely. Under such conditions, samples taken by conventional or even Simplified mcthods can be considered representative and accurate, in comparison with samples taken at reaches in wide alluvial channels with a sand bed.
Figure 48 shows the transverse distribution of suspended sediment concen~
tration for different grain sizes at a station on the Yangtze River. Again, it is obvious
that, for coarse particles, the transverse distribution is not uniform. Appreciable
errors would be expected in the concentration of coarse sediment if only a limited
number of verticals were adopted.
As shown in Figure 49, for coarse particles sediment concentration, as well
as its gradient in the vicinity of the river bed, increases very rapidly. Errors involved
in disregarding the sediment load transported in the so-called unmeasured zone are
inevitable. In the measurement of suspended sediment, the error involved in sampling coarse particles is far greater than that for fine particles. Recommendations for
an operational method for suspended sediment measurement made in ISO Standard
4363 (ISO, 1977b) state that an index w!U* (see section 1.2.4, Formula 5) may be
used to express the uniformity of suspended sediment along a vertical. It is snggested
that, for a sediment size of less than 0.075 mm, the vertical distribution is rather uniform and sampling at any point in the vertical can be considered representative of the
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average sediment concentration in the vertical. However, the latter statement does
not apply to certain rivers. It is shown in Figures I and 2 that the distributions of
concentration for sizes of less than 0.05 mm or 0.062 mm are not uniform.
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7.2.3

SAMPUNG FREQUENCY

For rivers where the source of sediment is from upland erosion by storm
rainfall, the major part of the annual water and sediment flow will be concentrated in
the flood season and particularly in large floods. The degree of concentration is more
intensive for sediment load than for water flow. Under such circumstances. many
measurements should be made during floods if an accurate estimate of total sediment
yield is to be expected. In sediment-laden rivers elevation of the river bed and the
stage-discharge relationships may vary during large floods, as shown in Figure 50.
Field observations should be rapidly made in advance of sampling to identify the
variation in bed elevation and its effect on velocity.
Continuous records of sediment concentration have been made on the River
Creedy in England. as reported by Walling et al. (1981). These records have shown
that 80 per cent of the total yearly sediment load is transported in 3 per cent of the
time. In the Yellow River. on average, 68 per cent of the total sediment yield is transported in only two months of the year. In 1977, sediment transported in three floods
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,lasting only 10 days amounted to at least 70 per cent of the annual load. The temporal
variation in sediment discharge should 'he considered in deciding on sampling frequency.

7.2.4

IN STIV MEASUREMENT

Radioisotope gauges and turbidity meters have been used in some countries
to measure sediment concentration in situ. Accuracy of in situ measurement by
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nuclear gauge depends on the characteristics of each apparatus. Other conditious
being equal, the precision of measurement relates closely with the couuting rate of
the instrument in receiving radioactive signals from the source. The higher the counting rate the higher the precision and the lower the detectable concentration. For
nuclear gauges currently in use, the lowest detectable concentration is approximately
0.5 g I-I with an allowable relative error of 10 per cent In the low concentration
range, measurement error increases with a decrease in sediment concentration (see
Figure 10). The lowesl concentration within which the use of a nuclear gauge is permitted can then be determined by setting an allowable error for measurement of sediment concentration (Lu Zhi el aI., 1981).
To ensure the desired accuracy, attention must be paid to the field calibration or to the field check on the calibration curve by means of other reliable sampling
methods. Changes in water quality and mineral composition of the sediment may
induce variations in the calibration curve. It is important to calibrate the instrument
in the field by comparison with the sediment concentrations obtained by traditional
methods.
Measurement of sediment concentration in silu by turbidity meter can only
be applied in low concentration ranges, Le., lower than several g 1-1. Due to the
effect of grain size upon the intensity of light attenuated through sediment-laden
water, the instrument can only be used when there is lillie variation in sediment size.

7.2.5

MEASUREMENT OF CONCENTRATION AND SIZE ANALYSIS IN LABORATORY

When a representative sample has been taken in the field, it should be treated in the field laboratory or sent back to a central laboratory for treatment. Errors
involved in the treatment of sediment samples are one of the sources of error in determining sediment concentration and size gradation.
The volume of sample required to ensure a certain degree of accuracy in the
determination of sediment concentration should be considered with reference to the
sensitivity of the balance available in the laboratory. The weight of the sample
should fulfil the minimum requirements which the size analysis method demands.
Minimum requirements are listed in Table 20.
Analyses have been made in some countries of the errors involved in the
laboratory treatment of samples for sediment concentration and size analysis.
Systematic errors are easily produced if some important procedures are not followed,
for instance, correction for dissolved solids, calibration of the specific gravity flask,
etc. Results of experiments to determine error in various methods are given in Table 21.
It is clearly shown in the analysis that the evaporation method is an accurate method of determining the sediment concentration of a sample, even though the
weight of the sample is only 0.1 g. In the experimeut made for the above composite
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analysis, filter paper was used as filtering material. No corrections were made for the
soluble-mailer content of the filter paper, the amount of fine materials possibly leaking from the filter paper or the original moisture content of the filter paper. Some
systematic errors are therefore observed in the fIltration method, particularly for samples with a very limited amount of sediment. The precision of the displacement
method, after correction for the dissolved solids content, is not high but is still acceptable when the sediment contcnt is not very low.
The precision of different size analysis methods has been evaluated by
many parallel experiments made by the YRCC, China. Each sample is divided into
more than 30 parts and repetitive measurements using the same method of analysis
are made to determine the deviations from the mean value. Table 22 gives results of
the experiments to determine the precision of size distribution of sediment by the
photo-sedimentation method.

TABLE 20 Minimum weight in g of sample required for analysis
Sensitivity of balance

Filtration

Evaporation

1/1 000
1/ 100

0.1
1.0

Displacement

0.5
1.0

1.0
2.0

Methods for size analysis based on settling principle

VA tube

Siltmeter

Pipette

Hydrometer

BWtube

Photosedimenta
tion

Suitable range

Minimum weight
required

SOURCE:

Silt and clay size

Sand size

0.05 15.0

0.3 5.0

3.0 20.0;
1.0 5.0

15.030.0

0.5 -

<0.5

1.8

(Ministry ofWater Conservancy. 1975a; USGS, 1976)

TABLE 21 Errors in the treatment of sediment samples
Evaporation
Relative standard error ('Yo)
Systematic error (%)

1.4
-0.5

Filtration

1.4

--

Displacement

2.6
-3.5
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TABLE 22 Precision of photo-sedimentation method of size distribution

Deviation of
cumulative
percentage
finer at 80%
confidence
level
Settling system

0.005

0.01

Particle s i z e (mm)
0.025 0.05
0.05 0.10 0.25

0.50

1.8

2.3

3.2

2.5

4.8

Dispersed system

0.6

3.0

3.0

Clear water system

SoURCE: Long Yuqian et al., 1978

7.2.6

COMPUTATION METIIOD AND DATA PROCESSING

Different results may be obtained by using different data-processing methods. In the first place, systematic errors may be induced if the characteristics of the
vertical distribution of suspended sediment have not been considered. In computing
total sediment discharge, the transport of sediment load within the unmeasured zone
should not be overlooked, particularly for coarse particles, when the depth integration
method is adopted. When sampling by points is used, the lowest sampling point may
be at 0.9 or 0.95 of the relative depth. If the sediment concentration measured at that
point is taken as the sediment coucentration at the bottom in the computation, a negative error in sediment discharge would be iuduced because of the very large gradient
near the bed
The main purpose for processing sediment transport data is to calculate the
total amount of sediment transported in a month, a year or a flood period for a given
river. Methods for data processing may be classified into extrapolation and interpolation methods. By interpolation, the sediment concentration is determined from the
actual measured val ues and the total amount of sediment discharge is computed by
integratiou of the product of discharge and concentration with time. By extrapolation, a rating curve is established which defines the average relationship between
instantaneous sediment concentration and water discharge. Other parameters such as
different sources, seasonal variations, etc. may be used if necessary to improve the
correlations. Sediment discharge determined by means of a duration curve of discharge, together with a sediment rating curve, can only be used for a very rough estimate.
Walling e/ al. (1981) have studied the effect of various data-processing
techniques and sampling frequencies on the accuracy of calculated sediment yield by
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using continuous records of sediment concentration extending over seven years on
the River Crecdy, United Kingdom. The ratio of sediment yields estimated by laking
concentrations at different sampling frequencies to the actual measured sediment discharge obtained by detailed computation is used as an index of precision. In the
study, sediment discharge obtained by interpolation of sediment concentration and
weighted by discharge yields a result of relatively high accuracy. If the concentration
is not weighted by discharge or, in other words, if average sediment discharge over a
certain period of time is obtained by the product of average concentration and average discharge, the total amount of sediment discharge would be seriously underestimated. In assessing the reliability of data-processing methods, both the accuracy and
the precision should be considered (Walling et aI., 1981).

The average daily sediment concentration of the Yellow River is usually
computed by one of the following methods. Average daily concentration may be
obtained by taking the average concentration value interpolated from the sediment
concentration hydrograph, or it may be obtained by computing sediment discharge,
integrating with time to obtain a daily amount of sediment and then dividing by the
mean daily discharge. By comparison, it has been shown that large differences may
be obtained from using different computation methods, particularly during floods. In
1977, scdimeut discharge during eight-day floods at Lintong Station, Weihe River
(China), amounted to 0.443 billion t, about 76 per cent of the annual sediment discharge. The sediment discharge as computed by the average concentration method is
only 0.043 billion t. The difference in the two methods amounts to nearly 9 per cent
of the total sediment discharge transported in the floods. It is therefore recommended
that discharge-weighted sediment concentration be used rather than the average concentration method in the computation of sediment discharged during floods (Lin
Binwen, 1982).
7.3

Major factors influencing the reliability of bed-load measurement

The operational method for measurement of bed-load discharge differs considerably from that for suspended sediment due to the spatial and temporal variations
in bed-load movement. Experience on the East Fork River indicates that verticals
densely distributed across a river and measurements taken on double traverses are necessary to obtain an accurate and reliable measurement of bed-load discharge. In routine measurements, such requirements are not easily satisfied. The fact that the efficiency of samplers is not stable and that the transport of bed load varies spatially and
temporally makes it very difficult if not impossible to obtain reliable bed-load data.
In alluvial rivers bed-load material, including the discharge of bed load and
a part of the suspended load, should be closely related to the hydraulic and boundary
conditions of the flow. Direct measurements taken under relatively stable conditions
can be used to establish or to verify such relationships. An estimate of the yearly
sediment yield can be made by extrapolation, using mathematical or physical models
in which the total sediment transport rate has been verified for stable flow conditions.
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Analysis of systematic errors

Two examples will be cited in this report to illustrate the existence of systematic error in the measurement of sediment transport. In general studies of sedimentation processes leading to relationships used to give quantities needed in project
planning and analyses, serious consideration should be given to measurement errors.
Relationships based on measurements could result in intolerable quantitative errors
and even qualitative estimates based on such a relationship could be in error.
7.4.1

EVALUATION OF SEDIMENTATION PROCESSES

Long-term data on the amount of erosion and deposition have been accumulated for reaches of the Sanmenxia reservoir and the lower Yellow River, either by
sedimentation survey by the range method or by computation of the difference in sediment discharged at two hydrometric stations located at the ends of the reaches.
Table 23 shows the deviations obtained by the two methods in certain reaches,
including both random error and systematic error. For reaches from Tongkuan to
Sanmenxia in the Sanmenxia reservoir, the percentage deviation in the amount of
deposition took place over a certain period between two successive surveys. The percentage of deviation is plotted in Figure 51. The length of the reach is about 120 km.
It is shown that most of the deviations in the two methods are positive whether the
reservoir is under deposition or under erosion.
Table 23 shows the amounts of deposition which oecurred overextended periods in three reaches. The amounts of deposition were determined from field data
obtained by the difference in the sediment discharge method and the range method. The
differences in the amounts determined by these two methods are given in Table 23 in m3
and in per cent of the quantity of sediment flowing into the reaches in the periods of the
studies. The amount of deposits have not been corrected for random or systematic errors.
Figure 51 shows differences in quantities of deposits or erosion, obtained
by the two methods, in the 120 km Tongkuan-Sanmenxia reach of the Sanmenxia
reservoir for a number of time intervals. These differences are given as percentages
of the inflow of sediment during the time intervals. Figure 51 (a) shows data for the
times in which deposition was occurring and Figure 51 (b) gives data for those periods in which erosion was taking place. Under depositing conditions (Figure 51 (a»
the amount of deposition calculated by the sediment discharge method exceeds that
calculated by the range method. Under eroding conditions (Figure 51 (b» the quantity of erosion obtained by the sediment discharge method is less than that obtained by
the range method. In eWler case, whether the net result is deposition or erosion, the
bed level determined by the sediment discharge method is always higher than that
calculated from range data (Lin Binwen, 1982).
Figure 52 gives amounts of sediment in several size groups deposited in the
Sanmenxia reservoir in the period March to June 1976. The amount of deposits was
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TABLE 23 Amount of deposition in selected rivers in China measured by two methods
Reaches

Length
of
reach
(km)

Length
of observatian

(yr)

Amount of

____ ~~e~~~~~ __ ~_
Range
method

Deviation
(1()ll m3 )

Difference
in sediment dis·
charge

Total
incoming
load

Deviation

(o/a)

(108 m3 )

method
(lOB m')

Tongkuan-

120

18

28,1

19,6

13,0

254

6.7

TiexieHuayuankou

100

23

1.2

32,0

-21.6

345

-8.8

Gaocun-

476

17

10.4

5.9

186

4.4

Sanmenxia

6.3

Lijin

.

Unit

weight In conversion

IS

1.3 or 1.4 t m 3

determined by the sediment discharge method and the range method. The size distribution in the deposits and in the suspended load entering the reservoir are also shown
in the figure. The differences in the amounts of deposits calculated by the two methods
may be explained in terms of measurement errors. The bottom graph of Figure 52
shows the ratio of the differences in the quantities of deposits (in several size grades)
obtained by the two methods as percentages of the quantities of sediment entering the
measuring reaches during the investigation (Lin Binwen, 1982).
There arc many factors to be considered in the evaluation of sediment balance in a reservoir reach. Sediment coming into the reservoir reach from an intermediate drainage basin and from bank sloughing may contribute an appreciable amount
which cannot be ignored in the computation. There are also uncertainties in the value
of unit weight adopted in the conversion of volume into weight. However, the systematic error revealed in Figure 52 is caused mainly by the shortcomings in the measurement of sediment discharge or, in other words, by ignoring the sediment discharge in the unmeasured zone. The difference in the amount of sediment transported in the unmeasured zone at the two end stations should be one of the main causes
of deviations or errors in calculating volumes of deposits by the sediment discharge
method. Let a denote the ratio of the amount of sediment discharge in the unmeasured zone to that in the measured zone for the case in which no sediment is removed
from the reservoir. This ratio is analysed as computed in size groups, such as shown
in Figure 53. It is clearly shown that the majority of the unmeasured load is composed of coarse particles. For the hydrometric station in the example, 80 per cent of
the unmeasured load is composed of sediment sizes greater than 0.05 mm. This conelusion has been further verified in the computation of total load by Einstein's bedload function (Lin Binwen, 1982).
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Figure 51 - Differences as a percentage of sediment input in the volume of deposits or erosion
in a rcvervoir as computed by the range method and difference in sediment load at
two end sections [or a series of time intervals (Lin Binwen, 1982)

---- ----- ----

CHAPTER?

148

-

100

x

-....

...

I

I

.....

-

Suspended. Sediment

---Sediment in
Deposit

.-

x

I":

o

-

~

0.15

I
I
I

~

~

o
o

".".
~
~

"..

0.05

c

<5

I1

I-

~

a

o
a

c

40

o
....
....

20

~

-.
"

a:

--""Computed by range
method

1-.

- ~-

--

- f-

o

~

.
.

]
0.5

0.2

60
~
~

tem~uted by
dif erenc& of
Sed. load

I

>-

-

-

I
I

~

."...o

-- -

!

0.10

-

~

.,

n

0.20

o

I

of Inflow

50

-."

I II

0.05

0.1

0.02

0.01

0.005

'~ ..,.j,'

I
I

..

Figure 52 - Amount of deposits of sediment in various size groups computed by sediment
discharge method and range method, Sanmenxia Resevoir, March-June 1976
(Lin Binwen. 1982)

ASSESSMENT OF ACCURACY AND RELIABILITY

149

50

-

A=lO-5

P=13

401-- 1. One point ot 0.6 relative

y,.

dopth .

.•
,.
•

I--

_.

2. Three pointa at 0.2, 0.6, 0.8
3.• Two Points at 0.2, 0.8

c

u

~

e

."

~

1
'?

- L.-- Vt:::J;"/

--..:::
1

o

0.1

/ . l%;

L-

0.2

0.3

0"
:t :;

~

1/

~

IIJ

1/ ?
r /J

If"

f/

V

,
0.5
w

0.6

0.7

0.8

kijT"""

•
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7.4.2

SYSTEMATrC ERRORS INDUCED BY SEDIMENT MEASUREMENT IN A VERTrCAL

As pointed out in Chapter 3. it has been verified by actual observed data
that the vertical distribution of sediment concentration follows the law of distribution
deduced from the diffusion theory and applied in Einstein's bed-load function. This
function may be used to analyse the relationship between the measured and the total
sediment discharge. An estimate can then be made of the probable error in sediment
concentration for different size groups.
According to the actual data obtained at some of the stations on the Yellow
River. the quantity P (see Formula 25) usually varies from 10 to 16 and A varies from
10-5 to 10-3. Assuming an average value of 13 for P and 10-5 for A, the value of the
relative error may be computed. The factors P and A are defined in Chapter 3, The
relative error is the ratio of the difference between total and measured sediment discharge as percentages of the total sediment discharge. Variation of the computed relative error versus z. the exponent in the sediment distribution formula (see Formulas
21 and 26). is shown in Figure 53. It can be seen that, as the value of z becomes
greater than 0.47. the relative error will be greater than 10 per cent for all the simplified methods in general use for the measurement of sediment discharge in a vertical.
The greater the value of z, Lhe larger the relative error.
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From Formula 29. it is seen that the ratio of bed load to total load discharge
is a function of P, II and 12 , For some stations on the Yellow River this ratio varies
from 2 to 50 per cent for sizes greater than 0.1 mm. The ratio (J represents an error
induced by ignoring bed load in the computation of total sediment transport in a river
(Long Yuqian ef al., 1982).
An estimate has been made of the error involved in the conventional
method of computation of suspended sediment concentration. An exponential formula is used instead of a logarithmic formula for velocity distribution. The coefficient
and exponent, as well as the z value in the sediment distribution formula, are deduced
from actual measured data. The velocity and sediment concentration are then extrapolated to the bed surface and the product of v and C, is integrated along the vertical.
An example of the results of the computation is shown in Table 24. Again, it is seen
that the systematic error becomes very large as the panicle size increases.
TABLE 24 Differences in suspended sediment concentration of several size groups
measured by the conventional and integration methods at Shaanxian
Station (concentration in g 1,1)
Size group
(mm)

..
<0.02
0.02 - 0.03
0.03 - 0.04
0.04 - 0.06
0.06- 0.08
0.08 - 0.10
0.10-0.15
0.15 - 0.20
0.20 - 0.25

Conventional
method

20 April 1958
Integration
method

Differ-

ence
(%J

Conventional
method

9 June 1958
Integration
method

Difference
(%J

1.60
0.976
1.07
2.34
1.39
0.522
0.435
0.208
0.0388

1.60
0.916
1.11
2.45
1.48
0.592
0.564
0.394
0.188

0.0
-6.6
-3.6
-4.5
-6.1
-11.8
-22.9
-47.2
-79.4

28.3
1.20
1.20
2.47
2.47
1.35
0.821
0.160
0.0695

28.3
1.22
1.20
2.51
2.61
1.38
0.948
0.211
0.195

0.0
-1.6
0.0
-1.6
-5.4
-2.2
-13.4
-24.2
-64.4

8.48
448.00
3.80

9.29
448.00
4.16

-8.7
446.0
16.9

38.0
446.0
17.2

38.6

-1.6

Summation

C, (9 1")
a (m 3 5")
as (t 5")
SoURCE~

?.5

Yellow River Conservancy Commission, 1981a

Analysis of random error

Random error may be eliminated by repetitive measurements as discussed
in previous sections. However, this is troe only for certain independent variables
which can easily be measured. For water stage, discharge, sediment concentration,
etc. random error varies with time and repetitive measurements under stable condi-
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tions would be impossible practically because natural flows are seldom steady.
Nevertheless, with statistics of long-term records it is still possible to obtain an average value of the variable under certain conditions. The accuracy of sediment measurement is in general not very high. Random errors within a tolerance limit are easier to deal with than systematic errors.
7.5.1

ESTIMATION OF RANDOM ERRORS INVOLVED IN TIlE MEASUREMENT OF SEDIMENT
TRANSFORT

In sections 7.2 and 7.3, major factors influencing precision and accuracy in
the measurement of sediment discharge are discussed. If errors in the individual factors can be determined, the error involved in the measurement of sediment discharge
can be composed of the root mean square of individual errors. The composite error
XQ' in the measurement of sediment discharge may be expressed as:
(50)

where Xt, X2 ..., etc. denote the errors in individual factors.
Branski (1981) of Poland has made an estimate of the reliability of denudation rates or indices obtained from measurements of suspended load. Errors in the
individual items such as sediment concentration and discharge have been evaluated.
Then, the precision of the relationships between sediment concentration measured at a
single point and the cross-sectional average concentration, and the precision of the
relationships between the discharge and sediment concentration have been studied.
For a data series accumulated over 15 years from 48 small watersheds, the relative
standard error in the computation of the sediment modulus was found to be 2 to 14 per
cent However, the error increased to 7 to 55 per cent for 25 intermediate watersheds.
The conclusion reached in this study suggests that denudation rates estimated by
means of actnal measured sediment load may be considered reliable if the duration of
observation extends over more than five years. However, the denudation rate of an
intermediate watershed, as estimated by means of the difference in sediment discharge
at upstream and downstream stations, is far less accurate than that estimated by the
data from a single station controlling the outletof a small watershed (Branski, 1981).
7.5.2

EXAMPLIJS 01' ANALYSIS

7.5.2.1' Error in the 1tU!asure1tU!nt ofsedi1tU!nt deposition by surveying 1tU!thod
A reach of the lower Yellow River 134 km in length was surveyed by the
range method with an average distance between ranges of only 1 km. Errors
involved in surveys with a reduction in the number of ranges, described as the simplified method, were studied. In the simplified method the entire reach was divided into
a number of sub-reaches and in calculating the volume of deposits only the ranges at
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the ends of the sub-reaches were used. In a sub-reach, the deviation in the total
amount of erosion aud/or deposition was computed by the difference in the results
obtained by the precise method, in which a large number of ranges were used, and
the simplified method, in which only two ranges were used. The deviation denoted
by ii may be cousidered as the error in the simplified method within each subreach. The total deviation W is given by the summation of individual deviations as
follows:

Ll

= 0t + 02 + ",+0" =

i

0;

(51)

OJ OJ+I

(52)

i=1

The square of the total differeuce is:

o?

~I

± 2

r

; ... 1

where n is the number of subdivisions or reaches in the simplified method.
The magnitude of Ll depends on the precision of the survey and the reasonableness .of the arrangement of the ranges, and is random in nature. If it is assumed
to be normally distributed the second term in Formula 52 should approach zero.
Then:
.

0.12

(53)

The term Ll has dimensions similar 10 the standard error and. may be replaced by S2;
then, it is the standard error in the simplified method relative to results with the precise method. As the distances between ranges are approximately equal, the length of
a sub-reach reflects the number of sub-reachesn. Therefore, replacing n by L and a
coefficientK (here assumeK I):

=

Ll =±SK..fL=±SVL

(54)

Based on the survey data from the above-mentioned reach; probable errors
existing in the amount of deposition or erosion computed by the simplified method,
as compared with that computed by the precise method, can be evaluated. For the
reach under study it was found that, based on the standard error, the computed deposition volume by the simplified method was in error by II million m3 in a reach of
100 km (Xiong Guishu, 19&2). Obviously, mare ranges should be set up to improve
the accuracy of a sedimentation survey.
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Error by sediment balance

An example of error analyses is given here for reference. In a river reach
between two hydrometric slations, repetitive range surveys have been conducted once
or twice a year to estimate the volume of deposition between the two Slations. There
is almost no sediment inflow between Slations. The following formula for sediment
balance can be eSlablished:

(55)
in which W d

denotes average rate at which sediment discharge is measured at the
upstream slation during various periods;
W,2 denotes average rate at which sediment is withdrawn from the river in
the periods;
W,3 denotes the average rate of deposition in the periods;
W,4 denotes the average sediment discharge measured at the downstream
Slatiou iu the periods.

Any imbalauce in the above equation may be considered as representing the
systematic error involved in the measurement if long-term records are used. The systematic error Ll may be distributed to the various items as a correction leaving only
random errors in the dala series. After correction for the systematic errors, the sediment balance equation may be rewritten as:

is an index that denotes quantities pertaining to a given period of time;
0li' ~i' O:Ji, 04i represent. respectively, the relative random errors in W di •
W s2i • W s3i and Ws4i;
Di denotes random error involved in the observed values.

in which I

Since Wsli - W s2i - W s3i - Ws4i

=

0, the random error, D i is:
(57)

in which olio

Ozi. O:Ji. 04i are independent values of relative random error.

If N repetitive measurements were made over a period of time, the composite
expression for random error may be written in the form:

1v..). 2 S·2
J

(58)

CHAPTER 7

154

in whichN is the number of observations;
denotes the sequence of observations;
M is total number of factors contributing to the error in W'i;
j
denotes the items· of sediment load under study.
Iu fact, sediment discharge varies in any period of time and cannot be measured repetitively. In a data series of N observations, there are N number of errors
and N number of true values W,j. W'i is not a definite value which is in contradiction
with the assumed condition.
Errors involved in the measurement of sediment discharge are estimated by
using available data series. Replacing
by:

W,/
N

1- I, W.·2
N

i=l

51)

then:

=

M

N

j=1'

f=l

I, I,

(59)

il} which Di and W'ii are known, Si (the standard· error of the series of measurement
for W'i) is unknown. As the measurement of sediment discharge in rivers and canals
folIows the same standards, the folIowing assumption may be made:
(60)
From experience, assume S3 = Ocl, and the relative standard error in the
measurement of sediment load may be evaluated. It was found from the above example that systematic errors may vary from -3.6 per cent to -8.4 per cent and the stan·
dard errors may vary from ± 2.5 per cent to ± 6.0 per cent for six hydrometric stations. For the river reaches under study, the number of sedimentation surveys was 38
and the length between two adjacent stations varied from 63 to 174 km (YelIow River
Conservancy Commissiol}, 1981b).
7.6

General comment

Up· to now, only limited research has been carried out in the assessment of
the accuracy and precision of the measurement of sediment transport. Measurement
of sediment discharge, the bed load in particular, is relatively crude compared with
the welI-eslJlblished methods for stream gauging. The systematic error involved in
the measurement of total sediment discharge has created indefinite factors in the eval-
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uation of sediment deposition by the difference in sediment load method. Deviations
between the range method and the difference in sediment load method are commonly
fonnd in river reaches or in reservoirs. Improvement of measuring methods is necessary in order to enhance the accuracy and precision of the measurement.
Errors in the measurement of sediment discharge relate closely to the vertical and transverse distribution of sediment concentration. The coarser the sediment,
the greater the non-uniformity of the distribution pattern and the greater the error
induced in measurements by conventional methods. In processing suspended sediment data, the error in the computation of the total amount of sediment discharge
may not be very large if the wash load constitutes the major part of the sediment load
but, for coarse particles which constitute the major part of the bed material load, the
error is too large to be ignored. Even if fine particles predominate in the total sediment discharge, the quantity of coarse particles should not be overlooked if long-term
data series are used in the evaluation of the deposition process in a river reach or

reservoir.
Factors influencing the accuracy and precision of operational methods for
sediment measurement are quite complicated. Besides the error involved in the measurement of sediment concentration, the error involved in the measurement of discharge may also have a large influence. Further research is necessary and should be
encouraged in order to improve the accuracy and reliability of sediment data, which
is indispensable to the development of water resources.

CHAPTER 8
SUMMARIES AND RECOMMENDATIONS

A better understanding of sediment yield, sediment transport and erosion or
deposition is a problem of vital concern to all engineers engaged in the planning and
development of water resources. Proper selection of operational methods for sediment measurement relies not only on the basic Irnowledge of sediment movement in
rivers or in reservoirs but also to a large extent on the accuracy required for ·data
acquisition. To summarize this report, the following recommendations are listed for
reference.
8.1

Fundamental concepts
The mode of sediment transport may be illustrated as follows (ISO, 1982a):

~.
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bed mateial
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bedload
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. A general review of sedimentation problems in river basins has been prepared by a Unesco working group under the auspices uf the International
Hydrological Programme (IHP) (Unesco, 1982). The data acquisition programme of
the study is given in Table 25.
8.2

Implementation of measuring programme

On sediment-laden rivers or on rivers where sediment problems remain to be
solved, a programme of sediment measurement should be carried out, using existing
hydrometric networks, to evaluate the quantity and variation of sediment in transport
Sedimentation surveys shonld be carried out periodically in important river reaches and
reservoirs for a better knowledge of spatial variation of erosion or deposition.
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For important river reaches or reservoirs, the inflow hydrometric stations
should be able to measure input from more than 80 per cent of the drainage basin.
Measurement of total sediment discharge should be carried out at such stations. For
ordinary reservoirs, a minimum of 60 per cent of the drainage basin should be represented by inflow gauging stations at which sediment measurement is taken. Inflows
from tributaries contributing more than 10 per cent of the total sediment inflow
should also be measured.

TABLE 25 Programme of data acquisttion according to the
International Hydrological Programme
Purpose of
study

Surveying

Annual
sediment
discharge

Erosion and
deposition in a
river reach;
depletion of
reservoir capacity

Repetitive survey

by ranges in a
river reach or
reservoir;

I Ie m 5 of measurement
Sediment transport
Relevant items

Suspended/total
sediment discharge!
concentration at
hydrometric stations

Water discharge, etc.

Total sediment discharge at inflow and
outflow gauging

Size distribution
and/or unit weight
of deposits

stations

sedimentation

survey
Fluvial processes
in river reaches
or in backwater
reaches of a
reservoir

SOURCE:

8.3

Repetitive survey
over entire
reach or in
localities of
interest; aerial
photographs if
possible

Bed material dis·
charge at inflow
stations

Relevant hydraulic
and sediment
parameters such as
water surface slope,
bed material compo
sition, velocity, depth
and width, water
temperature, size
distribution of sediment
in transport, unit weight
of deposits, etc.

Unesco,1982.

Measuring site

Stream flow and channel conditions, including the bed material composition and flow conditions over the flood plain, etc. should be thoroughly investigated
by reconuaissance. If it is necessary to measure the total sediment discharge, a section is preferred at which all sediments are well mixed in the flow by fully developed
turbulence. Such stations cau be located at the outlet of a dam, or at localities where
artificial roughness can be set up. At such stations couventioual suspeuded sediment
measuring techniques may be employed to obtain total load data. For small rivers,
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measuring structures such as broad-creslPAl weirs. etc. may be constructed in which
vortex tubes or trenches can be installed to collect bed load. In rivers where fine suspended sediment constitutes the major part of the total sediment load, an estimate of
the total sediment discharge by taking only suspended sediment measurements should
provide data with a fair degree of accuracy. However, the probable bed-load discharge can only be estimated by analytical methods. An operational method for measurement of suspended sediment should be carefully chosen.
8.4

Measurement of suspended sediment discharge

It is very important to select an appropriate operational method for measuring suspended sediment discharge if accurate data are to be obtained. For each measuring station, field data obtained by multipoint methods should be analysed in order
to establish simplified methods which can be employed during floods. Relationship
of the sediment concentration obtained from a unit sample with sectional average
sediment concentration obtained by a multipoint method should be established for
conversion purposes. A unit sample is one taken in a predesignated vertical or set of
verticals at one or several points, or by depth integration methods. The use of the
unit sample is discussed in Chapters 3 and 6.

8.5

Corrections for transport in the unmeasured zone

Sediment discharge as measured by conventional methods of suspended
sediment measurement is usually inadequate for measurement of transport of coarsegrained sediment larger than 0.05 or 0.1 mm. The depth integration method leaves an
unmeasured zone in the vicinity of the bed due to the fact that the inlet tube is above
the bed when the sampler rests on the bed. If a point integration method is employed,
similar results are obtained as it is impossible to take samples right at the bed surface
where the concentration is the greatest. Corrections are necessary if the total sediment discharge is to be obtained. Methods similar to the modified Einstein Procedure
may be employed for correction purposes, but results should be verified with actual
measured data before they are adopted.
8.6

Frequency nf measurement

A common feature of rivers on which the floods are produced mainly by
rainstorms is the non-uniformity of both water and sediment flow. A sufficient number of measurements during floods are needed to follow sediment and water discharge. Experience plays an important role in making a compromise between proper
timing of measurements and selection of adequate measurement methods.
8.7

Sampling apparatus· suspended sediment

Time-integration samplers have been used extensively in past decades.
Besides the well adapted depth-integrating or point-integrating series, such as USD
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and USP series or similar versions in other countries, collapsible-bag samplers or
portable pumping samplers can also be used to advantage. In situ measurement of sediment concenlration by nuclear gauges should be encouraged. For mountain creeks automatic pumping devices or nuclear gauges installed with automatic recording devices are
frequently used with success to make measuremeuts in floods.
The uecessity of calibrating samplers or measuring devices for laboratory or
field use prior to their adoption should be emphasized. New or untested sampling methods should be evaluated by comparing data obtained with them with data obtained by
conventional melhods in flows with a wide range of concenlrations. One should be well
aware of the fact that most suspended-sediment samplers collect samples containing
bolh bed material and wash load. If morphological predictions have to be made in which
a transport formula is required, the amount of wash load should be determined by size
analysis of the sample and excluded since bed material is of major importance in river
behaviour. However, the amount of wash load may have an influence on the transport of
bed materials. As mentioned in the previous chapters some samplers, such as lhe Delft
bottle, directly measure the sediment discharge ofbed materials while olhers, such as the
pump-fIlter sampler, measure the concenlration of bed materials in suspension. These
samplers may be used advantageously for the study of transport characteristics in rivers
which carry a small amount of sediment The selection of appropriate apparatus must be
based on the objectives and technical considerations of the measuring programme.
8.8

Sampling apparatus· bed sediment

Bed-load samplers are suitable only for use in rivers with coarse bed materials.
All samplers should be pmperly calibrated to define their sampling efficiency. An efficiency of more than 60 to 70 per cent is claimed to be satisfactory for use in the field,
provided that great attention is paid to the operation of the bed-load sampler to overcome
the uncertainties brought about by the temporal and spatial distribution of bed-load
movement
In the study of the armouring effect on the transport characteristics of an alluvial river, sampling and analysis of the bed material are important. Samples of bed
material of the size of sand and small gravel can be taken wilh conventional samplers
currently in use. However, there are still some difficulties involved in the sampling of
coarse gravels. Research into the sampling melhod is needed.

8.9

Computation of total load

Methods for evaluating the total sediment discharge by a combination of field
measurement and analytical methods seem promising and should be studied further.
Formulas used in the analytical methods should be verified wilh actna! measured data,
when available. For the coarse-grained sediment in the bed-load material, the total quantity in the annnal sediment discharge may not be large, but it is significant in the study of
slrearn behaviour.

C~R8
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8.10

Size analysis

Fluvial sediment samples should be analysed in the field or laboratory for
size distribution. A rough estimate of suspended sediment transport is made for sediment in each of three size groups. The grain sizes in these groups are (a) coarser than
0.5 mm or 0.25 mm, (b) 0.25 mm to 0.05 mm and (c) fmer than 0.05 mm. Sediment
concentration as well as sediment discharge may be expressed for the three size
groups. Samples are separated by sieving and anyone of the methods based on the
settling principle, such as decantation.
If the data are to be used to study sediment movement samples of suspended load, bed load and bed material should be analysed for size distribution. A size
gradation curve should be prepared instead of only giving the relative amounts in the
three size groups.
8.11

Method ofsize analysis

In the size analysis of fluvial sediment, different methods have their range
of application. In general, for sediment particles greater than I mm, sieving is preferable. For medium and fine sand with a size of 0.5 - 1.0 mm to 0.05 mm and for silt
and clay with a size of less than 0.05 mm, methods of size analysis based on the settling principle are preferred because the settling velocity is an important factor in the
study of suspended sediment. A system of settling in clear water such as in the visual
accumulation tube method is suitable for use for sediment sizes from 1.0 to 0.05 mm.
For sediment finer than 0.05 mm, a system of settling in a dispersed medium such as
the pipette method or the photo-sedimentation method is preferable.
In current practice, it is necessary to consider the dissolved salts and organic matter in the samples to be analysed. AIl the sediment particles should be kept in a
standard dispersed state in still, distilled water for settling. The original water is used
in size analysis only for comparison. The influence of water quality on the settling
characteristics has still to be determined.
8.12

Data processing

In the processing of sediment data, the stage-discharge relationship, the unit
sample sediment concentration and the cross-sectional average concentration relationship are of fundamental importance. In a sediment-laden river where the bed is
subject to drastic changes during floods, development of stage-discharge relationships is difficult. Relationships of unit sediment concentrations to average concentration in the cross-section may also be different for different sediment sizes. Reliability
and accuracy of sediment data rely not only on the method of measurement but also
on the method used in data processing. Therefore, in data-processing wod<:, careful
establishment of these two relationships according to the flow and sediment characteristics, using adequate actual measured data for the field, is essential.
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Examination of first-hand data

In data-processing work, checking the original data taken in the field and
some of the computed results for their reasonableness is an essential and important
task which should be carried out seriously. Computer technology is already widely
used in the processing, publication and storage of processed data, providing a very
useful means for the study of sediment movement in rivers and reservoirs.
8.14

Assessment of accuracy and reliability

Unlike discharge measurement, there is still no established method for the
assessment of the precision and accuracy of sediment measurement. As analysed in
previous sections, systematic and random errors are inherent in the measurement of
suspended sediment. Systematic errors should be minimized by improvement of
measuring methods, then eliminated by applying corrections to the measured data.
Random errors should be minimized by enhancing the precision of measurement,
including operational methods in the field, treatment of sediment samples in the laboratory and data-processing methods.
According to the purposes of the data acquisition, various degrees of accuracy should be maintained at different stations engaged in the data acquisition programme. For instance, if it is necessary to estimate annual sediment yield in some
small tributary rivers, a simplified method of observation may be allowed. But for an
alluvial reach in the main tributary of a sediment"laden river, if measurement of sediment transport is for studying the fluvial processes of the reach, a relatively high
standard of accuracy is required, particularly for bed material discharge. The data on
total sediment discharge, size distribution and relevant hydraulic parameters should
be measured and filed for further analysis.
8.15

Monitoring for sediment quality

There is an increasing need for improved data collection for study of sediment quality as it relates closely to the environmental impact of a river. Sampling
procedures similar to those used in measuring sediment discharge may be adopted,
but the standardization of analysis and careful operation are esscntial if reliable
results are to be to expected. Sediment is a pollution carrier and may be harmful to
engineering works as a result of settling in a reservoir, silting of canals, etc.
However, it can be turned into a resource if well controlled. The scope of sediment
measurement programmes should be broad enough to cover the quantity as well as
the quality of the sediment in order to obtain a better understanding of sediment
transport.
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