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SYNOPSIS

This report presents the visual-accumulation-tube method and apparatus
for determining the size frequency distribution of sand samples on the basis
of fall velocity or fall diameter, The principles are not new, pbut former
procedures have been improved. The results of analyses were checked
thoroughly to establish corrections, limits of applicability, and definiteness
of procedure that would elevate the method from the approximate class and
eliminate objections sometimes made to this general type of analysis.

The method was originally developed with glass-bead samples. (For
characteristics of these samples see Report No. 10, ”Accuracy of Sediment
Size Analyses Made by the Bottom- Withdrawal- Tube Method, ' which is one
of the reports in this series.) Also, extensive tests of the visual-accumulation
tube have been made with sand samples to calibrate the method for use with
natural sediments. The results of these tests are given in detail. The
calibration of the visual-accumulation-tube method required new techniques
for preparing sand samples for which the sedimentation-size distribution
was predetermined from the fall velocity of individual particles.

The visual-accumulation-tube method appears to fill a definite need in
size-analysis programs, especially those related to the transport of sands
in streams. It is a fast, economical, and accurate means of determining
the size distribution in terms of the fundamental hydraulic properties of the
particles.
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THE DEVELOPMENT AND CALIBRATION OF THE
VISUAL-ACCUMULATION TUBE

I. INTRODUCTION

1. Scope of the general study--The investigation discussed in this report
is one segment of the general project, ""A Study of Methods Used in Measure-
ment and Analysis of Sediment Loads in Streams,'' which has been sponsored
by cooperating Federal agencies since 1939, The objective of the project is
to gather basic engineering data and information on the characteristics and
behavior of sedimentary materials transported by natural streams in order
to gain a better knowledge of the fluvial-sediment problem and its solution as
related to the development of rivers for industrial, commercial, and domestic
purposes. The various aspects of the problem that have been investigated are
indicated by the following titles and brief abstracts of previously published
reports:

Report No. 1--"Field Practice and Equipment Used in Sampling Suspended Sediment"
is a cetailed review of the equipment and methods used in suspended-sediment sampling
fion the eavliest known investigations to the present, with discussions of the advantages
and disadvantages of tiie various mnethods and instruments used. The requirements of
a sampler that would satisfy all field conditions are set forth.

Report No. 2--"Equipment Used for Sampling Bed Load and Bed Material" reviews
the cquiprnent and methods used in bed-load and bed-material sampling in a manner
similar io that in which Report No. 1 covers suspencded sediment,

Report No, 3--"Analytical Study of Methods of Sampling Suspended Sediment"
covers an investization of the accuracy of various methods of sampling suspended
sediment in a vertical section of a stream. Analytical study is based on the application
of turbulence theories to sediment transportation,

Report No. 4--'"Methods of Analyzing Sediment Samples' describes many methods
ceveloped for determining the size of small particles and for establishing the particle-
size gradation and the total concentration of sediment in samples. Detailed instructions
are given for many of the common methods that have been developed and used by agen-
cies doing extensive work in sedimentation,

Report No, 5--"Laboratory Investigations of Suspended-Sediment Samplers'' reports
the effects of intake conditions on the representativeness of sediment samples and on
the filling characieristics of slow~filling samplers.

Report No, 6--"The Design of Improved Types of Suspended-Sediment Samplers''
cescribes the developn:ent of various integrating samplers suitable for taking verti~
)

cally cepth-integrated samples in flowing streams and others suitable for taking time-
integrated samples at a fixed point, Details of the adopted types are given.

Report No. 7--"A Study of New Methods for Size Analysis of Suspended-Sediment
Samples' reports on research to develop methods of size analysis suitable for most
suspended-seciment investigations and describes a new apparatus and technique, the
pottom~witndrawal-tuhe method,
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Report No. 8--""Measurement of the Sediment Discharge of Streams' describes
methods and equipment for use in making sediment measurements under the diverse
conditions that are encountered in streams,

Report No. 9--"Density of Sediments Deposited in Reservoirs'' presents data on the
apparent density of sediment deposited in various existing reservoirs. The rcsults
are summarized, and certain conclusions useful in engineering studies are given.

Report No. 10--"Accuracy of Sediment Size Analyses Made by the Bottom-
Withdrawal- Tube Method'' recounts detailed and extensive tests made to evaluate the
accuracy of the bottom-withdrawal-tube method. Glass spheres of sand sizes were
used as the sediments.

2. Authority and personnel--The general project is currently sponsored by
the Subcommittee on Sedimentation of the Inter-Agency Committee on Water
Resources. The present investigation was conducted by active participation
of the Geological Survey, Bureau of Reclamation, and Corps of Engineers.
The laboratory work was done by Byrnon C. Colby, George M, Watts, Clyde
O. Johnson, John J. Casey, and Lawrence J. Garfield. The report was pre-
pared by Byrnon C. Colby, Clyde O, Johnson, and George M. Watts with the
cooperation of Russell P, Christensen and under the general supervision of
Martin E. Nelson and Paul C. Benedict, who also reviewed the report,

3. Acknowledgments~~Many helpful suggestions and constructive criticisms
have been received from E. W, Lane and W, M, Borland, Bureau of Recla~
mation; R. F. Kreiss and C. S. Howard, Geological Survey; D. C. Bondurant,
Corps of Engineers; and Dr. L, G. Straub, Director of the St. Anthony Falls
Hydraulic Laboratory,

4. Purpose of the investigation-~-The objective of the present investigation
was to develop an improved method for determining the size distribution of
sand samples, particularly of suspended-sediment samples composed mainly
or partly of sand sizes. Emphasis was placed on simplicity, economy of
operation, and the accurate determination of the fall velocities of the particles
composing the samples. The need for such a method of size analyses of sands
has been evident for many years. The importance of the work is attested by
the extensiveness of the current field programs of sediment measurement.
With recent added attention to sediment-transport problems in streams, this
need has become more acute, and the emphasis has shifted toward the deter-
mination of fall velocity or sedimentation size instead of physical size or
volume of the individual grains. The fall velocity of an individual sediment
particle in water appears to be the most significant and fundamental measure-
ment of particle size [1, 2, 3]%,

* Numbers in brackets indicate references listed on pages 95 and 96,
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The acute need for a laboratory method of analyzing sediment samples,
particularly in the sand range, rapidly and with reasonably good accuracy
appeared to be amenable to solution by means of some type of sedimentation
tube. This approach led to the eventual development of the visual-accumulation-
tube apparatus and method. Samples of natural sands could be prepared ac-
curately to predetermined fall-velocity distributions only by a long and tedious
process., Fortunately, however, the characteristics of glass-bead samples
had been established in a previous investigation of the accuracy of the bottom-
withdrawal-tube method, the study described in series Report No. 10 [4].
Consequently, glass-bead samples of known fall-velocity distribution by weight
could be compounded readily, and such samples were used for the initial
development and checking of the visual-accumulation tube.

5. Definitions--Several terms pertinent to analysis of fluvial sediments
are defined in this section, Some have special or limited meanings in this
report; others have more usual significance, but the generally accepted defi-
nitions are not precise enough for the present purpose.

DISPERSED SYSTEM is one in which particles begin to settle from an initial
uniform dispersion and in which particles of different sedimentation sizes
settle together., Size distribution may be determined by measuring the con-
centration of sediment at given intervals of depth and settling time, as in the
pipette method, or the distribution may be obtained from the quantity of sedi-
ment remaining in suspension after various settling times, as in the bottom-
withdrawal-tube method,

STRATIFIED SYSTEM is one in which the particles start falling from a
common source and become stratified according to settling velocities, as in
the visual-accumulation-tube method. At any given instant, the particles
coming to rest at the bottom of the tube are of one sedimentation size only and
are finer than the particles that have previously settled out and are coarser
than those remaining in suspension, Consequently, the determination of size
distribution for stratified systems is much simpler than for dispersed systems.

DISPERSE, DISPERSED, or DISPERSION applied to a sedimentation
system indicates a distribution of particles that was obtained by mechanical
means. Chemical-dispersing agents were not used with the glass beads.
However, preliminary treatment of sand samples to remove silt and clay
sometimes involved chemicals that may have made subsequent mechanical
dispersion of the sand fraction more effective,

SETTLING VELOCITY is any rate of settling of particle or sample.

STANDARD FALL VELOCITY is the average rate of fall that a particle
would finally attain if falling alone in quiescent distilled water of infinite ex-
tent and at a temperature of 24°C., FALL VELOCITY, for practical purposes,
is applied to a settling velocity that closely approximates a standard fall ve-
locity or to a settling velocity that would closely approximate a standard fall
velocity if corrected for water temperature. A measured fall velocity at a
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temperature within a few degrees of 24°C may be converted to a fall velocity
at 24°C by use of the relation for spheres [5].

SIEVE SIZE or SIEVE DIAMETER of a particle is the length of the side of
a square sieve opening through which the given particle will just pass.

SAND SIZES are particle sizes from 0. 0625 to 2. 0 mm (62.5 to 2000 mi-
crons) sieve diameter,

SEDIMENTATION SIZE denotes any size or diameter that is determined
from the settling or fall velocity of sediment particles or samples.

FALL DIAMETER of a particle is by analogy the diameter of a sphere that
has a specific gravity of 2,65 and has the same fall velocity as the particle.
Fall diameters may be determined from fall velocities by use of the relation
for quartz spheres [5].

SEDIMENTATION DIAMETER of a particle is the diameter of a sphere that
has the same specific gravity and the same standard fall velocity as the par-
ticle. This differs from the usual definition of sedimentation diameter, which
allows the diameter to be based on any settling velocity regardless of fluid or
temperature [6],

SIZE DISTRIBUTION, or simply DISTRIBUTION, when applied in relation
to any of the size concepts, denotes the size gradation or size spectrum of
material in percentages or proportions by weight,

VELOCITY-SIZE RELATION: The visual-accumulation-tube method is a
means of determining the sedimentation-size distribution of sand samples
based on settling velocities of the particles falling in mass in the tube. The
method is calibrated to give results in fall velocities of the individual particles,
The analytical results are discussed in terms of velocities and could readily
have been reported in those terms; however, the results are reported in fall
diameters because the size concept is deeply embedded in sedimentation
thinking and for the added convenience in comparing analytical results with
sieve-size distributions.

6. Review of sedimentation-size analysis methods--A brief review of
several methods of sedimentation-size analysis follows:

a. Bottom~withdrawal tube-~In the bottom=-withdrawal-tube method of
size analysis, sedimentation starts from an initially dispersed suspension of
particles in water [2, 4]. Several withdrawals of water and deposited sediment
are made from the bottom of the sedimentation tube at timed intervals. The
sediment is dried and weighed, and the size distribution is determined by the
Odén curve procedure, The method is accurate for samples limited to silt
and clay sizes. A single analysis of a sample containing sands is likely to be
erratic, and the method is tedious and expensive,
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b. Photographic sedimentation--The "photographic sedimentation"
method was developed by Carey and Stairmand [7]. This involved measuring,
from a photographic plate, the length of the streak that represented the dis-
tance a particle settled during a given time of plate exposure. Distance on
the plate was correlated with distance in the prototype, and the velocity of fall
was computed from the distance of fall in known time. The fall velocities
determined were presumably accurate; however, the process required fairly
elaborate special equipment and was time consuming and expensive.

c. Fall of representative individual particles--In a comparison of sieve
and sedimentation diameters, Serr [8] used a method for obtaining the fall
velocities of the individual particles of a sand. He dropped several hundred
individual particles to determine the distribution for a sand sample. Serr's
method would result in the best type of size analysis if the mathematical
treatment was more rigorous and if particles of the smallest sand sizes were
dropped; however, the cost would be high.

d. Pressure differential--A pressure-differential method was developed
at the University of Iowa [1, S8]. Two piezometers measured a hydrostatic
pressure differential that was proportional to the submerged weight of sedi-
ment in suspension; the differential pressure traverse, which was recorded
by the aid of a transducer, could be calibrated for particle size. Results
probably approximate the desired fall velocity, but the accuracy has not been
proved. The method has not been adapted to the full range of sand sizes; it is
moderately expensive, requires specialized equipment, and involves lengthy
computations.

e. Electronic and ultrasonic measurements-~-The basic principles of
two electronic and one ultrasonic method for measuring the concentratlon of
sediment in a fluid will be mentioned briefly,

A method based on the resistance of a sedimentation column to the
passage of high-frequency electric current was developed by Morgan and
Pirson [10]. If particles were of a mineral for which the combination of sed-
iment and fluid had a resistance to an imposed current much different from
the resistance of the fluid alone, the method, when calibrated for that mineral,
vielded clearly defined concentrations for particles of uniform size.

A second method, developed by Boyer and Lonsdale [11], was based on
the reduction in the internal resistance of an electrolytic cell that results
from any movement of the electrolyte at the cathode. Sediment particles
falling near the cathode produce movements of the electrolyte and change the
internal resistance of the cell. A properly designed external circuit can am-
plify and record the voltage change caused by varying concentrations of sedi-
ment moving past the cathode,

A method reportedbyKillen [12] depends on the scattering effect that sed-
iment particles exert on supersonic radiation, Supersonic waves were created
by electronic means, and the intensity of the waves that passed undeflected
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through the water column was recorded. When sediment was mixed with the
water, the intensity of the waves that passed through the column without being
deflected outside the range of the receiving unit decreased. For particles of
one cize distribution the decrease in intensity at the receiving'unit was a
function of the concentration in the column.

The accuracy of most electronic and ultrasonic procedures has not been
satisfactorily established for routine analysis of sands. In general, the
necessary equipment is expensive, complicated, and difficult for unskilled
personnel to operate, This class of measuring methods offers many possi~
pilities for future development,

f. Sieve and microscopic methods--Sieve and microscopic methods
have been used extensively for analysis of all sand sizes [5]. By themselves,
these methods do not yield fall velocities; but, for a given type of sand, the
relation of sieve or microscopic size to fall diameter may be established by
dropping individual particles or by analysis in the visual-accumulation tube,
The sieve- or microscopic-size distribution may then be used to compute fall-
diameter or fall-velocity distribution. If many analyses are made on one type
of sand, the cost of each analysis is moderate.

g. General stratified-sedimentation methods~~Stratified-sedimentation
methods, in which sediment settles from the top of a column of water, have
been used by many investigators over a period of several years [5]. Such
methods yield a settling velocity that may be much different from the standard
fall velocity., However, because the results of such analyses are generally
hizhly reproducible, it appears that the apparatus could be calibrated to obtain
results directly in terms of standard fall velocity. The methods are well a-

dapted to the range of sand sizes; and they are rapid, simple, and inexpensive,

The simplest general type of stratified-sedimentation analysis appeared
to be a visual-tube method similar to the methods used by Bennigsen [5],
Kennedy [13], Clausen [5], Werner [5], Emery [5], Travis [14], and others
[6]. Three typical kinds of apparatus are shown in Fig. 1. Bennigsen used a
silt flask in which the water-sediment mixture was agitated. Then the {lask
was inverted, and the depth of the material that settled in the stem in certain
time intervals was observed. Clausen improved the equipment by making the
stem removable from the mixing or dispersion bulb and by using a smaller
bulb and a longer sedimentation column with a contracted section for meas-
uring the accumulated sediment. In 1925, Werner devised a sedimentation
apparatus that consisted of a 1, 5-cm tube with a smaller, graduated tube in-
serted at the bottom for volumetric measurements of the accumulation; a
magnifying glass was provided to improve the accuracy of readings. The
Emery settling tube and method of operation were developed in 1938: The
sample was dispersed in a short tube and then was poured into the top of the
settling tube; the settling tube was tapped lightly during the sedimentation
period to insure even and gradual compaction and to level off the top of the
sand column so that accurate readings could be made., In all these methods
the size distribution was obtained in terms of the volumetric accumulation of
deposited sediment with respect to time.
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1I. GENERAL VISUAL-ACCUMULATION-TUBE METHOD

ry

i, Basic requirements of a satisfactory method--The essential criteria
for a satisfactory method of analysis for sand samples are speed of operation,
directness of measurements, applicability to analysis of sand sizes, elimi-
nation of excessive routine computations, and, most important of all, the
accurate determination of fall velocities. The following specific requirements
for a satisfactory stratified-sedimentation method are obvious: (1) The
settling column must be long enough to allow the separation of the largest
particles that normally appear in samples of suspended sediments, about 700
microns, and provision for separation of larger particles would be desirable.
In the light of methods of size analysis presented in Report No. 4 [5], the
minimum dimensions of the settling tube would be a length of 100 cm and an
internal diameter of 2.5 cm. (2) The sample must be introduced at the top of
the settling medium to produce a stratified-sedimentation system and to avoid
the more complicated analysis of a dispersed-sedimentation system. (3) The
quantity of material that has settled out of suspension must be determined in a
simple manner. The bottom part of the settling column must be contracied to
a small diameter to permit accurate reading of the quantity of accumulated
sediment. The measured height of sediment is proportional to volume, where~
as the analysis is desired in terms of weight. Although difficulties were an-
ticipated in relation to the contracting and contracted sections of the tube ag
well as in the conversion of volume measurements to weight, the speed and
simplieity of the visual stratified-sedimentation method seemed to warrant
further study.

The preceding considerations defined the general requirementis for the
visual~accumulation-tube {(or VA-tube} method of sedimentation analysis.
Three questions were basic: (1) Would the method yield accurate fall-velocity
analyses? (2) If the uncorrected analyses were not sufficiently accurate,
could a calibration be applied to provide requisite accuracy? (3} Just how
valuable would the method be in routine laboratory programs if satisfactory
accuracy could be attained?

Available sedimentation literature did not fully answer any of these gquestions
but indicated that the results of analyses of this type would be consistent and
reproducible, A report of research on the Emery [15] seftling tube indicated
that such analyses were very consistent except for the coarser sands. To lm-
prove analyses in the larger sand sizes, three modifications of the apparatus
used in the Emery tube research project were proposed: (1) The method of
introducing the sample would be made mechanical to provide greater consisi-
ency than could be attained with the manual introduction method. (2) A tapper
would be used {o jar the tube slightly throughout the analysis, to aid in main-
taining a level upper surface on the accumulation, and to reduce bulking of the
sands. (3) A manually operated recording device would be used to trace the
accumulation of sediment on a time scale controlled by an electric motor. The
recorder would eliminate hasty reading and recording of the accurmulation at
definite time intervals and also would provide a permanent and continuous
record of accumulation,
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Unfortunately, no information was available on the significance and accuracy
of the results that had been obtained with this general method. Some investi-
gators had sieved one or more samples of sand and used these to calibrate the
settling-tube method in terms of the time of fall for sieve sizes of sands. A
sieve calibration did not satisfy the criteria adopted for this investigation,
which required the determination of the fall velocity or fall diameter of the
material in suspended-sediment samples. In one sense, the size distribution
from a sedimentation analysis is always a function of the settling velocity of
the material, However, identical samples would not necessarily fall with the
same velocity in a tube as in an identical fluid of unlimited extent, nor would
a group of particles necessarily settle in the tube with the same velocity that
the individual particles would have if allowed to settle alone,

If the results of an analysis are to be independent of concentration, dis-
persion, and other variables peculiar to the state of the material at a given
time, the fall-velocity distribution obtained for a sample must correspond to
the distribution that represents a composite of all the standard fall velocities
of the individual particles. Although settling-tube methods that develop
stratified~-sedimentation systems have been widely used, there was a complete
lack of data from which to correlate the size distribution by analysis with the
size distribution from the standard fall velocities of the individual particles.
Consequently, analytical apparatus had to be made, and complete calibration
tests had to be run as a part of this investigation. The first series of tests
were made with glass~bead samples because the spherical particles provided
a way of correlating physical size with fall velocity. The method was applied
afterward to sand samples that were carefully prepared by techniques devel-
oped especially for this investigation.

8, Visual-~accumulation-tube apparatus--A drawing of the apparatus initially
developed for testing the general VA-tube method is shown in Fig. 2. The
main section of the glass sedimentation tube was 25 mm in internal diameter
and 80 cm in length. The transition section was 20 cm in length and reduced
from the size of the main tube to the size of the accumulation section. The
accurnulation section was 20 cm long and had a uniform inside diameter,
Originally, the accumulation sections of the sedimentation tubes were made
in different diameters from 2 to 5 mm as a basis for determination of the
diameters needed for the range of sample quantities and sizes of sediment to
be analyzed. Later, larger sedimentation tubes were tested.

A rubber tube connected a gléss funnel to the top of the sedimentation tube.
A pinch clamp sealed the walls of the rubber tubing together to isolate the
funnel section from the sedimentation tube. Releasing the clamp allowed the
tubing to return to a cylindrical shape almost instantly. The upper part of the
rubber tube and the stem of the glass funnel formed a chamber in which the
particles could be mixed and dispersed in water before release into the sedi-
mentation tube.

A leaf spring near the bottom of the transition section was actuated by an
glectric motor having a cam attachment that imparted a tapping action to the
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spring at the rate of 240 cycles per minute. The spring acted directly on the
tube and created a vibration that helped to keep the walls of the transition
section free of clinging particles and improved the packing of the sediment in
the bottom of the tube.

The recorder consisted of an eyepiece, a plate, a recording pen, and a
chart. The eyepiece, which had a magnification of two diameters and a hori-
zontal hairline, facilitated accurate tracking of the level of accumulation. It
was attached to a 12-by-9~by-1/16-in. magnetic stainless-steel plate that
could be moved vertically on a double rack and pinion by a manually operated
wheel., The recording pen, mounted independently of the rack and pinion
movement, was driven by a 1-rpm electric motor and cable arrangement., The
pen traveled horizontally at the rate of 1.10 mm per sec (later changed to 0,70
mm per sec or 1,653 in, per min)., Guided by a tightly stretched piano wire,
the pen traveled along a true horizontal line. The recorder chart was held
upside down on the plate by small magnets, In recording the accumulation of
sediment, the eyepiece and the plate moved upward as a unit while the pen
moved horizontally, Thus, the accumulation was recorded directly, but up-
side down, on the chart.

9. Design of uncalibrated charts--The uncalibrated charts of Figs. 3 and
4, one for glass-bead samples and one for sands, were based on the uncor-
rected settling velocities of particles falling in mass in the sedimentation tube,
The glass-bead chart was based on the relation of size, determined with a
microscope, to settling velocity; the relation was established experimentally
and presented in Fig, 4 and Table 3 of Report No, 10 [4]. For the sand chart
the relation of size to settling velocity was obtained from Fig. 5 of Report No.
4 [3] or from Table 1 of Report No, 7 [2], which show the sizes of quartz
spheres that correspond to certain rates of settling.

It was necessary to know the fall distances for particles of various sizes
in order to compuie the location of the size-~temperature lines on the uncali-
brated charts, If the sample was not dispersed in the mixing chamber, all
particles started falling from the bottom of the mixing chamber, which had an
effective elevation about that of the center of the pinch clamp. (Although the
bottom of the mixing chamber was slightly higher than the center of the clamp,
the capacity of the rubber tube was greater for the cylindrical cross section
so that opening the pinch clamp lowered the water column slightly.) The fall
distance from the pinch clamp to the stopper in the bottom of the sedimentation
tube was 123 cim. Wnen the accumulation reached a heignt of 10 cm, the fall
distance for a particle was 10 cm less, or 113 cm. The slant of the division-
size lines of Figs, 3 and 4 is the result of the decrease in fall distance as the
accum:ulation of sediment srows,

Aost of the samples were dispersed; therefore, the fall distances, at least
for the fine particles of these samples, exceeded those foi the undispersec
samples, A study of the effectiveness of dispersion inaicated that at the time
tne pinci clamp was opened, the particles larger than 245 microns were
resting at the bottom of the mixing chamber, and particles of smaller sizes
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were partly dispersed. The degree of distribution was progressively more
complete toward the smallest sizes; however, even at the 62, 5-micron size
the distribution was not entirely uniform throughout the 20-cm length of the
mixing chamber, Points of origin were assumed to vary from the pinch clamp
for the 24G6-micron size to 7 cm above the pinch clamp for the 62. 5-micron
size,

Computations of distances from the time origin for some of the sizes and
temperatures on the uncalibrated charts are shown in Table 1. Many other
computations of this type were made for preparing the charts of Figs. 3 and
4, The division sizes are those frequently used in size analysis, but other
divisions may be used to meet specific needs. Settling velocities vary with
the kinematic viscosity of the fluid and, therefore, with water temperature.
Consequently, the effect of water temperature was taken into account in pre-
paring Table 1 and Figs. 3 and 4.

Horizontal distances on the charts are primarily measures of time. If re-
lated to corresponding fall distances, they also indicate settling velocities.
The sizes shown as settling diameters on the time scales of Figs. 3 and 4 are
the diameters of glass beads and of quartz spheres, respectively, that have

TABLE 1

COMPUTATION OF ABSCISSAS FOR UNCALIBRATED RECORDER CHARTS

Glass beads Sands
Sphere size, microns 500 2Uu6 125 62.5 500 250 125 62.5
F?l% distance, em 123 123 126% | 1308 123 123 126 130
A
Temperature 200C
Time to fall 100 cm, min (0,197 | 0.L60 | 1.25 ) L.37 0,218 | 0,508 | 1.3 bo77
(B) fron Repts.7 and 10
Total time of fall, min | 06242 | 0.5%6 | 1.58 | 5.68 0.268 | 0,625 | 1.78 6,20
(C) = & x B/100
Base line distance, in. ]0.L0OO | 0.936 | 2.61 | 9.39 0.4L3 {1,033 ] 2.94| 10,25

(D) = C x 1.653%
Distance 10 cm above

base line, in. |0.367 | 0.860 | 2.L0 | 8.57 0.L07 | 0,949 | 2.71 9,45

(E) =D (A - 10)/A

Temperature 300C

Time o fall 100 cm, min |0.180 | 0.LO7 | 1.07 | 3.50 0,200 | 0.L450 | 1.20 3,80
(B) from Repte.7 and 10

Total time of fall, min 10,221 | 0.501 | 1.35 1 L.55 1 0.2L6 | 0.55L | 1.51 Lok
(8) = A x B/100

Base line aistance, in. |0.365 | 0.828 | 2.23 | 7.52 0.L07 | 0.916 | 2.50 8.17

(D) = C x 1.653%
Distance 10 cm above

base line, in. [0.335 | 0.761 | 2.05 | 5.9k 0.37L | 0.8Lk2 | 2.30 7e54

(B) =D (A~ 10)/a

a For samples not dispersed before analysis, these figures would be 123.
# Chart speed, 1.653 in. per min,
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standard fall velocities equal to the settling velocities at those locations onthe
charts. If the particles in mass in the VA tube all settled at their respective
standard fall velocities, the uncalibrated charts would give size analyses in
sedimentation diameters for glass beads and in fall diameters for sands.

10. Procedure for size analysis--The procedure used in development and
calibration of the VA~tube method was applied to samples consisting of vari-
ous selected size distributions and quantities of glass beads or sands. Sand
samples were thoroughly wetted and washed before analysis.

The step~by-step procedure for the analysis follows:

1. A stopper was placed in the small end of the sedimentation tube, the tube was fixed
in a vertical position and filled with distilled water to approximately 2 cm above the ele-
vation of the pinch clamp, and then the pinch clamp was closed.

2, The eyepiece was adjusted by turning the operating wheel so that the horizontal hair-
line coincided with the upper surface of the stopper in the bottom of the sedimentation tube.

3. The date, temperature of the distilled water, and the notes necessary to identify the
sample were entered on the recorder chart. The chart was adjusted on the recorder plate
so that the pen would start at the point of origin on the base line and so that the base line
was parallel to the direction of travel of the pen.

4, The electric motor that actuated the spring tapper was started.

5. The test sample was transferred to the chamber above the closed pinch clamp. A
digk type of agitator on a rod was used to disperse the particles in the mixing chamber ex-
cept for those samples that were analyzed without prior dispersion.

8. The pinch clamp was opened immediately, and the electric motor that propelled the
recorder pen was started. These two operations were made as nearly simultaneously as
possible. A newer mechanism simultaneously releases the clamping device and operates
a switch to start the timing clock.,

7. The operator, watching through the eyepiece, turned the operating wheel as re-
quired to keep the horizontal hairline level with the surface of the accumulating sediment.

8. The tapper and recorder were turned off when practically all particles had settled
into the accumulation section,

9. The sample was removed from the bottom of the tube, and the tube was cleaned by
flushing,

11. Derivation of particle size from an accumulation curve--The procedure
outlined in Section 10 produces a recorded curve having time of fall as the ab-
scissa and height of accumulated sediment as the ordinate. A sedimentation-
size distribution cannot be determined from the sediment-accumulation curve
without assuming or establishing a relation between time of fall and particle
size, The uncalibrated charts were constructed on the basis of the fall velocity
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and size relations in the references cited in Section 9, and the fall velocity
was related to time and chart distance by means of the computations illustrated
in Table 1. The calibrated chartis were based on the average relation of time
of fall and particle size established by VA-tube analyses of scores of samples
with known velocity distribution.

Size distributions were determined from many accurnulation curves, from
both uncalibrated and calibrated charts. If an accumulation curve was not
recorded originally on the desired chart, the curve was superimposed on the
chart that had the desired relation of time and size. The size distribution was
determined as follows: The intersections of the accumulation curve and the
division-size lines for the temperature of analysis were marked by ticks as
shown in Fig. 5. The percentages finer than the division sizes were found
from the chart by use of any convenient scale that would divide the total accu-
mulation into 100 parts. The zero percent of the scale was placed on the total-
accumulation line, and the 100 percent on the zero-accumulation line. The
scale was moved horizontally to the tick marks. The percentage finer than
the division size was read directly on the scale. These percentages are actu-
ally percentages by volume; but, as will be explainec later, they do not differ
materially from percentages by weight.

III. DEVELOPMENT OF THE VISUAL-ACCUMULATION-TUBE METHOD
WITH GLASS SPHERIS

12, Pilot samples and their analyses--The fundamental problem in the de-
velopment of the VA~tube method was to establish its accuracy. The method
could be considered accurate only if the size distribution indicated by the anal-
ysis agreed with that obtained from a summation of the standard fall velocities
of all the individual particles compounded on the basis of weight, The uncali~-
brated method was not sufficiently accurate, so calibration was required to
develop satisfactory accuracy. The development of the VA-tube metnod and the
setermination of its accuracy required the analysis of many samples for which

1

the size distributions in terms of standard fall velocities were known,

The preliminary investigation of the VA-tube method was based on analyses
of glass-bead samples. Glass beads whose standard fall velocities and other
characteristics were known [4] were compounded into pilot samples of various
weights and size distributions. The size distributions and the fall velocities at
three temperatures are shown in Table 2.

The glass-bead samples were analyzed by the procedure described in Sec-
tion 10, The analyses are shown in Figs. 6 to 10 in terms of deviations of the
size distributions based on the uncalibrated chart from the known size distri-
butions. The known size distribution for the group of samples is shown at the
boitom of each figure. The size distribution from analysis differs from the
known size distribution by the plotted deviations. TIor example, if the size
distribution obtained from the analysis was S$s. 2 percent finer than 350 microns
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TABLE 2

GRADATION AND FALL VELOCITY OF GLASS-BEAD SAMPLES

Sized Distribution--percent finer Fall velocity--cm/sec?
Microns Fine Intermediate Coarse 200C 250C 30°C
700 100 100 100 12,08 12.63 13.12
500 96.1 90.4 88.2 8.u6 8.87 9.26
350 90.0 79.3 72.0 5.63 5.95 6.24
206 82.1 6L.7 Sholi 3.62 3.86 .10
175 69.9 L7.0 37.9 2,26 2,142 2,59
149 63.3 39.7 32.2 1.75 1.89 2.03
125 5h.6 31.4 26,1 1.33 1.L5 1.56
88 33.2 1he9 15.9 0.728 0.809 0.896
7l 2Ll 10.6 12.2 0.531 0.593 0.656
62.5 17.0 7.5 8.7 0.381 0.427 0.476

a Determined by microscopic methods.
b Determined by dropping particles individually (from Table 3 of Report No. 1o[h]).
Specific gravity of the glass beads varied with size.

and the known size distribution was 72 percent finer than 350 microns, the
deviation was -3.§5 percent.

13. Effect of method of introducing the sample--Investigators who have
experimented with stratified-sedimentation methods of analysis have used
various techniques in introducing the sediment samples at the top of the sedi-
mentation column, but they have not been in agreement as to which technique
of introduction is best. Sufficient data are not available for an evaluation of
the various techniques of introduction, In the VA-tube method the sample can
be dispersed in the mixing chamber or it can be at rest at the bottom of the
mixing chamber at the moment the pinch clamp is opened. The same sample
could be run repeatedly under both conditions of dispersion, and the effect
could readily be compared. The results of such analyses are shown in Figs.
6 to 9. The results for the two conditions did not differ greatly; however, be-
cause the analyses for the dispersed samples were somewhat more consistent,
sample dispersion in the mixing chamber was adopted as the standard proce-
dure for the VA-tube method.

The data of Figs. 6 to 9 indicate that the technique of introducing the
sample Lato the VA tube does not critically affect the accuracy of analysis.
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14. Effect of tube-cleaning methods-- When glass-bead samples were ana-
lyzed eitherin the bottom-withdrawal tube or in the VA tube, some beads gen-
erally adhered to the sides and shoulders of the tubes., Although the adherence
of the beads did not appear to affect significantly the accuracy of the analyses,
it was a disturbing factor and, as such, warranted investigation.

Rinsing the sedimentation tube with distilled water or cleaning with mild
cleansing agents did not inhibit the attraction between the glass beads and tube,
However, the following special treatment just before analysis practically e-
liminated the adherence of the beads. A cleaning solution was prepared by
adding 1 liter of concentrated sulphuric acid to 35 ml of saturated sodium
dichromate (technical) solution. A small quantity of this cleaning solution
was used to rinse the tube until the inside surface was thoroughly wet. The
cleaner was drained from the tube, which was then flushed successively with
tap water and with distilled water., (The cleaner may be reused. This cleaner
is for glassware only; contact with the skin or clothing should be avoided. A
detergznt, ""Alconox,'' was subsequently found to be an adequate cleaner, at
least for analysis of sand samples.)

I'ests were made to determine the effect of special cleaning of the VA tubes.
The results are shown in Figs., 6 to 9. The curves in the upper group of each
figure are from analyses of glass~bead samples in tubes not specially cleaned;
those in the middle group are from analyses of the same samples in tubes that
were specially cleaned; and the curves in the lower group are from analyses
of & check set of similar but not identical samples. FEach sample of a given
gize distiribution and weight was analyzed four different ways.

The effect of the cleaning procedure is most apparent for the fine~-grained
samples and for the analyses in the 2-mm accumulation tubes. (See Fig. 7.)
Even for these conditions the average difference between analyses in normally
rinsed tubes and specially cleaned tubes is only about 2 percent of the total
sample for the finer division sizes and less for the larger sizes. Because
the analyses with the specially cleaned tubes were more consistent and ad-
herence was reduced, special cleaning was made a part of the standard pro-
cedure for analyses of glass~-bead samples. Later tests indicated that sand
grains have less tendency to stick to the tube; consequently, the special-
cleaning procedure makes the glass-bead behavior duplicate more closely
that of sand samples,

15. Corrections applied to glass-bead analyses--The size distributions
indicated by the uncalibrated analyses were not sufficiently close to the known
size distributions to give satisfactory accuracy. The percentages finer by
analysis were generally too small; obviously, the settling velocities of the
particles falling in mass in the tube were greater than the standard fall ve-
locities,

The size distributions shown in Figs. 6 to 10 for dispersed samples ana-
lyzedin specially cleaned tubes were used to establish correction factors that
could be applied to make the results of the analyses check the known size
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distributions more closely. ‘Each size distribution of Fig. 10 is not from a
single analysis as in Figs. 6 to 9 but represents the average of at least two
analyses of the same sample, and all the analyses were for dispersed samples
in specially cleaned tubes. Of many types of adjustments tried, a percentage
reduction in the time of fall was chosen because it was simple and reasonably
accurate. The corrections applicable to the time of fall were as follows: For
the 2-mm tube, -19 percent; for the 3., 2-mm tube, -13 percent; for the 4-mm
tube, -12 percent; and for the 5-mm tube, -11 percent. The corrections were
applied to the data of Figs. 6 to 10, and the corrected deviations were gener-
ally within 5 percent. (See Figs. 11 and 12.)

All the curves in Figs., 11 and 12 have certain characteristics that depend
upon the respective particle-size distributions in the samples, but a general
pattern is more or less typical of all the analyses. A correction that varied
from size division to size division could have been used to make the analyses
agree better with the known gize distributions. However, because the known
size distributions could be inaccurate by as much as 3 percent at points in any
oftthe gize distributions [4], more complicated corrections did not seem
justified,

New charts adjusted for the reduced time of fall can be prepared. The new
charts would be the same as the chart of Fig. 3 except that the abscissa scale
would be reduced by the correction percentages adopted for each size of tube;
for example, 11 percent for the 5-mm tube. No change in analytical proce-
dure would be required in using the new charts.

1€, Effect of tube size and sediment concentration--Figs. 11 and 12 indi-
cate very little difference in the accuracy of results obtained with tubes of
various sizes. Deviations generally are slightly less for samples analyzed in
the larger tubes. The deviations for 0.1-gm samples indicate the effect of
smallness of sample on the accuracy of the analyses; the results were slightly
erratic, probably because the total height of accumulation was small,

Analyses of samples with a coarse size distribution indicated that appreci-
able quantities of particles larger than 500 microns tended to reduce the ac-
curacy of analysis in the 2-mm tube. The greatest inaccuracy was obtained
with the 0.6-gm sample, which was the heaviest that was run in the 2-mm
tube., Analyses in the 5-mm tube were not affected so much by the sizes of
the largest particles as by the combination of relatively large size and high
concentration at the 350-micron size,

The size of tube did not seem to be a critical factor in accuracy of analysis
except when large particles were analyzed in too small a tube. However, be-
cause of conceniration effects, the quantity of sample should be kept within
reasonable limits for each size of tube. A height of accumulation of 3 or 4
in. is normally desirable, and a maximum height of § i, and a minimum of
1 in, snould be used as limits. The tracking of sediment in the accumulation
section is difficult if the accumulation is very rapid at any point in the analysis.
Thercfore, it is desirable that the quantity of sample be smaller when the size
ra.se is very limited.
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Deviation from known distribution in cumulative percent finer
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Differences in the analyses of various weights of samplesthat were run in
one size of tube are inconclusive, but possibly the lighter samples fell slightly
faster. If samples with high concentrations of particles that were large in
relation to the size of the tube are excluded, there is no evidence that concen-
tration is a critical factor in the accuracy of analysis.

No attempt was made to define precisely the limitations of particle size
and concentration for analyzing glass-bead samples because the limitations
for glass-bead samples differ from those for sand samples.

17, Accuracy for glass-bead samples--For analyses of glass-bead sam-
ples, the VA-tube method was generally accurate within 5 percent at all points
of a size distribution as shown in Figs. 11 and 12. Very few of the points de-
viated from the known size distribution more than 4 percent; in fact, most of
the points were within 3 percent. The deviations are due, in part, to the fact
that the known size distributions contain errors which may be as large as 3
percent :

18. Comparative accuracy of the VA~-tube and bottom-withdrawal-tube
methods~-5Six pairs of samples with an intermediate size distribution were

analyzed first in the VA tube and later in the bottom-withdrawal tube to com-

pare the accuracy of the two methods. One sample of each pair was analyzed
in one size of VA tube and the other in another size of VA tube. The devia-
tions from the known size distribution are plotted on Fig, 13. The results
from the VA-tube analyses are more accurate and more consistent.

19. Volume-weight relations for glass beads-~-The VA-tube analyses are
based on percentages by volume, which do not differ substantially from per-
centages by weight. The heights occupied in the 2-mm tube and in the 3. 2-,
4-, and 5-mm tubes by given weights of the various sizes of glass beads are
shown in Fig, 14, The only volume-weight relation affecting the VA~tube
analysis is the difference in height of accumulation for the different particle
sizes, the tube size and sample weight remaining the same.

A method for computing the differences between percentages finer based
on volume and those based on weight is shown in Table 3. This comparison
depends somewhat on the size distribution of the sample. Even in the 2-mm
tube, in which variations are greatest, the change in volume-weight relations
seldom makes more than 1 percent difference in percentage-finer figures,
except for unusual size distributions.
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Deviotion from known distribution in cumulative percent finer
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TABLE 3

DIFFERENCES IN PERCENTAGES FINER BY WEIGHT AND BY VOLUME
FOR A GLASS-BEAD SAMPLE IN A 2-MM TUBE

Sieve Percent |Fractional | Accumulation |Relative | Fractional]| Percent Difference
size finer percent em per 0,36 gm| volume percent finer vol = wi
microns | by weight |by weight from Fig. 14 {(3) x (L) ] by volume |by volume| percentages
(1) (2) (3) (L) (5) (6)2 (7)b (8)¢
700 100.0 100.0 0.0
9.8 6.78 6.4 10.45
500 90,2 89.5 -0.7
10,9 6.40 69.8 10.99
350 793 78.6 =0.7
1.9 6.30 93.9 1h.78
2L6 6lialy 63.8 -0.6
17.3 6.30 109.0 17.17
175 L7.1 u6.6 ~0.5
9.0 6.30 56.7 8.92
L9 38.1 37.7 -0k
8.2 6430 51.7 8,1k
125 29.9 29.6 -063
13.8 6.31 87.1 13.71
88 16,1 15.8 -0.3
L9 6.30 30.9 .86
n 11.2 11.0 =062
362 6,28 20,1 3,16
62,5 8.0 7.8 ~0,2
b9 6.23 30.5 4,80
Lh.2 3.1 3,0 -0,1
3.1 6,20 19,2 3.02

a 100 x column (5) divided by total of column (5).
b Cumulative of column (54).
¢ Column (2) minus column (7).

IV. CALIBRATION OF THE VISUAL-ACCUMULATION-TUBE METHOD
FOR ANALYSIS OF SANDS

20, Sieves and sieve calibration--The accuracy of the sieves used in this
investigation has no direct influence on the accuracy of the VA-tube method;
however, sieve-size distribution is used for comparison throughout the study.
Sieve corrections were based on microscopic analyses of glass-bead samples
having size ranges from 20 to 700 microns. The data for sieve correction
may be found in Report No, 10 [4]. The sieve analysis was reported in per-
centages of total material contained between nominal sieve sizes but may be
readily changed to cumulative percentages finer than sieve sizes. If the
microscopic analysis of the 20~ to 700~-micron size distribution of Table 4 of
Report No. 10 is plotted, the sizes at which the original sieve distribution
percentages near the bottom of Fig, 2 of Report No, 10 are equaled may be
quickly noted to determine the size at which the sieve actually divided the
sample, For example, the sieve analysis showed 29.9 percent (3.1 + 4.9 +
3.2+ 4.9 + 13,8 percent) of the sample finer than the 125-micron sieve, but

the microscopic analysis showed a size of 121 microns at the 29. 9-percent-
finer point. So the sieve with a 125-micron nominal size separated glass
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beads at a microscopic size of 121 microns. Similarly, the 250-micron sieve
(shown in the glass-bead analyses as 246 microns--the manufacturer's cali-
bration size) actually divided at 245 microns, the 149 divided at 146 microns,
the 68 divided at 90 microns, the 74 divided at 78 microns, the 62.5 divided
at 64.5 microns, and the 44 divided at 49 microns. The corrections for the
other sieves were negligible; that is, they would affect any normal size dis-
tribution less than 1 percent,

The corrected sieve-size distributions for sands were determined by
plotting cumulative percentages against corrected~-not nominal--sieve sizes;
from the plotted curves, a distribution for standard sizes was obtained.
Throughout the remainder of this report any sieve~size distribution in the text,
tables, or figures will be the corrected distribution based on the standard
sizes, except that the corrected sizes are used instead of standard sizes in
Table 5.

21, Need for calibration of the VA-tube method--Because the evaluation of
the accuracy of sedimentation methods of size analysis of sand samples is
difficult or time consuming, investigators have tended to study these methods
only in relation to reproducibility of results [5] or by calibrating or checking
against sieve analyses [16].

Figs. 15 and 16 show the differencesbetweenthe corrected sieve analyses
of two size distributions of Powder River sand (the sands used in this investi~
gation are described in Section 27) and the uncalibrated VA-tube analyses for
samples made up with these sieve distributions., The differences are plotted
as deviations of the VA-tube analyses from the sieve analyses and are the
algebraic differences between the cumulative-percentage-finer figures for the
two types of analyses.

Each distribution in the upper three parts of Fig, 15 is the average of four
analyses and of Fig. 16 is the average of two analyses. Half the analyses of
Fig. 16 were made in tubes specially cleaned with a sulfuric acid-sodium di-
chromate solution as explained in Section 14. The special cleaning showed
no advantages over cleaning with Alconox, which was not considered to be a
special cleanser but was used for the other half of the analyses of Fig. 16 and
for all other analyses of sands. The uncalibrated VA-tube analyses were ob-
tained by using the uncorrected chart for sands, which is shown in Fig. 4.
Figs., 15 and 16 show that the relation between sieve and uncalibrated VA-tube
analyses varies not only for fine and coarse distributions composed of the
same basic sand but also with particle sizes. The uncalibrated VA-tube anal-
yses do not approximate the sieve-size distribution.

The VA-tube method could be calibrated to provide fairly consistent analy-
ses in terms of sieve sizes, but particle shape and specific gravity might
affect the results significantly. The calibration would be applicable only to
one set of sieves under a single system of operation. Even if a sieve calibra-
tion established a more uniform standard of comparison, it would not meet

the need of this study, which required the development of a method of size
analysis based on the fall velocities of the sediment particles,
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Deviation from sieve distribution in cumulative percent finer
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To make the VA~tube analyses of universal use, it was necessary to cali-
brate the method in terms of some definite, easily understood, and readily
reproducible unit of sedimentation size. The concepts of standard fall velocity
and fall diameter as defined in this report provide a simple foundation for the
expression of the size distribution of samples analyzed by sedimentation meth-
ods. This system of units expresses the fundamental hydraulic properties of
the sediment sample on the basis of the fall of the individual particles; a type
of analysis which, whether its use becomes general or not, is at least sus-
ceptible of ready and precise definition.

The initial development of the VA-tube procedure, with glass-bead samples,
indicated that the method was practical and gave highly reproducible results,
but it also showed that the analyses did not directly determine the standard
fall-velocity distribution which would be obtained by a summation of the fall
velocities of the individual particles, That fundamental type of distribution
could only be obtained by application of a calibration correction to the VA-tube
results. The glass~-bead analyses indicated that the method would require
calibration for use on sand samples; however, there was no assurance that the
calibration corrections for sands would be the same as, or similar to, the
calibration coefficients found for glass beads.

A calibration for sands was attempted by such indirect means as the com-
parison of analyses of a given sample in several different tubes or the com-
parison of analyses of samples having like distribution but different total
weights., Determinations of calibration corrections by these means were not
conclusive enough for assured accuracy. For sands, the only way to calibrate
the VA-tube method in terms of the standard fall velocity appeared to be by
use of sand samples for which the standard fall-velocity distribution had been
predetermined by another method.

22, Method for determining fall-diameter distribution--For this investi-
gation a new method for determining the fall-diameter distribution of a sand
was developed. A bulk sample of each of five different sands (see Section 27)
was sieved, 10 gm at a time, until the desired supply of material of each
sieve fraction had been obtained. The sieve-size distribution based on the
total weight of each fraction was recorded. Then each sieve fraction for which
fall-diameter distribution was to be determined was carefully split and re=-
split until about 100 representative particles remained; the remaining particles
were dropped individually in distilled water. The fall velocity of each was
determined, and the mean fall velocity was accurate within about 5 percent,
Fall velocity was converted into fall diameter by Table 10 in the appendix,

The fall diameters of the particles were cubed to approximate their relative
volumes and weights. A fall diameter was chosen at about the median division
of a summation of the cubed diameters arranged in order of size. A summa-
tion was made of all cubed figures smaller than the cube of the chosen fall
diameter, and this sum was expressed as a fraction of the total of all the
cubes; for example, 0,517 smaller than (and 0. 483 larger than) the cube of
400 microns in the sieve fraction 350 to 500 microns., (See Table 4.) Similar



Section 22

45

TABLE &

FALL-DIAMETER DISTRIBUTION BASED ON FALL VELOCITIES OF 100 INDIVIDUAL PARTICLES

Fall distance 100 cm.

Temperature of distilled water 25.2° C.
Sieve size--350 to 500 microns

Time of Velocity Fall Cube of Time of Velocity Fall Cube of
fall diameter fall falil diameter fall
seconds cm/sec microns diameter seconds cm/sec microns dismeter
21.1 b.Th 318 302x10° 16.7 5.99 368 584x10°
15.2 6.58 L21 T46 18.5 5.41 355 kb7
17.4 5.75 37k 523 14,0 7.1% 52 923
14.0 7.1k k52 923 13.5 7.41 W67 1018
7.7 5.65 369 502 20.3 4.93 329 356
19.1 5.2k 346 L1k k.0 T7.14 452 923
18.% 5.43 356 451 18.3 5.46 358 459
18.1 5.52 361 L0 16.9 5.92 384 566
15.6 6.41 k11 694 16.7 5.99 388 584
15.6 6.41 411 694 16.0 6.25 ko2 650
16.0 6.25 ko2 650 16.8 5.95 385 571
17.4 5.75 374 523 13.5 T.41 467 1018
16.8 5.95 385 571 20.4 k.90 327 350
18.9 5.29 349 425 15.7 6.37 409 684
15.0 6.67 426 773 17.3 5.78 376 532
18.3 5.46 358 459 18.5 5.41 355 by
15.9 6.29 40Ok 659 4.7 6.80 433 812
15. 4 6.49 k16 T20 16.6 6.02 389 589
19.6 5.10 338 386 19.8 5.05 335 376
19.1 5.24 346 hik 18.2 5.49 360 L67
16.0 6.25 402 650 17.5 5.71 372 515
17.0 5.88 381 553 16.2 6.17 398 630
15.0 6.67 426 773 15.5 6.45 413 TO4
20.6 4.85 324 340 15.4 6.49 416 720
13.0 7.69 483 1127 20,0 5.00 333 369
ik, 9 6.71 428 784 23.1 4.33 296 259
13.3 7.52 473 1058 16.6 6.02 389 589
17.2 5.81 377 536 19.1 5.2k 346 b1y
18.0 5.56 364 L 82 16.8 5.95 385 571
16.5 6.06 391 598 14.8 6.76 431 801
16.3 6.13 395 616 4.8 6.76 431 801
16.7 5.99 388 584 18.5 S.h1 355 by
19.7 5.08 337 383 15.4 6.49 416 720
15.4 6.49 415 715 17.0 5.88 381 553
16.6 6.02 389 589 16,4 6.10 394 612
21.0 L. 76 319 325 16.3 6.13 395 616
15.8 6.33 407 674 16.9 5.92 384 566
19.2 5.21 344 Lo7 17.9 5.59 365 486
15.9 6.29 Lol 659 18.7 5.35 352 436
16.3 6.13 395 616 17.9 5.59 365 486
17.9 5.59 365 486 16.6 6.02 389 589
16.6 6.02 389 589 19.5 5.13 340 393
19.6 5.10 338 386 16.0 6.25 4o2 650
13.4 T.46 k70 1038 17.1 5.85 380 549
13.6 7.35 L6k 999 13.6 7.35 Lek 999
16.0 6.25 Lo2 650 17.3 5.78 376 532
1.7 6.80 %33 812 18.7 5.35 352 436
13.0 7.69 ¥83 1127 21,8 k.59 310 298
15.8 6.33 Lo7 674 20,7 4.83 323 337
17.4 5.75 37h 523 17.2 5.81 371 536
Total of cubes smaller than the cube of 400 Totals 598.25 38725 60042
is 31020. 31020/60042=.517. Then 51.7% Averages 5.98 387 600

of the sieve class has fall diameters

finer than 400 microns.

Fall diameter in microns obtained from fall velocity by use of Table 10.
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data were obtained for each sieve fraction for which fall-diameter distribution
was determined. If 37.0 percent of the sample was contained in the sieve
fractions finer than 350 microns, and 25,0 percent in the 350~ to 500-micron
fraction, then 49.9 percent (37.0 plus the product of 0.517 x 25. 0) of the total
sample had fall diameters smaller than 400 microns. These data illustrate
the derivation of the fall-diameter distribution, Table 5 shows the data for a
Cheyenne River sand.

Four assumptions or qualifications that pertain to the method of determining
fall-diameter distribution justify comment.

1. The cube of the fall diameter was assumed to be proportional to the weight of the
particle. The relationship is not direct, but the cube more nearly represents the volume
and weight than would the first power of the fall diameter. Even the use of the first power
of the fall diameter would not significantly alter the results if the range of sizes in each
sieve fraction was small.

2. The computations in the cited example are generally adequate., However, occasion-
ally a significant percentage of material in the sieve fractions coarser than 500 microns
has fall diameters less than 400 microns, or a significant percentage of material in the
sieve fractions finer than 350 microns has fall diameters greater than 400 microns. Then,
by extra computations, the weight equivalent of offending material was moved from the
sieve fraction where it was originally to the proper side of the 400-micron size,

Table 6 shows data from 100 particles of a 1000~ to 1400-micron sieve fraction. The
fall-diameter distribution of this coarse sieve fraction overlaps the median fall diameters
of adjacent fractions, When there is overlap, the determination of size distribution re-
quires the type of computations shown in Table 7.

3. A 100-particle split as the basis for determining the fall-diameter distribution for
a sieve fraction was satisfactorily accurate as shown by the consistency of results
throughout the size ranges of the samples. (See Section 28,) Usually about eight such
splits were used to define a curve of fall-diameter distribution for a complete sample.
Because the shape of this curve was necessarily very similar to that for the sieve-diameter
distribution, an inconsistent split was immediately obvious. If inconsistencies were minor,
adjacent results were averaged; but if any major discrepancy was found, the split was re-
checked. In the cited example, if the 0.517 smaller than the cube of 400 microns should
actually have been 0, 600 (an extreme variation), the percentage finer would have been
changed from 49. 9 to 52. 0 percent, which is within acceptable limits of accuracy. Errors
in individual splits are independent of those for other splits, are not subject to cumulative
errors, and generally apply to minor fractions of a total sample,

4, Within the temperature range of 20° to 35°C, the effect of temperature on the set-
tling velocity for a particle of sediment in water is considered to be essentially the same
as that for a sphere of specific gravity 2.65. Table 11 (in the appendix), which was de-
rived from the data of Fig. 5 of Report No. 4 [3], may then be used to find the fall velocity
at 24°C if the settling velocity is known at another temperature. Also, Table 10 may be
used to find the sedimentation size or fall diameter of a particle from the fall velocity at
24°C or directly from the settling velocity at another temperature.

Possibly there will be some sand grains for which the effect of temperature on fall
velocity will be radically different from that for spheres of specific gravity 2.5, A study
of resistance curves for settling particles has indicated that generally for a group of
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TABIE 5
COMPUTATION OF FALL-~DIAMETER DISTRIBUTION FOR A CHEYENKE RIVER SAND
Sieve Fall diameter
Sizes Cumulative | Percent in | Median in sieve fraction Cumulative % finer Division
4 finer fraction wize finer than finer than median | than divi- size
microns microns median (% of total) size sion size microns
1 2 3 b 5 6 K 8 9
from sieve fractions a b Col.3xCol.5 |Col.2+Col.6 c selected
1000 100.0 100.0 1000
670 92.5
4.0 RIS 6.5
700 86.0 Ok b 700
515 73.5
2k.0 479 11.5
500 62.0 T70.2 500
[Tele} 9.9
25.0 517 12.9
350 37.0 k0.0 350
295 27.0
20.0 . 501 10.0
245 17.0 18.% 250
212 1.8
9.8 465 4.6
175 7.2 7.2 175
160 6.1
2.0 RT3 0.9
146 5.2
135 L.y
1.3 ko8 0.5
121 3.9 3.8 125
0.9
104 3.0
100 2.6
0.7 .u8h 0.3
90 2.3 1.9 88
0.6
78 1.7
8o 1.5
0.b .516 0.2
6k.5 1.3 0.8 62.5
1.3
100.0

a Approximate median size in microns

b Fraction finer than median size from data similar to that of Table &4

¢ Data of columns 4 & 7 were plotted snd percentages finer than division sizes were taken from curve (Fig. 3%4)
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TABIE 6
FALL-DIAMETER DISTRIBUTION BASED ON FALL VELOCITIES OF 100 INDIVIDUAL PARTICIES
Fall distance 100 cm. Temperature of distilled water 27.2O C.
1000-1400 microns sieve size
Time of Velocity Fall Cube of Time of Velocity Fall Cube of
fall diemeter fall fall diameter fall
seconds cm/sec microns diameter seconds em/sec microns diameter
6.3 15.9 97 924105 7.3 13.7 834 580x10°
6.4 15.6 95k 868 7.6 13.2 8o2 516
7.5 13.3 808 528 6.5 15.4 942 836
8.4 11.9 720 373 6.5 15.% gh2 836
7.1 4.1 859 63h 6.k 15.6 954 868
6.3 15.9 97k 9ok 6.4 15.6 95k 868
6.8 1.7 897 22 6.3 15.9 9Th 92k
6.5 15.4 9lo 836 8.0 12.5 758 436
7.1 k.1 859 634 9.7 10.3 625 244
7.1 b1 859 634 7.4 13.5 821 553
7.3 13.7 83k 580 .10.7 9.3 567 182
7.6 13.2 802 516 8.0 12.5 758 436
5.5 18.2 112} 1421 6.8 .7 897 722
5.7 17.5 1077 1249 7.9 12.7 770 45T
4.8 20.8 1303 2212 6.1 16.4 1006 1018
7.9 12.7 770 4s7 8.6 11.6 702 346
7.1 1.1 859 63k 6.3 15.9 97k 924
7.7 13.0 789 Lo1 8.0 12.5 758 436
6.2 16.1 986 959 6.5 15.4 9k2 836
7.5 13.3 808 528 8.3 12.0 T26 383
7.1 1h.1 859 634 7.4 13.5 821 553
7.3 13.7 83k 580 7.7 13.0 789 Lo1
7.9 12.7 770 457 8.4 11.9 720 373
7.2 13.9 847 608 7.1 14,1 859 634
8.8 11.4 690 329 7.6 13.2 802 516
7.4 . 13.5 821 553 6.6 15.2 929 802
8.1 12.3 45 413 11.7 8.5 522 142
12.0 8.3 510 133 8.5 11.8 714 36k
7.2 13.9 8h7 608 7.7 13.0 789 Loy
6.0 16.7 1026 1080 6.5 15.4 9o 836
7.6 13.2 802 516 6.1 16.4 1006 1018
6.1 16.4 1006 1018 8.6 11.6 702 346
6.1 16.4 1006 1018 6.3 15.9 974 924
15.4 6.5 409 68 7.2 13.9 8L 608
6.8 .7 897 T22 7.4 13.5 821 553
5.2 19.2 1192 1694 7.2 13.9 847 608
6.6 15.2 929 802 7.0 14.3 872 663
6.9 14,5 88y 691 7.0 14.3 872 663
8.2 12.2 739 Loy 5.3 18.9 1171 1606
6.7 14.9 910 754 8.1 12.3 45 413
7.0 14.3 872 663 7.2 13.9 8u7 608
6.0 16.7 1026 1080 7.0 14.3 8712 663
8.2 12.2 739 Lob 6.3 15.9 97Tk 92k
6.2 16.1 986 959 b7 21.3 1338 2395
6.7 14,9 910 5% 9.2 10.9 660 287
6.4 15.6 954 868 6.8 14,7 897 T20
8.0 12.5 758 436 7.2 13.9 8kt 608
6.6 15.2 929 802 8.4 11.9 720 373
7.9 12.7 770 L57 7.4 13.5 821 553
8.1 12.3 T 417 7.5 13.3 808 528
Cubed figures between division sizes: Totals 1406,1 85846 68712
Over 1400 microns o] 0.000 Averages 4.1 858 687
1400-1120 do 9328::106 .135
1120- 880 do 30088 438 Fall diameter in microns obtained from fall
880- 720 ao 26296 .383 velocity by use of Table 10.
720- 540  do 2657 .039
540- 390 do 343 .005
under 390 do 0 .000
Totals 88712 1,000




TABIE 7

COMPUTATION OF FALL-DIAMETER DISTRIBUTION FOR A VERY COARSE SARD

Sieve Fall diameter range in microns
Sizes Cumulative | Percent in 2000 - 1400 1400 - 1120 1120 - 880 88 720 720 - sko 540 - 390
microns % finer fraction
from sieve fractions a b a b a b a b a b a b
2000 100.0
50.0 0.125 6.25 | 0.493 | 2k.65 | 0.339 | 16.95 | 0.032 1.60 | 0.011 0.55
1400 50.0
40.0 0.135 5.40 0.438 17.52 0.383 15.32 0.039 1.56 0.005 0.20
1000 10.0
10.0 0.068 0.68 | 0.hkh41 .h1 | 0.482 4, 82 0.009 | 0.09
T00 0.0
Partials (sum of column) 6.25 30.05 35.15% 21.33 6.93 0.29
Reference sizes 2000 1400 1120 880 720 540
Cumulative percentages finer 100.00 93.75 63.70 28.55 T7.22 0.29
(cumulative of partials)
Division sizes 2000 1400 1000 700 500
Cumulative percentages finer 100.00 93.8 46.0 6.2 0.0
(from plotting of cumulative
percentages finer than
median sizes. See Fig. 35.)

a That part of the sieve fraction within the given fall-diameter range (from Table 6 for 1000 to 140O-micron sieve fraction)
b (a) multiplied by "percent in sieve fraction"

¢g UOT10eg

6%
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particles the relation for spheres is adequate. Unpublished tests by the Corps of Engineers
on Missouri River sand indicate that the relation for spheres may be used satisfactorily
for sand grains settling at water temperatures of 3°to 31°C [17]. Additional studies of

the effect of temperature on the fall velocity of sands are being made for the report ""Some
Fundamentals of Particle-Size Analysis."

23, Test samples of known fall-diameter distribution--The supply of each
of the sieve fractions of a sand was used to compound samples whose fall-
diameter distributions were determined from the known distributions of the
fractions., Pirst, the required weight of the coarsest fraction was placed in
a freshly tared dish, and the gross weight was recorded; this procedure was
continued until all size fractions were included. Those samples that were
synthesized in proportion to the weights of the original sieve fractions had a
fall-diameter distribution the same as that of the original supply. Samples
that were synthesized in other proportions had different fall-diameter distri-
butions, The fall-diameter distributions within the individual sieve fractions
were not altered; therefore, the fall-diameter distribution for the entire syn-
thetic sample did not generally form a smooth curve. Sieve fractions from
two sands or more sometimes were combined to obtain a desired size range
or type of sample.

How well the computed distributions represent the distributions in the test
samples is important but hard to determine. When the data for each of about
eight sieve fractions were used to compute a cumulative fall-diameter distri-
bution, the percentages at division sizes were probably within 2 percent. That
is, if the percentage finer was computed as 45 at 350 microns, the true per-
centage finer was within the range 43 to 47. Inevitably, minor errors also
occurred in weighing out the samples and in obtaining representative material
from each sieve fraction for use in compounding test samples.

24, Analysis of samples of known fall-diameter distribution--Each of the
known samples was analyzed according to the procedure of Section 10, The
sedimentation tubes were cleaned with Alconox before use each day. The
samples were dispersed in the mixing chamber before analysis.

Duplicate samples were made up and analyzed for the first sand that was
investigated (Powder River); otherwise, only single samples of each weight
were used in these tests. Each sample was analyzed at least twice in each
of the tube sizes suitable to the sample. The repetitious use of the samples
provided consistency checks independent of the fall-diameter distribution and
also independent of any differences between samples.

Generally flocculation was not a significant problem in the analysis of the
sands investigated, but there were occasional analyses in which particles fell
as groups or conglomerates, If samples were allowed to stand for a long
time in water, the particles would sometimes fall as groups of two or more
rather than settle as single particles., Stirring up the sample, allowing the
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particles to settle, and decanting the supernatant liquid usually conditioned
the sample sufficiently for analysis, especially if that process -were repeated,
A few drops of a chemical dispersing agent could be added if desired; but,
except for the oxidation of organic matter, chemicals were hot used in these
tests.

Samples that contained objectionable quantities of organic matter or that
had been left in a moist condition for so long that organic matter had formed
a binder, which washing did not remove, were treated with a 8~percent solu~
tion of hydrogen peroxide. One to ten ml of the peroxide was added; the a-
mount depended on the estimate of organic matter in the sample., The sample
was bolled gently on a hot plate and stirred occasionally until the oxidation of
organic matter was complete. The sample was washed three times by adding
distilled water, stirring, allowing to settle, and decanting the supernatant

liquid; then the sample was cooled to room temperature before analysis,

The VA-tube method is adapted to the analysis of sand sizes only. The
method of compounding the known samples eliminated the problem of sepa~
rating the sands from finer particles, except for the "Taylors Falls' sand
which was a surface wash sand that contained a large portion of organic ma-
terial and very fine silts and clays. The usual dry-sieving operation was used
in preparing the original sieve fractions of the Taylors Falls sand, but it did
not eliminate the very fine particles that were attached to the sand particles,.
Those particles with fall diameters less than 44 microns were removed from
the sands by allowing the sample to settle through a water column, To obtain
the final sieve analysis, the dry weight of the fines removed was added to that
part of the sample shown by sieve analysis to be finer than 49 microns,

A special series of samples of the Taylors Falls sand was compounded so
that more than 50 percent of the sample was finer than 62 microns; much of
this fine material was of clay size. The series was used for studying the re-
moval of fine material from the sample prior to VA-tube analysis of the sand,
Each sample was introduced at the top of a sedimentation tube and allowed to
settle for the time of fall of a 55-micron quartz sphere. Then, the settled
particles were removed and analyzed in the VA tube. The results of the a-
nalyses were satisfactery; but, because the separation procedure had not
eliminated the fine particles, the time required for complete settling of the
sample in the VA tube was excessive. A second similar separation by set-
tling in the sedimentation tube eliminated most of the finer material so that
the remainder could be analyzed rapidly and accurately.

The differences between the fall-diameter distribution from the uncalibrated
VA-tube analyses and the known fall-diameter distribution for Powder River
sand samples are shown in Figs. 17 and 18, The same VA-tube analyses were
previously compared with sieve-diameter distribution in Figs. 15 and 16. The
uncalibrated VA-tube results did not check the fall-diameter distribution;
therefore, a calibration adjustment was necessary.
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Because of currents generated by the movement of particles or of water-
sediment mixtures, the settling velocity of the particles falling in mass in the
VA tube is generally greater than the standard fall velocity of the particles.
Percentagewise, the greatest differences within the range of sand sizes are
for the finer sediments. Very coarse sand particles fall in mass in the VA
tube at velocities close to their standard fall velocities., The settling velocity
for a given sediment seems to be fastest at a rather low concentration, lower
than generally used for VA~tube analyses. As concentrations increase
throughout the range of VA~-tube analyses, the settling velocities tend to be-
come progressively slower,

The effects of concentration on the settling velocity of sediments in water
probably depend on particle size and density, on tube dimensions, and to a
lesser extent on particle shape and water temperature., Present theory and
knowledge are inadequate to evaluate the relationships, especially for a strat-
ified sedimentation system in which the sample is introduced at the top of a
sedimentation column,

25. Calibration of charts~--The calibration of the VA-tube method corrects
for the effect of fluid currents generated in the tube and also corrects for
volume-weight relations., Nearly 300 analyses of samples with predetermined
fall-diameter distributions were available for the calibration of the VA-tube
method. The calibration is an average based on the variety of sands, size
distributions, and known concentrations analyzed. Two charts were required
for the calibration, one for the 120-cm tubes and one for the 180-cm tubes,

Each analysis produced a curve (Fig. 19A) of sediment accumulation with
time, For each analysis, points representing the percentages of the known
fall-diameter distribution for selected division sizes were marked on the
curve, If 40 percent of a calibration sample was finer than 125 microns, the
intersection of the curve with the 40-percent-finer line fixed the distance from
the time origin for the 125-micron size. Consequently, for the temperature
of analysis, each analysis established a point for each division size for use in
calibrating the VA tube. Points from several analyses were transferred to a
chart, Fig. 19B. A line to represent a particular division size and water
temperature was drawn through each set of points. The distance of a division-
size line from the time origin of the chart was a measure of the time for that
division size of particle to fall in the VA tube.

Analyses at different temperatures provided information for temperature
adjustments. The analyses did not define completely the effect of temperature
on the time of fall but indicated that the effect of changes in temperature was
approximately proportional to the effect on the fall velocities of quartz spheres.
Because the relation for quartz spheres could not introduce much error for the
relatively narrow range of temperatures in the calibration, the effect of tem-
perature changes on the fall velocities of sediment particles was assumed to
be the same as that for quartz spheres.



Section 25 55

TOTAL ACCUMULATION

N PREDE TERMINED A
SIZE DISTRIBUTION = .
Diameter pPercent °\(;
(microns) finer +| R
62.5 15 I
125 40 >
250 70 o o z
500 90 og PEN TRACE OF _ 2
o2 ACCUMULATION ©
NOTE: w
Data simpiified for =
clearer presentation o
ZERO ACCUMULATION
A-- CALIBRATION POINTS FROM A SINGLE ANALYSIS
o3 ) J
o ] i
- e N
~ (% c °
SYMBOL | SIZE x 8 8 S
{microns) e 3 ® 2 .
X 62.5 x =3 = . %z
+ 125 32 8 Pfe
o] 250 X c C - E
o 500 s = c § 8 ©
Qg o - 3
X E © by L2 w
o 2 E € S b3
X "\ e [ o I Y —
o= 8 © ;_’ -
X / o
(o]
% ['e]
ZERO ACCUMULATION *

B—— CALIBRATION POINTS FROM SEVERAL ANALYSES AT 25°C

FIG. 19 — FUNDAMENTALS OF CALIBRATION METHOD




56 Section 25

The calibration charts show nearly vertical size-temperature lines, al-
though the uncalibrated charts of Figs. 3 and 4 showed a reduction in time of
fall as the accumulation of sediment increased and the fall distance became
less. Consequently, for a division size the correction to time of fall differs
with height of accumulation. The difference was caused by the retarding effect
of the greater concentrations of material in the samples with the larger accu-
mulations of sediment.

The final calibrated charts for the VA~tube analysis of sands are shown in
Fig. 20, The chart of Fig. 20A is for a tube length of 120 cm and collecting
tubesof 2, 1~ to 7, 0-mm inside diameter, The chart of Fig, 20B is for a tube
length of 180 c¢cm and a collecting tube of 8~ or 10-mm inside diameter. The
fall distances from the pinch clamp to the stopper in the bottom of the tube
(see Fig, 2)--the minimum fall distances for gsands-- were 125 (123 cm in
original design) and 185 cm, respectively, at the start of sedimentation,
These calibrations were based on thcse samples that were analyzed within
acceptable limits of particle size and concentration. The final charts were
smoothed for continuity of adjustment and equalizing of errors.

Some of the analyses showed reduced accuracy because of the large quan-
tities of material analyzed or because of high concentrations of certain sizes
of particles. Such analyses were not used directly in the chart calibration.
However, they helped establish the upper limits of sample quantity and par-
ticle size that could be analyzed satisfactorily in the respective sizes of VA
tubes. These upper limits are necessary because the fall of the sample was
retarded by excesses in either particle size or quantity or by any combination
of the two that was excessive,

The smallest particle size analyzed was 62 microns., The presence of
some coarsSe silt in the sample did not destroy the accuracy of analysis but
made the analysis take longer. The smallest quantity of material in test sam-
ples was 0.1 gm, and this weight was run only in the 2. 0-mm tube. The
minimum quantities of sample for other sizes of tube were based on the least
height of accumulation that permitted reasonably accurate analyses, The top
of the accumulation was more difficult to follow accurately in the larger tubes,
and a greater minimum height of accumulation was desirable.

A study of the analyses of test samples indicated approximate limits on the
particle sizes and quantities of sample that could be analyzed accurately in the
various sizes of sedimentation tubes., (See Table 8,)

Sedimentation-tube sizes in Table 8 differ from some that were used in the
analyses. The tube sizes shown are the ones finally accepted as standard,
The maximum particle sizes are those that should not be exceeded by a signif-
icant percentage of the sample. The percentage of excess could be greater if
the sample were small in relation to the capacity of the tube or if the analysis
of the coarser part were not highly important. Generally the best results were
obtained if the total height of accumulation in the bottom of the tube was between
1 and 4 in., but a reduction in this maximum height was desirable for a sample
of very limited size range or of predominantly coarse material.
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TABLE 8

GUIDE TO SELECTION OF CORRECT VA-TUBE SIZE

Maximum Sedimentation
S
ample particle size tube
Dry Volume Fall Sieve .
weight of sand diameter diameter Length Dianeter
gm ml microns microns cm mn
0.05-0.8 0.03-0.5 250 250 120 2.1
0.4=2.0 0.2=1,2 350 oo 120 3ol
0.8=L.0 0.5-2.4 £00 600 120 5.0
1.6=6.0 1.0-L.0 700 1000 120 7.0
50,0-15,0 3.0-9,0 P 2000 180 10,0

V. ACCURACY OF ANALYSES OF SAND SAMPLES

26. Records of VA-tube analyses-=-The recorder pen traces a continuous
curve of accumulation of sediment with time., The ordinate is the height of
sediment settled on the bottom of the tube. The abscissa is time of settling;
1 min is equal to 2. 020 in. chart distance on standard recorders. Accumu-
lation curves for different types of sediment samples are shown on Fig. 21,

Accumulation curve A of Fig. 21 shows a total accumulation of sufficient
height for accurate reading of percentages but not excessively high with re-
gard to concentration, The curve represents a uniform distribution and
has intercepts cutting the size lines at angles that make percentages easy to
read. Ten percent of the total sample is finer than 62 microns. The analysis
took longer than it would have if the fines had not been present.

Accumulation curve B has the same characteristics as A except that the
total height of accumulation is only about 3/4 in. Inherent errors in the re-
cording of the accumulation and in reading percentages are likely to become
significant at such a low total height. However, this height record is satis-
factory for the 2. 0- or 2.1-mm tube.

Accumulation curve C is similar to curves A and B except that the total
height of accumulation is a maximum. The results from curve C are satis-
factory only because the distribution in the sample is uniform and because the
concentration of material is not high at any of the division sizes. Even for a
uniform distribution, the total height of accumulation of curve A would be
more desirable,
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Curve D shows a desirable maximum accumulation for a sample that has a
distribution concentrated in a limited medium and coarse sand size range. If
the total height of accumulation had been greater, the 500-micron lines would
not, without extension, intersect the curve. The division-size lines are al-
ready drawn to the safe maximum height. If the total height of accumulation
at the 500-micron line had been greater, the rate of accumulation would have
been excessive. A rapid rate of accumulation is difficult to track, and it
indicates that particle settling may be adversely affected by an excessive con-
centration in the accumulation section. Because the sample was concentrated
in the coarser sizes, great care was required in setting the pen to the zero-
time line of the chart.

Curve E shows that 32, 0 percent of the sample was silt. The presence of
the silt did not destroy the accuracy of analysis. Because the silt settles at a
slow rate, the analysis required 30 min for reasonable accuracy and 60 min
were actually taken for these test samples.

Table § is the primary guide to the relation of tube size and sample. The
type of sediment~accumulation curve indicates what is important to consider
in determining the best tube size for a given sample. These are general cri-
teria for guidance; departures from the best conditions normally make only
nominal differences in analyses.

27, Basic sands analyzed--Test samples were compounded from five basic
sands that had different size distributions.

The "Powder River sand' was taken from the stream bed of the Powder
River at Sussex, Wyoming, Mar, 1, 1951.

The "Republican River sand" was taken from the stream bed of the Repub~-
lican River at Stratton, Nebraska, Apr. 3, 1951,

The "Cheyenne River sand'' was taken from the stream bed of the Cheyenne
River near Hot Springs, South Dakota, Mar. 9, 1851,

The "Taylors Falls sand' was surface wash material composed of medium
and fine sands and a high percentage of silt and clay. The material was not
as well sorted and washed as sands found in main stream channels., The sand
was obtained near Taylors Falls, Minnesota, on Aug. 11, 1952,

The ""'special sand' was chosen for its coarse size distribution. The sand
was from a bulk supply that was reportedly from the banks or bed of the
Missouri River near Garrison, North Dakota,

Figs. 22 to 26 show the specific gravities determined for various sieve
fractions of each sand and also show the volume-weight relations for several
sieve fractions of each sand., Volume weights are shown as heights of accu-
mulation of given weights of the sieve fractions of the sands. The volume-
weight changes from tube size to tube size or from sand to sand are not
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Height of accumulation — centimeters
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significant to the analyses. Only the changes in height of accumulation from
sieve fraction to sieve fraction of a given sand are significant.

The differences in percentages by volumes and by weights may be computed
for a civen size distribution from the variation of height of accumulation with
size, Table 3 showed the computations for a glass-bead sample and demon-~
strated the relative magnitude of the volume-weight effects. However, volume-
weicht effects as well as many others are covered by the calibration of the VA-
tube method,

Figs. 27 to 31 show microphotographs of representative particles from four
sieve fractions of each sand and indicate the general shape and roughness
characteristics of the particles. (The samples were photographed by the
Missouri River Division Laboratory, Corps of Engineers, Omaha, Nebraska.)
Shape factors were not determined for this study because the primary interest
was in fall velocity, which could be directly determined far more easily and
accurately than the shape factor could be determined,

26, Size distributions of test samples~~The known fall-diameter dig-
tributions for the test samples of naturally worn sands are shown in Figs.
32 to 35 and Table 12, The natural size distributions for each sand were al-
ways used and artificial distributions were sometimes used. Distributions
are designated as fine, medium, or coarse, but the terms have only a com-
parative meaning within an individual illustration and do not imply standard
size classifications of sands,

The natural sieve-gsize distribution of each sand is identified. The curves
are normally smooth for natural size-frequency distributions. Some curves
for artificial size distributions were irregular because the size distribution
within each sieve fraction was the same as the natural distribution, whereas
the sieve fractions were not proportioned as in the natural sand. The sharpest
irregularities in the curves occurred at the actual size at which a sieve divided.
For example, in Fig. 32 the fine distribution breaks at 121 microns, which
was the dividing size for the nominal 125-micron sieve,

The known fall-diameter distribution shown for each sieve distribution was
based on the plotted points, each of which was computed from fall-velocity
data on at least 100 particles. (See Tables 4 to 7.) The fall~-diameter dis-
tributions were based on fundamental computations of basic data that were
entirely independent of the VA-tube analysis,

In general, for sand particles with specific gravities of about 2, 65, the fall
diameter of naturally worn szediments is greater than the sieve diameter for
the smaller sand sizes, equals the sieve diameter at some intermediate sizes,
and is less than the sieve diameter at the coarser sand gsizes. Because the
openings of most sieves are square, an irregular particle with a nominal dia-
meter perhaps 10 percent greater than the sieve diameter will pass through
a sieve. For small sand particles (which fall at low Reynolds numbers) the
effect of the 10-percent larzser size in accelerating the fall velocity is much
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300 - 700 -- NOMINAL SIEVE SIZES, MICRONS ~- 250 - 350
X MAGNIFICATION 24 X

125 - 175 -- NOMINAL SIEVE SIZES, MICRONS -~ 62 - 88
45 X MAGNIFICATION 45 X

FIG. 27-REPRESENTATIVE PARTICLES FROM FOUR SIEVE
FRACTIONS OF POWDER RIVER SAND
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500 - 700 -- NOMINAL SIEVE SIZES, MICRONS -~ 250 - 350
it X MAGNIFICATION 24 X

125 =175 -- NOMINAL SIEVE SIZES, MICRONS -~ 62 - 88
45 X MAGNIFICATION 45 X

FIG. 28 —REPRESENTATIVE PARTICLES FROM FOUR SIEVE
FRACTIONS OF REPUBLICAN RIVER SAND
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500 - 700 -~ NOMINAL SIEVE SIZES, MICRONS -~ 250 - 350
X MAGNIFICATION 24 X

125 - |75 -- NOMINAL SIEVE SIZES, MICRONS -- 62 - 88
45 X MAGNIFICATION 45 X

FIG. 29—REPRESENTATIVE PARTICLES FROM FOUR SIEVE
FRACTIONS OF CHEYENNE RIVER SAND
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250~ 350 -- NOMINAL SIEVE SIZES, MICRONS -~ 125 - 175
24 X MAGNIFICATION 45 X

62 - 88 -= NOMINAL SIEVE SIZES, MICRONS -~ 44 - 62
45 X MAGNIFICATION 100 X

FIG. 30 -REPRESENTATIVE PARTICLES FROM FOUR SIEVE
FRACTIONS OF TAYLORS FALLS SAND
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1000 - 1400 -- NOMINAL SIEVE SIZES, MICRONS -- 500 - 700
X MAGNIFICATION X

250 - 350 -- NOMINAL SIEVE SIZES, MICRONS == [25 = |75
24 X MAGNIFICATION 45 X

FIG. 3|-REPRESENTATIVE PARTICLES FROM FOUR SIEVE
FRACTIONS OF SPECIAL SAND
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Size distribution — cumulative percent finer
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Size distribution — cumulative percent finer
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more significant thanthe retarding effect of shape and roughness; consequently,
the fall diameter is greater than the sieve diameter, At larger sand sizes
shape and roughness have a relatively greater retarding effect on the fall ve-
locity, and the slowing effect becomes paramount.

The average fall-diameter distributions from VA-tube analyses are plotted
for each of the division sizes listed along the bottom of the figure, The points
are identified by triangles, but the points were not connected to form a sepa-
rate curve. The average analysis data were based on all analyses within the
acceptable ranges of quantity of sample and particle size. (See Table 12.)
Samples omitted from the averages and from future discussion of accuracy
are indicated in the table by an asterisk.

29, Accuracy of analysis of individual sand samples~~The aceuracy for a-
bout a quarter of the available analyses with the VA tube is shown in Figs. 37-
41, Analyses were selected to cover as wide a range of sands, size distribu-
tions, and sizes of VA tube as possible, The first three analyses of a sample
were plotted whenever there were that many. Data for Figs. 37 to 40 were
from analyses in VA tubes 120 cm long.

The upper two groups of curves on each figure show the accuracy of analy-
sis based on the deviations of the cumulative percentage-finer data for the
analysis from the known fall-diameter distribution for the individual particle
drops. That is, if the fall-diameter distribution showed &9 percent finer than
500 microns and the analysis showed 92,5 percent finer, this plotting wowuld
show +3.5 percent at 500 microns. Such deviations may be readily obtained
from Table 12 and are plotted to indicate the errors at division sizes of per-
centage finer or coarser curves,

To some extent the magnitude of deviations in cumulative percentage-finer
curves increased as the relative quantities of material at a given division size
increased. Part of the cause may be inherent in the difficulty of reading per-
centages finer accurately from steep accumulation curves such as curve D of
Fig. 21, but part is undoubtedly the result of small errors in the analytical
determination of fall velocity. If the curve is steep, a small error in fall
velocity results in a relatively large error in percentage finer.

The accuracy of analyses in the upper two groups of curves of Figs., 37 to
39 is consistently within 5 percent of the total sample. Fig. 40 shows rather
high deviations at the 86-micron size especially for the 3. 4~-mm tube, but
three-fourths of the sample analyzed in the VA tube was in the size range 62.5
to 125 microns. Fig, 41 also shows some deviations around 5 percent, but
these are for distributions with high concentrations of material at the division
sizes at which the relatively large deviations occur.

The lower two groups of curves on each of Figs. 37 to 41 show the accura-
cy of the VA-tube analyses in terms of errors in fall velocities at each divi-
sion size. The derivation of the data may be illustrated with curve A of Fig.
21: At a fall diameter of 88 microns the percentage finer should have been
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26 percent, At 25.9°C, which was the temperature of analysis, the 88-micron
division-size line was 4. 22 in, from the time origin. The 26~percent-finer
point on curve A occurs at a distance of 4, 06 in, from the time origin, Be-
cause the distances also represent time of fall, the ratio of the velocity from
the analysis to the true velocity is 4, 22/4. 08 or 1,034, That is, the analysis
showed a fall velocity that was 3. 4 percent too high.

The errors in velocity shown in the figures were taken directly from the
analytical curves drawn by the VA-tube recorder. Approximately the same
results could be obtained by plotting an analysis from Table 12 as a smooth
curve on one of the calibrated charts and proceeding as indicated above.

In general, the fall velocities were determined within 10 percent as com-
pared to fall-diameter deviations of 5 percent in percentage-finer curves,
The largest errors are those at 62,5 microns in Fig., 39. These errors re-
sult from the difficulty of tracking, recording, and interpreting analyses
closer than 1 percent of the total sample. These large velocity errors apply
only to very small portions of the total sample, In Figs. 37 and 38 errors
around 10 percent are associated with sizes of 700, 500, and to some extent
350 microns in the 3. 2-mm tube. These fall diameters are larger than rec-
ommended for analysis in that size of tube. A somewhat similar condition is
found at 700 microns in Fig. 39. Although the 700~micron size was not of it-
self too large for analysis in the 7- and 9~-mm tubes, the combination of the
size and high concentration was undesirable for the 9-mm tube and was ex~
cessive for the 7T-mm tube,

A study of the velocity errors indicated that if the desirable limits of
particle size and concentration are respected, velocities determined with the
VA tube will seldom be more than 10 percent in error at any point in the anal-
ysis where an appreciable quantity of the total sample is involved.

30. General accuracy of all analyses--Table 9 presents a summary of the
accuracy of the VA-tube analyses of sand samples. The errors are the alge-
braic differences between the known fall-diameter distribution and the distri-
bution by analysis. These errors may be obtained directly from Table 12 in
the appendix, The errors did not exceed 2 percent for over three-fourths of
all analyses, 3 percent for nine-tenths of all analyses, and 5 percent for
practically 99 percent of the analyses.

Analyses in the various sizes of tube were about equally accurate except
for the greater deviations in tubes having a 2. O0-mm accumulation section,
The greater deviations probably reflected difficulties in compounding duplicate
samples and in analyzing the small quantities of the samples for this small
tube.

The accuracy differed somewhat for the various size distributions. The
very coarse sands contained only a small range of sizes and, consequently,
had high concentrations of material at some of the division sizes; the devia-
tions were greater for these sands. Any small difference in chart time, fall
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TABLE 9

ACCURACY OF ANALYSES

Observations within given limits, %
o . Total
Qualification Within | Within | Within | Within | Within | opservations
1% 2% 3% 5% 10%
Sedimentation tube
Diameter of accumulation
section, mm:
2.1 (2.0) 36,9 6lL.2 81.0 95,5 100.0 179
3.4 (3.2) 56.8 80.5 92,4 99,7 100.0 384
5 5le2 75.7 90,7 99.3 100.0 1432
7 62,0 8Li.3 95,2 100.0 100.0 166
102 50.9 77.0 88.7 98.1 100.0 318
L and 9P 59,4 82.1 95,1 100.0 100.0 22l
A1l observationse—----- 53.8 77.5 90.7 98.9 100.0 1703
Sand mixture
Predominant size:
Very coarse sand--e--—wm Ll 61.1 777 Sli.ly 100.0 18
DOmmm mmm e e 33.3 52.8 63.9 86.1 100.0 36
Coarse sande—————m——m——m 50.0 81.2 92,2 100,0 100,0 N
Dgmmwm mm e m L8.2 83.9 92,9 100.0 100.0 56
Dommm e mm e 51.7 81.7 93,3 100.0 100.0 60
DO = e e e 52,3 75.0 93.8 100.0 100.0 128
Medium sande—-—~-=wemm-- 59.54 81.2 95.0 100.0 100.0 160
Domm e m e e 55,2 796 92.5 99.6 100.0 L,96
Fine sande---=e=-emmeaow 62.0 87.5 96,0 99,5 100.0 200
D= m o m e e Lhe3 63.0 82.1 98.0 100.0 216
Verv fine sande=—————-w-w 53.3 82,2 91.1 98.5 100.0 135
DO— ————————————————— 62.5 76-9 890)-1‘ 98-l loo'o 1Oh
All observations=—--—-- 53.8 77.5 90,7 98.9 100.0 1703
Fall diameter
Division size, microns: )
11,00 72,2 80.6 88.9 97.2 100,0 35
1000 25,0 58.3 75.0 86,1 100.0 36
700 56.6 79,2 89.3 100.0 100.0 159
500 L6 7542 ol.1 100,0 100.0 153
350 k5.4 70.3 87.6 99,5 100.0 185
250 53.8 78.8 93,9 100.0 100.0 212
175 5044 80.7 92,9 98.7 100.0 238
125 L9.2 7546 88.2 99.2 100.0 238
88 56.5 Tholy 87.9 98.2 100.0 223
62 71.3 87.0 95.1 99.1 100,0 223
Al]l observationseeme=———- 53.8 775 90.7 98.9 100.0 1703

a 180-cm sedimentation tube; other sizes refer to 120-cm tubes.

b Experimental tube not used for routine analyses.
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velocity, or calibration produced much greater deviations in percentage of the
total sample if the concentration of particles was high at a division size.

Variations in accuracy at the different fall diameters were probably not
significant except that the high concentrations of material at the 1000~micron
size resulted in greater deviations., Only a few samples had high concentra-
tions at other division sizes. Analyses at the 62-micron size tended to be
accurate because in many samples the concentration at this size was rather
low.

Occasionally there may be samples that depart from the probability of
accuracy of Table 9, The effect of specific gravities much different from
2.5 has not been evaluated, except that samples containing some relatively
licntweight material showed no identifiable reduction in accuracy. Several
samples composed of one or two sieve fractions have been analyzed, but no
veneral evaluation of accuracy has been made for these samples, Analysis of
a sinle sieve fraction is undesirable because of high and rapidly changing
councentrations.

VI, VISUAL-ACCUMULATION-TUBE METHOD FOR ROUTINE
ANAILYSES OF SANDS

31, General--The experimental apparatus and procedure for testing the
VA=~tube method were described in Sections §-11. Because the method showed
definite promise, the apparatus was redesigned for commercial manufacture
and routine laboratory use, and the procedures and operating techniques were
altered correspondingly. Added experience should indicate modifications and
refinements that would improve the method. However, the VA-tube apparatus
and procedure described here have been used by several laboratories for a
total of thousands of analyses,

32. Apparatus--The apparatus for the VA-tube method of analysis consists
of the following main parts as shown in Fig, 42:

1. A glass funnel, about 25 cm long. A reference mark on the stem of the funnel
indicates the proper height for the water column prior to analysis.

2. A rubber tube, which connects the funnel and the main sedimentation tube and
which together with a special clamping mechanism serves as a valve. (Details of the
mechanism for clamping the rubber tube together are shown in Fig, 43.)

3. A glass sedimentation tube, Tubes are of two lengths, A 180-cm tube has a 140~
cm section of 50-mm inside diameter, a 20-cm contracting section, and a 20-cm accu-
mulation section of 10-mm inside diameter. This long tube is used for the analysis of
bed, beach, or other sands of coarse sizes when a sufficient quantity of the material is
available, A 120-cm tube has an 8§0-cm section of 25-mm inside diameter; a 20-cm
contracting section; and a 20-cm accumulation section with an inside diameter of 2,1,
3.4, 5.0, or 7.0 mm. The short tube is suitable for the analysis of samples that contain
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only small quantities of sand mostly less than 1 mum in sieve diameter. An elastic plug
is inserted in the bottom of the accumulation section.

4., An electrically operated tapping mechanism, which strikes against the glass tube
and helps keep the accumulation of sediment uniformly packed and level on top.

5. A special VA-tube recorder, which consists of: (1) A carriage, which can be
moved vertically by a hand-eperated mechanism and on which are mounted a recording
pen and an optical instrument consisting of a two-power telescope eyepiece with a hori- a’
zontal cross hair. (2) A cylinder, which carries a chart and rotates at a constant rate
during the analysis.

6. The recorder chart, which is a printed form incorporating the fall-diameter cali~-
bration. The recorder pen draws a continuous curve of sediment accumulation on the
chart.

Plans and specifications are available for all items of the VA~tube equip-
ment. The cost of the complete VA-~tube apparatus is about $500, or approx-
imately that of a set of sieves and sieve shaker,

33. Samples suitable for analysis~-Samples whose particles are mainly
in the range of sand sizes are suitable for analysis in the VA tube. The weight
of the samples may be as small as 0, 05 gm for fine sands and as large as 15
gm for samples with a normal size distribution., If many coarse particles,
larger than a sieve diameter of 1 or 2 mm, are present in a sample, they are
removed by sieving. If any clay or much silt (sizes under 82 microns) is con-
tained in a sample, it is removed before analysis. Some coarse silt does not
affect the accuracy of results, but appreciable quantities of silt require addi-
tional time for making the analysis, The clay and silt fractions should be
separated from the sand by sieving or by sedimentation processes, but the
division need not be at a precise size.

The calibration of the VA-tube method has been made with sand particles;
that is, the grains were of irregular shape and the specific gravity for each
sample was about 2. 65 even though many particles of higher and lower speci-
fic gravities were sometimes included. For special particle shapes, or
samples with specific gravities much different from 2,65, accurate analyses
might require a special calibration.

34. Preparation of samples for analysis--Because most samples to be
analyzed by the VA~tube method originally contain clays and silts, the sepa-
ration of sand sizes from the finer material prior to analysis is a basic
problem. The more thoroughly the clays and silts are removed from the
sample, the simpler and faster the VA-tube analysis will be, Present meth-~
ods of removing the clays and silts are not entirely satisfactory, and further
investigation of the problem should be made with a view toward reducing the
total time of analysis,

Two wet-sieving processes may be used to separate the sands from the
Tiner sizes. If separation is made with a 62. 5-micron sieve, some particles
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with fall diameters larger than 62,5 microns will pass the sieve; but, partly
because of incomplete sieving, many particles with fall diameters much small-
er than that size will be retained on the sieve. An accurate sedimentation
analysis requires that the silt (fall diameters smaller than 62,5 microns) re-
tained by the sieve should be identified and also the sand (fall diameters
coarser than 62,5 microns) must be identified in the fraction passed by the
sieve. If separation is made with a 50-micron sieve, very little sand will be
passed and an accurate sedimentation analysis can be made by combining a
sedimentation analysis of the clay and silt in the passed fraction with the VA-
tube analysis of the retained fraction. However, the smaller the opening of
the sieve, the more time consuming and difficult is the sieving process.

By another process, initial separation of sands from silts and clays may
be made with a sedimentation tube, The sample may be introduced at the top
of a tube and allowed to settle for the time interval that will permit, for the
given water temperature and distance of fall, all the particles with sedimen-
tation diameters greater than 62. 5 microns to settle to the bottom of the col-
umn. The part of the sample settled may be analyzed in the VA tube, and the
part not settled may be analyzed by any method suitable for silts and clays.
This type of separation allows accurate analyses, but the time for analysis in
the VA tube may be undesirablylong because some fine material maybe present.

Sand particles should be thoroughly soaked in water before analysis so that
every particle is completely wetted; they should be contained in not more than
40 ml of water at a temperature no lower than that of the water in the VA tube,
Samples for analysis should be relatively free of organic matter and in such
condition that the grains will fall as individual particles and not as aggregates,

If the organic matter in a sample is of sufficient volume to decrease the
accuracy of analysis, it will be visible in the sample and very obvious as the
sample settles in the VA tube. Also, during a VA-tube analysis, the presence
of aggregates is noticeable through the eyepiece, and a competent operator
will realize the analysis is erroneous.

Whether particles will fall individually may be determined in a beaker
prior to analysis by stirring the immersed sample in a rapid circular motion
for a few moments and then allowing the particles to settle and accumulate at
the center of the bottom of the container. If there is only a slight tendency to
form aggregates, a few repetitions of a washing process--adding distilled wa-
ter to the sample, stirring, allowing to settle, and decanting the supernatant
liquid-~will generally improve the settling characteristics,

Organic matter, which may be obiectionable because of its volume or be-
cause it forms a binding agent for floccules, may be oxidized by the following
procedure: A 6-percent solution of hydrogen peroxide is added to the sample
that is contained in about 40 ml »f water. About § ml of the solution is added
for each gram of dry sample. The mixture is stirred thoroughly and covered.
If the oxidation is slow, or after it has slowed, the mixture is heated to a-
round 200°F and allowed to remain at that temperature with occasional stirring,
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and possibly the addition of more hydrogen peroxide, until the oxidation ap-
pears complete. Then two or three repetitions of the washing process of the
preceding paragraph adequately prepares the sample for analysis except that
additional cooling may be desirable.

The water in the VA tube should be changed frequently if contamination
from repeated analyses of treated samples is to be avoided. The contamina-
tion does not seem to alter the accuracy of the analyses; but if the sample is
dried and weighed after analysis, the weight may be changed,

35, Selection of tube size-~A necessary preliminary to analysis is the
choice of the proper tube size for a given sample. Frequently, two sizes or
more would be satisfactory. The quantity of sand and the upper particle~size
limit in a sample are used as guides in selecting the tube size. Table § indi-
cates the size of tube for limits of sand samples. If the pertinent character-
istics of samples are not known from previous experience with the sampled
stream, the sample to be analyzed may be compared with a set of synthetic
samples, For example, a sample may be analyzed in a 2, 1-mm tube if it
does not exceed in quantity or particle size a synthetic sample containing 0. &
gm of sand with a maximum particle size of 250 microns.

The maximum particle sizes shown in Table § are those that should not be
exceeded by a significant percentage of the sample, The percentage of excess
may be greater if the sample is small in relation to the capacity of the tube or
if the analysis of the coarser portion is not highly important.

Normally, the best results are obtained if the total height of accumulation
in the bottom of the tube is between 1 and 4 in. If a sample has a very limited
size range or the material is predominantly coarse, better results are obtained
with maximum heights less than 4 in. If a satisfactory tube size is not selected
the first time, the sample can be rerun in another size of tube. However, the
choice of a suitable tube is not difficult because the usable limits of the re-
spective tubes overlap considerably.

36, Method of analysis-=-The procedure for size analysis that was given in
Section 10 has been modified for the improved VA-tube recorder. Analyses
may be made in less than 10 min if the particles .in the sample have fall dia-
meters greater than 62 microns, More time is required if silt is present in
the sample. The recommended chronological procedure for VA-tube analysis
is as follows:

1. The chart is chosen for the length of the tube; after notes to identify the sample,
operator, and analysis are recorded, the chart is placed on the cylinder. The base line
of the chart should be parallel to the bottom of the cylinder so that the pen trace will be
parallel to the base line except when sediment is accumulating. (The 180-cm and the
120-cm tubes require different charts because of the unequal distances through which the
sample must settle. )

2. The recorder pen is oriented on the zero-accumulation and zero-time lines of the
chart. The pen should be started to the right of the zero-time line and brought to the line
by the motor-driven rotation of the cylinder,
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3. The recorder is adjusted to bring the horizontal hair in the eyepiece level with the
top of the tube plug where the accumulation of sediment begins.

4, When the apparatus, including the proper sedimentation section, is assembled,
the tube is filled with distilled water to just above the valve. The temperature of the wa-
ter in the tube is determined and recorded, and the valve is closed. Normally the water
need not be changed after each analysis.

5. The electrical tapping mechanism is started; this operation also closes the elec-
trical circuit to a switch at the valve so that rotation of the cylinder will start when the
valve is opened,

6. The sand sample is washed into the funnel above the closed valve; the funnel is
filled to the reference mark; then the sample is stirred briskly for 10 sec with a special
stirring rod.

7. The valve is immediately and fully opened. Because opening the valve automati-
cally starts the cylinder, the chart time and the settling of the particles in the tube begin
simultaneously,

8. The operator watches through the eyepiece and, as soon as the first particles
reach the bottom of the tube, he starts moving the carriage vertically at a rate that keeps
the horizontal hair level with the top of the accumulation of sediment. This procedure
continues until the pen has passed the 62-micron size on the chart., Then rotation of the
cylinder automatically stops. If material is still falling, the tracking operation is con-
tinued, at least intermittently, until the maximum height of accumulation is determined.

9. While the pen stands at the maximum height of accumulation, the cylinder drive
clutch is released and the cylinder is rotated by hand to extend the line of maximum ac-
cumulation across the chart,

10. After the valve is closed, the sample is drained into a beaker by removing the
tube plug. The valve is opened slightly to drain out excess water and to wash out the
lower end of the tube more completely, The plug is replaced.

11. The chart is removed from the recorder.

37. Size distribution from the chart--The procedure of Section 36 produces
a pen trace on a chart that incorporates the fall-diameter calibration for the
VA-tube method, The trace is a continuous curve of sediment accumulation,
with time as the abscissa and height of accumulated sediment as the ordinate,
Generally, analytical results are desired as percentages of the sample finer
(or coarser) than certain definite sizes. One common series of these sizes
is shown on the calibrated charts. The percentages finer than those sizes on
the chart may be read from the chart by use of a scale that will conveniently
divide the total accumulation into 100 equal parts. (The general procedure
was shown in Fig. 5.) The intersections of the accumulation curve and the
division-size lines (interpolated, if need be, for the temperature of analysis)
are marked by ticks. The chart is spread out flat; the zero percent of the
scale is placed on the total-accumulation line and the 100 percent on the zero-
accumulation line, The scale is moved horizontally to the intersection of the
curve with the size-temperature line, If horizontal lines instead of ticks are
drawn through the intersections, all percentages may be read from one position
of the scale. The percentage finer than the division size may be read directly
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on the scale as it is represented by the portion of the total accumulation that
lies above the curve., Percentages coarser may be read by reversing the
scale,

If 10 percent of material coarser than that analyzed in the VA tube was
removed from the sample prior to analysis, then the 90-percent mark may be
used on the zero~-accumulation line to show readings directly in percentages
of the total sample, Similarly, if 40 percent of the original sample was re~
moved as silt and clay before VA~tube analysis, the 40-percent mark may be
used on the total-accumulation line to obtain direct readings in percentages of
the total sample.

VII, CONCI.USIONS

36, Conclusions~~Many investigators have used a basic type of sedimenta-
tion analysis in which sediment was introduced at the top of a column of dis~
tilled water and the settling velocity distribution was determined from the rate
of accumulation of sediment at the bottom. The basic type of analysis was
ceveloped into the VA-tube method.

A sediment-introducing device activated by a valve was designed that
simplified and systematized the introduction of sediment and promoted repro-
ducipility of analyses.

A recorder was evolved that provided a simple means of obtaining a per-
manent, continuous, and accurate record of sediment accumulation without
the need for specially talented or trained operators. The record could be
converted easily to size distribution,

Glass-bead samples were an aid in the initial development of the VA-tube
method., However, a calibration was required to obtain satisfactory accuracy,
and the calibration for glass-bead samples was not adequate for sands.

The VA tube required special calibration for accurate analysis of natural
sand samples., Calibration was in terms of the standard fall-velocity or fall- #
diameter distribution by weight and was based on 300 analyses of sand samples
for which the fall-diameter distribution was known. Previous investigators
had not calibrated the basic method or had calibrated against sieve-size dis~
tribution, The unique type of calibration for the VA tube was much more
laborious but also much more significant for analysis of sediments,

The accuracy of the VA~-tube method was established by many analyses,
The ¥V A~-tube method is a simple, fast, and economical procedure for size

analysis of sediments of sand sizes. The method has been used for thousands
of routine analyses in different laboratories,
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A 400-ft, 16-mm, colored film is available for demonstrating the method.

The calibration procedure required a new process for preparing sand sam-
ples for which the size distribution based on the standard fall velocity of the
individual particles was known, The process may be advantageously applied
to other sedimentation problems.
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APPENDIX

39. Explanation of tables~~Tables 10 and 11 show the relations of diameter
and fall-velocity of quartz spheres in distilled water at various temperatures.
For many purposes the tables are a more convenient and accurate tool than the
more usual graphical presentation.

Table 12 shows the series of analyses on which the calibration of the VA
tube was based. The sieve and known fall-diameter distributions, in percen-
tages finer by weight, are shown for each series of samples. The known fall-
diameter distribution was computed from the fall velocities of groups of 100
particles, each of the particles having been dropped individually., The VA~
tube analyses, after calibration, are shown for the various samples and tube
diameters, Both sieve- and fall-diameter distributions were always 100 per-
cent finer than 2000 microns,

The following symbols are used in Table 12:

% Indicates an analysis that was not used directly in calibration or in
the probability of accuracy in Table 9 because the sample was far outside the
range of concentration and particle size recommended for the diameter of the
tube,

a Denotes a duplicate sample that was substituted because of loss or
contamination of the original sample,
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TABLE 10
RELATION OF DIAMETER TO FALL VELOCITY
FOR QUARTZ SPHERES
Fall diameter in micrang
Velocity Temperature in degrees Centigrade Velocity
cn/sec 0°  10° 20° 21° 22° 23° 24° 25° 26° 27° 28° 29° 30° 40° | cm/aec
0.10 4s 38 33.k 33.0 32.6 32.2 31.9 315 3.2 30.9  30.6 30.3 30.0 2T 0.10
0.20 63 5h k7.4 6.8 k6.2 45.6 k5.0 A5 kWO B35 k3.1 k2.6 422 38 0.20
0.30 77 66 58.5 57.6 56.8 56.0 55.2 54.5 53.8 53.2 5.7 52,2 51.8 'y 0.30
0.40 90 76 67.8 66.8 65.8 64.9 64.0 63.2 62.b 61.7 61.0 60.k 59.8 55 0.40
0.50 101 86 76.5 75.3 7kl 73.0 72.0 7.1 T0.2 69.4 68.6 67.9 67.2 62 0.50
0.70 121 10k 92.0 90.% 89.1 87.9 8.8 8.8 8.8 83.8 & .8 B9 BLO TS5 0.70
0.90 1o 120 106.7 105.1 103.6 102.2 100.9 99.7 98.5 9T.4  96.3  95.3 9.3 87 0.90
1.10 157 135 120.8 119.0 117.k  115.9 1145 113.2 111.9 110.7 109.5 108.3 107.2 98 1.10
1.30 17% 150 1344 132.4 130.7 120.1 127.6 126.1 124.7 123.3 121.9 120.6 119.3 108 1.30
1.50 190 16M 147.5  145.3  143.F 1417 140.1 .138.5 137.0 135.5 13k.0 132.6 131.2 118 1.50
1.70 206 178 160.1 157.8 155.8 153.9 152.2 150.6 149.0 14T7.h 1k5.9 1kk.h 12,9 129 1.70
1.90 222 191 172.3  169.7 167.5 165.6 163.9 162.2 160.6 159.0 157.% 155.8 154.3 139 1.9
2.10 237 204 184.1  181.6 179.% 177.4  175.5 173.7 17L.9 170.2 168.5 166.9 165.3 1k9 2,10
2.30 252 217 195.6 193.1 190.9 188.9 187.0 185.1 183.2 1Bi.b 179.6 177.9 176.2 159 2.30
2.50 267 230  206.9 2084 202.2 200.1 198.1 196.1 1gh.2 192.3 190.4 188.5 186.7 169 2.50
3.00 304 262 23k.9 2324 230.1 227.8 225.6 223.5 2214 219.3 217.2 215.1 213.0 193 3.00
3.50 3o 29%  263.1 260.5 258.0 255.6 253.2 250.8 248.4 246.0 243.6 2k1.3 239.0 217 3.50
k.00 375 326 291.k 288.7 286.0 283.4 280.8 278.2 275.6 273.0 270.4 267.8 265.2 2k2 4.00
k.50 ko9 357 319.8  316.9 3140 3112 308.4 305.6 302.8 300.0 297.2 =204k 291.6 267 5.50
5.00 3 389 3484 34s5.3  3h2.2  339.2 336.2 333.2 330.2 327.2 32h.2  321.2 318.2 292 5,00
6.00 512 hs52 406.0  hO2.5 399.0 395.6 392.2 388.8 385.4 382.0 378.6 375.3 372.0 32 6.00
7.00 581 513  463.6 1459.8 456.0 452.3 L8.6 L4h.9 L4hL.2  L437.6 B340 h30.4  426.8 394 7.00
8.00 650 ST7 522.0 518.0 S1k.0  510.0 506.0 502.0 498.0 L94.0 490.0 486.0 482.0 L7 8.00
9.00 720 641 581.0 576.7 572.% 568.1 563.8 559.5 555.2 550.9 Sh6.6 sk2.h  538.2 501 9.00
10.00 791 706 6410 636.0 6314 626.6 622.0 617.5 613.0 608.6 604.2 599.8 595.4 556 10.00
| 11.00 8% T3 702 696 691 686 681 676 671 667 662 657 653 612 11.00
12.00 938 81 765 59 53 ™7 he 317 732 727 T22 7 712 668 12.00
13.00 101k 910 829 823 817 811 805 799 793 788 783 718 73 725 13.00
14.00 109 980 893 887 881 815 869 863 857 851 845 840 835 784 14.00
15.00 1170 1050 958 951 945 939 933 927 91 915 919 903 898 8ub 15.00
16.00 1250 1120 1026 1018 1011 100k 998 992 986 980 974 968 962 906 16.00
17.00 1330 1192 1094 1086 1078 1070 1063 1056 1050 10kh 1038 1032 1026 969 17.00
18.00 1h1o 1264 1162 1153 11hL 1136 1129 1122 1115 1108 1102 1196 1091 1033 18.00
19,00 190 1336 1230 1221 1213 1205 1197 1190 1183 1176 1169 1163 1157 1098 19.00
20.00 1570 1410 1300 1291 1282  12Th 1266 1259 1252 1245 1238 1231 1225 1165 20.00
[ 22.00 1730 1560  1lbhb W3k 125 16 1408 1800 1393 1386 1379 1372 1365 1302 22.00
2k,00 1900 1710 1592 1581 1571 1561 1552 1544 1537 1530 1523 1516 1509  1hbh 2h.00
26.00 2080 1870 17h2 1731 1721 1711 1702 1694 1686 1678 18T 1664 1657 1590 26.00
28.00 2280 2040 1906 1894 1883 1872 1862 1853 1845 1837 1829 1821 1813 17h2 28,00
30.00 2480 2230 2079 2067 2055 2043 2032 2022 2013 2014 1996 1988 1980 1904 30.00
35.00 2990 2730 2556  25h% 2532 2521 2510 2501 292 248y 2476  2h68 2860 2380 35.00
4o0.00 3510 3250 3074 3062 3051 3080 3030 3021 3012 300k 2996 2988 2980 2900 4o.00
45.00 k080 3830 3656 372 3731 3720 3610 3601 359 358k 3576 3568 3560 3490 45.00
50.00 K700 4470 h3he 4331 4320 4310 5300 4293 5286 k279 hoT2 4266 4260 h190 50.00
60.00 6500 6320 6230  6épe2  621h 6207 6200 6193 6186 6179 6172 6166 6160 6100 60.00
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TABLE 11

CHANGE OF FALL VELOCITY WITH WATER TEMPERATURE
FOR QUARTZ SPHERES
Fall veloclty changes in cm/sec

Velocity Temperature in degrees Centigrade Velocity
i cm/sec o° 10° 20° 21° 22° 23° 24° 25° 26° 27° 28° 29° 30° 10° cm/sec
0.10 +0.10 +0.042 +.010 +.007 +.004k +,002 [+} -.002 -.005 -.00T -.009 -.011 -.01% ~.030 0.10
0.20 +0.19 +0.085 +.022 +.016 +.010 4.005 0 -.005 -.009 -.014 -,018 -,022 -.026 .,056 0.20
0.30 +0,27 +0.125 +.032 +.02k  +.016 +.008 0 -.007 -.0ks .,020 -,026 -.032 -,038 -.080 0.30
0.40 4+0.34%  +0.16  +.0b1 +.030 +.020 4+.010 0 -.009 -,018 -,026 -.034% -.042 -.050 .,10 0.k
0.50 +0.50  +0.19  +.050 +.037 +.02k 4,012 0 -.011 -.022 -.032 -.0h2 -.051 -.060 -.12 0.50
0.60 +0.56 40,22  +.058 +.042 4+.027 +.013 0 -.012  -.02%  -.036 -.048 -.059 -.070 .14 0.60
0.70 +0.51  +0.24  4.066 +.048 4.031 +.015 [+} -.01% -,028 -.0bL -.05% -.067 -.079 -.16 0.70
0.8 +0.56  +0.27 +.0Th  +.052  +.033 +.016 [ -.016 -.031 -,04 ..061 -.075 ~-.088 .18 0.8
0.90 +0.60  +0.29  +.081 +.058 4.037 +.018 0 -.017 -.03% -,050 -.066 -.08 -.097 -.21 0.90
1.00 +0.65 +0.32  +.088 4.063 +.040 4+.019 0 -.019 -.037 -.055 .072 -.089 -.105 -.23 1.00
1.10 +0.69 +0.3%  +.095 +.067 +.043 +.021 0 -.020 -.039 -.058 -.07T -.095 -.113 -.25 1.10
1.20 +0,73  40.36  +.102 +.072 +.046 4,022 0 -.021  -.041 -.062 ..08 -.102 -.121 -.27 1.20
1.30 +0.TT  +0.38  +.108 +.076 +.0k9 4+.024 o] -.023 -.045 -.067 -.088 -.208 -.128 -,29 1.30°
1.%0 +0.81  +0.50 4.1k  4.081 4.052 +.025 [+] -.024  -.047  -.070 -.092 -1l -.136 -.32 1.40
1.50 +0.85  +0,k2 +.120  +.085 4.05% 4,026 ] -.025 -,050 .07k -.098 -.122 -.143 -.34 1.50
1.60 +0.89  +0.Lk +.126  +.090 +.058 4,028 0 -.026  -.052 -, 077 -.102 -,126 -.150 -.36 1.60
1.70 +0.93  +0.46  +.132 4,095 4.061 +.029 0 -.027 -.05% -,080 .-.106 -.132 -.157 -.38 1.70
1.8 +0.98  +0.48 +.138  +.100 +.063 +.030 ¢] -.028 -.056 -.083 -,110 -.137 -.163 -.k0 1.8
1.90 +1.02  +0.50  +.1hk 4,102  +.065 +.031 0 -.029 -.058 -.086 -.11% - 142 - 169 -.kL 1.90
2.00 +#1.06  +0.52  +.150 4.106 +.067 +.032 o} -.030 -.060 -.089 -.118 -6  -,1Th .43 2,00
3.00 +1.k2  40.69  +.18  +.13  +.08 4,04 0 -.0h -.08 -.12 -.15 -.19 -.23 -.57 3.00
4.00 +1.66  +0.83  £.21  +.15  +.10  +.05 0 -.05 -.10 -.1b -.19 -.24 -.28 -.69 4.00
5.00 +1.87  +0.9%  +.23  +.17  +.11  +.06 0 -.06 - - 17 -.23 -.28 -.33 -.80 5.00
6.00 +2.06  +1.0b +.25 +.18  +.12  4+.06 0 -.06 -2 -.18 -.2h -.30 -.36 -.89 6.00
7.00 +2.25 412 +.27  +.20 +.13  +.07 0 -.07 -.13 -.19 -.26 -.32 -.38 -.97 7.00
8.00 +2.0h 4121 +.29 +.21 +.14 +.07 [¢] -.07 -.1k -.21 -.28 -.34 -4 -1.0k 8.00
9.00 +2.62  +1.29  +.31  +.23  +.15 4,08 0 -.07 ~.1h -.22 -.29 -.36 R TS TS U § § 9.00
10.00 +2.80  +1.36 +.33 +.25 +.16 +.08 [¢] -.08 -.16 -.2h -.32 -.39 -5 1,17 10.00
15.00 +3.60  +1,75  +.43 4,32 +.21  +.10 o] -.10 -.19 -.28 -.37 -.h6 -.55 -1.40 15.00
¥ 20.00 +4.20  42.00  +.50  +.37  +.24 4,12 0 =11 -.21 -.31 .. b1 -.51 .60  -1.50 20.00
25.00 +b.30  42.10 +.55 +.ho, +.126 +.13 o] -1 -.21 -.31 - b1 -.51 -.60 -1.50 25,00
30.00 +4.50  +2,10  +.50  +.37  +.25  +.12 0 -.11 -.21 -.31 -.h1 -.51 -.60  -1.50 30.00
35.00 +4.30 42,00 +.45 +.33 +.22 +.11 [ -.10 -.19 -.28 -.37 -6 -.55 -1.ho 35.00
40.00 +4.10 41,80 +.40  +.30 +.20 .11 0 -.09 -.18 -.25 -.33 -4 -.50 -1.30 40.00
k5,00 +3.50  +1.50 +.35 +.27 +.18 +.09 0 -.07 -1 -.21 -.27 -.33 -.40 21,05 45,00
50,00 +2.30  +1.00 +.25 +.18 .12 +.06 0 -.05 -.10 -.15 -.20 -.25 -.30 -0.80 50.00
60.00 +1.10 +0.50  +.12 4,09  +.06  +.03 0 -.03 -.06 -.10 -.13 -.16 -.20 -0.50 60.00

NOTE: To the velocity at a given temperaturs add the change from this table to obtain
the fall velocity for the same quartz sphere in distilled water at 24°C.



100 Appendix

TABLE 12

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--microns 62.5 38 125 175 250 350 500 700 1000 1400
Powder River Sand--Coarse Distribution

Sieve diam, distribution 1.0 L.l 13.9 27.0 L8.0 69.0 85.5 9.5 100.0
Known fall diam. distribution 1.0 3.8 11.6 25.4 48.5 71.2 89.0 98.2 100.0

Fall Diameter Distributions Obtained in 3.2 mm. Tube
Sample analyzed
1

(0.5 gm.) 1.0 k.5 14.0 27.5 49.0 73.0 91.0 97.0 100.0
do 0.5 4.0 13.5 26.0 L6.0 48,0 88.0 96.0 100.0
do 1.0 3.5 13.0 27.0 k8.5 69.0 88.0 97.0 100.0
2 (0.5 gm.) 1.0 5.0  1h.5 27,0 L8.0 72.0 91.0 99.0  100.0
do 1.5 5.0 14.0 27.5 L7.0 73.0 90.0 99.0 100,0
Average 1.0 lialy 13.8 27.0 L7.7 71.0 89.6 97.6 100.0
L (0.9 gm.) 0.5 3.5 13.5 27.0 L8.5 71.0 92,5 98.5 100.0
do 1.0 3.5 13.0 25,0 47.5 72.0 93.5 100.0 100.0
do 1.0 L.0 13.5 26.5 L7.0 71.0 91.0 99.0 100.0
do 1.0 4.0 13.0 26.5 h6.5 70.0 92.0 98.0  100.0
Average 0.9 3.8 13.2 26.2 L7.h 71.0 92,2 98.9 100.0
5 (1.5 gm.) 1.0 3.5 12.0 25.0 48.0 69.5 90.0 98.0 100.0
do 0.5 3.5 12.0 26.0 9.0 70.0 91,0 99.0 100,0
6 (1.5 gm.) 1.0 3.5 12,0 2L.5 16.5 58,0 §9,.5 98.5  100.0
do 0.5 3.5 12.0 21,5 L7.5 69.0 91,0 98.5 100.0
Average 0.8 3.5 12.0 25,0 L7.8 69.1 90.k 98.5 100.0
7 (2.5 gm.) 1.5 3.5 12,0 24,0 L8.0 71.5 90.0 99.0 100.0
do 1.2 3.5 12.0 25.0 49.0 75.0 93,0 99.5 10C.0
8 (2.5 gm.) 1.0 3.5 11.0 23,0 L5.0 69.5 92.0 99.0 109.0
do 0.8 3.5 11.5 25,0 7.5 71.0 90.0 99.0 100.0
do 1.0 2.5  10.5 23,5 L7.5 72.0 92.0 99,0 102.0
Average 1.1 3.3 11.h 2h.1 L.l 71.8 91,1 99.1 100,0
Fall Diameter Distributions Obtainea in 4.0 mm. Tube
3 (0.9 gm.) 1.0 h.o 1o o 27.0 L7.0 68.0 87.0 98.0  100.0
do 1.5 4.0 4.0 28.0 L7.0 67.0 89.0 96.5 100.0
k(0.9 gm.) 1.5 L5 13.0 27.0 50.0 7240 90.0 98.0 106.0
do 1.0 3.5 13.5 26.5 50.0 71.0 90.0 98.0 100.0
Average 1.2 4.0 13.6 27.1 L8.5 69.5 89.0 97.6 100.0
5 (1.5 gm.) 1.0 4.0 12.5 25.5 L7.5 47.0 86.0 97.0 100.0
do 1.0 e} 12.5 26.5 L8.5 68.0 90.0 97.0 10C.0
6 (1.5 gm.) 1.0 10 12.5 26.0 u7.5 70.0 89.0 98.5 100.0
do 1.0 L0 12.5 26.5 48.5 69.0 88.0 98.0 100.0
Average 1.9 4.0 12.5 26.1 48,0 58,5 £8.2 9746 100.0
7 (2.5 gn.) 1.0 3.5 12.5 26.0 49.0 72.0 87.0 97.0 100.0
do 1.5 L.0 12,0 25.0 47.0 70,0 89.0 97.0 100.0
do 1.0 3.5 12.5 26,0 50.5 72.0 91.0 98.0 100.0
8 (2.5 gm.) 0.5 3.0 12.0 26,0 u8.5 69.0 88,0 98.0 100.0
do 0.5 3.5 12.0 25.5 L7.5 69,0 88,0 98.0 100.0
Average 0.9 3.5 12.2 25.7 18,9 704 88.6 97.6 200.0
9 (3.5 gm.) 0.5 3.0 10.5 25,0 18,0 72.0 92.0 99.0 100.0
do 0.5 2.8 10,9 22,0 b6.5 69.0 88.0 98.0 10,0
do 0.5 3.0 10.5 23.5 6.0 70.0 89.0 93.0 107,0
do 0.5 3.0 11.0 23.0 6.5 58,0 88,0 98.0 100.0
10 (3.5 gm.) 0.5 2.5 10,5 23,0 9.0 72.0 92.0 99.0  100.0
do 0.5 2.0 10.5 23.5 L5.0 70.0 91.0 98.0 100.0
do 0.5 2.5 9.5 22,0 46.0 69.0 89.0 97.5 100.0
Average 0.5 2.7 10.4 23,1 L6.7 70.0 89.9 98.2 100.0
Fall Diameter Distritutions Obtainea in 5.0 mm. Tube
3 (0.9 gm.) 0.5 k.0 12.0 25.0 L5.0 65.0 89.0 95.0 100.0
do 0.5 4.5 13.0 26.0 46,0 67.0 33.0 96.0 100.0
L (0.9 gm.) 1.0 L, 12,0 27.0 T 69.0 89,0 95.6 100.0
do 1.5 L.0 14.0 27,0 L7.0 69.0 86.0 95.0 100.0
Average 0.9 Lol 12.8 26,2 L5.5 67.8 88.0 95.8 100.0
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Division size--microns

Sieve diam. distribution
Known fall diam.

Sample analyzed
5

10

Sieve
Known

(1.5 gm.)
do
do
(1.5 gm.)
do
Average
(2.5 gm.)
do
(2.5 gm.)
do
Average
(3.5 gm.)
do
do
do
do
do
do
(3.5 gm.)
do
do
do

Average

diam. distribution
fall diam. distribution

Sample analyzed

1

3
L

(0.1 gm.)
do

do
(0.1 gm.)
do

Average
(0.5 gm.)

do
(0.5 gm.)
do
Average
(0.9 gm.)
ds

o
(0.9 gm.)
do

Average

(0.5 gm.)
do
(0.5 gm.)
do

Average

distribution

TABLE 12--Continuved

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

62.5 88
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250
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Powder River Sand--Coarse Distribution
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Fall Diameter Distributions

11.5
13.5
12,5
12.0
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12.h

12.0
12.0
11.5
13.0
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69.0 85.5
71.2 89.0

Obtained in 5.0 mm. Tube-~Continued

27.0 48.0
25,4 48,5
24.0 L5.0
27.0 L8.0
25.5 L6.o
25.0 L5.5
25,0 L5.5
25.3 L6.0
2h.5 L6.0
24.5 7.5
24.0 L5.0
26,5 48.0
2L.9 L6.6
23,0 47.0
24.0 L6.0
2L.5 L8.0
21.0 L5.0
2L.0 L5.5
23.0 L6.0
24,0 L5.5
20.0 Ly, 5
240 h7.0
21.5 L5.5
22,0 kb5
22.8 45.9

67.0 87.0
70.0 86,0
69.0 86.0
68.0 90.0
70.0 89,0
68.8 87.6
73.0 91.0
72.0 91.0
69.0 86.0
70.0 91.0
71.0 89.8
71.0 90.0
70.0 91.0
70.0 87.0
70.0 92.0
68.5 90.0
70.0 90.0
68,0 86.5
67.5 87.5
6940 89.0
68.5 88.0
67.0 89.0
69.0 89.1

Powder River Sand--Fine Distribution

l2.1 25,7
10.0 26,0

Fall Diameter

15.0 30.0
14.0 29.0
17.0 32,0
1.0 29.0
16.0 30.0
15.2 30,0
9.5 25.0
11.0 27.5
12,0 28.5
12,5 29.5
11.2 27.6
8.0 23.5
9.0 23.0
8.5 2l.0
8.5 23,0
8.5 23.L

Fall Diameter

13.0 29.0
4.0 30.5
15.0 31.0
15.0 32.0
1h.2 30.6

2.0

50.5 69.5 85.5%
Ls.o 68.5 86.0
Distributions Obtained in
52,0 71.0 89.0
53,0 71.0 91.0
53.0 71.0 90,0
53.0 70.0 89.0
51.0 70.0 89.0
52.4 70.6 89.6
51.0 70.5 86.0
53.0 72.0 86.5
52.5 71.0 86.5
53.0 7L.5 86.5
52,1 71.2 86.4
Lho.0  68.5 86.5
h7.9 67.5 85.0
k9.5 68.5 86.5
L8.0 67.0 83.5
L8.5 67.9 85.4
Distributions Obtained in 3.2
52,0 69.5 85.5
53.0 71,0 8.5
52,5 70.0 8L.5
5h.0 70.0 86.0
52.9 70.1 85.4

9.5 100.0
96.0 100,0
mm. Tube

98.0 100.0
99.0 100.0
98.0 100.0
98,0 100.0
98.5 100.0
98.3 100.0
97,0 100.0
97.0 100.0
97.5 100.0
98.0 100.0
974 100.0
98.0 100.0
98.0 100,0
98.0 100.0
97.0 100,0
97.8 100.0
mm. Tube

96.0 100.0
970 100.0
96.0 100.0
97.0 100.0
96.5 100.0

700

97.0
97.0
97.0
97.0
97.0

97.0

98.C
98.0
97.0
98.0

97.8

98.0
98.0
97.5
99.0
99.0
99.0
97.5
97.5
98.0
97.0
98.0

98.0

1000

100.,0
100.0

100.0
100,0
100.0
100,0
100.0

100.0

100.0
100.0
100.0
100.0

100.0

100.0
100.0
100.0
100.0
100,0
100.0
100,0
100,0
100.0
100.0
100.0

100,0

1400
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TABLE 12--Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400
Powder River Sand--Fine Distribution
Sieve diam. distribution 12.1 26.7 50.5 69.5 85.5 9l.5 100.0
Known fall diam. distribution 10.0 26.0 b9.0 68.5 86.0 96.0 100.0
Fall Diameter Distributions Obtained in 3.2 mm. Tube-~Continued
Sample analyzed
5 {0.9 gm.) 12,5 28.5  53.5  69.0 85.5 96.0  100.0
do 13.0 28.5 52,0 69.0 8h4.5 96.0 100.0
6 (0.9 gm,) 12.0 29,0 £1.5 69.5 84.0 95.0 100.0
do 13.0 29,5 52.0 70.5 86.0 96.0 100.0
Average 12,6 28.9 52.2  69.5 85.0 95.8  100.0
7 (2.5 gm.) 8.8 25,5  50.0  68.5 85.0 96.0  100.0
do 10,0 25.5 50.0 68.5 8L.0 96.0 100.0
8 (2.5 gm.) 9.2 25.5 50.5 70.0 85.5 96.0  100.0
do 9.0 23.0 47.0 68,0 85.0 97.0 100.0
Average 9.2 2L.9 Lok 68.8 84.9 9642 100.0
Fall Diameter Distributions Obtained in 5.0 mm. Tube
5 (0.9 gm.) 13.0  3L.0 55.0 72.0 85.5 96.5 100.0
do 9.5 29.0 52.5 71.0 8L.0 97.0 100.0
6 (0.9 gm.) 13,0 30,0  53.0  7L.0 86.0 98.0  100.0
do 13.0 30.0 52.5 72,0 87.0 98,0 100.0
Average 12,1 30.0 £3.2 71.5 85.6 97.4 100.0
7 (2.5 gm.) 10.5 25.0 L9.0 68.5 85.0 95.0 100,0
do 11.0 26.5  50.0 69.0 85.0 95.0 100.0
8 (2.5 gm.) 10.5 27.0 51.0 70,0 86.5 96.0 100.0
do 12.0 27.5 5l.5 70.0 86.0 96.0 100.0
Average 11.0 26.5 SO.L 69.5 85.6 95.5 100.0
9 (L5 gm.) 10,0 27,0 52,5  71.5 87.0 95.0  100.0
do 10.8 27.0 52,0 70.5 86.0 95,0 100.0
Average 10.4 27.0 2.2 71.0 86.5 95.0 100.0
Republican River Sand-~Fine Distribution
Sieve diam. distribution 35.6 48.8 63.1 73.0 83.2 89.2 k.2 97.0 100,0
Known fall diam. distribution 33.0 L6.6 60.0 71.0 82.0 89.0 9.8 98.5 100.0
Fall Diameter Distributions Obtained in 2.0 mm. Tube
Sample analyzed
1 (0.1 gm.) 28.0 3.0 55.0 71.5 8L.5 91.0  95.0 99,0 100.0
do 28.0 L2.5 56,0 71.0 83.0 90.0 95.0 99.0 100.0
Average 28.0 2.8 55.5 1.2 83.8 90.5 95.0 99.0 100,0
2 (0.5 gm.) 32,0 L5.0 59.0 70,0 82,5 91.0 97.0 99.5 100.0
do 32,0 45,5 59.5 71.0 80.5 90.5 97.0 99.5 100.0
Average 32.0 L5.2 59.2 70,5 81.5 90.8 97,0 99.5 100.0
3 (0.9 gm.) 30.0 L3.5 S8.5 70.0 81,0 89.5 95.0 100.0 100.0
do 31.5  hb.S 59.0 71.0 82.0 90,5  96.5 100.0  100.0
Average 30.8 Lh0 58.8 70.5 81.5 90.0 95.8 100.0 100.0
Fall Diameter Distributions Obtained in 3.2 mm. Tube
2 (0.5 gm.) 35.0  L7.5  60.0  69.0 79.5 91.0  9L.0 97.0  100.0
do 35,0 47.0 61.0 71.0 81,5 91.5 96,0 99.5 100.0
Average 35,0 L7.z 60.5  70.0 80.5 91.2  95.0 98.2  100.0
3 (0.9 gm.) 34.5  L8.5 62,0  73.0 82.0 90.0  96.5 99.0  100.0
do 33,5 h6.5 61.0 72,0 82.0 92,0 95.5 99.5 100.0
do 34,5 L6.5 60.5 71.5 80.5 91.0 95.0 98.0 100.0
Average 3h.2 L7.2 61.2 72.2 81.5 91.0 95.7 98.8 100.0
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TABLE 12--Continued
SIZE DISTRIBUTIONS OF TEST SAMPLES
IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES
Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400
Republican River Sand--Fine Distribution
Sieve diam. distribution 35.6 58.8 63.1 73.0 83.2 89.2 9h.2 97.0 100.0
Known fall diam. distribution  33.0 6.6 60k 71.0 82.0 89.0 9k.8 98.5  100.0
Fall Diameter Distributions Obtained in 3.2 mm. Tube--Continued
Sample analyzed
L (2.0 gm.) 32.5  L7.0  60.5  T71.5 83.0 89.0 95.5 99.5  100.0
do 31.5 Lb.5 59,0 70.5 81.5 91.0 97.0 100.0 100,0
Average 32,0 5.8 59,8 71.0 82.2 90.0 96.2 99.8 100.0
Fall Diameter Distributions Obtained in 5.0 mm. Tube
3 (0.9 gm.) 32,0  L7.0  60.0  72.0 81.0 88.0 94.0 99.5  100.0
do 33.0 L6.5 61.0 72.0 80.5 88.0 93.0 97.0 100.0
Average 32.5 46.8 60.5 72.0 . 80.8 88.0 93.5 98.2 100.0
b (2.0 gm.) 32.0 L7.5 61.0 71.5 82.0 88.5 9.5 98.0 100.0
do 35,0 L4B8.5  60.5 7245 83.0 88.5 9L.0 98.0 100.0
Average 33.5 48.0 60.8 72.0 82.5 88.5 9L.2 98.0 100.0
S (4.0 gm.) 35.0 49.0 6245 72.0 83.5 89.0 95.0 99.5 100.0
do 33.0  47.5  6L.0 71.5 82.0 88.0 93.0 99.5  100.0
Average 34.0 48.2 61.8 71.8 82.8 88.5 94.0 99,5 100.0
Fall Diameter Distributions Obtained in 7.0 mm. Tube
L (2.0 gn.) 32,0 5.0 58,0  69.0 81.0 87.0 95.0 99.5 100.0
do 31.0 Lh.5 58.0 70.0 81.5 87.0 95.0 99.0  100.0
Average 31.5 Lh.8 S8.0 69.5 81.2 87.0 95.0 99.2 100.0
5 (4.0 gm.) 32,5  L5.0  57.5  67.0 80.5 87.5 9k.0 98,0  100.0
do 33.5 L6.0 59.5 70.0 81.5 89.0 96.0 99.0 100,0
Average 33,0 45,5 58.5 68.5 81.0 88.2 95.0 98.5 100.0
6 (8.0 gm.) 3L.5  L7.5  60.5  7L.5 82,0 89.0 93.5 98.0  100.0
do 36.0 L8.0 60.5 71.0 82,0 89.0 9k.0 99,5 100.0
Average 35,2 47.8 60.5 71.2 82.0 89.0 93.8 98.8 100.0
Republican River Sand-~-Coarse Distribution
Sieve diam. distribution 1.1 L0  13.6 27.0 k8.0 68.8 85.3 9h.2  100.0
Known fall diam. distribution 0.6 3.3 11.0 23.8 L6.5 68.0 87.0 97.0 100.0
Fall Diameter Distributions Obtained in 3.4 mm. Tube
Sample analyzed
1 (0.5 gm. 0.5 3.5 10.0 23.0 L6.,0 6L4.0 85.0 95.0 100.0
do - 0.0 3.0 10.5 24,0 Lk.0 67.0 87.0 97.0 100,0
Average 0.2 3.2 10.2 23.5 45,0 65.5 86.0 96.0 100.0
2 (1.0 gm.) 0.0 2.5 9.5 23,0 L6.0 65.0 87.0 97.0 100.0
do 0.0 2,0 9.0 21,5 k.0 6l.5 87.5 98.0 100.0
Average 0.0 2.2 9.2 22,2 L5.0 6L.8 87.2 97.5  100.0
3 (2.0 gm.) 0.5 2.2 8.0 20.0 L3.5 65.9 86.5 97.0 100.0
do 0.0 2.4 9.0 21.2 45.5 66,0 85.5 97.5 100.0
Average 0.2 2.3 8.5 20.6 Lk.5 65.8 86.0 97.2 100.0
Fall Diameter Distributions Obtained in 5.0 mm. Tube
2 (1.0 gn.) 0.5 3.0 10.0 2L.0 46.5 65.0 8L.0 98.0 100.0
do 0.5 3.5 11.0 25.0 47.0 65.0 85.0 95,0  100.0
Average 0.5 3.2 10.5 2k.5 6.8 65.0 8L.5 96.5 100.0
3 (2.0 gn.) 0.5 2.5 10.5 24.0 L9.0 70.0 86.0 97,0 100.0
do 1.0 3.5  10.5  23.5 k9.0 68.0 85.0 96.5  100.0
Average 0.8 3.0 10.5 23.8 9.0 69.0 85.5 96.8 100.0
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TABLE 12--TContinued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size-~microns 62,5 88 125 175 250 350 500 700 1000 1400
Republican River Sand--Coarse Distribution

Sieve diam. distribution 1.1 Lo 13.6  27.0 48.0 68.8 85.3 9L.2  100.0
Known fall diam. distribution 0.6 3.3 1.0 23.8 L6.5 68.0 87.0 97.0  100.,0

Fall Diameter Distributions Obtained in 5.0 mm. Tube--Continued
Sample analyzed

L (Lo gm.) 1.0 2,0 9.5  22.5 50.5 72.0 88.0 99.5  100.0
do 1.0 2.5 9.5 22.0 L7.5 1.5 88.0 99.0  100.0
Average 1.0 2.2 9.5 22,2 L9.0 71.8 88.0 99.2 100.0

Fall Diameter Distributions Obtained in 7.0 mm. Tube
3 (2.0 gm.) 0.0 2.5 11.0 24,0 k9.0 71.0 86.0 98.5 100.0
do 0.5 3.0 9.0 22,0 L6.0 68.0 85.0 97.0 100.0
Average 0.2 2.8 10.0 23.0 47.5 69.5 85.5 97.8 100,0
L (4e0 gm.) 0.5 2.0 9.5  23.0 46.0 69.0 86.0 98.0  100.0
do 0. 2,0 10.0 25,0 50.0 71.0 87.0 99.0  100.0
Average 0.5 2.0 9.8 21,0 48.0 70.0 8645 98.5 100.0
5% (8.0 gm.) 0.0 1.5 8.5 22,0 47.0 68.0 89.0 98.0  100.0
do 0.5 2.5 9.5 23.5 Lg.o 69.5 87.5 99.5 100,.0
do 0.5 2.5 8.5 22.5 L9.0 70.0 90.0 99.5 100.0
Average 0.3 2.2 8.8 22,7 48.3 69.2 88.8 99.0  100.0

Fall Diameter Distributions Obtained in 9.0 mm. Tube
L (Lo gm.) 0.0 3.0 10,0  24.0 48.0 67.0 8l.5 98,0  100.0
do 0.0 3.0 10,0 23.5 L9.0 72.0 88.0 98,0  100.0
La (4.0 gm.) 0.0 1.5 11,0 25.0 L9.0 71.0 89.0 99,0  100.0
do 0.0 1.0 9.0 23.0 L6.5 68.0 88.0 97.0 100.0
Average 0,0 2.1 10.0 23.9 48.1 69.5 87.L 98.0 100.0
5% (8,0 gm.) 0.5 3,0 15.0  31.0 56.5 73.% 90.5 99.0 100.0
do 0.0 2.5 13.5 29.0 53.0 72.0 87.5 99.0 100.0
do 0.5 2.5 14.0 29.0 5h.0 735 88.0 99.0 100,0
do 0.0 2.0 10.0 25.0 51.0 69.0 86.0 97.5 100.0
do 1.0 3.0 11.0 26.0 52.0 69.5 87.5 98.0 100.0
Average 0. 2.6 12,7  28.0 53.3 71.5 87.9 98.5  100.0
6% (12,0 gm.) 0.5 2.8 13.0 29.0 £5.0 75.0 90.5 99.5 100.0
do 0.5 2.5 12.5 28.0 55.0 71.5 88,0 99.5 100.0
do 0.5 2.5 11.0 27.0 55.0 73.0 89.0 99.0 100.0
do 0.5 2.5  11.0 27.5 £3.0 72.5 88.0 99.0  100.0
Average 0.5 2.6 11.9 27.9 ch.5 73.0 88.9 99.2 100.0

Cheyenne River Sand

Sieve diam. distribution 1.2 2.2 L0 7.2 17.6 37.0 62.0 86,0 100.0
Known fall diam. distribution 0.8 1.9 3.8 7.2 18,4 40.0 70,2 2N 100.0

Sample analyzed Fall Diameter Distributions Obtained in 3.4 mm. Tube

1 (0.5 gm,) 1.0 2.5 4.0 7.5 19.0 37.0 79.0 99.0 100.0
do 1.0 2.5 5.0 8.5 21.0 L41.0 79.0 99.0 100.0
Average 1.0 2.5 4.5 8,0 20.0 39.0 79.0 99.0 100.0

2% (1.0 gm.) 1.0 1.8 L0 6.5 19.0 36,0 83.0 98.0 100,0
do 0.5 1.5 3.0 6. 19.0 42,0 81.0 98.0 100,0
Average 0.8 1.6 3.5 6.2 19.0 39.0 82.0 98.0 100.0

3% (2.0 gm.) 1.5 2.5 L0 645 16.0 Lo.5 79.0 99.0 100.0
do 2.0 3.0 Le0 6. 17.0 L46.0 83.0 99.0 100.0
Average 1.8 2.8 4a0 6.5 16.5 L3.2 81.0 99.0 100.0
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TABLE 12--Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN GUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--micrens 62.5 88 125 175 250 350 500 700 1000 1400
Cheyenne River Sand

L0 17.6 37.0 62.0 86.0 100.0

Sieve diam. distribution 1. 2 Te2
0. 9 3.8 7.2 18.4 Lo.o 70.2 b 100.0

2
Known fall diam. distribution 8

Fall Diameter Distributions Obtained in 5.0 mm. Tube
Sample analyzed
2

(1.0 gm.) 1.0 2.0 1ts0 6.5 19.0 L3.0 73.0 97.0 100.0
do 0.0 1.0 2.0 5.0 20.0 L3.0 740 97.0 100.0
Average 0.5 1.5 3.0 5.8 19.5 L3.0 73.5 97.0 100.0
3% (2.0 gm.) 0.0 1.0 2.5 5.5 18.0 I3.5 79.0 98,0  100.0
do 1.0 2.0 2.5 6.0 19.0 U6.0 75.0 98.0 100.0
Average 0.5 1.5 2.5 5.8 18.5 k.8 77.0 98.0  100.0
gt (L0 gme) 1,0 1.5 3.5 5.5 18.0 3.0 80.0 99.0 100,0
do 1.5 2.0 3.5 Se5 -17.0 h3.0 80.0 98.5 100.0
Average 1.2 1.8 3.5 5.5 17.5 43,0 80.0 98.8 100.0
Fall Diameter Distributions Obtained in 7.0 mm. Tube
3 (2.0 gm.) 1,0 2.0 4.0 6.0 19.0 Lh.0 73.0 96.0 100.0
do 0.5 2.0 3.5 5.0 17.0 41.0 71.0 97,0 100.0
Average 0.8 2.0 3.8 5.5 18,0 L2.s 72.0 96,5 100.0
L (L0 gm.) 1.0 1.5 3.5 5.5 17.0 h1.0 74,0 98.0 100.0
do 1.5 2.5 3.5 5.5 16.0 38,0 72.0 97.5 100.0
Average 1.2 2.0 3.5 5.5 16.5 39.5 73.0 97.8 100.0
5% (8.0 gm.) 1.5 2.5 3.5 6.0 18,0 Lh.o 77.0 98.0 100.,0
do 1.5 2.0 3.5 5.5 16.0 42,0 76,0 98.5 100.0
hverage 1.5 2.2 3.5 5.8 17.0 43.0 76.5 98.2 100.0
Fgll Diameter Distributions Obtained in 9.0 mm. Tube
L (4.0 gm.) 0.5 1.5 3.0 5.5 17.0 10.0 68.0 96.0 100.0
do 1.0 1.5 2.5 5.0 18.0 39.0 68.0 97,0 100.0
Average 0.8 1.5 2.8 5.2 17.5 39.5 68.0 96.5 100.0
5 (8.0 gm.) 0.5 1.5 2.5 5.0 16.0 39.5 68.0 98.0 100.0
do 0.5 1.0 2.5 5.0 17.0 h1.0 71,0 98.0 100.0
Averuge 0.5 1.2 2.5 5.0 16.5 40.2 69.5 98.0 100.0
6% (12.0 gm.) 1.0 1.5 2.5 5.0 20,0 L6.5 8.5 99.5 100.0
do 1.0 1.5 2.5 5.0 20.5 L3.5 77.0 99.5 100.0
Average 1.0 1.5 2.5 5.0 20.2 45.0 80.8 99.5 100.0
Taylors Falls Sand--Coarse Distribution
Sieve diam. distribution 23.0 39,0 62.5 8L4.9 97.0 100.0
Known fall diam. distribution 18.5 35.0 59.0 8lk.0 97.0 100.0
: S i Fall Diameter Distributions Obtained in 2.0 mm. Tube
Sample analyzed
1 (0.1 gm.) 17.0 34.0 55.0  89.0 99.0 1000
do 17.0 32,0 56,0 90.0 99,0  100.0
do 19.0 33.0 55.0 90.0 98.0 100.0
Average 17.7 33,0 55,3 89.7 98,7 100.0
2 (0.5 gm.) 18.0 34.0 60.0 86.0 99.0  100.0
do 17.5 33.5 58.0 85.0 99,0 100.0
Average 17.8 33.8 59.0 85.5 99.0 100.0
Fall Diameter Distributions Obtained in 3.4 mm. Tube
2 (0.5 gm.) 17.0 32,0 56.0 80.0 99.0 100.0
do 19.0 34,0 57.0 80.0 99.0 100.0

Average 18.0 33.0 56.5 80.0 99.0 100.0
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TABLE 12--Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400
Taylor Falls Sand--Coarse Distribution

Sieve diam. ‘distribution 23,0 39.0 62.5 8k4.9 97.0 100.0
Known fall diam, distribution 18.5 35.0 59.0 8L.0 97.0 100.0

Fall Diameter Distributions Obtained in 3.4 mm. Tube-~Continued
Sample analyzed
3

(0.9 gms) 18,5  35.0 59,0  82.0 98,5  100.0

do 20.0 36.5 59.5 82.0 99.0 100.0
Average 19,2 35.8 59,2 82.0 98.8 100.0

L (2.0 gn.) 18.0 3.0 6l.5  86.0 98.0  100.0
do 17.0 3k.0 63.0 87.0 98.0 100.0

ha (2.0 gm.) 19.0 36.0 60,0 8L.0 975 100.0
do 19.0 36,0 62,5 85.0 98.0 100.0
Average 18.2 35.0 61.8 A58 97.9 100.0

Fall Diameter Distributions Obtained in 5.0 mm. Tube

3 (0.9 gm.) 16.5  35.0 58,0  82.0 98.0  100.0
do 19.0 37.0 62.0 82.0 99.0 100.0
Average 17.8 36.0 60.0 82.0 98.5 100.0

b (2.0 gmn.) 18.0 34.5 60.5 84.0 97,0 100,0
do 19,0 36.0 61.0 85.0 96,0 100.0
ha (2.0 gm.) 20,0 37.0 60.0 83.0 98.0  100.0
do 20,0 37.5 62.5 8L.5 98.0 100.0
Average 19.2 36.2 61.0 8li,1 97.2 100.0

5 (4.0 gm.) 15.5 31,0 60.0 85.0 97.0 100.0
do 17.0 36.0 64.0 87.0 98.0 100.0
Average 16.2 33.5 62,0 86.0 97.5 100,0

Fall Diameter Distributions Obtained in 7.0 mm. Tube

L (2.0 gm.) 17.0  35.0 S8.0  86.0 97.0  100.0
do 16,0 35.0 61.0 85.0 96,0 100.0

La (2.0 gm.) 18.0  36.0 59.0  82.0 98.0  100.0
do 19.5 36.0 59.0 82.0 97.0 100.0
Average 17.6 35.5 . 59.2 83.8 97.0 100.0

5 (4O gm.) 17.0 340  60.0  83.0 96,5  100.0
do 18.5 36.0 61,5 84.0 96,5 100.0
Average 17.8 35.0 60.8 83.5 96,5 100.0

&% (8.0 gme) 18.0 38,0 65.0  85.0 95.5  100.0
do 18,5  37.0 65.0  86.0 97,0  100.0
Average 18.2 37.5 65.0 85.5 96.2 100.0

Taylors Falls Sand--Fine Distribution

Sieve diam. distribution 56.5 730 92,0 100.0 100,0
Known fall diam. distribution 5L.0 69.0 89.0 99.0 100.0

Sample analyzed Fall Diameter Distributions Obtained in 2.0 mm. Tube

1 (0.1 gme) £3,0  67.0 91,0 100.0 100.0
do 5640 68.0 93,0  100.0 100.0
Average 545 67.5 92,0 100.0 100.0

2 (0.5 gm.) 54.0 72.0 90,0 100.0 100.0
do £3.0 70,0 90.0 99.5 100.0
Average 53.5  71L.0  90.0  99.8 100,0

3 (0.8 gm.) ch.8 71.8  90.8  99.8 100.0
do 55.5 7h.5 91.8  100.0 100.0
do 56.5 75.0 92,5  100.0 100.0

Average 55.6 73.8 91.7 99.9 100.0
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TABLE 12-~Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400

Taylors Falls Sand--Fine Distribution

Sieve diam. distribution 56.5 73,0 92.0 1Q0.0 100.0
Known fall diam. distribution 5L.0 69.0 89.0 99.0 100.0

. . . . . in 3. LT
Sample analyzed Fall Diameter Distributions Obtained in 3.4 mm. Tube
2

(0.5 gm.) 53.0  69.0  88.0 99.5 1000

do 55,0  71.0  90.0 99,0 100.0
Average 54,0 70,0 89.0 99.2 100.0

3 (0.8 gm.) 57.0 73,0 90.0  100.0  100.0
do 56,5 73,0  90.0  100.0  100.0
Average 56.8 73.0 90,0 100.0 100.0

L (2.0 gm.) 5h.8 74,0 91.0 99.5  100.0
do 5h.8 L0 91,0 99.5 . 100.0
Average 54.8 740 91,0 99.5  100.0

Fall Diameter Distributions Obtained in 5.0 mm. Tube

3 (0.8 gm.) 56,0  69.0  90.0  100.0  100.0
do ’ 55.0 69.0 86,0 100.0 100.0
Average 55.5 69.0 88.0 100.0 100.0

Lk (2.0 gm.) 55,5  73.0  89.0 99,0  100.0
do 545 70,0 87.0 98.5  100.0

do 54.8 70.5  8%.0 99.5 100,0
Average 5.9 1.2 88.3 99.0 100.0

5 (Le0 gm.) 51.5  69.5  90.0 98,5  100.0
do 5l.5  68.5 88.5 98,0  100,0
Average 51.5 69.0 89.2 98.2 100.0

Fall Diameter Distributions Obtained in 7.0 mm. Tube

L (2.0 gm.) 53.0 69,0 88.0 99.0 100.0
do 53.5 71.5 88.5 98,5 100,0
Average 53.2 70,2 88.2 98.8 100.0

5 (L0 gm.) 50.5  67.5 86,5 97,5  100.0
do 51.5 69.5 87.5 98.0 100.0
Average 51.0 68.5 87.0 97.8 100.0

6 (8.0 gm.) 5L.5 71.5 89.5 98.5  100.0
do 55.0 72.5 89.5 98.5 100.0
Average 5h.8 72,0 89.5 98.5 100.0

Special Sand--Fine Distribution

Sieve diam. distribution 0.0
Known fall diam. distribution 0,0 0.2 1.0 3.7

0.5 1.6 L.0 10,0 20.0 36.0 £2.0 7040 86.0
9.6 21.h 39.0 59.6 8L.2 98.2

Sample analyzed all Diameter Distributions Obtained in 10,00 mm. Tube

1% (2.0 gm.) 0.0 0.0 0.5 3.0 8.5 20.0 36,5 57.0 87.0 99.0
do 0.0 0.0 0.0 4.0 12,0 23,0 43.5 6740 93.0 99.0
Average 0.0 0.0 0.2 3.5 10.2 21.5 L0.0 62.0 90,0 9.0

2 (5.0 gm.) 0.0 0.0 1.0 3.5 10,0 22,0 35,0 56,0 86.0 98.0
do 0.0 0.0 1.0 3.5 9.0 20.0 37.0 6li.0 87.0 98.0

do 0,0 0.0 1.5 2.5 8.0 18.0 35.0 60.0 83.0 98.0
Average 0.0 0.0 1.2 3.2 9,0 20.0 36.0 60,0 85.3 9840

3 (10.0 gm.) 0.0 0.0 1.0 3.0 8.5 20.5 37.0 6140 86.0 9745
do 0.0 0.0 1.2 3.0 8.5 20.5 38.0 60.0 82.0 98.0
Average 0.0 0.0 1.1 3.0 8.5 20.5 37.5 6045 84.0 97.8

L (15.0 gm.) 0.0 0.0 0.3 2,2 8.0 19.5 3645 61.0 87.0 99.0
do 0.0 0.0 0.2 3.0 8.5 21.5 39.0 59.0 86.0 99.0

do 0.0 0.0 0.8 2.5 8.5 19.0 36.0 56.0 83.0 99.0
Average 0.0 0.0 0.k 2.6 8.3 20.0 37.2 58.7 85.3 99.0
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TABLE 12--Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES
IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400

Special Sand--Medium Distribution

Sieve diam. distribution 0.0 0.0 15.0 4o.0 70,0
Enown fall diam. distributior 0.0 5.5 26,0 65.6 96,2
Fall Diameter Distributions Obtained in 10.0 mm. Tube

Sample analyzed
1 (2.0 gn.) 0.0 L0 22,0 £8.0 88,0
do 0.0 3.5 25,0 63,0 92,0
do 0.0 5.0 22,0 6640 93.0
Average 0.0 Le2 23.0 62.3 91.0
2 (5.0 gm.) 0.0 7.0 26,0 60.0 94.0
do 0.0 5.0 26.0 71.0 93,0
do 0.0 5,0 27.0 65.0 9.0
Average 0.0 5.7 26.3 65.3 93.7
3 (10.0 gm.) 0.0 7.0 28.0 70.0 96,0
do 0,0 li.0 21.5 60.0 9.5
do 0.0 6.0 28,5 61.0 97.0
Average 0.0 5.7 26.0 63.7 95,8
Special Sand--Coarse Distribution
Sieve diam, distribution 0.0 0.0 10.0 50,0
Knowm fall diam. distribution 0.0 6.2 L46.0 93.8

Fall Diameter Distributions Obtained in 10.0 mm. Tube
Sample analyged

1 (1.0 gm.) 0.0 0.0 30.0 93.0
do 0.0 5.0 39.0 95.0
do 0.0 5.0 40.0 95,0
Average 0.0 3.3 36.3 9L.3
2 (2.0 gm.) 0.0 6.0 47.0 92,0
do 0.0 10.0 Lk.o 9k.0
Average 0.0 8.0 b5.5 93.0
3 (5.0 gm.) 0.0 9.0 50,0 95.0
do 0,0 7.0 L340 93.0
Average 0.0 8.0 b5.5 94,0
L (8.0 gn.) 0.0 7.0 5l.0 96,0
do 0,0 6.0 50.0 93.0
Average 0.0 6.5 52,0 9k,.5

Combination of Special and Powder River Sand
Sisve diam. distribution 0.0 0.0 2.4 7.0 18.6 3k.0 55,0 75.0 90.0 97.0
Known fall diam. distribution 0.0 0.0 1.3 6.4 19.0 38.0 61.6 81.6 95.5 99.6

Fall Diameter Distributions Obtained in 10.0 mm. Tube
Sample analyzed

1 (5.0 gm.) 0.0 0.0 2.0 6.5 19,0 37.0 62.0 82.0 9k.0 99,0
do 0.0 0.0 3.0 7.0 19.0 .0 65.0 86.0 97.0 99.5
do 0.0 0.0 3.0 7.0 20.0 40.0 66,0 83.0 95,0 100.0

Average 0.0 0,0 2.7 6.8 19.3 39.3 6L.3 83.7 95.3 99.5

2 (10.0 gn.) 0.0 1.0 3.0 7.5 21,0 1.0 63.0 8L.0 95.0 99.5

do 0.0 1.0 2.5 . 7.0 21.5 39.0 61.0 85.0 97.0 99.5
&verage 0.0 1.0 2.8 7.2 21.2 Lo.0o 62,0 Bito5 96,0 99.5

3 (15.0 gm.) 0.0 0.5 2.5 7.0 19.5 37.0 60.5 81.0 90" 100.0

do 0.0 1.5 3.0 7.5 20.5 L1.0 63.0 80.0 96,0 99.5
Average 0.0 1.0 2.8 7.2 20,0 39.0 61.8 80.5 95,0 99.8
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Division size--microns

Sieve diam. distribution
Known fall diam., distribution

Sample analyzed
1% (2.0 gm.)
do

Average

2 (5.0 gm.)
do

Average

3 (10.0 gm.)
do

Average
I (15.0 gm.)
do

Average

Sieve diam. distribution
Known fall diam. distribution

Sample analyzed
1% (2.0 gm.)
do

Average
2 (5.0 gm,)
do

Average

3 (10.0 gm.)
do

Average

L (15.0 gm.)
do

Average

Sieve diam. distribution
Known fall diam., distribution

Sample analyzed

1# (2.0 gm.)
do
do
Average

2 (5.0 gm.)
do

Average
3 (10.0 gm.)
do
Average

L (15,0 gm.)
do

Average

TABLE 12-~Continued

SIZE DISTRIBUTIONS OF TEST SAMPLES

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES

62.5 88

125

175

250

350

500

Combination of Special and Republican River Sand

9.2 19.2
6.0 17.2
Fall Diameter

15.0
19.0

17.0

17.0
18.0

17.5

15,5
16,5

16.0

16.0
15.0

15.5
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3.0
2,0

2.5

2.0
2.0

2.0

1.5
1.0

1.2

2.0
2.5

° e e o

30.8  40.0 50.6 60.0
28.2 38.2 L9.6 61.0
Distributions Obtained in 10,0 mm.
28.0  37.0 li7.0 59.0
27,0 L0.0 L4640 60.0
27.5  38.5 L6.5 59.5
27.0 37.0 50.0 59.0
30,0 10.0 50.0 60,0
28.5  38.5 50,0 59.5
27.0 36.0 L8.5 £8.0
27.5 37.0 48.5 60,0
27.2 36.5 48,5 59.0
28,0  38.5 49.5 61.0
27.0  36.5 49.5 61.0
27.5  37.5 k9.5 61.0
Cheyenne River Sand
L.o 7.2 17.6 37.0
3.8 7.2 18.L h0.0
Fall Diameter Distributions Obtained in 10.0 mm.
k.0 11.0 2L.0 50.0
k.o 12.0 25,0 50.0
L.0 11.5 24.5 50.0
L0 745 21,0 L0.0
4e0 6.5 20.0 L1.0
ko0 7.0 20,5 40.5
3.5 6.5 20,0 Lk.0
2.5 6,0 19.0 40,0
3.0 6.2 19.5 42,0
L.5 7.5 20,0 k2.0
L.5 7.0 18.0 42,0
o5 7.2 19.0 k2.0
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Powder River Sand--Fine Distribution

12,1
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26,7
26.0

Fall Diameter

25.0
26.0
25.0

25.7
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10.0

EO'S
49.0

Distributions Obtained in

52.0
L7.0
45,0

148.0

L8.0
50,0

L9.0

8.5
L8.0

48.2

50,0
50.0

50,0

69.5 85.5
68.5 86,0
63.0 86,0
57.0 78,0
6060 85.0
60,0 83.0
66.0 83.0
67.0 85.0
66.5 8L.0
65.5 86.5
6li.5 85.5
65.0 86,0
67,0 87.0
67.0 86.0
67.0 86.5

9k.5
96.0

10.0 mm.

98.0
98.0
98.0

98.0

95.0
96.0
95.5
9665
95.5
96,0
96,0
96.0
96.0

80.0
8li.0

82.0

73.0
71.5

72.2

73.0
71.5

72.2
73.0
72,0
72.5

100.0
100.0

Tube

100.0
100.0
100.0

100.0
98.0
100,0
99.0

100.0
100.0

100.0

100,0
100.0

100.0

700

83.0
90.0

86.5

89.0
87.0

88.0

81.0
85.0

83.0

80.5
88.0

8l.2

86.0
Sh.k

97.0
97.0

97.0

96.0
95'0

95.5

97.0
97.0

97.0

2
93.0

93.5

100.0
100.0

100.0
100.0
100.0

100.0

100.0
100.0

100.0

100.0
100.0

100.0

100.0
100.0

100,0

1000

94.0
95.0

9L.5

96.0
96.0

96.0

9k.0
95.0
9L.5

92,0
95.0

93.5

100.0
100.0

100.0
100.0

100.0

100.0
99.5

99.8

100.0
100.0

100.0

100.0
100.0

100.0

100.0
99.0

99.5

100.0
100.0

100.0

99.5
99.5

99.5

99.5
100.0

99.8

100.0
100.0

100.0
100.0

100.0

100.0
100.0

100.0

100.0
100.0

100.0

100.0
10040

100.0
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