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SYNOPSIS

In Report No. 4 of this series, "Methods of Analyzingﬁediment Samples,*
a study of available literature on methods of determining the sizes of
sediment particles was described. It was concluded that none of the
present methods for analyzing suspended sediment samples can be applied
satisfactorily to all sizes and concentrations which ars encountered in
flowing streams. The present study was undertaken iﬁ an attempt to supply
this deficiency. The bottom withdrawal tube developed in the course of
this study appears to meet the need. This devics is a glass tube, 50 to
100 cm. in length, equipped with a volumetric scale and a quick-acting out-
let at the lower end. First the sample is uniformly dispersed inthe tube.
Then the tube is placed in an upright positionand samples of known volume
are drawn from the bottom at known time intervals. When the sediment
weight in each fraction has been determinedthe particle size distribution
can be computed with the aid of a so-called 0dén curve.

The report includes a review of the range of conditions for which the
present methods of size analysis are suitable. The various devices in-
vestigated and the method of computing the size analysis of sediments on
the basis of o unifornm dispersion of particles are described. The modi-
fication of this method for application to data obtained with the bw?tom
withdrawal tube is explained. A description of the tests made to determine

the accuracy and range of applicability of the apparatus is also included,



Table of Contents

Section

> €8 0 b

[ec IR e T ]

11
12

13
14

16
18
17

18
19

2l
22

Sm@g ﬁia @ ® a & @ ® @ © @ © -3 @ & 8 ] ] e @ 8 & L] L4 & 9 @ ®
I. INTRODUCTION

Purposs of report o o o ¢ o s s o 0 a o
Purpose snd scope of the general study.
Authority and personnsl o o o « o o o o
Acknowlsdgments « o o o o o s o o s o s

e » @ o
2 © © e
e © ¢ o
® & & o
& o © o
® ¢ © e
e s @ &
¢ e o o
e © 6 @
e © ® @

IT1. HATURE OF THE PROBLEM

The importance of particle size in sediment studies
The relation between size and settling rate  « « »
Roview of previous methods of size analysig « « o »
Limitations of present methods of size analysis . »

® o © &
@ @ @ @
& @ [ k)
® @ @ e

III. INVESTIGATION OF THE CHAMBERED TUBE

Description of method and apparatus « o o o o o a 6 o » o »
T@gt I"@Sul‘tg @ (] ® -] L] 2 L] ? @ L] < L] Ll L4 o L4 (] L] L L] L] [:3 © ]

IV. THEORY OF SEDIMENTATION OF UNIFORM DISPERSIONS

Relation of the theory to the present problem  » o « o o =
Behavior of particles settling from a uniformly dispersed
Suﬁp@ﬂsiﬁﬁosaa@@eeaegegsoseecooeos
Odén 'Bh%@ry of sedimentation @y@%@m@ ¢ e © © © @ ©® © o © @
Graphical analysis of the 0ddn CUrYes « o o o o & 0 0 8 o

PMENT OF THE BOTTOM WITHDRAWAL TUBE AND THE
METHOD OF ANALYZING ITS RESULTS

Mothod of operating the chambered tubes o « ¢ o ¢ s o o o o
Development of the botton withdrawal tube « o o o o o o o s
Analysie of the results obtained with the bottom withdrawal
mb@@se@a@%@&@@@0@88@@999600990
Basle date collected in bottom withdrawal tubes +» o o o o o
Reduotion of basic data to constent time with depth aa the
V&?i&bl@oseee@sm@ssoeeme@eooeeo-o
Redustion of baasic data to constant depth with time as the
varieblse o ¢ o ¢ s o v 6 06 6 @ o 8 5 o 5 6 6 6 © 5 o & o

Vi. RESULTS OF TESIS WITH THE BOTTOM WITHDRAWAL TUBE

Gomp&ris@n with other methods ¢ ¢« ¢« ¢« o ¢ o ¢ 5 o ¢ 8 0 o &
The effect of concentration on results of plpette analysis.

® - -4 @

® @ @ -3

- & @ 2

®e 2 @ @

Page

11
11
12
18

14
14
17
24

26
28

8

8%8

39
41

44
47

49
61

57
87



23

8 Table of Contents
Section Page
The effect of concentration on results of bottem withdrawal ‘

tube w&lyﬂis ° @ L4 ® ® L] L] @ L] & @ L] L e @ @ L) L] @ 8 e & L) o 62
24 Consistency of size analysls results. - = s o ¢« ¢ s o ¢« « o « s 65
26 Particle size range of the bottom withdrawal tube . « « o+ ¢ » » 68
26 Gonc lus iong L] ® e e L] L 9 @ -3 L] -] ® o o @ L L] L2 @ L] 9 9 & L L @ 74

APPENDIX A - DETAILED TEST PROCEDURE

FOR BOTTOM WITHDRAWAL TUBE
27 Test procedure for bottom withdrawal tubs . o ¢« o o 6 o o o o o 82
APPENDIX B - LABORATORY TEST RESULTS

.28Typicaltaatﬂcooooeeoonooeocooocouoooo 82
BIBLIOGRAPHYO & L] ° a [ @ 2 e L] o ® o L] L3 L4 & L] L L) & L4 L4 L e L] loz



List of Illustrations 9

LIST OF ILLUSTRATIONS

Figure ‘ Page
1 Terminal fall velocity of quartz spheres in water . . . » + « » 18
2 Particle size limitations of present common methods of size

walys is @ L] o L L * L L] 9 @ @ & @ e L3 L] ® L4 @ ® o ° [ L L] L) @ 21
3 Renge of particle sizes and concentrations covered by present

size analysis methods as indicated in published literature. . 23

4 Chambered sedimentation tube. o s« o o« ¢ o o s o s o o ¢ « s o o 27

5 Uniform particles in suspension o « o« o s » s « o a o ¢ s ¢ » » 31

6 A system of particles in suspension . « o o o o o o o o o o o & 32

7 Rate of sediment deposition o o o s ¢ o ¢ o o 5 o 6 s s o s & o 33

8 Originﬁ,l Odén sedimentation balence . « o o o o s o o © e s o o as

O O4én CUXTBe o o ¢ « o o o o « o s o 06 o 6 o s 0 o o s o s s o o 36

10 Proposed bottom withdrawel sedimentation tube « ¢« s o ¢ ¢ o ¢ o 42
11 Various-sized particles in suspension . « « o o o o » ¢ ¢ o ¢ o 46
12 Bottom withdrawal sedimentation tubes and stand « o« o o o o o o 47
13 Od%n curve, constant time, variable depth o « s o s o o o o o o 51
14 Oden curve, constant depth, variable time « o o s« s o ¢ s ¢ ¢ o 53
16 Cumulative grading curves o« « « o ¢ o o s « ¢ o 6 o o o o o o o 96

16 Pipette--Effect of concentration on size analysis results--clay
maberiale o ¢ o o o ¢ o o o o 6 6 6 0 6 0 06 6 o 5 6 & © © o e 60
17 Pipette analysis of a clay, actual grading at various concentra-
tions o ¢ o o0 o o 6 o o0 6 5 e 6 & o 6 6 e © o 6 o o © © 4 ° e 61
18 Bottom withdrawel tube--Effect of concentration on size analysis
resultg-=~clay matoriale. ¢ o o« o ¢ o o ¢ ¢ s o s o o o o s o o 64
19 Bottom withdrawal tube--Effect of concentration on size analysis
results=-gilty loam material. - o o o ¢ « o« o o o o o s o o o 66
20 Consistency of size analysis results--~clay material . » « « o o 67
21 Consistency of size analysis results--silty losm materiel . . . 69
22 Combined grading of silty loame o« o« o 6 o o 6 0 o« o ¢ » ¢ o o & 7T1
23 Particle size range of bottom withdrawal tube » ¢ « o ¢ o o o » 73
24 Scope of size analysis methods as indicated by this investi-

g&ticn and based on a 400=cc. 8amMPlé. ¢ o » o 0 5 o ¢ o s o o 79
256 Oden curve - Cedar River sample o o o o o o o ¢ o o ¢ ¢ o o o o 87
260dén@um@mTestnecggeeoooonooooecoooeooe 97
270dén@ur'vﬁ‘“’restﬁOo?Qooeoeooooooooaooebeo 98
28 0dén curve - Test Noo T3¢ o o o o o o s o o 6 s o 6 6 o s o o o 99
99 0ddm curve - Teat Noe B6e o o o o o o o o s o s a o o o o s o o 100
30 Odén curve - Test Hoe 185 o o o o o o o o o o o o o o s « o o o 101



10 List of Tables

LIST OF TABLES

Table Page
1 Time table for Odén CUTVEB o o o ¢ ¢ 6 o & » & © o © & ¢ © & © & @ 65
2 Deviation from the average size grading for 10,000 p.peme==

Pipette analysis of claye o o « s o s o o s« o o o o o o o o o » OB
Scope of various size analysis methods. « » o o o« o o s o« o s o » 78
Date for bottom withdrawal tube size analysis « « ¢ o o o« » o o o 90
Typical test results with bottom withdrawal tube - Tests No. 32,

39&ﬁd706eaaooowoeeeseaﬂneeeeae'ssue' 94
6 Typical test results with bottom withdrawal tube - Tests No. 73,

86 and 135c o o o o o 5 6 © o o o 6 0o 5 o & 5 6 0 & 85 s 6 © ° o 985
7 Typical test results with pipette - Tests No. P6 and P17, . - » o 96

[ S ]



Section 1 11

+

4 STUDY OF NEW METHODS FOR SIZE ANALYSIS OF SUSPENDED

SEDIMENRT SAMPLES

I. INTRODUGCTION

1. Purpose of report-~The original purpose of this study was to

develop a device sultable for analyzing suspended sediment samples with a
wider range of particle sizesand concentrations than is possible with any
of the methods known heretofore. As the study was curtailed due to war
conditions, the preseat purpose of the report is to describe the progress
that has been made, the devices developed, the methods of using them, and
the tests conducted to determine their accuracyand sufficiency, in antici-
pation that the study ocan be resumed and carried to completion at a more

favorable time without loss of vaeluable ideas or information.

2. Purposeand scope of the general study-~The various phases coversd

inthe general project, “A Studyof Methods Used in Measurementand Analysis
of Sediment Loads in Streams," of which the present study is a part, are
indicated by the following titlesand brief abstracts of prsceding reports

which have been publighed,

Report No. l--"Field Practice and Equipment Used in Sample
ing Suspended Sediment," is a detalled review of the equipment
and methods used in suspended sediment sampling fromthe sarliest
investigation tothe present, with discussions of the advantages
and disadvantages of the various methods and instruments. The
requirements of a sampler which would meet all field conditions
satisfactorily are set forth.

Report No. 2e~"Equipment Used for Sempling Bed-Loadand Bed
Material, VW deals with bed-load and bed material ina mamer simi-
lar to that in which Report No. 1 covers suspended load.
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s No. d-="Analyticel Btudyof Methods of Sampling Bus-
pended @@@im@ﬂ%a% covers an investigatlion of the acouracy of"
various methods of sampling suspended sediment in a vertical
section of & stream based on the latsst develepments in the ap-
plication of turbulence theories to sediment transporbation.

Report No. d-«"Hethodsof Analyzing Sediment Samples,” dese
crlbes and disousses many methods developed for determining the
size of amanll particles in sediment eanalyses. Detailed in=-
gtructions are given for many of .the common methods in use for
determining the particle sizeand the tobtal conecenbrationof sedl-
ment in samples as developed by agencies doing extensive work
in these fields,

Report No. S--"Laboratory Investigationsof Suspended Sedie
ment Samplers,” desoribes experiments to investigate the effect
of wariouvs inbtake conditions onthe sccuracy of sediment samples
and the £iliing characteristiscs of slow filling samplers under
various conditions.

Threes additional reports, now la preparation, will be lssued shortly
on the following subjectsy

Repord o, 8-«"Ths Design of Improved Types of Suspended
Sediment Semplers,® dessribes the development of ¢wo types of
integrating samplers, one sultable for takiang verticelly depthe
inbtegrated samples in flowing streams and another fLor taking
time-integrated samples at piven depths.

Report No. Be-"Messurement of the Sediment Diecharge of
Streams,” desoribes the most eofficlent methods and equipment %o
be uged in making sediment measuremente under the various oon-
ditions encounterad in natural sbreams.

Report Noo 9--"Density of Sediments Deposited in Resers
voirs,” presents debts on theapparent densityof sediment deposited
in various existing reservoirs. The results are summarised and
soertaln conclusions of value ln engineering atudies ars glven.

3, Authority and persennele-The comprehensive program of which this

report is & pert was oonduated bythe informal cooperationof the Geclogleal

Survey, O0ffice of Indian Affslrs, Bureau of Reo wbion, Department of
Agrisulture Flood Control Coordinating Cemmittee, Wer Depertment Corps of

Fnginesrs, Tennssges Valley Authority, and the lowa Ingtitu%@@§°ﬁyﬂrauli@
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Research. The investigation was conducted at the Hydraulic Laboratory of
the Iowa Institute of Hydraulic Research, State University of Iowa, Iowa
City, Iowa, under the supervision of Professor E. W. Lane. The following
representatives of the cooperating agencies participated in various phases
of the general project: Vernon J. Palmer, Flood Control Coordinating Con-
mittee; Cleveland R. Horne, Jr.,and Morgen D. Dubrow, Corps of Engineers;
Victor A. Koelger, and Paul C. Benedict, Geological Sufvey; ‘Clarence A.
Boyll, Temmnessee Valley Authority; Philip M. Noble, Domald E. Rhinehart,
and John W. Stanley, Bureau of Reclamation; and Frank W. Parker, Office
of Indien Affairs.

The research work connected with the present study was conducted by
John W. Stanley, Bureau of Reclamation, and Frank W. Parker, O0ffice of
Indian Affairs, who collaborated alse in the preparation of this report.

The personnsl of the U, S. Engineer Sub-0ffice, Iowa City, and of
the Hydraulic Laboratory of the University of Iowa, assisted in the ad-
ministrative details, the testing program, and in the preparation of the
report. This report was edited by Mr. Martin E. Nelson, Engineer in charge

of the U. S. Eugineer Sub-0ffice, Iowa Clty, Iowa.

4, Acknowledgments--Many suggestions send constructive criticisms

have bsen received from the cooperating agencies which have added materi-
ally to the value of the report in its final form. Partiocular acknowledg-
ment is givento employees of the Geological Survey, Bureauof Reclamation,
Soil Conservation Service, and Corps of Engineers for their detailed re-
view of the preliminary report. Much credit is also due Dr. W. C. Krumbein

of the University of Chicago for his aid in analyzingthe behavior of soil

particles in suspension.
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II. WNATURE OF THE PROBLJ

5. The importance of particle size in sediment studles--In recent

yeers it has become generally recognized thatthe particle slee of sediment
is an important factor in ypredicting the behavior of the material when
carried by water, Therefore, in studylng any enginsering problem inveolving

the behavior of fluvial sediment itis necessary to know not only the cone
contration of the sediment contained in the water, but slso the sizes of
the particles of which it is composed. In determining the rate at which
a reservoir will silt up, it is necessary to know not only the weight of
the sediment <that will be deposited, but also the particle size, since
the density of the sedlment in place is in part a function of the particle
slze. For many years date on the concentration of sediment in streams
have besn collected which are invaluable in sedimentation studies, but
these data alone are not adequate for making accurate predictions of de-
position end for many purposes can not be used without the corresponding
data on particle size. It is anticipated, therefore, that considerabls
researchand sxperimentel work willbe carried on in the future to determine
the sizeof sediment particles carriedby streams under various conditions.
The laws governingthe trangportation of sedimentwill aelso be studied more
ﬁullyg and in that connection a great deal of size analysis work will be
required, Therefore, it is desirable to develop & methodof analysis which
willbe rapid and asccurate, and which will be suitable for enalyzing samples

of low concentration.

6. The relation between slze and sebttling rate--It hes long been

kmown that the fundamental property governing the action of a suspended
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sediment particleis not its size, but rather the rateat‘whichthg particle
will settle in quiet water, which rate is closely related to the size.
Statistical analysis of turbulence indicates that the vertical com-
ponentsof upward currents in a turbulent stream balance thoseof downward
currents, but, inasmich asthe sediment concentration in a ssction of the
stream increases from the surface tothe bottom, the upward currents, coming
from a regionof higher concentration, carry sediment particles upward at
faster rates thando the downward currents inthe opposite direction. How=
ever, the particles of sedimentin suspension ars attracted downward also
by the force of gravity and they continue settling toward the stream bed
as long as the upward velocity componentsof the turbulence do not excesd
their respective settling velocities. A recent study (1) has shown that
the movement of material in rolling or sliding along the bed also is re=-
lated more closelyto its settling rate than to its size., Therefore, from
the viewpoint of the hydraulic engineer, settling rate appears to be the
most important propertyof sediments carriedin suspensionby flowing water.
In otherphases of engineering, sedimentary materialshave been dealt
with onthe basis of particle size,and studies of geologists in the field
of sediments have besn largely on a similar basis. Morecver, it is much
easier to form a reasonably accurate mental picture of a particle of a
given size than of a certain settling rate, and there is no practicéblé
way of measuring the settling rate of very large particles. Although, in
the future the settling rate will no doubt be more widely wused as the
basis of sedimentary particle classification, for the prasseant, particle
size will undoubtedly be usedin most cases as the classification Dbasis,

partly because of a reluctance to accept new methods and partly because
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it is more convenisnt. The setiling rate can be determinsd fremthe|known
particle sizeby means of a fairly definite relationbetween particle size
and settling rate.

The rslationship between particle sizeand settling ratels discussed
at some lengthin Report No. 4 of this series, but considerable study will
be required before this relationship has been determined wiéh sufficient
accuracy tobe applicable under all conditions. For fine materials, below
about 1/16 mm, in diameter, the dstermination of particle size is tedious
snd for convenience the size ordinarily 1s not determined at all, but
rather the settling rate is observed from which the corresponding size
is computed becauss in this range the settling rate can be measured more
readily than the size.

For practical purposesin hydraulic engineering studies, however, it
doos not matter which method of classification is used, becausse if the
rolation betweenthe size and settling ratels known elther clasgsification
scan readily be converted to ths other.

Dus to the varietyof shapes particles may take, thereare innumerable
relaticns between sizeand settling rate, and since sediments are composed
of particles of different shapes, a single relation will not express all
of them. Howsver, this relationship for spheres is well known, which
relationshipis customarily used in translating one dimensionto the other
The particle size computed from the settling rate by this method is known
ag the sedimentation diameter and may be defined as the dlameter of a
gphere having the same specific gravityand settling rate as the particle
under consideration. Where the sedimentis snalyzed by measuring the sete-

t1ling rates of the particles, and the particle sizes determined by means
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of this relation, the sedimentation diameters can be reconverted to exact
sottling rates, but when the size is determined by any other process, it
becomes more difficult to determine the relation betweenthe size and set-
tling rate and, consequently, between the size as measured and the sedi-
mentation diameter. As these relationships become established, however,
this difficulty will also be overcome.

In the remsinder of this reportthe particls size will be consgidered
in terms of the corresponding settling rate in water. The translation
from sedimentation diameter to settling rate, or vice versa, can be made
by means of diagrams such as that shown in Fig. 1, it being assumed that

81l the particles have the same specific gravity as quartz, i. e., 2.65.

7. Reviewof previous methodsof size analysis--Report No. 4 of this

series, entitled "Methodsof Analyzing Sediment Samples,®is a studyof all
available dataon size anslysis methods made in an attempt to find the one
which is best suited to suspended sediment samples. This review showed
that, althoughno single method was found satisfactory over the wide range
of samples of suspended sediment found in streams, the following methods
heve been found suitable in certain conditions and have been extensively
used in sediment studiess sieves, decantation, pipette, hydrometer,
sliltometer, and microscopse.

Sieve analysis, either wetor dry, is limited to particlesof approxi-
mately 1/16 mm, diameter or larger. Analysis with finer screens is
generally nof practicable dus to the difficulty of constructing accurate
screens with smaller mesh. It often happens that the amount of material

coarser then 1/16 mm. in & suspended sediment sample is so minute as to
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'preclude the possibility of cbtaining an accurate sieve analysis. For
sediment studies sieve analyses are less satisfactory th&nlthe methods
involving the measurement of settling rates,as the relation between sieve
size and settling rate is not accuratsly known.

Although the decantation method 1s suitable for fine particles and
low concentrations, as was pointed out in Report No. 4, +the method 1is
laborious and time consuming. The spsed with which the coarser particles
fall in water mekes it difficultto analyze material above about 1/16 mins

For material below 1/16 mm. the pipette method seems to be considsred
the most accurate bythose who have studied comparative methods. When the
supply of material is adequate the pipette analysis is usually run using
a concentration of 20,000 p.p.m. by weight but pipette analyses can be
usedon lighter concentrations. A part of the investigationreported herein
deals with the effect of concentration on size eanalysis results.

The hydromster provides a simple method of size analysiz and has
found wide use in this country in connection with the construction of
aarth deame, levees, highways, and in other applicationsof soll mechanics.
Within the range where it is satisfactory, it is perhaps the simplest and
most rapid method, although itis probaﬁly less accurate thanthe pipette.
As in the case ofthe decantation and pipette, it is impractical to analyze
sediment coarser than about 1/16 mm. The range of concentrations used in
present routine analyses with the hydrometer is from 25,000 +to 50,000
PsPole

Size analysis by settling rates for the coarser particlesin suspen-
slons has found wide use in India. In Report No. 4, pages 138-140, are

described two forms of "siltometers" wused for the analysis of coarse
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material. The first of theée, known as an ‘“optical lever siltometer,“
was designed by Vaidhianathan (2) in 1933. A mercury menometer loc;ted
near the bottom of a long sedimentation tube indicates the change in
pressure with time after a concentrated sample hasbeen introduced at the
top of the tube. The movement of the top of the mercury column is greatly
enlarged by reflecting a beam of light wupon photographic papér on a re-
volving drum., The apparatus was designed for a size range of 0.07 to 0.30
mm. diameter particles.,

In 1934 Puri (3) designed a "siltometer" for analyszing sediment
samples with particle diameters between 0,06 and 0.6 mm. in which the
sample is introduced at the top of & long tube of water and fractions
withdrewn from the bottom. Since Puri's apparatus is about 200 cm. long
it probably can be used to analyze particles as coarse as 1.0 or even 2.0
m. in diameter.

For the coarser particles in suspended sediment samples the U. S,
SoilConservation Service attheir laboratoryin Greenville, South Carclina,
have developed a microscopic method of size analysis in which a micro-
projector is used. This has proven satisfactory because the weight of
coarse material above about 1/16 mme in diameter is very minute for the
particular samples being analyzed there and because onlythe total weight
and not the grading of the finer materlal is being determined. A paper
describing this method and entitled "Uss of the Microprojector in the
Analysis of Small Samples of River Send" has been prepared by Mr. R. G.
Grassy and has been accepted for publication in an early issue of the
Journal of Sedimentary Petrology.

Sieves and the siltometer are adapted only to sands or the coarser

-
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materials The decantation, pipette, and hydrometer methods are satis-
factory for the analysis of silts and clays only. Fig. 2 illustrates the
particle size limibations of each method just disocussed.

Where suffiocientlylarge sunples canbe obtained, the existing methods
of anslysis are reasonably satisfactory. However, the concentrations in
suspended sediment samplesare frequently solew that huge quantities would
be required in order to obtain enough solids for the analysis by existing
convenient methods., The additional work required to concentrate light
samples for analysls in the laboratory, and the increased time, effort,
and expense involved im field sampling énd transporting the large number
of samples necessary, all combine to make the determination of sige dise

tribution difficult where low concentrations are inmvolved.

PARTICLE DIAMETER
{r4M.)

~00! o1 10 1.0

|
N, PIPE TTE
TO .

Filg. 2 =« Particle elgze limitations of present common methods
of size analysis.

SILTOMETER _
06 TO’ 0.6 |

The settlingrate methods are dependable for snalyzing concentrations
below a certain limit only., In greater concentrations such factors as
changes in the spparent density of the suspension and the mutual interfere
ence of particles with different fall velocities disturb the normal set-

+1ling process. Furthermore, the particles do not settle in a slender
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vesssel in the same manner as they would in a fluid of unlimited extent,
due to the unavoidable effects of the side walls. XKrumbein and Petgijahn
(4) state, "The authors know of no quentitative data on the subjest, but
it is perhaps best to use suspensions containingnot more than about 25 gnm.
of solid to the liter®.

The present known ranges of concentrations and particle siges which
can be handled satisfectorily by the various common methods of sediment
analysis now employed are shown in Pig. &,

The range of the hydrometer is shown for the usual concentrations of
from 25,000 to 50,000 p.p.m. employed in routine analysis. No attempt is
made in this investigation to explors the possibllityof using lighter con-
centrations because studies alongthis line have alreadybeen made without
marked success. Assuming that 0.5 gm.is needsd for the decantation pro=-
cess in a 1,000 co. suspension,a lower limit of 500 p.pe.m. is indieated,
Fromthe experience of the U. 8. Waterways Experiment Stetlonat Vicksburg,
Mississippi, a concentration as low as 1,000 pop.m. can be used with the
pipsttein a suspension of 500 cc. The uppsr limitof both the decantation
and pipette methods has besn placed at 26,000 pepems A 10.0=-gm. sample
was usedby Purl (3) in a 200-cm. tube having a volume of 5660 cc. Taking
thisas the upper limit, 2 lower limit of 10po.pom. mightbe indicated using
a sample of about 0,056 gm. For sieves a minimum welght of 0.06 gm. in
1,000 cc. would give a lower limit of 50 p. p. mo while the upper limit
would be a8 high as any encountered in suspended sediment samples.

These limitations as to particles size and concentration are based on
present published articles. From the results of this investigation, how-

ever, different limitations are indicated as dlscussed in Section 25 and
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shown in Table 4.

8. Limitationsof present methodsof size analysis-~-The ideal method

for meking size analyses should be fast, accurate, and adeptable to mass
production output, It should be capable of covering the complete range
of ooncentrations end particle sises ensocuntered in suspended sediment
samples, Since the actual settling rate of a particle 1s generally of
more importance in gediment studies than an exact measurs of volume or
diameter, it is advisable to analyze the complete sample by settling
methods without resorting to sleves or other devices. The sedimentatieon
diameters indicated by the zettling rates in water form the basis for the
grading curve.

The most sensitive hydrometer vet devised ig Puri's “chainomatie®
which is dessribed in Report No. 4, page 94. The concentration of a sus=-
pémsi@ﬁ at & point is measured from the bueyancy weight of a hydrometer
having a displacsment volume of about 100 c¢c, The weighing apparatus is
sensitiveto one milligram (0.001 gm.}. In the pipette analysisthe volume
of each pipetted fraction 1s usually 20 sc., and the sediment in sach
fraction is ordinerily weighed on an analytical balance %o one-tenth of
e milligram (0.0001 gm.). Thesetwo methods, when compared to some msthod
whioch utilizeathe complete sample, would heve the comperative sensitives

ness shown in the following tabulationg

Sensitiveness Volume of Sengitive- | Sengitive-
Method of weighing sample used noss ness
device, gm. in test, cc. gm. /e, PoP oMo
0,001 100 0,00001 10
0.0001 20 0,000008 B
0.0001 1,000 0,0000001 0.1
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Due to the practical difficulties enoountered in thelr operation,
these comparative values for the hydrometer and pipette arenm;;er attained.
It has besn the experienceof others that when hydrometers are built sen-
sltive enough to handle concentrations lighter than sbout 25,000p.p.m. it
becomes increasingly difficult to obtain consistent results. In regard to
the pipette method, laboratory tests reportedhersin indicate that accurate
results cannot be obtained with concentrations lighter than about 3,000
pspe.m. The decantation method utilizes the entire semple but it has been
eliminated from consideration because of the labor snd tims required to
meke an analysis. Furthérmors, the hydrometer, pipette, and decantation
methods are unsatisfactoryfor amslyzing particles larger then a 1/16 mm.
dismeter.

Since some method by which the total sample canbe analyzed seemed to
offer the best possibilities it was decided to investigate one in which e

concentrated sampleis introduced into the top of a long colum of water.

If such a tube werse divided into chambers which could be closed off at
will, then the material trapped in each chamber could be weighed and

the grading determined.
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IITI. INVESTIGATION OF THE CHAMBERED TUBE

9. Description of method and apparstus--The typs of analysis where

& concentrated sample 1s introduced into the top of a long, ochambered
tubs seemed to ﬁavs soveral advantages over other methodas. If the parte
icles would settle individually this method would providea grading based
on settling rate, it would probably handle all sizes likely to be found
in suspended sediment samples, and lowsr concentrations could be more
accurately analyzed since the entire weight of the ssmple would ce used,
Such an appératus would require an adequate method for introducing the
concentrated sample, some way of dispersing the sample just befors the
introduction, and a system of slides or other devices whereby the tube
could be separated into sections. Dividing the tube into ssctions, or
fractions, would separates the sediment directly into fractions just as
8 setofl sieves. An apparatusof this type will be referred to as a chew-
berad sedimentation tube.

Bubdividing the sedimentation tube does two things: 1t separates the
size grading directly into fractions, as stated above, and it reduces the
time required to smeparate the finer particles., As an example of the time
olement consider the Vaildhlanathan opticel lever siltometer which measures
the hydrostatic pressursof e suspension atea fixed opening neaer the bottom
of a long tube. The time required for the very fine particles to settle
a8 far asthe manometer opening would bs prohibitive. The value of divide
ing the tube intoc sections isat once apparemt when one consliders the fact
that the time required for an analysis would then be for a fall of only

10 or even 5 cm. for the finest particle desired.
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Figo 4 18 u skeich of a chambersd tube, designed with demountable
sections and having a slide at each section. With the tube filled with
distilled waterend all except the top slide "J® in an open position, the

concentrated sample could be dispersed with a stirring device. The upper
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Fig. 4 « Chembered Sedimentation Tube

slide would then be withdrawn quickly to an open position, allowing the
sample to settle in the clear water. If the coarsest fraction desired was
of particles larger than the 1.0 mm. diameter then slide "A"™ should be
inserted, or closed, at the instant that a 1.0 mm. particle would have had

time to fall from the top of the water column to the elevation of glide
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"A". If slide "B" was inserted at the proper time to separete the 0.5 mm.
particle, then section "B® would contain all the particles between 0.6 and
1.0 mmo 4in diameter., §lide "C" might then be inserted to separate the
0026 mm. particleand thus trap allthe particles between 0,25 and 0.5 mm.
in Section "C". This could be continued until the finest fraction desired
was trapped in the top sectlon, Bince the top sections would be used to
oatch the fine particles, the distance they would fall would be small and
therefore the time required would be reasonable. The time for inserting
the slides would haveto be adjusted to take into account the effect that
temperature has upon the settling velocity of particles in water. The
suspensglonin each section would then be avaporated, the dry weight of the
sediment determined, and the grading computed. It was recognized that the
introdustionof the concentrated sample was the critical thing. For that

reason the top slide for introducingthe sample was built firstand tested.

10. Test results--Siltand clay samples were used as wellas coarse,
or sandy material. It was found that whens concentrated sample containing
fine material wes introducedat the top of a columm of water density cur-
rents were getup which made it imposaible for the finer particles to set-
tle at thelr own individual velocities. C(loudy sections would settle as
8 body down elther side of the tube. Others wouldsettle diagonally ecross
the tube and some sections would be forced in an upward direction in a
swirling surrent. Coarser particlesof about 1/16 mm. in diameter or largey
would settle out of these density ourrente as individusl particles in e
menner susceptible to this form of analysis. Samples of varying degrees
of concentrationwere tried with like results, Metal vanes or baffles were

inserted near the top of the tube in an attempt to eliminate these demsity
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currents, as were various types, sizes and systems of scre@n§@ Varistion
in the size of the tube did not seem to alter the situation when less
elaborate forms of sample introduction were tried om 2 om. and 7 om. di-
ameter tubes.

Mechanical difficulties were also experienced. It was not possible
with this design %o mske the apparstus water-tight without making the
slide too hard to work. Also sendy material would jam the sglides so that
the devisce would have to be dismantled end cleaned before it sould be
uged again.

Bome work was done on the design of what might be called & Talt-
Binckley type chambered tube (patterned after the Talt-Binokley sediment
sampler described in Report Wo. 1, page 139} where the metal slide was
replaced bya short section of rubber tubing which had sbout the same di-
emeter as the tube, Separation into chambers wae accomplished by twiste
ing adjacent sections of tubing. Work on this type of apparatus was ab-
andoned befors completion on account of the difficulty in obtaining suite
able materials and because of the development of the "bottom withdrawal®

tube (see Chepter V), which sesmed more promising.
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Iv. THEORY OF SEDIMENTATION OF UNIFORM DISPERSIONS

11, Relation of the theory to the present problem--The difficulties

experienced with density currents wher the sediment wae introducedat the

top ofa column of water prompteda study of the possibilityof eliminating

the trouble by usinga uniform dispersion in the chambered 'tu‘_b@e However,
no method was found which could be used to dstermine the pmti@is size
distribution fromthe welght of sediment in the chambers aﬁd it was thers-
fore necessaryto develop one, This involveda thorough studyof the theory
of sedimentation of uniform dispersions. In the following sections the

development of this method will be dissussed,

12, Behavior of particles settling froma uniformlydispersed suspen-

sion-=Flg, 5 showsa sedimentation tube containing a suspension of parti-
cles all of the same settling rate.

Fig. 5 (a) showsthe particles uniformly dispersed justas they begin
to settle in wabter. Since all the particlses will settle at the same
velocity, the uniform spasing shown will be maintained and the concentra-
tion at some point, such as at the 40-cm. depth, will remein constant be-
oause particles which have passsed this point willbe continuelly replaced
by thogs from above., However, when the particles have had time to fall
40 omo, a8 shown in Fig. 5 (b), the concentration above that point will
become zero, and the water will become clear. The number of particles
which have settled out of the suspension will just equal the number that
were in suspension above the 40-cm., mark at the beginning of the time

period. Furthermore, the particles will settle out of the suspension at

a constant rate,
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Flg. 8 « Uniform particles in suspension.

In order t¢o study the bshavior of a system of particles starﬁing
with a uniformly dispersed suspension, Fig. 6 has been prepared using
particles of three different diameters such that the settling velocities
are 4v, 2v and v, respectively, Fig. 6 (a) shows a uniform dispersion at
time Tp Just as the particles begin to settle.

Ifthe largest particles, with diameter dy, settled 40 cmein.time.g,
then the medium-sized particles, diamester dg, would heve settled 20 om.
and the smallest particles, de» 10 eme In time T, then, the particles
would have arranged themselves as shown in Fig., 6 (b). During this time
the concentrationeat the 40-om. point would remain constant becauseparti-
cles passing that pointare being continually replaced by those from above.
This illustrates the fact that the concentration at any point inthe sus~

pension is constant until the coarsest particle present has had time to
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Fig. 6 = A System of Particles in Suspension

fall from the surface of the suspensionto the point in question. At the
100=cm. depth, therefore, the rate of depcsition will be constent until
time 2,57 whenthe particles would be in the position shownin Fig. 6 (o).

At the instent the last d, particle reaches the 100-cm. depth the
total numberof particles passing this point will immediately become less
but the total number of size d, perticles and smaller passing this point
will continue constant until the instant that the last ds particle has
reached the 100-cm. depth. Fig. 6 (d) shows the condition of the suspen=

gion at this instent. Deposition will now continue at a constant but
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much slower rates until time 10T whenthe last dz particle has reached the
100-cm, depth.

The behevior of the particles shown in Fig, 6 can be conveniently
shown on & graph. Assumingthat facilities were aveilable for periodically
weighing the amoumt of sediment deposited on the bottem of the tube, a

graph like that shown in Flg. 7 ocould be constructed., Begimning at zeyo
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Fig. 7 - Rate of Sediment Deposition

time, T,, deposition proceeds at a comparatively fast and constant rate
until time 2,57, when all of the d; particles, plus some dp and dg par-
ticles, will have settled out of the suspension. Since the ordinate of
the point A 1is the weight of sediment whioch has settled on the bottom
and its abscisea is the time, the slope of the line OA represents the
rate at which the sediment was depositing from time T, to time 2,67. A

lower but also constant rate of deposition indicated by the line AB then
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- continues until time 5T when all of the dg particles, plus some addi-
tional d3 particles, will have settled out. The graph then assumes the
flatteat slope BC which indicates the lowest rate of deposition until
all of the dg particles have settled out in time 10T,

The slope of each of the three lines is a measure of the rate of
deposition during the respective time inﬁ@fv&lag The particles which
are gettling during any one of these three periods are those squal to or
smaller than the sisze which will fall from the surface to the bottom of

the tube in the time elapsed to the end of the perioed,

13. Oden theory of sedimentation systems--In 1916 Dr. Sven Odén(s)

publishedhis first article on the fundsmental theoryof uniformly dispersed
sedimenting systems, having direct applicationto the size analysis of sus-
pended sediments. It was the first sound mathematical approach solving the
difficult problem of redusing acoumulative sedimentation date to direct
Bize fractions. In collsboration with Flsher, Oden (6) published a gener-
alization of his theory In 1923 which included several methods of obtein-
ing the sigze frequenscy or slze analysis of soils and suspended sediments
by indirest methods, In 1925 Oden (7) sunmariged the gemeral theory.

As particles in a uniform dJdispersion settle, the density and hydro-
static pressure at any point in the suspension decrease with time, Odén
showed that his theory could be applied in two waye, The condition of the
suspension could be determined, with respect to either density or hydro-
static pressure at various pointe throughout the depth of the veesel at
some particular instant of time, or at a single point at varlous times,

In other words,the density or pressure could be studied at various depths
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at a fixed time or at e fixed depth with time as the variable. If the
vessel containing the suspension were divided into ten secti&ns, for in-
stance, either the hydrostatic pressure or the density could be measured
simul taneously at each section. This, then, would be determining the
situation at a fixed time with depth as the variable. If the pressure or
density were measured at one of these sections at a number of different
times, this would be a study with a fixed distance and varisble time.

The 0dén mathemstical approach resulted in equations forthe ordinate
of the frequency function. Owing to the difficult mathematics involved,
however, no one has made it a practiceto obtain the frequency function by
substituting directly into these formulas. A simpler graphical solution
is used more generally.

As a practical application of his theory, 0dén constructed his con=
tinuous sedimentation balance, the essential features of which are shown

in Fig. 8. At various time intervals the accumulative weight of the sedi-

Fig. 8 = Original 0dén Sedimentation Balance
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ment falling on the pan is determined. An "Oden" curve is then plotted
with time as the abscissa and accumulative wsight as the ordinate. Fig.
9 shows this type of curve by means of which the grading of the material

can be obtained, as will be explained in the following paragrephs.
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14. Graphical analysis of the Odén curve--Successive particles in

an ordinary suspended sediment sample differ from each other in size by
infinitesimals, The graph showing the rate of deposition of a sediment
will thereforebe a smooth curve composedof straight linesof infinitesimal
lengthas shown in Fig. 9 instead ofa ssrises of straight lines like those
shown in Fig. 7. The rate at which particles are settling on the bottom
at any time is the slope of thé~infinitesima1 straight line in the curve

at that time or the tangent to the curve at that point. The particles
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that are settling at any instant T are of a size d equal to, or smaller
than, those which will settle the entire depth of the vessel in the total
elapsed time represented bythe corresponding abscissa. Thus the slope of
the tangent CA to the curve of Fig. 9 gives the rate at which particles
are settling on the bottom, of sizes equal to or smaller than 45 the sisze
which will settle from the surface of the water im the tube to the bottom
in the time T represented by the abscisse OT.

S8ince the slope of line CA represents the rate of deposition of the
particles of size d or smaller at the time T and since,as has been previ-
ously shown, the rate of deposition of particles of these sizes on the
bottom is uniform upto the time I, when the particles of diameter d which
start at the surfece reach the bottom, the slope of the tangent CA répree
sents alsothe rate of deposition of particlesof sizes d and smaller dur-
ing the whols period T, represented by the abscissa OT. Since the slope
of the line CA representsthe rate of depositionand the timeof deposition
is BA = 0T, the weight depcsitedof sizes d and smaller forthe time repre-
sented by BA, is equal to the weight given by the distance CB. Since CB
represents the weight of sediment of sizes dand smaller that have ssttled
on the bottom in time T, and OB is the total welght that has settled in
this time, the weight of particles larger than d which have settled, is the
difference betwsen 0B and B, or 00, 8ince all the material of size g has
reached the bottom in time T, and all of the larger sizeshave also reached
the bottom, the amount 00 represents the weight of sediment in the entire
samplewith sizes greater than d. Tofind the weightof thesample composed
of particles larger than any desired sizeit is, therefore, necessary only

to find the time required for a particle of that size to fall the entire
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depthof the vessel, and draw a tangentto the Odén curveat the point whose
ordinate represents this time. The distance corresponding to 0Cin Fige. 9
will represent the desired quantity.

This explanation of the graphical gsolution has been simplified a=<
much &8 possiblae. 0dén (5, 6, 7) gives both a methemetical and geometrie
proof of the meaning of the tangent intercepts and Krumbein ana Pettijohn

(4) give an excellent, easily understood mathematical proof.
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V. DEVELOPMENT OF THE BOTTOM WITHDRAWAL TUBE AND THE
METHOD OF ANALYZING ITS RESULTS ,

16, Method of operatingthe chambered tube««Since introductionof the

sediment at the top of the sedimentation tube proved unsatisfactory for
analyzing fine material and the uniform distribution method was to be in-
vestigated, consideration was given to which of the two systems mentioned
in Section 13 could be used, wvariable distance with fixed time, or fixed
distance and variable time. With the chambersd tube the first method was
physically possible, but the method was suitable for only a limited range
of sizes and the procedure of analysis by the Odén curve was difficult,
The only method which could be found for uniformly dispersing coarse sedi-
ment in a tube was to invert the tube a number of times at frequent inter-
vals., Thie rapid reversal could not be done conveniently with a tube much,
longer then 1.0 m. Since the time for a l.0-mm. particle to fall the
length of this tube was only about 6 sec.,and since this is about as soon
ag the first semple could conveniently be cut off, a tube much less than
1.0 m. long could not be used. TWith a tube 1.0 m. long, in order to de-
termine the portion over 1.0 mm. diameter, if the variable distance-~{ixed
time method wes used, it would be necessary to close all the slides simul-
taneously at about 6 seco If all were closed at this time, particles of
0,125 mm. or smaller would be uniformly dispersed throughout the lower 90
per cent of the length of the tube, If ten equal chambers were used, the
largest particle found in the upper chamber would therefors be 0.125 mm.
and since all smaller particles would be uniformly dispersed throughout
the remainder of the tube only sizes between 1.0 and 0,125 mm. ocould be

determined fromthe weight of material deposited inthe nineother chambers.
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In other words, such an operation would give a mechanical analysis curve
extending only betwesen the 1.0 and 0.126 mm. sizes. The water containing
only particles smaller than 0,004 mm. would be contained in the upper
0,008 cm. of the tube. Therefore, to obtain the proportion of the total
particles smaller than this siza; it would be necessary to have a chamber
closing off the upper 0.008 cm, of the tube., This would be 1ﬁpracticab19
from a mechanical standpoint and the amount of solids contained inm so
small a chamber would be conducive to inaccuracy in weighing. The method
of measuring the variation of concentration over a variable distance at a
fixed time using this tube, therefore, did not appear feasible, since it
provided for too limited a range of particle sizes.

The chambered tube, however, does not permit the use ofa fixed dis-
tance of settlement with a variable time, since the closing of the lowest
chamber changes the distance of settlement for the particles remaining in
sugpension. For example, in a 100-cm, tube of ten equal chambers, +the
£211 distance for the fraction in the lowest chamber would be 90 om., for
the fraction in the next chamber 80 cm. and correspondingly less for sub-
sequent fractions. The Odén curve could not, therefore, be used without
modification. As will be described later, a method was developed by which
the date fromthe chambered tube could be transformed to glve the ordinary
form of Odén curve for the fixed distance and variable time. Thus the
theoretical basis for the use of the chambered tube with uniform distribu-
tion was solved, but there remained the practical difficulty of making
such a tube which would be water tight and without trouble from sticking
slides, Moreover, such a tube would be quite expensive to construect.

Further thought was therefore given to developing a simpler tube, and a
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very simple, inexpensive form,called a bottom withdrawal tube,was evolved

which seemed to meet the needs.

16, Development of the bottom withdrawal tube-~-The matter of size

of sample was given considerable thought preparatory to the design of the
bottom withdrawal tube. It is noted in Report No. 1 of this series that
the Straub, U.8.G.5. Colorado, Anderson-Einstein time-integrating, Freszier
and Omaha samplers use a container of omne pint capacity. Also, the Tait-
Binckley sampler obtains about a 400-cc. sample,

In designing a sampler that would incorporate many of the better
features of former samplers, the time-integrating type was recommended in
Report Hoo. 6. It contains a pint bottie and was designed to be light
enough to be used from a hand line if necessary. It wag streamlined as
much as possible in order to reduce downstream drag. The action of the
integrating sampler vrequires that the sampling be completed before the
pint bottleis entirely full in order to prevent circulation. While ssver-
al samples may be taken at any one stream vertical, the action of the in-
tegrating sampler is such that a representative portion of the streamcon-
centration is obtained in seach sample taken so that actually only one
sample is required.

In line with these field rsquirements the size analysis apparatus was
designed to analyze samples of about 400 cc. in volume. Such an apparatus
would permit the minimum amount of work in that only onesemple nesdbe se-
cured and analyzed for each vertical selscted for sampling.

The bottom withdrawal tube consists of a <transparent tube of large

diameter which is open at one end and contracted at the other to a short
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section of small tube, on which is slipped a short piece of rubber tube
which can be opened or closed with a pinch-clemp. The tube used for the

studies described herein, which is shown in Fig. 10,was 48 in. long, and
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Fig. 10 - Proposed Bottom Withdrawal
Sedimentation Tube

1.0 im. inside diameter, large enough %o hold & pint sample. It was
drawn down at the lower end to 1/4 in, inside diameter on which was
slipped a 2-in. length of rubber tube closed by & pinch-clamp. Studies

were also made with a larger tube, 1-7/16 in. inside diameter and 27
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in. long drawn down +to the same oubtlet size as the other tube. 8cales
were placed on these tubes to indicate the depth and calibrations were
made to egtablish the relation betwsen the scale reading and the volume.

A detailed description of the procedureto be used in order to obtain
the best results in analyzing material with this tube ig given later in
this report. Briefly stated it consists of uniformly dispersing the
material in the tube, placing the tube in en upright position and with-
drawing samples of predetermined volumes from the bottom of the tube by
temporarily opening the pinch-clamp, at predetermined intervels of time.
The volume and time forthe samples is selected so that the values dster-
mined will give plotted points whichwill accurately define an Odén curve
for the material used,

Two possible sources of error in using this apparatus were evident,
(a) thet some of the material analyzed would settle on and adhere to the
surface of the tube in the cone-sheped trensition section between the two
sizes of tube,and (b) that the reslease of the suspension from the bottom
of the tube would setup turbulent currents inthe tube which would inter-
fers withthe quiet settlement of the particles. Neither of these possible
objections proved to be material. Bediment doss deposit inthe cone-shaped
section, but it is practically all washed out by the rush of water which
oceurs when the bottom of the tube is opened, Comparisons of the weight
of solide introduced with that rscoversd {rom the tube showed that after
the operators had sufficient practiceto do accurate weighing, the differ-
ence betwsenthe welght of the golids put inend that recovered was negli-
gible, Several different cone angles were tried and although thers was

little differsnce between them, an apex angle of 60° seemed to give best
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results. Experiments wers made to investigate the possibility of the
introduction of turbulencs inbto the tube when withdrawing the suspension
at the bottom. Stresks of color were introduced into water in the tube
and the position of these streaks wes noted as water was withdrawn at
the botbtom, No change in the position of the stresks was noted except
that they moved vertically in the tube, showing that no turﬁulsnc@'w&a
introdusced,

Since no turbulence 18 introduced in the tube by withdrewing water
from it, the taking out of a sample from the bottom into & vessel beneath
the tube has exactly the sames action eas closing off a bottom chember of
a chambsred tube, since the suspemsion in the bottom of the tube is re-
moved without disturbing that above it., Drawing successive samples from
the bottom therefore secures the same samples eas would be obtained by
successively thrusting in slides inthe tube, beginning at the bottom, if
sach sllde enclosed & volume esqual to that removed from the bottom. In
other words, the asction of the bottom withdrawael and chambered tubes is
practically the same. The only differences are thatthe bottom withdrawal
tube is more flexible in that the size of sample withdrawn can be varied
at will, and that with the bottom withdrawal tube the volumes withdrawn
have to be measured each time while in the chambered tube the sample has

the same volume as the chamber, which only has to be measured once.

17, Analysig of the results obtained with the bottom withdrawal

tube-=In the bottom withdrawal tube, as in the chembersd tube when the
chambers are closed successively, both the fall distance and the time are

variables. In order to transform the results thus obtained to a form
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suitable for analysis by the Oden method it is necéssary to convert them
into the equivalents with either the time or the fall distance constant.
Either of these can be done by & conception which considers the amounts
left in suspension rather than the amount deposited, as in the ordinary
Oden method, and the averapge concentration above a point rather than the
concentration at a point. The fellowing paragraphs give an explanation
of this conception.

In a suspended sediment sample successive particles or successive
groups of particles will differ by infinitesimals from each other as to
size. Furthermors, if the proper conditions are satisfied, each particle
will settle unhindered at its own particular constant terminal velocity.
With these facts in mind it follows directly that the average density of
a suspension above a depth D at a time T will be the same as the average
density above a depth X( D ) et a time X{ T ). A simple diagram will be
used to illustrate this point.

As in the cagse of PFig. 6, TFig. 11 shows the behavior of three
differently-sized particle groups settling from a uniformly dispersed
suspension. The particle diameters are such that the fall velocities
would have the following relation: vy =z 2vy = 4vg.

If the particles dl are of such size asto fall 40 cm.in.timeﬁz, theni
the particles dz will fall 20 cm. andthe particles dey 10 em. in the same
time, as shown in Fig. 11 (b). In time 2T each particle will have fallen
twice as far as it did in time T and they would havearranged themsslves
as shown in Fig. 11 (¢).

The tube beingof uniform diameter, the volume ebove the 80-cm. level

is just twice that above the 40-cm. level. It will be noticed that the
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number of particles of each size in suspension above the 80-cm. level in
Fig. 11 (¢) at time 2T is also just twice the number of esch size in
suspension above the 40-cm. level in Fig. 11 (b) at time T, Therefore
the density above 40 om.in time T is the same asthe density above 80 cm.
in time 2T, or in other words the average density abovea depth D at time

T is the sameas the average density above a depth X( D ) at time X( T ).

ZERO TIME TIME “T° TIME*2T"

| 2%, 8.
200 00 ©° ©° O 20{ o e o &
g;? o0 O Qo 9 e ® ® E
- 40{00-00-00000% 400-00:00:000 40{ 00 o o» os
- D300 0000 {00 o 00 oo
é Ll el elvle ollelel 80 O Q¢ Oc O
8 00000 0000w Qo Q= O O©F
8000000000y 80000000000
10010004 o

1000260020000
(a) (b)

Fige 1l = Various=-sized particles in suspsnsion.

This means that ifthe weight of the particles abovethe 40-cm.level
wore determined at time T and designated as wy, then the weight of the
particles above the 80-cm. level at time 2T by computation is equal to
80/40 times wy or 2wy, Knowingthe average density above any point at any
time, 1€ is possible to compute eitherthe time at which the average density
above any other knownpoint would reach this value, or the position of the
point above whichthe average density would bethe same at any other known

time,
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Figs 12 - Bottom withdrawal

sedinmentation tubes

and stend.

18, Basic date collected in bottom

withdrawal tube~-To 1llustrate the

collection of the basic date from
the bottom withdrawel tube, the fol-
lowing illustration 48 given for a
tube using a height of colum of
suspension of 100 cm. The sample
was uniformly dispersed andthe tube
got vertically in a rack, as shown
in Figo. 12, The first fraction was
withdrawn abt the +time when the
coarsest particle desired would have
had time to fall 90 cm. from the top
of the tube, In the cage of & 1.0
mm, particle, the first withdrawal
would be at 6 sec, (in water at
20°C,) and for a 0.5-mm. particle,
12 sec, If the finest fraction de-
sirad were 00,0039 mm., then it would
require about 2 hrs. for it to set-
tle 10 emo Having set the time for
withdrawing the coarsest and finest
fractions, the intervening time in-
tervals were chossen in such & way
a8 to accurately define the Odén

curve ¢4 oxplained in Section 14o
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The temperature of the suspension was assumed to be constant. Ten samples
were withdrawn and the weight of sediment in esch determined,
The data for an actual test, which are typical of the results ob-

tained, are tabulated below.

Elapsed Welight of Cumulative
Fraction Time Fall Sediment Welght in
Nos min. oo in Fraction Suspengion
Emo ‘ gio
1 2 3 4 5
0 100 0.5618
1 00,0763
8 90,8 0.4866
2 0.0847
24 80 004019
3 0.,0771
40 69.8 00,3268
4 0.0632
54 60 0.2618
B 00,0639
69 49,6 0,1977
8 00,0809
82 40 001468
Vi 0.0488
98 30 0.0980
8 000423
110 20 00667
9 0.0338
124 9,9 0.,0219
10 0,0219
Total W@ight 0.,5619 giMo
!

The data show that the first fraction was withdrawnat 8 min. leaving
an observed columm of suspension 90.3 omo in helight. Colunn 3 then records
80 omo for the second

a btotal fall of 90,3 em. for the first fraction,

fraction, etc, Colum 4 gives the weight of the sediment found in each

fraction and Column 5, the cumulation of the values in Colium 4, beginning
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at the bottom. Column 5 +then represents the total weight of sediment
remaining in the tube at the indicated total elapsed time, ‘which is also
the amount which would have remained in suspension above the indicated
depth had the fractions not been withdrawn.

With this basic data it 1s possible, by applying appropriate factors,
to obtain coordinates for twe types of 0ddn curvess; constant time with

depth as the variable and constent depth with time as the variable,

19, Reduction of basic date +o constant +time with depth as the

varisble-~0ne solution would be +to reducs all date to a consgtent tims of
8 min. The first fraction, withdrawn at 8 min., would then stand asg is.
The second fraction, withdrawn at 24 min., has 0.0847 gmo. of sediment

(dry weight). We lnow from the summation of dats obtained thet at 24 min.
there were 0,4019 gm, of sediment in suspension ebove the 80-cm. depth.
If this were the condition at 24 min., then at 8 min, there would have
been 8/24 x 0.4019 or 0,1340 gm. in suapension above & depth of 8/24 x 80
or 26,7 em, In a similar way any and all fractions can be reduced to the

gituation at 8 min, or any other settling time desired., In these tests
an atterpt was made to withdraw ten equal-volume fractions. Each fraction
would then lower the water colum 10 om. I¥ was found that e variation
of as much a8 0.5 om. in 10 om, did not materially affect the results.
In this reduction no correction was made for variation from the desired
10-cm., depth, and the glass tube was assumed +o have a uniform diameter

throughout its entire length, The completed somputations for Teat No. 32

are shown in ths following btabulation.
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Weight |Cumulative|Factor|Effective|Effect- |Effecte
Frac-|Elapged |[Fall of Weight in 8 Weight in| ive ive
tion | Time om. Sediment|Suspension|Col. 2| Suspen- |Per Cent| Depth
No. | min. T gio game sion{5x6)|in Sus- |(% x 6)
1 fru pension CRlo
1 2 8 4 5 6 7 8 9
{
0 100 ! 0,5619 == e e e
1 : 10,0763
8 80,3/ . 0.48668 1.0 004866 | 86,6 80,3
2 i 10,0847
24 8 0.4018 |0.333 00,1340 | 23,8 26,7
3 10,0771
40 69.8 0,3268 0.2 0,0850 | 11.6 13,9
4 0.,0632
54 60 0,2616 |0,148 00,0387 6.9 8.9
5 0,0639
69 49,5 0.1877 (0,116 0.0229 401 5.74
8 0.0809
82 40 0,1468 10,0976 00,0143 2.8 3.9
7 0,0488
96 30 0.0980 [0,083%3, 0.0082 1.456 2.6
8 00423
110 20 0.0887 |0.,0727 00,0041 0,73 1,45
9 0,0338
124 9,9 00,0219 [0,0645| 0.0014 0,26 0.64
10 0.,0219 ‘
0
0,5619

The values in Colum 8 are plotted as ordinates againgt those in

Column 9 as abscissas, to obtain the curve showm in Fig. 13. This curve
is too flat to draw tangents accurately at all of the desired points and,
furthermore, the points are not spacedso as to define the curve acouratsely.

The tangent intercepts sare not obtained as simply as in the 0dén ocurve

shown in Fig. 9. A graphieal solubion was developed for this wmethod of
analysis but it is much more complicated than that for a variable tims,
and since 1t @ppears to have littls uss, will not be included here.

0f all ths size analysis methods studied in Report No. 4, only one,



Section 20 51

L e I I S B B I R (A

RN R OIS R [ R R ]
70 K i FERBUS SO : ; / NSRS :
R IR T R P RN . S P
80—t e o BV

L

i

Al |

§

i

\ :
EERE \L

\;; N

40 fé'é:zige‘  . ;tk}f 1 —

PER CENT IN SUSPENSION
8

. :
A U,

630 30 40 50 60 70 80 90 100
DEPTH IN CM.

Figoe 13 = 0dén Curve
Consgtant Time, Variable Depth

the Cole and Edlefsen fractional sedimentation tube, obtains the grading
by measuring the density at soms instantof time with depth asthe variable.
Evidently the same difficulties with this method in obbtaining the grading
of soil, as described in the sbove paragraph, have been encountered by

other investigators.

20, Reduction of basic data <to constant depth with time as the

varieble--To reduce the data to the results which would occur using @
constant distance and variable time, the problem is approashed in a simi=-
lar manner, Taking the basic data of Test No. 32 & depth of 100 cm. is

used. At 24 min. there wers 0.4019 gm. of sediment in suspensionabove the
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second fraction, or above the B80=cm. depth., The time at which the average
density above the 1l00-cm. depth would be the same above the B80-cm. depth
at 24 min. is (100/80)(24) or 30 min. and the weight of sediment above 100
cm. a2t 30 min.would be (100/80)(0.4019) or 0.5024 gm. In like menner all
the other readings mey be referred to the constent depth of 100 cm. The

completed computations are shown in the following tabulation.

Frac-| Blapssd Fall Weight [Cumulative Factor|Weight |Cumulative|Time to
tion | Time | om. of |[Weight in| 100 | above | per cent |Settle
Ko . minie Sediment |Suspension {Col, 3100 cm. above %goxcgi
o gmo (5x6)gm.| 100 em. min.
1 2 3 4 5 ] 7 8 9
100 05619 1.0 06619 100
1 0753
8 90.3 -4866 1,107 .5387 95,9 8,86
2 .0847
24 80 04019 1,26 | 6024 89,3 30
3 20771
40 69,6 03248 1.435] .4661 83,0 57.4
4 00632
54 60 . 026186 1,667, 4361 77.6 20
5 0639
69 49,5 +1977 2,02 | 3994 71.0 139.4
6 .0508
82 40 01468 2,50 | .3670 6502 206
7 00488
96 30 .0980 3,33 | 3263 58,0 320
8 0423
110 20 0857 500 02785 49,5 550
9 0338
124 9.9 00218 10,1 02212 39.3 iz2s2
10 00219
0

The method of computing Columns 5, 6, 7, and 9 is indicated in the
colum headings and is self-explanatory. Fig. 14 is the 0dén curve for

Test No. 32, plotted from the values in Columns 8 and 9 in +the table.
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The range of time covered is so great for the size of paper ussd that the
upper part of the curve has been replotted +oc an enlarged scale. The
material tested consistas of a silt-clay sediment.

In another studythe 0dén curve was plottedon semi-logarithmic paper,
in which case the tangent intercept, instead of being & straight line, was
curved. A family of curved tangent intercept lines was drawn on trans-
parent paper and used as templates to locate points of tengenoy. Any
advantages of this method were offset by the fact that values had to be
interpolated between ths lines of the template and because the grading of
the coarser particles was not so clearly defined due to there being no
definite point of origin on semi-logarithmic paper.

Variations in temperature have a decided effect upon the settling
velocity of soil particles. Table 1 has been prepared to show the time
required for different sized particles to fall 100 om.at varying tempers-
tures. It is used to locate points of tangency on the Odén ocurve, Test
Wo. 32 was run st & temperature of 26° ¢, Table )1 shows that a partiocle
0.0065 mm. 4n diametsr would ?@quife 534 min., to fall 100 om. at 26° ¢,
This 18 located on the Odén curve and a tangent drawn at that point. The
intercept on the ordinate axis shows that 65.9 per cent of the sample is
finer than 0.0056 mm. Similar values canbe cbtalned for any size particle
desired betwsen the indiceted limits.

Fig. 15 shows the cumulative grading curve for Test No. 32,

In the eppendix to this report will be found & detalled description
of the laboratory testing procedure developedas a result ofthis investige-
tion and a recommended test procedure and date sheet for routine size

analysls and total concentration tests.
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Test No. 32

Some work was done using a bobtbom withdrawal tube of only 50 cme
height end holding about 500 cc. of suspension and although the results
wers not sonclusive they indicated that this length of tube can be used

for suspensions having particlss 0.25 wmm. in dismeter or smeller.
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VI. RESULTS OF TESTS WITH THE BOTTOM WITHDRAWAL TUBE

21, Comparison with other methods--In order to evaluate test results

obtained with the bottom withdrawal tube, ocomparison with some accepted
method of obtaining the correct slsze grading was oconsidered necessary.
For particles 1/16 mm. in diameter and finer, the pipette method of size
analysis is considered by many to be the most acourate method and, there-
fore, it was selected for sediments im this sise ramge. For particles
coarger than 1/16 mm., the grading adopted as a standard was obtained by
introducing the sample at the top of the bottom withdrawal tube with a
double cone device similar %o the Puri siltometer (3) eand drawing off
fractions from the bottom of the tube, as this appeared +o be the best
method available.

Because of the possibility that the concentration of the sediment
used might be =a factor in the size analysis obtalned by means of the
pipette analysis,which was taken as a stendard,as well as in the analysis
obtained by other methods, =& study was made of the effect of the concen-
tration of the suspension used on the size anelysis results. The results
of this study were not conclusive, but it is believed that a sufficient
program was carried out to indicatethe practicability of the bottom withe

drawal tube,

22, The effect of concentration on results of pipette analysige-In

order to determine the effect of concentration on the analysis results,
two types of material were tested, the first of which was a clay composed
of particles 1/16 mmo in diameter or smaller end the second a silty loam

with a slze range up to 1.0 ma. In analyzing the clay, samples were taken
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from a master sample with no attempt at splitting. The material being
very fine-grained, little or no segregation was anticipated.

Several tests were run at various concentrations renging from 100
pspsms o 100,000 popom. The average grading from the tests run at each
concentration was then obtained. These average gradings for the various
concentrations were then referred to the average grading at 10,000 p.pom.
The method of referencing is shown in Table 2 for soms of the concentra-

tions used,

TABLE 2

DEVIATION FROM THE AVERAGE SIZE GRADING FOR 10,000 P.P.M.
PIPBTTE ANALYSIS OF CILAY

Poy Cent Finer Than Given S5ize and Deviation From Standard
Size in
e 10,000 } 20,000 Deviation 80,000 Deviation 60,000 Deviation
PePolllo | DeDollo | i | PePolle | S i 0 [ PoPolle |20 "7
0825 { 100.0 | 100.0 0 99.5 «=0.H 29.8 =002
0442 99,0 99,3 $0.3 99.8 +0.8 9902 $0.2
03812 98,0 98,3 408 99,3 41.3 98,4 4004
0221 96,0 96,4 +0.4 97.2 +1.2 96.9 40.9
.0156 93.0 93.0 0 03.8 +0.8 94,2 41,2
20110 86,7 88,3 +1.8 88,3 +1.6 90.4 +5.7
0078 7860 79,7 +1.7 80,5 4208 83,6 45,6
. 005656 65.4 87,9 +2.5 7062 +408 7308 +8.4
- 0038 51.4 54.0 2.8 5603 +4.9 59.8 48,5

This deviation in cumulative per cent finer from the size grading at

10,000 p.p.m. for the various concentrations used is plotted on the graph
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shown in Fig. 16,

From Fig. 16 itis evident that the grading obtained usiﬁg concenfram
tions of 100 and 1,000 p.p.m. are too erratic to be of value. Although
the results at 2,000 p.p.m. compare quite well, the individual tests used
to obtain this average grading vary so greatly thata lowsr limit of about
5,000 pepome 1is indicated, below which consistent results were not ob-
tained with the pipette.

The grading obtained from the samples <taken from the same master
sample became finer as the concentration was increased so that en upper
limit of about 10,000 p.pom. was indicated as the maximum concentration
et which an analysis should be made,

Another computation was made for the purpose of showing the actual
grading that would be obtained if the clay material is analyzed at differ=-
ent concentrations., Using the grading at 10,000 p.p.m. a8 correct, the
cumulative per cent finer for the various fractions obtained from anal-
yses run at other concentrations were shown as a per cent of the correct
grading. That is %o say, 1f the cumilative per cent finer than the
0.,0039=mm. particle were 51.4 at 10,000 p.pom., then the value of 54.0
obtained for this size at 20,000 p.pom. would be 105.0 per cent of the
correct grading. These percentages were then plotted and smooth curves
drawn to correct for any individual deviations from the general trend.
Values were taken from these smooth curves and reconverted into the indi-
cated grading in cumulative per cent finer and plotted on Fig. 17.

As shown on Fig. 17, for this particular clay the tests indicate
that consistent results can be obtainedwith the pipettewhen concentrations

between 3,000 and 10,000 p.p.m. are used but that when higher concentra-
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Fige 17 =~ Pipette Analysis of a Clay

Actual Grading at Various Concentrations

tions are employed an incressingly finer grading is indisated.

The other typs of materlal tested was a silty loam which graded from
1.0 mm. in diemeter down to olay particles. Samples were taken from a
master sample without the use of o sample splitter. Althoughwvery little
work was done on the silty loam materiel with the pipette, several tests

were run at 10,000 and 20,000 p.pem. The same itrend wes noted as in the

case of clay material, the grading st 20,000 p.pe.m. being from 1.7 to 4.9
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per cent finer than the grading at 10,000 p.p.m.

23. The effect of concentration on results of bottom withdrewal

Eﬁ?f@iﬂ?&gﬁ%?“”Cl&y semples were taken from the master sample from which
pipette samples were run end average gradings obtained for tests run at
various concentrations.

In using a bottom withdrawal tube with a waber columm 100 cme in

height and a capaclty of about 500 oc. the welght of material required to

give the lighter concentrations is as followss

Volume of Tube Desired Concentration Semple Required
6a. PeDele e 8
500 2,000 1.0
500 1,000 0.5
500 500 0.25
500 100 0.08

In order to insure that the small samples were truly representative,
& mothod of splitting was used in this investigation which consisted of
withdrewling & pipette sample of the proper volums from a uniformly dis-
persed suspension of a known concentration. Staendard pipettes having
volumes of 5, 10, 20 and 50 cc. were available for this procedure. A
spoecific example will suffice %o explain the method of splitting.

If, for example, a pipette analysis was to be run at 10,000 p.p.m.
and three tube tests at 1,000 pepems, all from the ssme materiasl, then a
master suspension was prepared in the pipette jar containing 11.5 gm. of
material, This would be enough to allow 10.0 gm. for the pipette analysis
and 0.5 gm. for each of three tube tests. If the master suspension was

brought to a volume of 1,180 cc., and uniformly dispersed it would have a
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concentration of 10,000 p.p.m. end each cubic centimeter of suspension
would contain 11.5/1,150 or 0.0l gm. of sediment. After unif&rm disper=
sion was obtaineda 50-cc. pipette sample was withdrawn quickly at a depth
below which the largest particle present had not yet had timeto fell from
the water surface. In a suspension havings temperature of 20° Centigrade,
a 1/16-mm. particle will fall 20 om. in 67 sec. If this were the largest
particle present then the pipette sample would have to be taken at & 20-
cm. depth within 57 sec. after settling had started from the wniformly
dispersed condition. Proof that such a sample would be representative of
the true grading of the master sample 1lies in the fact that the concen-
tration at any point in the suspension remains constant until the largest
particle present has had time to fall from the surface of the suspension
to the point in question. An inspection of Fig. 6 will bear this out,
It can be seen that a pipette sample tsken at any point below the upper
row of dy particles would be representative of the original uniform dis-
persion. Therefore the 50=-cc, pipette sample would contain 50(0.01) or
0.5 gme of sediment, The master suspension was redispersed before each
of the three plpette samples was taken. Each pipette sample was washed
into a tube and the suspension brought to a volume of 500 ec. so that it
would have the desired concentration of 1,000 p.p.m. The master suspen-
sion would then have left 10.0 gm., of gediment and a volume of 1,000 cc,
All four tests would then be ready to run. |

This description of the method employed to secure small representative
samples withinthe particle size range of the pipette (1/16 mm. or smaller)
has been given in some detail because it has a wide appliecation in the

field of sediment transportation.
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Average tube gradingsfor clay obteinsdat various conmn"trationg were
referred to the pipette grading at 10,000 p.peme and the graph shown in
Fige 18 was prepared corresponding to Fige 16 for the pipette. Fig. 18
shows thet size analysis results with the tube from clay samples teken

from the same master sample agree very closely with the pipette analysis
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at 10,000 p.p.m. when concentrations between 300 and 30,000 p.p.m. were
used., Concentrations higher than 30,000 p.p.m. resulted in fiﬂer gradings
just as in the case of the pipette (Fig. 16).

The factthat consistent results were obtained with concentrations as
high as 30,000 p.p.m. may warrant further investigation. One is inclined
to believe that the tube method would have about the same limit as the
pipette method as regardsthe highest concentration that could be handled;
namely, 10,000 p.p.m. The lower limit of 300 p.p.m. is & conservative
estimate below which +test results may not have the same high degree of
accuracys

Tests made withthe bottom withdrawal tube on gilty loam material were
averaged andthe graph shown in Fig. l9was prepared to bring out the effect
of concentrationon size analysis results. It is similar in construction to
Figs, 16 and 18, Although fewer tests were run on this type of meterial,
there are enough shownon Fig. 19to indicate that higher concentrations do
not affect the grading as much as with the clay material, No attempt was
madeto split samples such as with a sand splitter, Since very small quan-
tities are reguired to meke upe concentration e¢f 500 or 1,000 p.p.m. thie
mey explain in part the variation in the grading obtained at these two

concentrations.

24. Consistency of size analysis results--Up tothis time considere-

tion has been givento the manner in which size gradings obtainedat various
concentrations agree with the pipette grading at 10,000 p.pom, 1In doing
this the average grading of all the tests run at each concentration has

been used and certain concentration limits have been indicated within
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which consisgtent size analysis results were obtained.

An importent aspect of the analysis of test results obtained is the
consistency of the individual tests withthe computed average or mean grad-
ing. Bach individual test was therefore referred to the mean grading at
sach concentration used and the deviatlon determined. Fig. 20 has been
plotted from these data to show the deviatlion from the mean grading in

cumulative per cent finer at the various concentrations in testing clay
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material.

Fig. 20 indlcates that for concentrations of 5,000 Pepot. OF greater,
both the pipettes and bottom withdrewal tube give very consistent results.
It must be remembered, however, that the actual size grading of clay ob-
tained with concentrations of 20,000 pop.m. or greater may not agree with
the pipette grading at 10,000 popo.m., howsver consistent they might be,

For concentrations lighter than 5,000 p.pomo the tube has much more
consistent resulta. This ie to be expected because the pipette grading
is obtained from a very small sampls of the suspension. Although the
pipette analysis shown on Filg. 20 a% 2,000 popome. pgives results wlithin
plus or minus 5 per cent, as has been stated, the actual grading obtained
does not compare favorably with the accepted standard grading at 10,000
PopoMo  For that reeson a lower limit of about 3,000 pop.m. is indicated
for the pipette. The individual tube tests have about the same consiste
ency at 100, 200, and 500 p.p.m. when compared to their respective mean
gradings, but when the meen grading is compared to the correct grading,
as was done in Fig. 18, concemtrations below about 300 pop.mo may not have
the same degree of accuracy. It will be noted on Fig. 20 that the tube
tests at 1,000 popom. glve resulbs as consistent as the pipette at 10,000
PoPofto

A graph similarto Fig. 20, prepered for tests made on silty loam, is
shown in Pig. 21, Very conslstent results were obtained with both methods

for the few tests run.

26, Particle size range . of the bottom withdrawal tube-~It has been

shown that the bottom withdrawal tube pglves acourate results within the
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particle size range of the pipette; mnamely, 1/16 mm. or finer., There
follows a record of the test results obtained with the bottom withdrewal
tube on prepared samples of sand, s8ilty loam, and clay, which were made
for the purpose of determining whether the tube would analysze particles
as coarse as 1.0 mm. in diame%ero Master samples of each of the threse
types of material were prepared andthe standard gradingof each determined
with either the pipette or the top intrgductimﬁ methods or s combination
of both. Heving obtained the sbandard grading, senalyses were then made
with the bottom withdrawal tube for comparison. Also, two or more of the
materials were mixed in different proportions by weight from which it was
possible %o compute the combined grading for comparison with the tube
analysis,

In order to insure that representative samples of the sand and silty
loam material were used inthe tests, a Jones miniature sample splitter was
uged. It iz called a microsplit and was designed by George H. Otto (8).
The microsplit was desipgned for particles grading from L/lﬁ mme $0 1.0 mm.
in diameter, It was not possible to use it in securing representative
samples of clay as that materisl was all finer than 1/16 mm. and would
stick to the sides of the splitter. The next best expedient therefore was
merely to use reasoneble care Iin obtaining representative samples of the
clay material,

Several samples of the silty loam material of about 2.0 gm. each wers
split from the master semple. Since this meterial contained some partie
cles which wers coarser than the pipette could handle, the correct grading
was obtained by combining results obtained with both the pipette and top

introduction methods ande smooth average grading curve drawn. This smooth
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curve and the points used to obbtain 1t are shown in Pig. 22.
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S

The experience gained in investlgetlng the chambered tube has been
recorded in Section 9 of this report. It was found that even though fine
particles were present in samples introduced intothe top of a long column
of water, ocoarse particles above 1/16 mm. in diemeter would settle out
ahead of the density currents as individual particles in a manner suscep=-
tible to this form ¢f analysis. The method of obtaining the size grading
of a sample introduced into the top of & long column of water in the pro-
posed chambered tube hes been described in detall in Section 9. Also, it
was shown in Section 15 that the aection of the bottom withdrewal tube is
similar +to that of the chambered tubs. It was thereforse felt that a

reasonably accurate size analysis was obtained of the cosrser pavticles in
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the silty loam meterial when semples were introduced into the top of the
bottom withdrawal tube and fractions withdrewn from the bottom until such
a time as the cloudy density currents were encountered, A double cone
device for introducing samples wag bullt of galvanized gheet iron and
patterned after the Puri siltometer. When these results were plotted om
the same graph (Fig. 22) with pipstte results on split semples of the same
material, and a smooth curve drawn, 1t was felt that the grading obtained
was reasonably accurate and was adopted as standard forthe complete range
of particle diameters. Tests were then run on other 2.0-gm. split semples
of ailty loam with the bottom withdrawal tubs in the regular menner for
comparison. The standard grading is drawn on Fig, 23(A) as a smooth curve
and the tube results of individual tests are shown as dots,

Several samples ofthe send of about 2.0 gm.each were also split from
the masgter sample, Samples were inbroduced intothe top of the bottom withe
drawal tube with the double cone device and fractions withdrawn from the
bottom at predetermined time intervals. Other samples were dispersed uni-
formly in the tube and the regular bottom withdrawal size analysis run.
The stendard average grading, obtalned with the top introduction deviss,
is shown plotted as a smooth curve on Fig. 23(B) while the test results
with the tube are shown as dobts for easy comparison,

AL this time another master sample was prepared whioch included 90 per
cent of silty loam by weight end 10 per cent of sand, Having previously
determined tﬁe standard grading of these two materials it was possible to
compute the combined grading by proper welghting, This stendard grading
was then plotted on Figo. 23(C) as a smooth curveand test results with the

bottom withdrawal tube on split 2.0-gm. samples are shown as dots,
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Another master sample was then prepared having the followlng propor-
tions by weights sand, 8 per cent; silty loam, 80 per cemt; and clay, 12
por cent. Apgain the standard grading was computed eand comparsd to that
obtained with the bottom withdrawal tube as shown in Fig. 23(D). Split

samples weighing about 2.0 gm. were used in running the analysis.

28, g?n@lusionSWmTha acouracy of size grading results obtained with
the bottom withdrawal tube for particles 1/16 mm. in diameter or smaller
has been determined by comparison with pipette analysis results on split
semples of the seme material, The standard pipette grading was obtained
using a suspension having a concentration of 10,000 pepome For particles
bstween 1/16 mmn. and 1.0 mmo.the standerd grading has been obtained with e
double cone top introduction device similar to the Puri siltometer. This
method was adopted because of the sucsess had by Puri (8)and Vaidhianathen
(2) in analyzing sand particles by introducing samples into the top of a
long column of weter. Purl used a 10.0~gm. sample in a tube having a
di&m@t@r>of 6.0 omo  Experiments reported hereln were made with 2.0=gm,
samples in & 2,54 om, diamester tube. The effect of the nearness of tube
walls on the fall velocity of sand particles was not taken into account.
It is hoped that a study can be made of wall sffects in some future in-
vestigation. «

An extensive program has been carried out in determining that the
botbtom withdrawal tube will give results as acocurate end consistent as
the pipette for particles 1/16 mm. in diemeter or smaller. From the few
tests made on particles coarser them 1/16 mm. it has been concluded that

the tube range can be extended <to particles as coarse as 1.0 mm. This
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means that in one operationthe tube can be used in analyzing the complete
range of particle sizes likely to be encountered in suspended sediment
samples.

The range of concentrations within which the correct grading can be
obtained has been found to be between 3,000 and 10,000 p.p.me with the
pipette and between 300 and 30,000 p.p.me.with the bottom withdrawal tube.
The fact that much smaller samples are used would explain why the pipette
will not handle oconcentrations as light as the tube, but theorstically
there is perhapsno reason why both methods would not have the same limita-
tion as to the highest concentration that could be used. For that reason
an upper limit of 10,000 p.p.m. has also been placed on the tube until
further tests can be made.

The bottom withdrawal tube has been designed for a maximum length of
100 om. because it would be hard to obtain uniform dispersion in a tﬁbe
much longer then this. This limitation as to length makes it impractical
to analyze particles largerthan about 1.0 mm. in diameter. It is suggested
that a large number of tests be made on several different streams to de-
termine if 1.0 mm. is high enough to go with the analysis. If it develops
through further study that the analysis should go further up the grade
scale it might be well to suggest certain procedures in the light of ex-
perience gained in this investigation.

Fall velocities for the coarser particles are as indicated in the
following tabulation. If these veluss forthe different water temperatures
are plotted and smooth curves drawn, then the values for the intermediate
temperatures can be read and & table prepared similar to Table 1, page 54.

If particles as coarse as 2.0 mm. were desired the first fraction
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-

withdravn in the regular anelysis could be introduced into the top 'of the
tube with the Puri double-cone device. If particles as large as 8 mm. in
diameter were desired the first fraction would have to be introduced into

a btube 200 cm. in length.

FALL VELOCITIES IN CM./SEC.

Particle Sieve
Diameter Nunber 0%C, 10%¢., 20%¢ . 309, 40°¢,
e
1 18 13 14,5 15.7 16,7 17.6
2 10 25,5 27 28.5 29 .5 30,2
4 8 44 45 45,5 45,8 46
8 87 67 67 67 87

When field mamples sare obteinsd heving concentrations as high as
50,000 to 100,000 p.p.m. by welght they can be split down with the pipette
as described on page 61 if the particles are not largerthan about 1/16 mm.
in diameter. WNo attewpt was made in this investigation to split samples
from a suspension containing particles larger than L/lé mi. It has been
indicated, however, that concentrations as high as 30,000 pop.m. by weight
may be analyzed with the botbtom withdrawal tube. Further study along this
line will no doubt be desirable when such problems arise in the field.

Comparative size analysis results witha standard soilhydrometer were
not obtained. The pipette analysis method is limited epparently to & cone
centration of 10,000 pe.p.m., whareas hydrometer analyses can bs made with
soncentrations as high as 50,000 pepems An explanatiomn of this ciroume
stance may be found in the manner in which a hydrometer is celibrated. It
is Jmown, for instance, that the hydrometer messures the average density
of a suspension over the depth'cf the bulb. In order to reduce this to a

meagure of the dengity at a point, a factor is applied to the total depth
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of immersion so that the hydrometer will give size analysis results that
agree with the pipette. If this lactor takes into account the effect of
concentration thenit is probablethat a correct analysis of concentrations
as high as 50,000 p.p.m. can be obtained with the hydrometer.

The purpose of this investigation has been to develop a new size
analysis method for suspended sediment samples and has resulted in the
completion of the bottom withdrawal tube. It might be well at this point
to summarize and orient the scope of the present common methods of size
analysis with regard to their usefulness in the study of sediment trans-
portation in order better to show the possibilities of this new device.

The usual suspended sediment sample is brought to the laboratory in
& pint bottle and may have an average volume of about 400 cc. Since the
smallest-sized sample that can be satisfactorily analyzed with 3-in,
sleves is about 0.05 gm., and assuming that all of the particles are
coarser than 1/16 mm., then the lightest concentration thet could be
handled by this method would be (0.05/400)(1,000,000), or 125 p.p.m. The
heaviest concentrationthat could be handled would of course be unlimited,
The particle size range for sieves is from 1/16 mm. to as large as may be
encountered in suspension. Little is known about the siltometer except
that Puri (3) designed for a particle size range of 0,06 to 0.6 mmo and
used & 10,0-gm. sample. Assuming that 10.0 gm. is the upper and 0.05 gm.
the lower limit of material that could be anslyzed and that all particles
are coarser than 1/16 mm., the corresponding concentration range would
then be from 125 to 24,600 p.p.m. From the experience gained in this in-
vestigation it appears possible that the siltometer would handle particles

from 1/16 mm.in diameter to as coarse as 2.0 mm., using a tube 200 cm. in
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TABLE &

SCOPE OF VARIOUS SIZE ANALYSIS METHODS

Approximate Range in Approximate Range in
Method Particle Size, mm. | Concentration, p.p.m. required
in Single 400=-cc. Sample

Sieves Boulders to 1/16 125 to no limit
Siltometer 2 to 1/16 126 to 25,000
Hydrometer 1/16 to 0.001 60,000 to 116,000
Pipette 1/16 to 0,001 3,000 to 10,000
Decantation 1/16 to 0,001 1,250 to 19,000
Bottom Withdrawal

Tube 1,0 to 0,001 300 to 10,000

length., The pipette will enalyze particles 1/16 mm, in dismeteror smaller,
and from & meximum of 10,000 t0 & minimum of 3,000 p.p.m. in concentration.
The hydrometer, limited to 1/16 mm. particles or smaller, is perhaps best
suited for concentrations between 25,000 and 50,000 pop.m., This would re-
guire about 25 to 50 gm. of sediment for the standard 1,000-cc. hydrometer
jar which means that the 400 cc, suspended sediment sample would require
a concentration of from 60,200 to 116,000 p.p.mo  PFor thils reason the
hydrometer has very little 1f any use in the study of suspended sediment
samples, it being confined +to studies in which the amount of material
available is unlimited, From previous experience with the decantation
method of size analysis atthe Iowa Institute of Hydraullc Research it was
found that a minimum of 0.5 gm. of sediment was required in a decantation
jar containing 750 cc. of suspension. In a 400-cc. suspended sediment
sample 0.5 gm.of sediment would be a concentration of 1249 p.p.m. for the
lower limit by decanting, If it is assumed that 10,000 pop.mois the maxi-

mum concentration +that can be used in the 750-cc. decantation jar this
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would require 7.5 gm. of selliment. A 400-cc. suspended sediment sample
containing 7.5 gm.of sediment would have & concentrationof 189500 P oD olllo
which would therefore be the uppsr limit for the decantation method.

The scopeof pressent slze analysis methods hes been discusssd on the
basis of their ability +o analyze a 400-cc. suspended sediment sample,
The limitations found are shownin round numbers in tabular f@rm in Table

3 and graphically in Fig., 24,
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It is believed that the bottom withdrawal tube method can be de-
felaped for mass production analysis by placing several tubes in a rack
end securing a uniform dispersion by handling the rack in & manner sime
ilar to a single tubs. A single lever could be arranged to open and close
simultansously all the tubes in the rack, and a get of vessels in another

rack could be held below the outlets to recsive the eampleso'
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APPENDIX A
DETAILED TEST PROCEDURE FOR BOTTOM WITHDRAWAL TUBE

27. Test procedure for bottom withdrawal tube--A complete 1list of

equipment and a comprehensive and detailed description of the test pro-
cedure and computations necessary is given below for determining the size
grading ofa sediment sample, together with notes and observations designed
to aid in obtaining a correct analysis. The test procedure is based upon
the analysis of suspended sediment samples submitted toc the laboratory in
pint bottles and containing approximately 400 cc.

Bquipment

Beakers, capacity 400 cc.

Drying oven

Desiccators

Analytical balance, sensitivity 0.1 mg., capacity 200 gm.
Evaporating dishes, pyrex, capacity 100 cc.

Graduates, capacity 100 cc.

Distilled water

Bottom withdrawal tubes, similar to that shown in Fig. 10
Stop watch or timer

Thermometer, 1° subdivisions, =10° to ¢110° C.

Rubber tubing, 5/16 in. bore

Stand for holding bottom withdrawal tube during test
Bottle brush

Pinch~clamps

Corks, size No. 9

Step by step procedure

8. If samples are to be stored in the laboratory for a
period of several weeks before analysisthey should be placed
in & dark room or in subdued light in order to retard the
growth of algae, or a few drops of formaldehyde may be added
to prevent growth of algae. Samples in which algae have
grown or which give offa strong odor of decaying organicmat-
ter or of hydrogen sulfide probably should be discarded.

Discusgsion: It is strongly recommended that samples
be tekento the laboratory as soonas possible afterbeing
secured andthe analysisrun immediately in order to sim-
late actual stream conditions. If this is doneit is bee
lieved that the turbulence setup inbringing the suspension
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to a uniformly didpersed condition, as described in step
¢, will probably more nearly approach the condition found
Tn natural streams. If' o sample is stored over a pro-
longed period of time befors an anelysis is made, and it
appears that some additional mechanical dispersion is
necessary, caution should bs observed in determining the
severity of the mixing process. Conglomerates or clusters
of particles which appear in the natural stream should
not be broken down if a true picturs of gedimentation is
to be obtained.

b. Pour the sample into the bottom withdrawal tube and
note the height of water column in order that the volume of
the sample mey be determined and recordsd. Wash the sample
bottle into the tube with a stream of clear native water and
bring the suspension to the 100-em. height.

¢. In the 2 or 3 min. required %o transfer the sample
into the tube, all of the particles of 1/8 mn. diameter or
greater will have had %ime +Go collect at the bottom of the
tube. Placing one hand over the open end, or with a ocork
closing the open end, raise the tube to an inclined position
so that the bottom of the tube is at a slightly higher ele-
vation than the top end. With the tube in this position exe-
cute a backward and forward motion to wash the coarser parti-
cles out of the constricted or botbtom end end continue this
motion until it is observed that the coarser particles ars
distributed quite uniformly over the total length of the tube.
The coarser particles can be seen by the sys along the bottom
of the tubs if it is held before a light. When this has bsen
accomplished the tube will still be in an inclined position
with the air bubble at the constricted end. Place the tube
in an upright position. Invert the tube from end to end,
allowing the air bubble to travel the full length of the tube
(this tekes about 5 sec.) before each inversion. Uniform
dispersion is obteinsd when the suspension has become uniform
in eolor throughout. This may take from 2 o 5 min. The
tube iz held vertical im both the upright eand inverted po-
sitions. Onoe the invertimg of the tube is started the pro-
cess should be continuous., Should a break in the dispersion
procedure occur, a fresh start should be made with the tube
in an inclined position as deseribed ebove. After uniform
dispersion is obtained the stop watch is started when the tube
is Inverted to an upright position preparatory to placing in
the stand. At thisz instant ths air bubble is at the botiom
of the tube., The tube ie then securely fastened in the stand
in & vertical position. If a cork is used it must be removed
before the first fraction is withdrawn.

Discussions This method of dispersion and the time
for ghtarting the stop watch differs somewhat fromthe proe
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cedure used in the preliminary tests. It is based upon
further study of the behavior of the coarser partiocles
made as a result of suggestions received {romthe cooper-
ative agencies in reoviewing the preliminary report and
represents a refinement in the test procedurs. It is
felt that these improvements will result in a better a-
nalysis.

d. Inthis investigation, ten equal volume fractions were
withdrewn for each test., Time intervals were chosen in such
a way as to accurately define the Odén curve. Since the tube
was 100 cm. in length, each fravtion corresponded to & column
height of 10 em. The first fraction had a total fall of 90
cme A 1.0-mm. particle will fall 90 om. in about & sec. and
e 1/16 (0.,0628)=mm. particle will fall +that disbance in a
little less then 5 min. In the former case the first fraction
would have +to be withdrewn in from 6 %o 10 sec. but in ths
latter case it need not be withdrewn until after about 5 min.
have elapsed, In general, for material conbalning particles
as coarse as 1.0 mm., the withdrawal times used were at 10
89G., o0 88C., L, &, 7, 16, 40, 80 and 120 min. Por samples
conbaining partibles 331th@ neighborhood of 1/16 mm.or smaller
the time intervals were sgpaced at 4, 15, 40, 64, 69, 82, 97,
110 and 124 min, The last fraction had & f&ll @f 10 oms and
particles as fine es 0.0039 mm.wsre caught in a total elapsed
time of 120 min. Deviations from any certain set time will
do no herm 1f the actual time of withdrawal is noted.

@, About 1.0 sec, before the chogen withdrawal tims, the
pincheclamp is quickly opened to full width eand then closed
slowly as the last of the sample is being withdrawn. A full
opening is vrequired at the start in order that the rush of
water will oclear +the cone of any deposited sediment. Onoce
this has been accomplished the pincheclamp may be closed as
slowly es desired in order to gage the sswple height more ac-
ocurately. With a little practice one becomss quite expert at
withdrawing fractions, it must be remembered, however, that
the total elapsed time is not taken at the time the pinch-
clamp is opened, but at the time that it is closed, The method
is entirely flexible in that fractions of any desired depth
and volume may be withdrawn as long asthe particle size range
is aovere& end enough points are obtained to accurately define
the 0dén curve. Seven is probably the minimum for satisfactory
results. The colum height must be read after the withdrawal
of sach fraction.

£, Sempleg are withdrawn intoa 100-cc, graduste in order
to eliminate the possibility of losing any of the sample from
splashing. They are then poured into the evaporating dishes,
the graduate being washed with a stream of distilled water.
Bach evaporating dish should be numbered and the tare weight
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determined freguently. Preference was given to pyrex evapo-
rating dishes rather than porcelain because the glass con-
tainers are lighter im weight. Care should betaken in clean-
ing the tubes, evaporating dishes, and graduates befors each
test. This is especially important when light concentrations
are being analyzed.

o The evaporating dishes ars placed inthe oven to dry
overnight at a temperature of from 105° %o 110° C.

h. The eveporating dishesare transferred directly from
the ovento a desiccator and allowed to cool about 40 min. to
room temperabturs. They are then weighed to 0.1 mg. The
desiccator should remain closed sxcept when removinga sample.

i, Using ordinary precautions in mainteininga constant
room Femperature, a temperaturs determination of the suspen-
slon at the middle or latier part of the test has been taken
as the average for the entirs test. If there 1s considerable
temperature variation more frequent readings will be neceg-
sarye

Jo A sample of the clear water from one of the pint
bottles evaporated to dryness should give the amount of dise-
solved solids present. For the sake of the time saved, it is
recommended that one or more dissolved solids determinations
be made in this manner for sach set of sediment samples so
that it will not be necessary to filter through {ilter paper
or Gooch or alundum crucibles. Experience should dictate the
number of determinations necessary., Having determined the
weipht of dissolved solids per cc.of suspension, s correction
can be made %o each fraction withdrawn according to its
volume.

k. The recorded date together with the computation re-
quired to obtain the coordinates of the 0dén curve are shown
in Table 4. Columns 1 to 6, lnclusive, are recorded during
the snelysis. The weight of sediment in each fraction is ob-
tained by subtracting the tare fromthe gross and is recorded
in Column 7. Column 8 is the net weight of sediment after
subtracting the proportionate weight of dissolved solids from
the weights in Columm 7. By adding the net welights cumu-
latively, as is done in Column 9, +the total sediment weight
in suspension above each indicated depth is obtained. A
depth facter is then computed in Colum 10 by dividing the
observed colwm heights in Column 3 into the total depth of
100 cme Applying this factor to the weights in Column 9 re-
duces them tothe weight that would obtain in a 100 cm. depth
at the same average density. In Column 12 these weights for
& 100 om. depth are expressed in percentages of ths total
sediment weight. Column 13 is the result of applying the
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depth factor to the slapsed time in Column 2 and is the time
required for the average denslty above each observed helght |
in Colummn 3 o be resched at 100 om. In effect, then, these
computations reducethe obaserved times of settlingand weights
in suspension to a constaent depth of 100 om.

1. The Odén curve is plotted on rectangular coordinate
paper as shown in Fig. 25. The lower curve of Fig. 26 is the
complete curve plotted from Columns 12 and 13 of Table 4.
The upper curve is the upper portion of the complete curve
plotted to an enlarged horizontal scale to facilitate the
determination of the grading of the coarser particles. The
choice of horizontal scales is arbitrary so long as smooth
curves are drawn through the plotted points. Points of tan-
gency are located from the temperature of the suspension
(26°C.Y) and the use of Table 1. It will be noted that the
"gquare root of two® grade scale is used. Once the Odén
curve is defined any grade scale may be used, because as many
or as few grade polnts as desired maybe determined by merely
drawing tengents abtthe proper polnts and reading the tangent
intercepts on the vertical axis.

Discussion: The congtruckion of the Odén curve and
the drawing of tangents is a matter of vital importence
in the analysis of sediment samples. In order to better
show the method of drawing the curve, several typleal
examples are given in Appendix B. In suspended sediment
samples where sedimentation takes place froma uniformly
dispersed condition, the settling of particles will con-
tinue for several hours or even days before all partie-
cles have completsly settled out of suspension. Since
the Odén curve as here used shows the amount of sedi-
ment remaining in suspension with respect to time it is
evident that the slope of the curve will probably never
become gero over the period of time covered by the size
enalysis test. Furthermors, the curve will never have
a negative slope. These facts are used as & guide in
drawing a curve such as that shown on Plg. 30, Appendix
Bs No involved or refined method was used in arriving
at smooth average curves or in the drawing of tangents.
Curves and tanpents wsre dravn with the aid of french
curves, ship curves, and triangles. No study was made
of the extent of error to be sxpected as a result of the
variation in drawing of tangents by the same or differ-
ent workers.

A tangent at a point is difficult to draw on a
curve having too flat or too stesp & slope. The horie
zontal sceles used have been chosen in such a way that
this difficulty is minimized. It may be desirable to
change scales to it different materlials. If it is felt
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that the tangent intercept for the 0.0039-mm. fraction
is too indefinite on Fig. 26, Appendix B, for instance,
the curve can be redrawn +to a horizontal scals of 200
min., to the cm. instesd of the 100 min. to the cm. as
shown. This would increase the slope of the curve and
make the drawing of the tangent more positive. Any of
several different french and ship curves may be used
for drawing the curves, but particular use was made of
& ship curve similar to Dietzgen catalogue No. 2217=48
in drawing the flatter portion of ths curves. It be-
comes difficult to meintain continuity with the use of
ordinary french or ship curves if the horisontal scale
is expanded much beyond that used in the curves shown
in this report.

This recommended <test procedure differs in some respects from that
used in the testing of the bottom withdrawal tube, It was not practicable
to attempt to obtain actual suspended sediment samples with the desired
gize range from nearby rivers, Oven dry material was used instead, be-
cauge any desired concentration end volume of suspension could easily be
made up. The dry material was welighed, placed in a beaker, covered with
distilled water, a deflocculant added if necessary, and allowed to soak
overnight. The sample was then washed into a dispersion cup, placed in a
milk sheke mixer, and dispersed for 10 min. The dispersion ocup and machine
were simlilar to those specified in Ac 8. T. M. Designation D422-38T. The
suspension was then ready to be transferred to the bottom withdrawel tube
and the step by step procedure followed as outlined above. Since distilled
water was used, no correction was nscessary for dissolved golids.

In the tests the fractions were withdrewn into a 1l00-ce. glass gradu-
ate and then transferred +to an evaporating dish, since some of the water
would splash out 1f taken directly into the evaporating dish. In order
to eliminate the necessity of making thls transfer, and to spesd up the

analysis, it is believed that a way can be found of taking the fraction
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from the tube directly into the vessel in which it 1s evaporated.

Test results of a few analysesz made on actual auspendéd sediment
semples emphasize the likelihood that concentrations as light as 100 p.p.m.
may be handled withthe bottom withdrawal tube with an accuracy comparable
to the field conditions under which they are usually taken. Test results
of one field sample of higher concentration is shown in Table 4 and Fig.
25,

The foregoing procedure is not entirely based upon extensive experi-
ence, as it was necessary to complete the project before many actual sus-
pended sediment samples were analyzed. It can no doubt therefore be im-
proved upon as the result of further experisnce.

Care should be exercised in attaching the scale to the bottom with-
drawal tube. The scale should cover only the cylindrical portion of the
tube and the volume below the lowest reading on the scale down to the
pinch=clamp should be the same as would exist if the cylindrical portion
of the tube was extendsd down to, and the tube ended at, the zero of the
gage. Thus, if the lowest reading on the scale is 10 em., the volume of
the tube below this graduation down to the pinche-clamp should bhe the same
a8 in any 10-cm. section of the cylindrical portion of the tube above the

10=-cm. mark.
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APPERDIX B

LABORATORY RESULTS
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APPENDIX B
LABORATORY TEST RESULIS

28, Typical tests--Tube test results, computations, and 0dén curves

are presented in this appendix for six typical tests covering a range of
concentrations from 100 to 100,000 p.p.m. by weight. Test results are
also shown for two typical pipette tests.

Columms 4, 5, and 11 1in Tables § and 6 do not appear in ths fgoomn
mended date sheet shown in Table 4. The so-called ™density factor® in
Column 11 was introduced to correct for any variation in the diameter of
the tube that might exist. From a study of this variation it was deter-
mined that no appreciable error cccurred when the density factor was e-
limineted because, for all practical purposes, the diameter of the glass
tubing used wes uniform throughout.

The Odén curves plotted from Columns 13 aund 14 show the manner of
construction and indicate the tangent intercepts obtained. The curve for
Test No. 32 is shown on Fig. 14 and is not here reproduced. Curves for
the heavier concentrations follow the plotted points very closely. Vhen
concentrations as light as 100 p.p.m. by weight are analysged, however, the
plotted points may scatter somewhat, with the result that average curves
mist be drawn.

Table 7 shows results and computations for two typieal pipette tests
run at a concentration of 10,000 p.p.m. Pipette tests run at this con-
centration were used as a basis for determiningthe accuracy of tube tests
run on split samples. As an example the size grading for Tests No. 32 and
P6, and for Tests No. 39 and ?17 are directly comparable as these two setai

of tests were run on split samples.
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The experimental and supporting data for all tests run are on file
at the Hydraulic laboratory of the University of Iowa at Iowa City, Iowsa,

and are available for loan to any interested parties.
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96 Section 28
TARLE 7
TYPICAL TEST RESULTS WITH PIPETTR
Size | Fall | Temp. Time Clock Bvaporating Dish Het | Het Wt.| Ous,
Ho.| Gross Pare Welght x 80 | Per Cent
mm, em, | °C. | brs. min. sec. Time ° gn. ga. gmgh an, Paer
Tegt No,PE Materiael: Englewood Dam No.1 Coneentration: 10,000p.p.m. Starting Wt.: 10 gu.
.0628 20 123 0=83 26 | 62,5470 | 62.3442 | 0,2028 | 10.00 |. 100.0
.0442 20 | 23 1=47 48 | 61,9477 | 61.7486 | 0.1991 9.95 99.8
0312 10 | 23 147 32 | 68,0187 | 67.8219 | 0.1968 9.84 98.4
0221 10 | 23 B34 20 | 63.2460 | 63.063) | 0,1929 9.64 96.4
.0156 10 | 23 = 9 33 | 60.9102 | 60.7228 | 0.1873 9,38 93.8
L0110 10 | 22.8 14=-33 2823:00 | 44 | 89,1537 | 58,9806 | 0.1732 8.66 86.6
2:37:33
.0078 10 | 22.5 28~43 3542300 | 28 | 67.1403 | 66.9881 | 0.1552 7.76 ?7?7.6
4210343
. 0065 10 | 22 5854 4:115:00 | 40 | 59.8311 | §9.7008 | 0.1303 6.51 65.1
5313: 54
.0039 10 | 22 1=Bg= 0 8318300 | 14| 63,3344 | 63.2326 | 0.1018 5.09 50.9
7514300
Test No.P17 Material: Englewsod Dem No.1 Concentrationt 10,000p.p.m. Starting Wt.: 10 gm.
.0625 20 | 25,8 0=50 11 | 62.5548 | 62.3882 | 0.1993 9.97 99.7
0442 20 | 28.5 1=41 18| 62.8829 | 62.6852 | 0.1977 9.89 98.9
.0312 1 | 25.86 1=41 44 | 59.1764 | 58,9798 | 0.1959 9.80 98.0
.0221 10 | 258.5 3=22 12:88:00 | 47| 60,0149 ) 59.8224 | 0.1925 9.62 96.2
12:68:22
.0156 10 | 28 6=39 23118500 | &7 62.0994 | 61.9124 | 0.1870 9.35 93,5
2821839
.0110 10 | 26 13-23 2124300 | 31| 67,9472 87,7736 | 0.1736 8.68 86.8
2137324
.0078 10 | 26 26-38 2140800 | 14| 63.3867 | 63.2323 | 0.1544 7.72 7.2
3306338
.0085 10 | 26.8 62-58 3:11300 | 15| 60.4772 60.3472 | 0,1300 6.50 65.0
4303358
- 0039 10 | 26.5 14530 4307100 | 24| 64.1089 | 64.0079 | 0.0990 4.98 49,8
5382:20
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