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STUDY O HETHODS USED I HEASURIREN]

AMD ANALYSIS OF SUDINENT LOADS IN STREAMS

L, Role of Fluvial Sediment Measurements in Ingineering. - Rivers
are classed amonp, the most important basic natural resources in almost
overy country onn the globe; throughout historical time they have been
exploited and developed for water supply, 1rr1gat¢on, water power, and
other purposes for public benefit. The average laymai regards a river
as merely & natural chennel carrying a streem of waters The engineer
has learned that rivers are not only streams of water, but to a greater
or smaller degrec they are also streams of sediment. Improvements on
sediment-bearing streams have generally beon made in the past without
due consideration of the effects of sedimentation on the life and utility
of the projocts. As @ result, the officiency and value of important engi-
neering works have depreciated rapidly and in many instances maintenance

osts have becn exorbitant. Difficulties in operation and maintenance
have developed because of rescrvoelr sedinentation, deposition or degrada-
tion in channels, and erosion or pgullying in agricultural areas, Not
anticipated in the plemning stage, these difficulties become cvident only
after the projects arc comploted. Bocause streans which carry sedinent
in appreciable quantities are being developed more extensively now than
in the past, the engineering profession is beginning to realize more and
more that fluvial sediment presents a real challenge and warrents serious
consideration,

The solution of any fluvial scdiment problem must be based on
factual information. Data as to the quantity and characteristics of the
sediment loads must be availeble. The water discharge in the principal
rivers of the world has been measured systematically for mony yoars and
in mest instances,; adequate data arc avallable to pernmit satisfactory
analyses of the hydrologic end hydraulic characteristics required in
connection with the plamming and desipgn of river developments. On the
other hand, the compilation of corresponding information regarding the
quentity and character of sediment discharge has been given mercely ine
cidental attontion. Only within tho past few yoars has the attompt been
made to obtain systematic sediment load records of the same quality as
those of water discharge. Furthermore, the techniques and equipment
used in sediment sampling have been improvised without due regard to the
fundamentals of sediment transportation or the technical roquirements
for taking representative semples of a water-sediment mixture., In view
of the broed demend for reliable informetion on the sediment character-
istics of streams, it boecomes increasingly important that instruments,
facilities, and methods be developed for obtaining accurate field data,.

2. TFodoral Construction and Bnginecring Agencies Orgenized to Study
Problems of Sediment Measuremont. - Recognizing tho desirability of pore

focting methods for measuring the quantity end for determining the charace
tor of scdimont loads in stroams, scveral sgencics of the United States
Governmont orgenized an informal Intordepartmental Committee in 1939 to
sponsar an eoxhaustive study of all problems encounterod in collecting
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sediment data and to evenrtually standardize accepted methods and equip-
ment. The agencies of the Federal (Government which have actively partie
cipated in this investigation are: Corps of Engineers of the Var Depart-~
ment; Soil Conservation Service of the Department of Agriculture; Geologi-
cal Survey, Bureau of Reclamation, and Office of .Indian.Affairs of the
Department of the Interior; and the Tennessee Valley Authority. This
study was conducted in cooperation with the Iowa Institute of Hydraulic
Research at the State University of Iowa.

The scope of the general project, "A Study of Methods Used in
Measurement and Analysis of Sedirient Loads in Streams", is indicated by
the following titles of reports which have boen published under the dir- .
cction of the Interdepartmental Committee:

Report No. 1 = Pield Practice and Equipment used in Sampling
’ Suspended Sedinont,

Report No. 2 « Equipment Usod for Sampling Bed-load and Bed
Material,

Report No. 3 - Analytical Study of Mcthods of Sampling Suspended
Sediment,

Report No., 4 - .Methods of Analyzing Sediment Samples.

Report No., 5 - Laboratory Investigations of Suspended Sediment
Samplers,

Report No. 6 ~ The Design of Improved Types of Suspended Sediment
Suniplers.

Report No, 7 - A Study of New Methods for Size Analysis of Sus~
: pondod Sediment Samples.

Report No, 8 - Measurcment of the Sediment Discharge of Streams.
Report No. 9 - Density of Sediments Deposited in Rescrvoirs.

Bascd on this scrics of reports, and on progress reports submitted to the
Interdopartmontal Committes periodically during the course of the investi-
gation, the present papsor is cssentially a compilation of the more signi-
ficant facts and information pertaining to sediment sampling which are
considered to be portinent to the interests of the Amcrican Society of
Civil Engincers Joint Committee on Sedimentation in Rescrvoirs, -

ol

3. History of Sodiment Sampling, = Rccords of past civilizations
in Chine, Mesapotamia, and Egypt indicate that man has always cxperienced
difficultics and hazards due to sediment carried by natural streamse How=
ever, the munner in which fluvial sediment is transported and deposited,
the knowledge of which would aid in avoiding or overcoming many of the
consequences, has beon investigated only in comparatively recent yeers,




The first sedinent measurements of record were made by Grosse
and Subuors (1) in the Rhone River in 1808 and 1809, Other early obser=
vations were made by Blohm (2, 3) in the Flbe River at Hamburpg, Germany,
from 1837 to 1854 and by Buumgarten (3, 4) in the CGarone River, France,
from 1839 to 1846,

The earliest measurements of sediment loads in the United States
were made in the Mississippi River by Captuin Talcott (1) in 1838, For=
shey (1, 3, 5) made extensive observations in the lower Mississippi in
connection with the studies of Humphreys and Abbott in 1851 and 1852,
Sediment samples werce taken also ncar the mouth of the Mississippi from
(6, 6, 7) 1877 to 1898 and at several stations along the lississippi and
lMissouri Rivers (3, 4) from 1879 to 188l, The development of irrigation
along the rivers of the southwoestern part of this country met with con-
siderable difficulty duc to heavy lomds of sediment carricd by these
streams, In order to find & solution te this problem, sediment measure=
ments were started in many of thesce rivers near the close of the 19th
century.  Semples were first taken in the Rio Grande (8) in 1889 and 1890,
Otservations have been made regularly in the Rio Grande since 1897, in the
lower Colorado River since 1909 and in tho upper Colorado River Basin since
1926, A detailed investigoation of sediment loads in the Missouri River
(9) and its tributaries was conducted in 1929 and 1930, Dxtensive sedi-
ment surveys have been made on many other streams of this country since
about 1930, Since the turn of the century, interest in sediment infor-
mation and the practice of making observations of sediment loads has been
growing steadily in this country and simulteaneously in nearly all other
countries of the world.

4, Theory of Sediment Suspension, - Recent studies of fluid ture
bulence made in connection with other phases of hydraulics have been
used by Lane and Kalinske (10, 11) to explain the sediment suspension
phenomenon. The analytical basis for the turbulence concept of the transe
portation of suspended sediment hos been presented in enginecoring litera-
turec. For the purpose of this paper it will suffice to present only a
rational analysis of this concept. The turbulence concept of sediment
suspension is now generally accepted, and it is belicoved that an under-
standing of it will provide an effective aid in plenning and carrying out
a scdiment measurcment progrem,

In turbulent flow the direction of the current at a given point
changes rapidly and haphazardly, Although the flow at the point has a
general forward motion, in a short space of time small arcas of flow, or
eddios, fluctuate in horizontal and vertical dircctions, These fluctua-
tions .are irregular and spontancous, and do not follow any definite se-
quence, The magnitude of the current also chlianges, fluctuating cbout a
mean value in a manner similar to the variation in the direction of flow,

Sediment particles are raised from the stream bed by the shear
or tractive force of the stream exerted on the boundaries of the channel
and are moved upward by momentary upwerd eddy currents, The upward move-
ment is counteracted by the force of gravity, which tends to settle the
particles, and by the momentary dovmward eddy curroents. When particles
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are caught in a current moving upward at a rate greater than their settling
velocity, they will be transported upward, On the other hand, the part-
icles will move downward if they are surrounded by water moving downmward
or by water moving upward at a rate less than thelr settling velocity.
Normally the sediment concentration in a stream increases toward the
bottom. Consequently, upward currents travel from a region of higher
concentration to one of lower concentration, and thus have a greater po-
tential of sediment transpert than downward currents, Moreover, since
the amounts of water moving upward and dovnward must be equal to maintain
8 given water surface elevation, more sediment will be transported by up=-
ward currcents than by downward currents, The sediment load distribution
in a stream vertical is said to have reached equilibrium when the dovme
ward rate of sediment movement through any horizontal plane, due to force
of gravity and downward components of eddy currents, is equal to the up-
ward rate, duc to the upward eddy componentse

The settling velocity of sediment particles is a function of
thelr apparent specific gravities. Consequently, coarse particles will
settle faster than fine particles; and, in order to maintain a stable
concentration distribution, the excess of sediment trensported upward
over that carried downward must be greater for coarse than for fine par-
ticles. This condition obtains in a natural stream because the vertical
distribution of sediment varies with particle size, the concentration
increasing more rapidly toward the bottom for coarse than for fine sedi-
ments., For particles with low settling rates equilibrium will be attained
with a very small differential concentration with respect to depth and
therefore, the finer the particles the more gradual bscomes the concen-
tration gradient, and conversely, the coarser the particles the steeper
becomes the concentration gradient,

The settling rates of solid particles increase with size but
not in uniform ratioe The settling rates for particles smaller then
1/16 me. in size vary approximetely as the squarcs of the diameters,
whercas for extremely large particles the settling rates vary approxie
mately as the square roots of the diameters. The 1/16 mm. size is
usually considered to represent the approximate division point between
secdiments which are classed as silts and thosc classed as sands. Because
of their high settling vclocity, sand particlcs and those considerably
over 1/16 mm, , are more concentrated near the bed than near the surface,
the concentration gradient increasing with the size, Clay and silt part-
icles are in general uniformly distributed in a stream., The distribution
of sediment in a stream vertical is an important factor to be considered
in carrying out a sampling program, cespoccially in the seloction of sam-
pling points and in the analysis of the data,

Scdiments transported as bed-load or saltation load merge with
the suspended load ncar the bottom of the strcam, However, since this
paper is concerned only with sampling of suspended sediment no further
consideration will be given to the theoory concorning other types of move=
monte

5, Methods of Making Sediment Mcasurcments, - The sediment samples
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of scattered investigations recorded during the first half of the 19th
century were taken at the surfuce of the stream at only one vertical in

& cross-section., Forshey, sanpling in the Mississippi River at Carroll-
ton in 1851, took samples at the surface, mid-depth and bottom of three
verticals - one near esch bank and one ot mid-~stream. Since that time,
as the value of sediment data has become more apparent and the phenomenon
of scdiment transportation has become more clearly understood, observers
have gradually expanded the network of samples taken in & stroam cross=-
ssction, Where thorough examination of the scodiment distribution is to
be made, ten or morec verticals may be sampled and upwaerds of ten samples
may be taken from each vertical., In the majority of sampling programs
carried out in major stroams sincc about 1908, threc verticals have gone
crally been used and about three sanples have been talien in each verticals,.
The verticals have been variously spaced as at the quarter points, the
centroids of equal area, or &t the centroids of equal discharge. The
latter method has a rational basis and is coming into more and more promie-
nent use, At sampling stations where the sediment distribution has been
correglated and is periodically checked by & complete network of samples,
it is frequently the practice to take single samples in routine observa-
tions. These samples are taken at the surfacc, at 0.6 depth, or from a
vertical integration, Correcction fuctors bascd on complete cross-section
sediment surveys are usually &pplied to the single dotermination of sedi-
ment concentration,

If the sediment carriced in suspension were uniformly distributed
throughout a stream cross-section, the deteruinstion of the total sediment
load would be a comparatively simple procedure. A singlc sample taken at
any point would then indicute the sediment concentration or the weight of
sediment por unit volume of wator and the sodiment dlscharge would be the
product of the sediment concentration and the wator discharges But the
concentration of fluvial scdiment varics morc or less throughout any crosse-
section of a stream end to obtain an accurate nmessurencnt of, the sediment
discharge those veriations must be taken into account,

The distribution of sediment in a streun crosse—section is genor-
ally found to wvary morc vortically than laterally. Consequontly, greator
importance should be placed upon the sprcing of sampling points in the
vertical to provide an accuratc measurement of the sediment load. MNot
only must the concentration of scdiment at various points in the crosse-
soction be determined but the velocity of the water at each point nust
also be measured, since the ratc of scdiment transportation is dircctly
proportional to tho water velocity.,

The sediment concentration is determincd from samples of the
water-sedimont mixturc taken from the strcam by mecans of & suspended
sediment sampler while the corresponding wator velocity is dotermined by
neans of a current metor., The product of these quantities gives a value
for the sediment discherge &t the point or vertical in the stream where
the observations are made, Each individuel doterminetion is considored
recpresentative of the sediment discharge in a scgment of the stream cross-
section, the size of which depands upon the uniformity of sediment concen-
tration and velocity. The total scediment discharge of the cross-soction



is obtained from & summation of the individual determinations weighted
according to the area each represents. When depth-integrated samples

are taken at sampling verticals representing areas of equal water dis-
charge, the sediment discharge is the product of the average weighted
sediment concentration and the water discharge, the latier belnb obtained
from a reting curve or current meter measurement.

A suspended sediment sampler i1s not designed to measure the
saltation load, or the bed-load which rolls or slides along the stream
bed. The latter types of sediment do not travel with the same velocity
88 the water, and therefore cannot be e¢stimated correctly from the amount
which is trapped in a unit volume of water. MNoreover, it is very diffi-
cult to measure the velocity of the water near the bottom where salta-
tion or bed-load movements tale place. An approximate determination of
the ratc of scdiment movement by rolling and sliding can be made by trap-
ping this sediment in a bud-load sampler at typlcal points across the
width of the stream., However, the quantitative accuracy of such measure-
ments is subject to quostion owing to uncertaintiocs as to the cffects of
disturbeances caused by the sampler resting on the stream bed, the posi-
tion and shapc of sand dunes, if any are present, and the calibration of
the sampler.

Many suspended sediment semplers will trap some of the salta-
tion load if placed so nsar the bottom that the intake is in the region
of saltation load movement, and if the screens used in the construction
of the bod-load samplers are extremely fine, they may trap some of the
suspended load. The errors which result from such overlapping of the
sampling zoncs are usually regarded as being so small that they mey be
neglected., An accuratc determination of the scdiment carried by a stroeem
would require measurement of both suspended load and bed-load, Usually,
however, the nature of the problem under consideration is such that the
suspended load plays a more prominent role than docs the bed-load. It
is possiblc sometimes to construct a drop over which both bed and suspenw
ded loads pass, and where both can bo sampled at the samo tlmo by pasging
a sultablc sampler through the ovorialllng nappo., -

The purpose for which & scdiment sampling program is undertaken
will dictate, to a large cxtent, how, where, end when the samples should
be taken. The schedule of sumpling obviously will be affected by sevoeral
factors, such as tho cost of the various phasos of the program, the funds
available, and the characteristics of the stream and its sodiment load,
Scdiment investigations ordinarily arc conducted to esteblish long-term
rccords of sediment loads and to provide basic data for analysis and
design of engincering projects in which scdiment is & factor to bo con-
sidered. Sometimes they are carried out purely in the intercst of ace-
demic resocarch or to provide scicntific information for use in connection
with problems arising in streams othor than the onc being studied. In
gencral, a long-torm sodiment measurement progream will reguire less fro=-
quent sampling than a mortc intensive research project, particularly after
the stream has been under observetion for a sufficient length of time to
determine the characteristics of its scdiment load and water discharge.
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In any type of swmpling program thoe variability and cheruce-
taristics of the scdinot loud and of the weter discharge are the mest

importunt factors to consider in plonning o sampling schedule. | Both
of these variables are : ffocbed by the clinatic, hydrologic, and topo-
grzphic features of the stremn and its watersbed. The'quantity, distri-

the

bution end intensity of precipitation; the rangec in temperaiurce;
sizc, shepo, topography and goclopgy of thoe draingg;e basing the seil and

o)

veagetal cover are Tactors which influerice the guan*ity and rate ¢ cedi-
ment production. Other thingzs being equal, the cuantity of sediment
produced varies with the size of dreinsge area, ond obviously, the heave
ier and more intense the precipitvation the greater will be the quantity
of sediment removed from the watershed. A friable soil, unprotected by
vegetal cover, will vield higher sedinment runoff then a nore stable soil.
These and other factors must be tawen into consiueration in preraring a
sampling schedule flor any particular locatvion,

The majority of streams pass more than 50 percent of the total
annual flow during flood periods at which time the scdiment concentra-
tion also is greauter than during periods of nearly normal stage. Both
the water discharge and sediment concentration vary more rapidly on a
rising than on a falling stage. Therefore, it is inportant that sedi-
ment samples be taken more often during flood periods than at other times
and more frequently on the rising side of a flood hydrograph then after
the crost has passed,

For the purnose of dsriving an accurate sediment hydrograph
for a stream, the frequency of sampling might be scheduled on & rational
basis sinmilsr to that uscd in locating saripling points to represent areas
of equal discharge in & strecam cross-section. Tho samples could bo so
spaced with respect to time thet thoy would represeont either cqual gquan-
tities of sadiment or water discharge. In fect approximations of such a
method arc used by various zgencies. For instance, routine samples nay
be taken cvery day during periods of normal flow, end, according to a
predetermined schedule, more often during flood periods, fower samples
being required on the falling than on rising stages. It would be un-
desirable, however, to malke the sanpling schedulc so complicated or con-
fusing as to tax the peticnce ond cooperativences of the obscrver.

Various sampling schedules that have been used in actual ficld
practice arc described in detuil in Reports lNo. 1 and 8 of the scdiment
ssrics.

6. Suspended Sediment Samplers, - In the earliest attempts to
measurc dediment loads in streams the very simplest types of samplors
were uswed. An opon container or a peil was uscd by Riddell in ssmpling
the Mississippi River at New Orleans in 1843 to 1848. Similarly crude
and wscicntific equipment wes uscd until about 1900, Since that time
& greot deal of thought and ingenuity have becrn excrcised in the develop-
mont of sediment sempling cquipnient. Various individuals ongaged in
sediment work heve devised semplors which oporate in accordance with
their respective interpretations of the sediment transportation phonome-
non, A grzat many different instruments sud apparatus have been intro-
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duced. The sampling action and the techniques adopted for operating
the samplers differ widely. As a result, the data obtained with one
sampler are not necessarily comperable to those of another, and in the
light of the studies made by the Interdepartmental Committee, many
samplers which have been used extensively in the past ere now known to
be decidedly unsatisfactory.

The various samplers that have been investigated in this study
can be classified as to their mode of operation into two general types:
insteantancous end time-integrating. Many samplers do not actually quali-
fy for either of these classifications becausc their design, sampling
action, or method of operation eliminate them from the categories of
true instantaneous or integrating samplers, As the nane implies, the
instanteaneous sempler is dosigned to trap a specimen of the water-sedi-
ment mixture passing the sclected sampling point at a desired instant.
The time-integrating samplor, on tho other hand, takes the sampler more
slowly over an extended period of time so &s to obtain a spceimen in
which the momentary fluctuations in scdiment load are averaged., The
majority of samplers in use at the prasent timo arce designed to oporate
on ths principle of time-intogration. While this principlc is basically
sound and conducive to accurate swmpling, the semplers arce often con-
structed or operated in such a way as to preclude tine-integration dome
inating the sampling procedurc,

Time~-integrating sanmplers may be sub-divided agein into two
types: point-integrating end depth-integrating., The point~integrating
sampler is held stationary et o point in tho sampling vertical while the
sample is taken. The depth-integrating sampler is lowered to the bottom
of the stream and raiscd again to the surface ot & uniform rate, sampling
continuously during both periods of transit, or it may be dosigned to
sample only from the surface to the stroam bed. The depth-integrating
sampler is designed to teke o mean s:mple in tho vertical giving uniform
weight to the increments of water-scdiment mizture teken at the various
levels, '

The requirements of an.ideal sediment sempler are summarized
briefly as follows:

1. The velocity within the cutting circle of the intake should be
equal to the stream velocity,

2 The intake should be pointed into the approaching flow and pro-
trude upstreem from the zone of disturbance cruscd by the presence of the
samplaers. .

3., The samplor should fill smoothly without sudden inrush or
gulping. :

4, The sample container should be removable and suitable for
transportation to the laboratory without loss or speilage of the contoents.

5. The sanpler should pormit sampling close to the stroasm bod.
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6. Tho sampler should be strommlined and of sufficient weight to
avoid excessive drag.

7. The sampler should be rugged and simply constructed to minimize
the need for repairs in the ficld. ) ' '

8. The cost of the sampler should be as low as possible consistent
with good design and performance.

The Interdeparbtmental Committee in the early phases of the pro-
ject authorized an exhaustive laboratory and analytical study of existing
integrating samplers to locate faulty design and operation procedures
which would ceontribute to inaccuracies in the collection of sediment sam-
ples. Basically, the principle of integration sampling requires that a
continuous filament of the water and sediment be taken from the flowing
stream in the seame relutive proportions ag exist in the immediately sur-
rounding filaments of flow, The sample must be taken from the stream
without modifying the velocity and with the minimum disturbance to the
adjacent flow lines, In order to aveid any disturbing effcects due to
thz presence of the sanpler itself, tho instrument should be streamlined
es much as practicable, and the point of entry of the sample should be
in the form of a nozzle projecting upstreom beyond the zone where there
is any appreciable disturbance in the flow pattern. VWith these criterie
in view, a laboratory spperstus was constructed so that the sssontial
festures of the sauplers could be tousted under conditions simulating as
nearly as possible those oncountered in the ficld to dotormine the effects
of devietions from ideal sampling conditions on the¢ accuracy of the sedi-
ment data, The apparatus consistod essentially of a loop conduit in
which could be circulated a column of water at constant velocity, sedi-

‘nment concentration and temperature. The tost scction of the 10-inch -

square conduit, with transparent sides and top for observation, is shown
in Fig. 1.

It was recognized that the velocity at which the sample is
withdrawn from the stream relative to thet of the stresm itself at the
sompling point should be unity and that devictions from this reletion=
ship would result in crroncous sanpling. The megnitude of error due
to incorrect sampling rates in suspensions of varying concentrations
of 0.45 mm, sediment is shown in Fig. 2. Should thc sample be withdrawn
at a slower velocity than that of the stream, the flow lines in the fila-
ment boing sampled would diverge while the s=diment particles in the
filament, being of higher specific gravity than the water, would tend
to follow patns which diverge less than the flow lines. Consegquently,
the sumple would contain & greator concentration of sediment then the
stream, the approaching flow lines would converge while the sediment
particles would converge to & lesser degree and the sumple would contain
a Jower concentration than the strecm. Pigs. 3 and 4 show a decroasing
effect of incorrect sampling rates with decrosesing sediment size, the
orror becoming insignificent for very finc scdiment. The magnitude of
the stream velocity does not muaterially alter the results indicated by
incorrcet sampling rates as shown in Fig. 5.



The effect of rotating the axis of the intake nozzle slightly
with respect to the approaching flow lines is illustrated by Fig. 6.
An angular deviation of 20 deprees has an inappreciable effect on the
sampling accuracy, whereas a 30-degree approach velocity results in
about 7 percent error in the sediment concentration at a relative sam-
pling rate of unity, It is apparent from these tests that the sampler
should be sufficiently sensitive to current direction to orient its in-
take within 20 degrees of the direction of the fl ow.

The standard nozzle used in the laboratory tests had a cutting
diameter of 0.25 in. liozzles of 0.15 and 0.,375-in. diameters were also
tested, The size of the nozzle eppearcd to have no effect on the sedi-
ment concentration obtained as long as a unity sampling rate was used,
as thown in Fig. 7.

One of the more serious faults of existing samplers is the
lack of streamlining., Parts of the samplers obstruct the intakes and
disturb the flow filaments being sampled. In many instances the in-
takes are normal to the direction of flow, Tho flow lines must bend
90 degrees to enter the intake and sediment particles will tend to be
separated from the sample filament. The laboratory tests indicated an
error of about 16 percent in sempling C.15 and 0.4b-mm, sediment with
the intake normal to the current, the orror decreasing to about 2 per-
cent for 0.06-mm, sediment,

A sampler which is designed to open below the water surface
of a strecam is subject to so-callced "initial inrush" when the intake is
opened unless provision has been nade to equalize the air pressure in-
side and tho water pressure outside the samplc container. Nonc of the
integrating semploers in use by the cooperating agencics at the beginning
of this study were designed to eliminate this objectionable feature,
The cffeet of initial inrush on the rate of sampling is shown by the
graph in Fig. 8. For instance, when the Prasicr sampler ve.s: opened at
a deopth of 34 f£t. in still water, half the¢ volume of the containcr was
filled in one second or less. The sampling rate during this poriod was
about 245 c.c, per soc., while the romaindor of the sample was tuken at
a rate of sbout 23 c.c., per scec, or less. Obviously, the first half of
the sample which is taken during the period of initial inrush will not
be integrated and, consecquently, will not be representative of the sedi-
ment suspension existing at the sampling point due to scgregation of
sediment particles from the sampled filamant. Furthermore, momoentary
fluctuations in scdiment concentration ond velocity will not be correct-
ly integrated during the initial inrush period. As shown by the illus-
tration, the degree of error is a funection of the submergence.

* Initinl inrush in point-integrating samplers can be avoided
by providing some means of belancing the eir pressure in the containcr
and the hydrostatic pressure at the sempling point. A simple method
of automatically obtaining this balance will be described in a later
scction of this paper dealing with the developrunt of improved samplers.

Simple depth-integrating samplers are subjoct to effects
similar to initial inrush if lowcred into a stream too rapidly. The
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air in the ssmple containcr im instantaneously compressed by the in-
flowing liquid so that its pressurc balances the oxternal hydrostatic
head. The roate of air contraction duc to increasing hydrostatic pres-
sure must never excecd the normal rate of liquid inflow., Hence, the
maximum spocd of lowering the sampler obtuins whon these two factors
arc cqual,

At any instent during the operation of a depth-integrating
samplor, the cir volume in the container is a function of the hydro-
static head and the prior rate of filling. If the air volume reduction
necessary to bzlance o given change in hydrostatic head at any instant
is greaster than normal inflow, the actual inflow will occur at & rate
higher than the local stream velocity and some inflow nay occur through
the air exhaust. Semples collected under these conditions will not be
weighted sccording to the vertical velocity curve., On the other hand,
if the normal inflow coxcceeds the air volume reduction nccessary to bal-
ance a given chonge in hydrostatic head, air will cscapce from the som-
ple conteiner so as to permit the actual inflow to ocecur ot a rate equal
to the stroam velocity end the sample will be correctly weighted accord-
ing to the vertical velocity curve..

In deternining the limits of the pormissible sampler transit
retus, it will be assumzd thet no air escapes from the containor and
that the roduction in sir volume due to the changing hydrostatic head
is just bzlanced by the inflowing weter. From Boyloets law it fol lows
that, with constant temperaturocs,

hv = hlvl ° e e 9 e e @ e e e e o ¢ ® & @ e o o LI e (1)

The symbols used in the above and subsequent equations in this
paper have the following definitiens:

A, , area of intake nozzle at entrance, sq. ft.

D, depth at any point, ft.

Dg, depth of stream or éampling depth, It.

d, ratio of depth at any point to the total depth = D/Dg

h, absolute pressure head at any depth = hy + D, ft.

hi, absolute pressure head ot water surface = 34 ft. of
weter at sea level :

r, reatio of the velocity at any point in the vertical to
" the average velocity = v /vy

lowering rate, ft./sec.
t, time from start of sampling, sec.

V, volume of air in conte¢iner at any depth = Vy at water
surface, cu, ft.
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Vi, volune of containcr, cu. ft.
v, streanm velocity at any point in the vertical, ft./scc.

v,,, mean stream velocity in sempling vertical,‘ft./soc.

m?

The rate of change in air volume in the container at any
depth is obtained by rewriting cquation (1) snd differentiating with
respect to time.

dv. hiVp dD (2)

dat ~-(ny+D)2 dt ) o )
The rate of change in air volume at any depth may be expresscd also in
terms of the area of the intake nozzle and rate of inflow,

av
'th"::"AnV'oo.oooo.o-oco-'ccooo-o<3)

In this analysis it is assumed that a typical velocity distribu-
tion exists in the sampling vertical, The lowering rate, Ry, which at any
depth will permit the inflow to compensate for the air volume reduction
due to increasing hydrostatic pressure, is obtained by equating (2) and
(3) and solving for dD/dt.

dD = fan(hl"’D)z = RL ° @ © L) ° ¢ @ ° ¢ 9 ° ° ¢ . . L] (4-')
at hVy

It will be noted that the lowering rate indicated by equation (4) varies
with the depth and velocity. Rearranging and substituting for v and D,

RL :Anr(h1+Dsd)2 ¢ o 0o ¢ © o e o0 © o ¢ © 8 © 0 ° @ (5)
Vi h1V]

Values of RL/vm from equation (5) for & sempler with & 3/16 in. diameter
intake nozzle and & one~pint sample container for various stream depths
are shown in Fig. 9.

As the lowering rate must be uniform in order to obtain a true
depth~integrated sample, the maximum permissible uniform lowering rate
is the lowest rate shown in Fig. 9 for any depth. That is, for depths
over 19 ft. the maximum permissible uniform lowering rate is that shown
for the surface of the stroam, For depths less than 19 ft, the maximum
rate, which is that indicated for the bottom of the vertical, varies with
the depth. The maximum permissible uniform lowering rates with respect
to the mean stream velocity to be used with intake nozzles of 1/8, 3/16,
and 1/4 in, diameter in streams of various dopths, are shown in Fig. 10.
If a uniform lowering ratec equal to or less than the maximum indicated
by Fig. 10 is selected for given sampling conditions, air will escape
from tho container while the sampler is in transit, the pressurc in the
container will always be equal to the hydrostatic pressure surrounding
the samplery and a true depth-integrated sample will be takecn,
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The minimun lowsring rate which will allow the sample container
to. become full just at the instant the sampler reaches the bottom is given
by the equation '

RL et panmDS
V1

The minimum values of the relative lowering rate, R;v,, given by this
equation for one-way depth-integrating samplers of one-pint capacity with.
intake nozzles of 1/8, 3/16, and 1/4 in, diameter are also shown in Fig.

10, In computing these values it was assumed that the stream would be
sampled throughout the entire depth., If lower transit rates than the indi~
cated minimum are used, the sample container will be filled before the inte=
gration is completed, circulation will take place and, consequently, the ’
sample will indicste greater concentration than exists in the stream,

When a simple depth-integrating sampler is used, sampling on both the de-
scending and ascending trips, the minimum transit rates must be twice those
indicated in Fig. 10,

The maximum uniform lowering rate which can be used in streams
over 19 ft,., deep is the rate for the surface of the stream given by equaw
tion (5), By substituting this rate in equation (6) & maximum sampling
depth of 39 ft. is obtained. That is, by closing the intake and air ex-
haust when the samplér mekes contact with the strean bed, a depth of 39
ft. can be sempled when a typical velocity distribution exists, When the
velocity distribution is uniform in the vertical section, r is unity at
eny point and the maximum sampling depth is 34 ft, If the sample is taken
during both the descending and ascending trips, the maximum depths that
cen be sampled would be one-half of the above values for the respective
velocity distributions, '

When a semple is taken during both the descending and ascending
trips of the sampler, the maximum lowering rate should not exceed that
indicated in the sbove snalysis. Howevoer, since the hydrostatic head do-
creascs on the upward trip, an ascending rate groater than the lowering
rate may be used provided the angle of reletive velooity is not oxcessive,
If different descending and ascending rates are used, they must be con=
gstent throughout their respective trips in order to obtain a properly
weighted sample,

The. times necessary to fill a one-pint container at various in-
take velocities with nozzles L/B; 3/16, and l/& in. diameter are shown in
Fige 12.

Under some conditions, it might be impractical to usc the maxie-
mum permissible transit rates indicated by the preceeding snalysis, The -
ordinery stream gaging reels of le and 2-ft, circumferences will not per-
mit transit rates greater than about 2 and 3.5 ft. per sec., respectively,
Consecquently, these may be the limiting speeds with which the sampler cen
be raised or lowered. In the laboratory study it was found that consider-
able error in sampling resulted if the axis of the inteke nozzle was oriented
300 or more from the line of approeching flow, A similar effoct is produced
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in depth-integration sampling due to the angular approach of the stream
flow lines with respect to the moving intake nozzle. To minimize the
error due to this source - which is a function of the velocity of the
water, the transit rate of the sampler, and the size of the sediment
particles in suspension - the angle of relative wvelocity should be re=
stricted to a maximum of 200,

7 Development of US Integrating Suspended Sediment Samplers, =
The comprehensive survey of the sediment sampling equipment used during
past years presented in Report Mo, 1 of the sediment series, discloses
that some sixty-five samplers, embodying & number of diffoerent designs,
have becn developed since the first sediment samples were taken from
the Rhone River over 138 years ago, Thirty of these samplers were of
the instentaneous type, twenty of the point-integrating type, and eight
of the depth-~integrating type, with secveral designed to obtain both point
and depth-integrdted samples. The survey indicated that all of the same
plers in current use violate one or more of the basic principles of accurs=
ate sediment sampling,

In considering a now design, it appcarcd that a sampler of the
point-integrating type would cover the greatest renge of field conditions
in the routine determination of the scodiment discharge of streams. How-
ever, the initial cost of this type of swmpler was estimated to be consid-
erably grester than the simpler depth~integrating sampler. Therefore, it
was dceided that experinmental models of both types of samplers should be
developed with a view to providing practical and cofficient equipment for
as widec a range of field conditions as possible,

In the course of developing a now depth-integrating scdiment
sempler, five experimental samplers wore constructed. Succossive samplors
were designed to correct undesirable features which field or laboratory
tests had indicated in the previous models. Tho final sampler, designated
the US Sediment Sesmpler D-43, has a cast bronze streamlined body with in-
tegral horizontal and vertical tailvanes. The forward section of the sam-
pler is hinged to provide access to the sample container recess, and it
is adapted to reoceive 1/8-in, to l/@-in. diamecter nozzles which can be
interchenped if demaged or if a different size is required. A spring latch
on the undor side of the samploer holds the head securcly in the closed
position and permits it to be opencd readily., The sempler is suspended
from a standard current meter hanger bar,

The oxperimental depthe-integrating samplers were tested in a
glass-walled laboratory flume to observe their poisc and orientation with
respact to the flow lines, and to determine the relationship between the
velocity in the flume end the filling rate. In determining the filling
rates the samplers were suspended about 0.5 {t. below the water surface
by meens of a stream gaging cable end recl, and the sampling intoerval
was taken as the period that the nozzle was submerged, The intake chare
acteristics determined in this menner arc reprosentative of flow conditions
when the sampler is suspended at a fixed point,

In ficld use, the depth-integrating semplor is lowered and raised
at a uniform rate; conscquently, the sampled filament will enter the intake
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nozzle at an angle, This flow condition can be simulated by holding
the sampler in a fixed position at an angle to the current. Prelimi-
nary laboratory tests made with the sempler oriented with respect to
the flow showed some variation in the relative sampling rate depending
on whether the nozzle was tilted up or down. The tests were not con-
clusive, but they indicated that the relative sanpling rate determined
from tests made with the sempler in a fixed horizontal position should
gxceed unity slightly in order to obtain an approximate average rate
of unity when collecting a depth-integrated sample.

A few field tests were nade with the experimental samplers in
streams neor the hydraulics lsboratory to determine the practicality of
the samplers as field instruments and their general limits of use in
streams of medium depths srd velocities., The intekc characteoristics
determined in laboratory end field tests on the fifth experimental depthe
integrating sampler arc shown in Figs, 13 and 14. Photographs of the
38~ and 50-1b, US D=43 semplers are shown in Figs. 15 and 16,

The point~integrating suspended sediment sampler developed
in this project embodies all the features of the depth-integrating seame
pler, but in addition, it is desipgned to accunulate a water-sediment
sample which is representative of the mean sedinent concentration at
any selected point in & stream vertical during a short interval of time.
The sampler is constructed so that the air pressure in the conbtainer and
the external hydrostatic head are equalizoed at all depths, thus avolding
any initinl inrush when the intake nozzle and air exhaust are opened,
This has been accomplished by utilizing the diving-bell principle.

The body of the US pointeintegrating sampler consists essen-
tially of & streamlined cast bronze shell, en inner recess to hold the
sample container, end an air chanber having a volume about five times
thet of the ssmple container, The air chambor and the sample container
are interconnected by means of tubing and & passage through a spring
actuated valve, When the intake and air exhaust, which are also cone
trolled by this valve, arc closed prior to lowering the sampler into &
stream, the pressure equalizing passage is opon, The &ir chember has a
permanent opening at the bottom of the sampler thiough which water can
entoer, thereby compressing the air in the sanple conteiner as the seme
pler is submerged,

Three exporimental point-integrating samplers were construc-
ted during tho course of the investigation. The results of the calibra-
tion tests of the second sampler indicatod that the intake charactoristics
approached the ideal, &s shown by the data presented in Fig. 17,

The third experimental sampler embodies other improvements in
addition to thosc developed on the first two samplers. The valve is
driven by a flat clock spring and is controlled by an escapement for
three positions: (1) intake and air exhaust closed, equalizing passage
open; (2) intoke and air oxhaust open, cqualizing passage closed; (3)
all passages closed. A solenoid, cnergized by two or more G-volt len-
torn batteories, is used to trip the escapament allowing the valve to
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turn from one position to the noxt, From the batteries located on the
opcrating rig, the current is supplicd to the sclenoid through a two-
conductor curront meter cable. The third experinental point-intograting
sediment sampler, dosignubted US P-46, woighs about 100 lbs. unsubnorgoed.
FPig. 18 is a photograph of this samplor,

Tho P-46 semplor is primerily a point-integrator, but can be

sud ¢lso as a depth-integrator. With the valve in the open position a
sample can be integrated from the surfaco to the bottom and roturn, or
the valve can be closcd ot the bottom so that thoe sample is taken only
on the downward trip. The sempler mey also be lowercd to the stroum bed
with the velve in the closed position, thon openud and the sample talen
on the ascending trip only, or the sampler nay be uscd to integrate any
portion of & sumpling vertical, Thus in extrenely deep stroeams thoe ver-
tical may be sempled either by the point mothod or by successgivoely inte-
grating portions of th. vertical, As & point sampler this instrument
can be uscd also in sampling dersity flows in rosorvoirs. By whatover

vthod the sampler is operated the prossure in the container and outside
hydrostatic pressures arce automatically balanced and the offccts of ini-
tial inrush arc eliminetod.

As a part of a program of fiecld tusting and standarization of
sampling equipmont, throc D-43 semplers worc placed in routine opueration
in a cooporative scdiment project in Iowa in Septomber 1943, Since that
date, some fifty-five D-43 samplors (50 1b,) have buen comstructoed for
soveral of the agencios for routince sampling oporations in streams of
medium depths and velocitics, Tho progross being made in tho developnent
of the improved point-intograting samplor has boon soncwhat slowor owing
to the inherent mechanical difficultius involved and thoe initial con=-
struction cost of a snall nunbor of samplers. Howsvoer, st the prosent
time, cight P-46 samplers are under construction for two of tho agencies.

Drawings of tho US Scdimont Samplers P-46 wnd D=43 (50 1b.)
indicating construction details arc spponded to this papor.

8. Fiold Tests on Susponded Scdiment Samplers. - In lay 1943 scveral
suspended  scdinmont semplors of the US D-48 modol werue distributed to field
offices of the cooperating agoncius for exemination and trial. Tho Com=
mittee desired to dotornmine tho utility end durability of the sempler under
practical ficld conditions and to obtain sppraisals end rocommendations of
field personncl pertaining to its dosign and operating charscteristics.
Wherever possible comparative tosts woero to be made with other types of
samplors which were in current usc by tho roespective ficld ngoncics. The
second experimental model of the point-integrator, US P-43, was madc avuaile
able for 60-day puriods to ficld offices of tho agencies desiring to make
similer tests with this sempler, Thirtcen ficld officcs have submitted ro-
ports, t:st drte, and discussions of the oxperiences cncountercd in these tests.

The field tests brought to light many inaccuraciecs in oxisting
sedimont samplers, some of which had been anticipated on tho besis of provi-
ous laboratory analyses. Disparitics in sodimont date wore duc cither to
faulty sampling techniquos or faulty semplor desipgn, or both., A swmary of
the rosults of the comparative ficld tests is presented in the following
tabulation,
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Summary of Sampling Ratios

FIELD TESTS Ol SUSPEWDED SEDIMELT SAMPLERS

No. of Sampling Ratio
Agency Sanplers Conpared Comparie |-
sons Min. Iax, Avg,
et ST
U.S.B.R. *Tait-Binckley/D-43 9 0466 1.00 | 0.81
U.S.E.D.
Tulsa *Texas /Daid sk 78 - - 1,04
*Vicksburg/D-43 30 e - 1.10
Albuquerque Weding Sampler/D-43 6 0,77 1.05 0.98
*Faris/Ded Sxk 7 076 1.02 0.91
*Faris/D-43xx 7 0.31 0,82 0.48
Sacramento Sacramento/D-4% 6 0,50 | 2.50 | 1,10
Rock Island RI/D-43 8 0.68 | 1,45 | 1.13
Onehe Onahe,/D-43 6 0,97 1.37 1,16
*Omahe,/D-43 116 - _— 1.18
U.5.G.S. Colorado Re/D-43 22 0.59 | 1.00 | 0.82
U.S.B.D, Tait-Bincklay/DP=43 24 0,67 2,14 1.26
UusEEQDO
Huntington ORD/P-~43 5 0.89 1.01 | 0,94
Tulsa Texas/P-43 23 - - 0,97
Vicksburg/P-43 52 . - 1,03
Omaha Omeha /P43 i 115 - - 1,18
Little Rock Texss/P-43 19 e e 0.95
U.S.G.S. Colorado T./P-43 4

0,53 1,00 0.80

*Sampling roatio is affected by both sampling method and sermling acbione
P N ¥ g i g

#*xfaris and Texas Samplers are identical,
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The majority of these tests were made in streams with relatively shallow
depths, moderate velocities, fincly divided sediments, and uniform verti-
cal distributions of both velocity and sediment concentration, conditions
which tend to minimize the effocts of faulty sampler esction. and improper
sampling methods, In such streams a departure from the.optimunm intake
velocity, streamlining, and sampling procedure would not materially affect
the ropresentativeness of the sample. On the other hand, sempler design
and operating techniqueo become increasingly impertant s the physical
characteristics of the stream depart from the favorable sampling condi-
tions which preveailed during most of the tests. For instance, in the
comparative tests mado with the Texaos sampler and the US D-43 sampler in
the Arkansas, Canadian, and Cimarron Rivers, where stream velocitias and
scdiment concontrations were relatively low, a mean sampling ratio of 1,04
was obtained; vwhereas in one scrics of tosts made in tho Rio Grande with
the Faris (same as Toxas) and D-43 samplors and identical sampling mcthods,
but with highor'strcam velocities, coarser sedimont, and greatcr concen-
trations, the sampling retio dropped to Q.48.

Comparative tests made with the Colorado River and D-43 samplers
in the Colorado Rivor Basin where the sizc of the scdimont particles ranged
from silt to medium coarse sand, indicated a seampling retio of 0,82, The
majority of the depth-integrating samplers which were tested collected
samples too low in concentration, Howcver, the Omoha and Rock Island sam-
plors eollected an oxcoss of sediment in the Missouri and Mississippi River
basins, the mecan sampling ratios being 1.16 and 1,13, rospectively.,

A striking illustration of the error which may result from take

ing a single sample in a vertical is given by a further analysis of the
datae obtained with the Faris and the US D-43 samplers in comparative tests
made in the Rio Grande at Albuquerque, Now Mcxico, in May and Junc 1944,
Seven scries of comparisons were mode in which the Faris samples wore
token at 0.6 depth and the D-43 samples were obtained by the usual methed
of depth-integration. The average sediment concontration in the Faris
samples was 0,48 of that in the D-43 samples., Size analyses indicated
that in thoe range of particle sizes smaller than 0,0312 mm,, the retio of
concentration in the Faris samples to that in the D-43 samples was about
0e75., However, this ratio decreesed rapidly with inereasing particle
sizess For particles 0,5 mm, in diametor, the ratio dropped to 0.12,
The relative percentages of the various sizos of particles taken with the
two samplers are shown in Fige. 19 It is spparent that the coarser materw
ial proesent in the D-43 samples was obtaincd largely from the vortical be-
low the 0.6 depth, that portion of the vertical which was not represented
in the samples taken by the Faris sampler,

In May 194U a scries of semples were taken with the US P«43
point-intcgrating sanplor at the samc sampling station in the Rio Grande,
Tho sedinént concentration and veloecity in the vertical are shown in Fig.
20, while the size gradation of the .sediment samplcs taken at various
dopths are shown in Fige. 21, It is evideont from these data that samples
takon at 0.6 depth are not representative of the total sediment concene
tration in the vertical and that they do not indicate correctly the varia-
tion of particle sizes., Regardless of tho type of sampler used, tho 0.6
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depth or any other single point method of sampling is not reliable where
particle sizes and concentrations vary appreciably fron the surface to
the bottom of the stream.

Field persounnel recognized the simplicity, ruggedness, and ease
of operation embodied in the US D-43 sampler and recommended that addi-
tional depthe-integrating semplers be developed to cover & wider range of
sampling conditionse The Committee has adopted a number of these recom-
mendations in the program for future sampler development,

The field tests on the point-integrating sempler, US P~43, rc-
sulted in numerous recomaendations for the improvement of mechanical oper-
ating features snd the general design of the sempler. The basic princi-
ples of the sempler received goneral approval and the need for this type
of sempler was recopgnized, On the basis of these recommendations, the US
P~46 scdinent sampler was designed and preliminary field tests indicate
that the objectionable fentures of the earlier nodel have been largely
overcome, It 1s believed that samplers of this type will be widely used
in future sediment investigations, particularly in large rivers.

9, Laboratory Anaslysis of Sediment Samples. « In carrying out a
sedimert sampling program 1t is obviously desirable that the methods en-
ployed in analysing sediment sarples should be equally as nccurate and
efficiont as those used in teking the samples from the strean, For this
reagson the Interdepartnental Committee undertook an exhoustive study of
the laboratory devices, instruments, epparatus, and methods developed by
verious investipgators for sediment analysis worke. This study is covered
in Report No. 4 of the series, under the title, "Methods of snalysing
Sediment Samples",

The determinstion of total sediment concentration and size dise
tribution of relatively coarse particles « larger than about 1/16 mm, in
diameter - generally does not present any great problem and usually can
be sccomplished by means enployed in soils or materisls laboratories. In
addition to the determination of the weights of the original sample and
the residue, the most cormon nmethod used in determining total sediment
concentration involves three basic steps - scodimentation, decantation, and
evaporation, This process may be supplemented by filtering through filter
paper or crucibles to expedite the operation and to eliminate discrepancies
due to dissolved solids.

The size distribution of sediment particles larger than 1/16 Ile
dismeter is determinoed, in most instances, by sicving. This nethod has
reached a high degree of development in this country duc, no doubt, to its
simplicity end rcliability and to the fact that wvery accurate sieves aro
availablo. The behavior of sediment particles in streoms and thelr deposi=-
tion in reservoirs and detention basins depend to a pgrester dogree upon’
their settling properties than upon their geometric size., Consequently,
attenpts have been made to develop scodimentation methods for size analysis
of coarse particles and this promises to be an importent field for future
researche

The size onalysis of finer sediments has stimulated a groeat deal
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of interest and many ingenious devices and processes have been developed,
Methods commonly used in analysis of soils, such as pipette, hydrometer,
manometer, plummet, and elutriation have been used, but inherent limita-
tions in their capacity to determine particle size and concentration

often preclude their use in analysing susponded sediment samples. The
Interdepartmental Committee sponsored a special study of sedimentation
methods of size enalysis with & view to developing apparatus and tech-
niques of sufficient scope and capacity to sutisfy the requirements of
suspended scdiment investigations. An apparatus called the bottom-withe
drawal tube was developed which enables tho gradation of particles to be
determined for a wider range of concentration snd a wider ranpge of size
than is possible with any other of the commonly-used nethods. This device,
which is illustrated in Fig. 22, is a graduated glass tube about 100 cn,
in length and 2.64 cm. in dianeter with a quick-acting outlet at the lower
ends, The sample 18 first uniformly dispersed in the bottom-withdrawsl
tube, and then the tube is supported in en upright position., The sedinment
particles begin to settle to the botbom immediately, the settling velocity
being a function of the apparent spccific gravity of individual particles,

In a unifornmly dispersed suspension such as cmployed in the
bottom-withdrawal tube, the sodinent concentration at any level remains
constant until the largest particle in suspension will have had tinc to
scttle from the surface to the level in question. Fractions of the sam-
ple arc withdrawn intermittently from the bottom of the tube, the time
claent of withdrawals corresponding to the time required for particles
of given sizes to scttle throughout the length of the water column,

Bach fraction is thon dried and the weight of accumulated sediment do-
termined. From these data is computed the woight of sediment of the same
concentration which would remain in the suspension, assuming that the
wateor column remeined at the original height, Since the height of the
water column actually decrecases with each withdrawal, & pro rate correc-
tion is made to obtain the amount of susponded material that would ramain
in a column of constant heighte Similarly, theo hypothetical settling
timc for each fraction in a column of constant height is also computoed,
The computed percent of maeteriel romaining in the suspension et the
moment of withdrawal rolative to the total amount of material present

in the original sanplo, together with the corrcesponding settling time,
provide the data nccessary to construct an 0dén Curve (12), an example

of which is shown in Fig. 23, DIxtonding e tingent from any point on

the curve to the ordinate scale will indicate the amount of material

in tho sample which is finer than the particle size represcented by tho
corresponding tine cbscissa at the point of tangency. Gradation of the
sediment according to any desired scale of particlc sizes can be deter=-
mined in this monner. Since the fall velocity is sensitive to tomper-
ature chenges in the medium, varistions in temperature must be consie-
dered in correlating particle sizes and settling time,

The development of the bottom-withdrawal tube end suggested
ncethods of operation are described fully in Report o, 7 of the scries
~under the title "A Study of New Methods for Sizc Analysis of Susponded
Sediment Samples". This device has been uscd with marked success by
several ficld agencies of the Federal departments cooperating in this
study.
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