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FIFTH SESSION - LABORATORY INVESTIGATIONS
Albert S, Fry,* Presiding

DEVELOPMENT OF THE MECHANICS OF SEDIMENT TRANSPORTATION

by Vito A. Vanoni %%

Introduction

The purpose of this paper is to outline briefly the history and develomment of the mechan-
ics of sediment transportation and to indicate the informatlon in this fleld that is avallable
to the engineer and sedimentation specialist. A brief chronological history of the development
will be glven with some discussion of the more significant results. No attempt will be made to
glve & complete bibliography on this extensive subject since this has been done in an excellent
fashion by & mumber of writers to which reference will be made. Finally, lines of reseasrch will
be suggested which will furnish the information that must be obtained to help solve the many
sediment problems now facing the people of our country.

The History of Sediment Transportation

. Dubeys and Gilbert. The science of sediment transportation was started by DuBoys 1/, who,
in 1879, published the formula which now carries his name, He intreduced the idea of the tractive
force, or the shear force, at the bed of the stream. .He also introduced the idea of the criti-
cal tractive force which most workers in this field define as the tractive force at which gen~
eral movement takes place in the bed of the stream. The DuBoys formula (derivation given by
Rouse 2/ is ’

c=¥T, (T, -7, (1)

where G 1s the rate of sedimemt movement, in pounds per second per foot of widthy/ is & co-
officiemt,’co 1s the tractive force, or shear, at the bed and G 1s the critical value of this
force in pounds per square foot. The average shear at the bed is calculated by summing up the
forces on a.sectlon of the stream one unit in length, as shown diagremmatically in Fig. 1. As-
suming wniform flow, the pressure forces, F, at the two ends of the prism are the same and the
only forces entering the equation are the weight of the water and the friction force along the
bed, The average value of the fricticn force is

T, Yas =¥ks ()

P

vhere ¥ is the specific weight of water in 1lbs/cu.ft.
A 1s the cross secticnal area of the stream in squars feet

P 1s the wetted porimeter 1in feet

S 1s the slope in feet per ft, and
R is the hydraulic radius in feet

¥  Chief, Hydraulic Data Dlvision, Tennessee Valley Authority, Knoxville, Tenn.

*% ProjJect Supervisor, Cooperative Laboratory, Soil Conservation Service, and Galifornia Insti-
tute of Technology, Pasadena, Calif,

1/ 2/ see "References" at close of comments.




The work of DuBoys has been followed by practically all workers on the bed~load problem, and
reference can be found to his work in most publications in this field,

The next work of major importance in this . uN
field was that by G. X, Gilbert ;/, who did his T LENGT“
work In about 1909 at the University of Call-~
fornia and published it ia 191k. Gilbert was
one of the noted geologists of his time, and
Judging from his work on sediment transporta-
tion, he was an extremely able observer and re-
search man., He piloneered in making gediment
transportation experiments in flumes and many
‘of his techniques are still being used. Al-
though he did not develop a sediment transpor-
tation formula, he mede scme very comprehensive
experiments, the data from which have been used
over and over again, (Johnson 4/ has compiled
all available bed-load data), Gilbert describ-
ed very clearly the modes of movement, He ob-
served thaet for inciplent motion, the grains
of sand are moved by rolling and sliding along
the bed., As the veloclty increases, he noted
that the grains tend to take short jumps in
curved orbits, He described this mode of trans-
portation as saltation. As the flow was in-
creased further, he noted that material was
carried in suspension, He described in detall )
e e S e eion, | F18. 1. Tractive Force on Chamel Botton
Aa these dunes progress downstream the material 1s carriled up the flat, upstreem slope and de-’
poslted on the steep downstream slope., As the flow increases, the dunes are flattened and the .
sediment moves over the entire bed without any waves, When the velocity is increased further,
another type of bed undulations appear, which he btermed "anti-dunes.” These dunes or sand waves
move upstream and are perlodic in nature, tending to form, build up to & maximum, and then dis-
appear. They are accompanied by waves on the water surface sgimilaer iIn shape to the bed wave.
Gllbert also introduced the term, "competence,” which is applied to the characteristics of the
stream for the conditions at which sediment commences to move, For instance, for a given slope
and channel, the competent flow is that at which the bed material will begin to move.

Development Following World War I

Following World War I, the problem of transportation of material by streams was attacked
vigorously both in Europe and in the United States. During this period also the movable bed
hydraulic model was developed and much of the research on sediment transportation was in con-
nection with developing technigues of representing alluvial streams to a small scale, One of the
principal factors in the development of sediment transportation and hydraulic engineering in gen-~
oral in the United States was the establishlment of travel fellowshlps by the late John R. Free-
man, Through this means meny promising young men studied in Europe where the science of hydrau-
lics and the use of the model was developed much more than 1t was in this country. The inspira-
tion obtained in this manner was responsible largely for the sediment studies in this country.

The result of this activity was the appearance of quite a few bed-load formulas of an em-
pirical or semi-empirical nature, based on sediment transportation experiments in flumes, A
number of the better known of these formulas are shown im Table 1. An inspection of these for-
nulas will show that most of them are similar to the DuBoys formuls and that they involve either
& critical tractive force, or & critical flow., A study of the results of the various investige-
tions will show that it is difficult to get a precise value of the critical tractive force or
flow. The critical values are defined as the values exigting when general movement first occurs,
The term, "general movement,” 1s difficult to define precisely and different observers are apt
to have different interpretations of the term. The result is that the data of dlfferent workers
are not always comparable, The fact that so many formulas appeared 1s very confusing. This
confusion was clarified to a great extent by Johnson 2/ , Wwho compered a number of these formulas
by plotting the same data according to a mumber of different formmlas, He did this for data from

3/ 4/ 5/ see "References" at close of comments.
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Tabls 1. Formulas for Rate of Bed-Load Transportatiom

l Worker L Formula Sediment 5] Eqe Nos
| H
1T S.Waterways x
IExperinent 6=z (T - 'Eo)m Sand mixtures (3)
IStation (4)
lChang (5) 6 = kn T (T - T)) TUniform sand (4)
! - “«wv n I
:0tBrien (6) G=a{ Send mixtwres (5)
27

; —
{MacDougall (7) G = as™ (sq - 8q,) Sand mixtures (6)
e e e
: i
[Sohoklitsch (8) | o= 82 (g - q,)| Tniform sand (7
i 1 VD
1 |
! | = _BD
: i % =2

e
i !
Meyor-Peter (11) | G = (BS qlz/" - !31]))3/2 TUniform sand (8)
i i Large size
| E

LEGEND

the U, 8, Waterways Experiment Station 6/ for
Formulas 1, 3, 4, 5, 6 and 8. Fig. 2 shows his
graphs for Formulas 1, 3 and 4, It is very
difficult from inspection to determine which
of the formulas glves the best fit. By means
of a statistical analysis of the various graphs,
Jolnson concluded that the goodness of fit for
the three graphs shown in Fig. 2, as well as
for graphs of equations 5, 6, and 8, was about
the same, From this he concluded that the
choice of equations could be made on the basis
of the convenilence in measuring the variables
appearing in the formula,

G = Rate of sediment movement in Ibs./sec/i't of width
n = Lanmings roughness coefficient
T, = troctive foree at bed in lbs/sqeft.
T, = critical tractive force at bed in 1lbs/sq.ft.
D = diemcter of sand in mm.
s = slope of the energy dient in feet per foot
q = rate of flow per unit width in cu. ft. per sec. per ft. of width
9 = critical value of flow per unit width or flow when general movement
of the bed material first starts - cu. ft. per sec. per ft. of width
q, = rate of flow per unit width in Ibs per sec per £t of width
¥, &, and'2 = empirical constonts
m = empirical exponent
(.1 3 “
m
A
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Fig. 2. Graph of bed-load measurements plotted according to three different formulas. (Reprint-
ed from "Laboratory Investigations of Flume Traction and Transportation” (See "References," ltem

7, at close of comments)"

6/ See "References" at close of comments.
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velues and leads to inconsistencles between various workers.
apply to the determination of the other constants,

An inspection of the bed-load formulas in Table 1 will show that there are & number of con-
stants in the eguations which must be determined empirically before the equation can be applied.
To begin with, the critical values of either the shear or the discharge must be determined, The
d4ifficulty in the definition of critical conditions makes it very difficult to determine these

The seme difficulties appear to
The general impression that 1s obtained in

looking at the formulas is that they are too simple to represent such a complicated system as a

sediment-carrying streanm.

techniques for movable bed model studies.

It is likely that some of the constants are actually functions,

As mentioned previously, much of the work on sediment transportation was done to develop

Weterways Experiment Station was donme for this purpose,
ture that conld be used in a river model to simulate movement for all retes of flow occurring
in the prototype. Kramer was one of the first workers to introduce the size frequency distri-

bution or size grading of the sediment as a varisble.

The comprehensive work of Kramer 12/ and of the U, S.

The obJective was to f£ind a sand mix-

He expressed the size grading empiricall;

by the ratlo of the areas above and below the 50 per cent line on the standard mechanical analy-
sis graph where grain diameter is plotted against the percentage of the sample that is finer

than the given diameter.

developments in aeronautics.

meter of the sediment grains in feet, (J is the mass density of

Newer Theories

He used this ratio in his expression for critical tractive force,

Starting in about 1935, new appreaches to the problem were developed by applying develop-
ments in basic fluid mechanics that appeared a few years before this time as a result of rapid

Shieldsl3/ showed that the tracti
could be expressed as a function of the dimensionless parameter

ve force for initial movement

/=,

v
the fluid in slugs per cubic

where D is the dia-

a.n.d.»z{ is the Kinematic viscosity of the fluid in squai'e ft/sec. This parameter 1is proportional
‘o D/S 'where 9 is the thickness of the thin layer of laminar flow that occurs at the bounderies
of & channel., The value of S is given by the following formula derived by von Karman in 1930,

S = 1.6 1L

{a% the

D/,y which is proportionsl to ¥, .

T

=]

o——

(0
Fig, 3 is Shields' graph of dimemsionlegs critical tractive force plotted against the parameter

As this graph shows, he was also able to correé-
dune formation at the bed with The parameter - an extremely significant result, es-

peclally in view of the wide range of the veriables which he covered. He varied the density of
his sediments from 1,06 to 4,2 grems per cc and the diameter of his sediments from 0.36 to 3.k

;: l [ ] Crests Washed Away
’ O Amber (Shields) ¢=1.06 I
06 ¢ Lignite o=127 S Over Crests
O Granite =27 A 4 1
04— @ Barite v 0=4.25 t f
© Sand (Casey) o¢=265 1 . .
- Sand (Kramer) o=265 Bed Undut: Gradually 8 ‘¥ig. 3. Tractive force
S 02} + Sand (USWES) o= 265 ? Shorter and Deeper ? Dlotted against Reynolds
H ® Sand (Gilberty ¢ =2.65 T number of sand grain _
3 -according to Shields.
~ 10 (Reprinted from "Lebor-
° o.oe N Shallow Undutations atory Investigations of
“ 8 N R A "
4 \\ Ripples Scales Diagonal Bars Deve,f’,?,ﬁ‘,’.g‘é;’,;‘;’,'f"°e Flume Tmction"e.nd
2 0.06 A (Short Bars) ™" (Long Barg) R \\\ NN Transportation") (See
> QQ N»\ J ; *l ol \\‘m &\\\\\\ TN "References,* item 7,
0.04 RN ® o "“{{*“ N INS at close of corments.
N &, N \ \\\O\ s :
X’)"’o, |
S i
0.02 N et
\\
1 L
0.01 .
2 4 6 8 10 20 40 60 100 200 400 600 1000

Values of \/_‘:';_l;)u?

12/ 13/ See "References" at close of comments




mn, He classifies sand waves at the bed into ripples, short bars smnd long bars in decreasing
order of height to length ratio, and shows in Fig. 3 that they can Ve classified according to
D/ s « Shields states that any bed-load formuls must contain parameters which will describe

the bed configuration much as Fig. 3 does, He also develops an empirical bed-load formula which
applies only to gediments which do not form ripples or high waves.

In 1041 H, A, Elunstein Lll/ published his ¢ -"afomuln for bed-load. It represented s rad-
ical departure fram all of the previocus bed-load formulas in that it vas not based on the con=
ception of a critical tractive force ‘or critical condition of any kind. It is based on two main

ldeas. The first 1s that the sediment moves in steps or Jumps and that the length of the step,
L, is given by

L =AD
vhere D 1s the diameter of the sediment grain and
A 18 a coefficient
The second 1s that the mumber of particles ‘tha.t will move out of an area of unit width and

length, L, in a second depends on the probability that the 1ift force will exceed the weight of
the particle in water. By developing this idea with the use of dimensional amalysis, he arrives

at. the formula. Ag = f (B*’) (9)
wore § =1 G_ 1 (10)
F  pig PrL-P 0515 ,
' D , _ (1) .
V fL-® B

36u. / ”2 (12)
@’ (py - P) @39 (py - P) :

" 1s the mass density of the sediment in slugs per cu.ft., g 1s the acceleration of gravity in
ft/sec per second, & 1s the coefficient of viscosity in pound seconds per sq.ft., and A and B
are constants which are to bs determined experimentally along with the function Fig. b 1s
& graph showing data fram bed-load experiments by various 'Investigators plotted according to
Einstein's formula. Fig. 4a, which 1s for uniform size material, follows a curve very well,

For values of ¢ up to 0.4, the formula can be expressed as

0.465 § 5€.-0-39L ¥ (13)

The fact that the results fram various workers follow & curve is remarkable since the data cover
experiments with material veryilng from 28.6 to 0.35 ms., in dlameter, a variation of almost one
hundredfold and for flows varying in depth from .06 to 3.6 feet., Fig. 4b 1s a graph of the data
obtained by the U, S. Waterways Experiment Station on sand mixtures. The representetive diam~
eter of the sand mixtures was taken ae that diameter for which 40 per-cent of the material is
finer or the sleve size through which 40 per cent of the materlal will pass. The data seem to
follow a functional trend except that there 1s a range between curve (S) and (1) where the data
do not fit a curve. ZEinsteln attrlibuted thls to sorting in the experiments. However, the work-
ers at the U, S, Waterways Experiment Station did not believe that thls could be possible since

they were extremsly careful to avold sorting. The result is that the discrepancy 1is not ex-
plained setisfactorily.

. Einstein ll:-/ developed a method for determining the true shear on the bed by corrscting
for the friction on the walls. His formuls and the Meyer-Poter formula, equation (8), are based
on corrected values of R and Q, to campensate for the wall shear. The need for this was recog-
nized by earlier workers and attempts to correct for it were made. Shoklitsch 10/ actually pro-
posed a formula which is similar to Einstein's formula, Experimenters a.ttempted to correct for
the friction by using smooth walls so that the frictlon could be neglected, by roughening the
walls with the same sand as In the bed and séme collected the ‘sediment only from the center
portions of the flume, where the side wall effect could be neglected. Shislds apnlied a wall
shear correctlon in calculating values of g

T07 1/ See "References” at close of camments.
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Material
Gravel (Ziirich)
Gravel (Ziirich)
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Fig. 4. Graph of Einsteln ¢ - # bed-load formula.
(Reprinted from "Formulas for the Trensportation of
(See "References," item 1%, at close of camments)

(a) for urjiform sand, (b) for sand mixtures




Einstein ;2/ carried his work farther by actuslly making sediment load measursments in two
small streams, Mountain Creek, which 18 in South Carolina, is about 1k feet wide, has a slope
of from ,00l% to ,0018 and bed material about 0.68 rm. in dilameter., Measurements were made with
flow depths up to about 1.4 Peet, Goose Creek, in Mississippi, 1s about 13 .feet wide, with a
slope ranging from ,0025 to 0031 and with material 0.25 mm, in dismeter. Measurements were made
in it with flow depths up to 0.6 foot. Fig, 5 shows a § - ¥ graph of the measurements on these

streams, Curves 1 and 2 appearing in Fig, I have also been put on Fig. 5 for comparison. It
can be seen that the fleld and laboratory measuremants follow the same curve.

~N

20

Values of

' Y West Goose Creek 3.27. 42 '
Ny 0.025
4 o West Goose Creek 3.26.42

A
+ Mountain Creek, ny* 0.056 ¢ \

Soool 0.001 oot 0. v o
' Voluesof ¢ 7
Fig.' 5. Bed-load measurements in two streams plotted according to Einstein ¢ - formula. (Re-

printed from "Bed-load Transportation in Mountain Creek" (See "References," item 15, at close
of comments)

In order to get a better idea of the size of streams covered by the d -,# graph, some numer-

ical values will be substituted in the formula. By re-arranging the formula for fr , the value of
the hydraullc radius becomes
R = PpR-? D

s n——

= 7 (1)

If we now assume analue of 4, quartz sand with diameters of 1 and 0.5 mm., and channel alopes
of .001 and .0001, we obtain values of R shown in Table 2,

TABLE 2. VALUES OF HYDRAULIC RADIUS FOR¢' = X4

for assumed values of D and S

D (mm) D (ft) S R (ft)
.001 1.3
1.0 .00326
.0001 13
.001 0.65
0.5  .00163
i .0001 6.
15/ See "References," at close of comments. 2
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With 1 mm. sand and a slope of .001, the hydraulic radius for & value of ¥ = L5111 ve 1. 3 feet.
With the smaller slope this value will go up to 13 feet. This would be a condition for & rela-
tively small stream, but would still cover many condltions of practical interest. By going to

lower values of ¢ and higher values of ¢ on the graph, conditions for still larger streams would
be covered.

In order to use any bed-load formula, one must be able to calculate the hydraulic radius
from the discharge, or conversely, one musat be able to calculate the discharge from the hydraulic
radius. This means that we must know the roughness of the channel. A number of experimenters
have reported that the roughness of asand bed varies with the rate of transportation. In Fig. 6
Einstein 16/ has plotted a factor /7 , against ¢/, where /7 1s the ratio of the Manningroughness,
n, for no transportation to the roughness, n, at any given rate of transportation. The value ofr
the roughness, ng, 1s .given by the Strickler formula

1/6
ng = 0.0132D

(15)
1

where Dl is a representative diameter of the sediment in mm. ZEinstein found that D,was the value
for which 65 per cent of the material was smaller. With the above formules , & couplete calcula-
tion can be made of the bed-load transportation of a stream. It is the only complete bed-load
equation avallable in the literature that 1s based on a modern analytical development. Kallnske
17/ has developed a formula based on statistical conceptions similar to those of Einstein. How-
ever, 1t involves quantities not measured in any experiments and its validity, therefore, remains
to be proved. Recently Elnstein _1_8_/ has developed a method of calculating the load when an ap-
preciable part of the sediment moves in suspénsion by dividing the load into bed and suspended
load. Other workers 19/20/21/22/ bhave studied the forces acting on the sediment particles both
experimentally and theoretlically. Those were not.-intended to yileld transportation formules but
to clarify the mechanism of movement which vltimately must form the basls for the formulas.

. "
Values ot ¢

Fig. 6. Relative bed roughness plotted against ¢ according to Einstein. (Reprinted from "Flow

on a Movable Bed" (See "References," item 16, at close of comments)

L6/_ll/l_8/l2/_22/2_1/g/ See "References" at closs of comments.
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Suspended Load

The very rapid development of the knowledge of transportation of suspended sediment by flow-
ing fluide is attributable directly to the development in the general field of fluid mechanics
which was stimulated principally by the development of aeronautics. starting at about the time of
World War I.  The basic concept of turbulence suspension of sediment was advanced by Wilhelm
Schmidt 23/ in 1925 for the suspension of dust in air. In 1933 Leighly 24/ applied this method

+ha oo 2 man AP 3 P i
the suspension of sediment In streams. In 1933 O'Brien 25/ derived the differential eguation

for distribution of suspended load in a stream, which 1s

wc+€%§ = 0 (16)

-+~
vo

where w 1s the settling velocity of the particle in the still fluild, ¢ is the concentration at a
distance, y from the bottom, and € is the so-called "exchange coefficient” which has the dimen-
sion of veloclity times length. The left-hand term of the equation is merely the mass rate of
gettling of the particles under the force of gravity. The right-hand term 1s the rate of upward
movement due to turbulence mixing. This work of O'Brien's set off a rapid sequence of develop-
ments which, in a period of a relatlvely few years, has developed the knowledge of suspended
material to a degree comparable, 1f not in excess of that attained by the bed-load work in a
period of about 60 years. O'Brien pointed out that the quantity ,E can be determined for momen-
tum trensfer from the velocity distribution by the formmla,

° =P€§y! (17)

where”‘c 1s the shear stress and V is the velocity at a distance y from the bottom. If E is
constant then by integrating equation (16) we get the equatiom:

-X
cec, e €77 | . (18)

where Cg 1sthe concentration at some arbitrary level distant, a, from the bottom. This equation
was checked by Hurst 26/ and Rouse 27/ for steady conditions with artifically-produced turbulence
which was uniform over the depth, thus glving the condition of,E = onstant. Dobbins 28/ has
checked the relation for unsteady conditions with uniform turbulence. By assuming the von Karman
logarithmic velocity distribution law, .

V- Vmax = 2.3 1 I
gr——— R (19)
(-4

P
E can be calculated from eq.(17)and eq. (16) can be integrated to give the sediment distribution
in a 2-dimensional uniform flow of depth d. The result of this integration is given by

Z
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where z
 ——

=

k is the von Karman universal constant for turbulent flow which 18 about 0.4 for clear fluids,
g is the acceleration of gravity, and S 1s the slope of the stream.

This equation was first published by Rouse gg/ in 1936. Fig. 7 is a graph of this equation
for a number of assumed values of z. It will be noted that as z becomes small, the concentration
tends to become more nearly uniform, while for high values of z the concentration vanishes in the
upper part of the stream and wmost of the material 1s carried near ,the bed. It must be pointed
out that this equation assumes that the transfer coefficlent, e , for momentum is the same as
that for sediment. This is not necessarily so, as experiments have shown. Egquation (16) was
checked by Christiansen _39_/ by applying it to fleld measurements of suspended load in the Imper-
ial Valley Irrigation Canals. The form of the equation was checked by Vanonl 31/ in the labora-
tory experimenta. The results of some of these experiments are shown in Fig. BT in which measur-
ed concentration 1s plotted against depth. ' The curve at the right is for uniform material of 0.1
mu. diameter and the meassurements follow & curve with value of the exponent zj of 0.34. The

value of the exponent calculated from the formula 1s 0.423 and gives the dotted curve “in Fig. 8.

232k /25/26/27/28]29/30/ See "References" at close of comments.
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In this case the measured toncentration was actuslly more uniform than the concentretions pre-
dicted from the theory. (A similar result was found by Anderson 32/ for distribution of suspended
load In & natural stream). The curve at the left is for a uniform material of 0.16 mm. diameter,
and in this case, the value of the measured and calculated exponent agree very well. These re-
sults show the trend found in the experiments and indicate that although the form of the equation
is correct, the constants given by the theory are in error.
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A very significant observation during the experiments was that sediment in suspension tended
to cause an increase in the average velocity. This fact was attributed to the reduction in in-
tensity of the turbulence by the suspended sediment. The energy to support theé sediment must
come from the turbulence and by glving up its energy the turbulence is less effective in mixing
or agitating the flow. This 1is the same as saying that the transfer coefficient € is reduced.
From equation (17) it follows that 1f7T is kept constant as the sediment loed increeses, the value
of the veloclty gradient, and hence of the velocity, must increase. Careful velocity dlstribu-
tion measurements confirmed this. As the load increased, the slope of the velocity distribution
curve also increased, tending to give greater differences in veloclty between the bottom and the
top. The amount of this increase can be expressed by the factor, k, in egquation (19), since it
was found that the velocity distribution equation even for relatively high loads still kept the
logarithmic form of equation (19). Another factor that was found to vary with the amount of the
load was the exponent, z. TFig. 9 is a graph of the three quantities, z, k and the resulting
roughness coefficient, n, plotted as functions of the mean sediment concentration for 0.1 mm.
sand. It will be seen that the roughness coefficient and the quantity, k, both are reduced as
the concentration increases. The value of the exponent, on the other hand, increases as the
sediment concentration increases. It will be remembered from Fig. 7 that as z increases, the
distribution of materlal in the flow tends to become less uniform. TFig. 9, then, indicates that
as the load increases, the sediment behaves as a coarser sediment, or, in other words, the abil-
ity of the stream to support it is lessened..

Another series of pertinent observations was that of the behavior of sediment in the flume
cross gection as a whole. The material tended to travel in bands or ribbons rather, thanuniformly,
leading one to believe that there were certain secondary circulations present. Ko detail study
was made of these, but there is some evidence indicating that 1t may be an Important factor in
the phenomenon. If so, the problem is much more complicated than had been anticipated since the

3 . N

32/ See "References" at close ¢f comments.
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shape of the channel and the distribution of
roughness over the wetted perimeter must cer-

tainly be important factors in the determination

of secondary circulations.

It must be pointed out that the sediment
distribution, equation (20), gives only the re-
lative concentration and cannot be used to de-
termine the load unless the concentration, Ca,
at some level 1s known. Lane and Kalinske 33/
have developed an expression for the concentra-
tion jJust above the bed in terms of the proper-
tles of the sediment at the bed and a normal
distribution of turbulence fluctuations. Thils
is a step in the direction of calculating the
total load of a streem in terms of the hydrau-

lic factors. The trend in recent years haas been

to make less and less distinctionrbetween the
material carried near the bed and that carried
in suspension. In the opinion of the writer,
this is a very sound trend since there does
not appear to be any analytical reason for
dividing the sediment transportation of a
stream into the bed-load and the suspended
load. The work of Einstein, Anderson, and
Johnson 34/ in classifying the load of a
stream into the "washload" and the "bed mater-
ial load" has done much to bring this gbout.
These writers defined the washload as a very

fine materlal that is carried in suspension and 0.100

that does not appear in the bed in appreciable
quantities. They pointed out that this mater-
ial is usually not a functlon of the stage, but
depends on other conditions, such as the dis-
tribution of rainfall, condition of the water-
shed, etc. The bed material is that portlon
of the load having the same composltion as the
material in the bed. The rate of transporta-
tion of this material is a function of the
atage.

Conclusions

One of the most important questions to
be answered by a discussion of this kind is
"Do we have a sediment transportation formula
that can be applied to natural streams?" The
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only formuls that is complete enough to be con--

sidered in such a discussion is the formula of
Einsteln. It agrees with & wide range of lab-

oratory experiments from a number of sources and
has also been found to agree with field measure-

ments in small streams. The range covered by
the formula up to ¢ = 10 does not cover condi-
tions where the rates of transportation are
relatively high, such as 1n many of our streams

Fig. 9. Variation of apparent roughness , von
Karman Xk and exponent Zy in sediment
distribution equation with mean concen-
tration. (Reprinted from "Transporta-
tion of Suspended Sediment by Water")
(See "References,” item 31, at close
of comments).

during flood stage. This formula has not actually been tried on larger stresms and therefore

has not proved itself completely. However, it

shows good promise and can at least serve to

guide engineers in planning worxs where sediment transportation is involved. Formulas of the
DuBoys type apparently fit only a very narrow range of conditions. They can probably be used as
interpolation formulas on particular streams provided one can determine the constants by a com-

bination of laboratory and field measurements.
type of formula to calculate sediment loads wit

33/ 34/ See "References™ at close of comments.

However, 1t does not seem possible to use this
hout making elaborate field checks.

)
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It is clear from this discussion that the sediment transportation problem is far from being
solved. The fact that many able investigators have devoted much time to it without making more pro-
gress ls evidence that the problem is complicated.  Therefore, it is one that requires continued
undivided effort on the part of the able investigators if we are to progreas with it. The eco-
nomic importance of the problem needs no emphasis. This has already been done by the elaborate
programs of development on our major streams involving the expenditure of many millions of dol-
lars. If we are to do a creditable Job on this development, then we must learn more sbout sedl-
ment transportation and the mechanics of streams in .general.

The following i1s & list of the problems on sediment transportation that I feel are of im-
portance and should be studied further,

1. The laws governing the transportation of natural sand mixtures ’
such as found in streams.

2. The factors governing the production of sand waves and their
effect on the roughness of the channel and. the flow characteristics.

3. Detalled studies ‘of the turbulence distribution and the effect of
the sediment on the turbulence.

Y, Studies of the exchange coefficlent for suspended sediment and the
factors governing its variation.

5. Studies of mecondary circulation and 11:8 mfluence on sediment
transportation and stream behavior. .

6. Measurements in natural streams, to assist in extending the relia.ble .
range of equations for sediment transportation.

As pointed out previously, such investigations must involve continued effort on the part of
highly trained research men. I estimate that there are lees than 10 professional men in this
country devoting a major part of thelr time to the study of the mechenics of sediment tiranspor-
tation. This is far too small a number. In my estimation, the sediment problem certainly ranks:
in importance with the more popular new problems of atomic energy, rocket propulsion, and travel
at supersonic speeds. Yet 1t is receiving a negligible amount of research effort compared to
these problems. It 13 up to those of us that know the vital importance of the sediment problem
to call 1t to the attention of the people so 1ts study will recelve adequate financial support:
and the attention of our many research engineers and scientists.
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DISCUSSION

M. A, MASON,* This summary of the development of our knowledge of the mechanics of sediment -

transportation needs no amplification of its technical aspects, but 1ts philosophical aspects
cen well be considered.

Recall that DuBoya classic work was the outgrowth of a study of natural river problems,
specifically a questlion of the quantity of materlal carried by the Rhone River. Today we find
that desplte the advances made since DuBoys, the same question camnot be answered without reser-
vation. Dr. Vanoni attributes this ceondition 1n part to the complexity of the problem, and in
part to the small number of competent workers in the field. I believe a third factor, presently
of transcendent lmportance, should be considered. That factor is our apparent inability to re-
late the fundamental technical aspects of the problem to ocur common economy in such a way that
the financial support required to prosecute needed research end studles 1s avallable and assured:

We, as investigators or technical administrators, are all familiar with this phase of the
problem. We are all in accord, I believe, that the technical problem involved could be solved
if adequate financial support for a well-conceived overall program of study were assured. But
have we prepared such a well-conceived overall program? Have we thoroughly examined, even in
our own minds, the Justification for the expenditure of funds, either private or public, on such
& program? We must admit negative replies to these questions - we must admit, alsgo, our fre-
quent inability to convince even our own departmental budget and administrative officials of the
necesalty for our own limited programs. This is a deficiency in the leadership that can be
reasonably expected of engineers. It 18 & deflciency that can be supplied by the Inter-Agency

* The Beach Erosion Board, Corps of Engineers, Department of the Army, Washington, D, C.
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River Basin'Committee, by the professionasl socletles, even by a group of workers in the field,
Certainly it is a deficiency that, under present conditions, is a maJjor contributing cause to
the difficulty of further work in this fleld.

The formulation of a well-conceived program in sediment transportation research is by no
meens a simple task. Effort in the past, with a few notable exceptions, has been concentrated
on the practical aspects of the river and stream, bed and suspended load transportation problems;
but the whole field 1s much broader. The list furnished by Dr. Vanoni has not exhausted his own
possibilities, and each of us could add fundamental items. In the study of shore phenomensa, for
example, sediment, or more accurately, material, transportatlon is a major concern. Sediment 1is
carried by streams to the sea as an ultimate destination; arriving there it is subjected to new
transportation processea. Littoral movement by water forces and aesolian transportation are the
more important processes. In each of these the relatively simple conditions of stream transpor-
tation are complicated enormously by the variety and nature of the forms of energy active at the
shore. Only in a shore enviromment can we find material movement governed by the extreme vio-
lence of a bresking wave associated intimately wlth the turbulent upsurge and super-critical
return flow down the beach of the, same wave. Superimpose on this picture littoral currents re-
sulting from tidal or wind effects and the composition is complicated indeed. Yet this is a
legitimate and economically impoitant sediment transportation problem. At the other extreme
we can conslder the transportation effects of ordinary rainfall on a vegetated area, Wind trans-
portation phenomena must be included in our program, the change in fluid medium from water to
air being e legltimate variation that our finally developed mechanlcs knowledge should be capable
of handling.

Is it not reasonable to think of the common fundamental aspects of each of these varied yet
related problems gathered into a program of basic study and research Jointly financed and prose-
cuted? With this basic data in hand will not the long periods of comparative sterility between
DuBoys, Gllbert, and Einstein be avoided? Will there not be opportunity for a more logical and
successful appeal for financial support from government , university, and industrial funds?

Perhaps this latter question involves a realism that has no place in a technical discussion.
But the record presented by Dr. Vanonl indicated to my mind that the deficiencles in our know- .
ledge of the mechanics of sediment transportation could be attributed more to leck of specifica-
tion of what we need to kmow and of support in satisfying our needs than to lack of technical
competence in solving the problems once adequately defined. If this is true then further advanc-
o8 by other than a system of chance are contingent on supplying these past and present deficien-
ciles. To my mind this can be done best and only by a wise, realistic recognition that what we
have been dolng is not enough, and by translating that recognition into a deliberate effort to
dctively endow critically needed basic research.

PARKER D. TRASK.* Mr., Vanoni's paper is on a subject of fundamental importance to everybody who
works in the fleld of sedimentation., We cannot hope to solve most of our problems until we know
the baslc laws governlng the erosion, transport, and deposition of sediments. Most of us are
concerned with practicel applications of these laws and we make the best approach we can dy
means of empirical data; but if we knew how the fundamental factors behaved and the inter-rela-
tionships of these factors one with another, we could predict what will happen with much greater
certalnty than we can now.

. Messrs. Vanoni, Einstein, Lene, Johnson, Sverdrup, Monck, and the handful of others who
focus their attention on these natural laws should be encouraged to continue their work, not
only with funds and facilities, but also by the participation of others in this field.

H., A. EINSTEIN.** I thought you might be interested to know, In & general way at least, in which
direction research in this field seems to move. Maybe I can make a few remarks about that. You
have meen from Dr. Vanoni's paper that there exist essentially two separate theorles: omne for
bed load and one for suspended load. The bed-load theory tries to give the rate at which sedi-
ment is transported under certain given flow conditlions. The suspended-load theory tries to do some-
thing entirely different. It doesn‘t give the rate itself but it gives the distribution of con-
centrations as ratios over the differimt locations 1in the flow. It has been found and brought
out, especlally by Professor Lane, who unfortunately isn't here, that also for suspended loads

* The Geological Survey, Washington, D. C.

* ¥ Cooperative Laboratory, Soil Conservation Service and California Institute of Technology,
Pasadena, Calif.
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there oxist in the river certain laws according to which, at least for the coarser particles,

the absolute value of the concentration iz a function of the flow. If such a relationship exists
in nature then we must be able to find why it exists and must be able to predict it. It has been
in this direction that the latest endeavors have pointed. I can't describe here in detail how
that was done, but the approach is based on the general idea that the rate at which sediment
moves right at the bed can be given under all conditions by what we usually call a bed load form~-
ula., This bed load moving right at the bed in a layer about 2 grain diameters thick represents

a sediment concentration right there near the bed from where we are able then to calculate ths
concentrations higher up by means of the suspended-load theory. In other words, the two types of
approach can be combined with comparative ease into one unit.

A big difficulty that we still encounter in trying to predict the transport in rivers is
based on the fact that we do not know enough about the behavior of different slzed particles
within a mixture. It has been possible in many cases to assume that the different particles
behave very much alike or, in other words, that we find the same mixture in the bed and in move-
ment. As soon as we combine into one unit the two theorles of bed load and suspended load that
agsumptlion doesn't hold at all any more, and then we must replace it by another one. The new
assumption stipulates that the movement of any one particle is practically. independent from the
movement of the other particles and may be fully described as a function of the flow. WNow, I
can't very well elaborate on the way this sssumption works out, but it is a very reasonable omne
and seems to give good results. I don't think that 1t will be very long until we are able to
really calculate the transport of material which moves partly in suspension and partly as bed
load, which is the normal case in most of our Western stresms. I belleve if we do as the other
speakers mentioned, that is, 1f we try to impress those agenciles and people who are responsible
for the distribution of funds and induce them to spend just a small part of the total research

funds on this problem, we should be able pretty soon to solve a great number of practical prob-
lems by means of a theoretical approach.
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APPLICABILITY OF MODEL STUDIES TO
SEDIMENT PROBLEMS TN NAVIGATION CHANNELS

by H. B. Simmons, G. B. Fenwick, and C. B, Patterson, ¥

The reason for the "Navigation Channels™ limitation in the title of this paper 1s obvious,
since the Corps of Engineers, being responsible for the dévelopment and maintenance of the navi-
gable rivers and harbors of our country, 1s deeply concerned with the reduction of sedimenta-
tion, or shoaling, of such channels. Reduction in shoaling of artifically maintained channels
means reduction in the cost of maintenance, and increase in efficlency of the channels as navig-
able routes. The work of the Waterways Experiment Station in this particular respect has been
confined to studies of specific sedimentation problems, with a view toward deslgning and develop-
ing plans of lmprovement for the reduction or elimination of shoaling.

Sedimentation problems which have been investigated by means of hydraulic models at the
Waterways Experiment Station can be roughly divided into two groups, the first group consisting
of problems caused by bed-load movement, and the second of problems caused by deposition of sus-
pended silt. In certain prototype sedimentation problems, it has been found that both bed-load
movement and deposition of suspended silt contribute to shoaling of navigation channels. Prob-
lems caused by bed-load movement may be found in streams with stable banks as well as In streams
with easily eroded banks, gnd deposition problems may be found in fresh water rivers and harbors
as well as in salt water rivers and harbors. It is evident, therefore, that the varlous types of
sedimentation, or combinations of types, which contribute to chamnel shoaling are numerous.

The two basic types of models used for investigations of sedimentation problems ere the mov-
able-bed model and the fixed-bed model. For either type, & relatively small section of a river,
or an entire tidal estuary, may be reproduced in.the model as required by the specific problem
under study. The movable-bed model is constructed with & movable-bed section of sand, crushed
coal, haydite, or other movable materiml, and the banks are elther of concrete or erodible mater-
ials, dependent upon the type of problem under investigation. Prototype bed movement in this
type model is reproduced by adjusting the hydraulic forces in the model and altering the charac-
teristics of the movable-bed material until the model will reproduce, within specific time inter-
vals, changes in bed configuration which are known to have occurred in nature. The fixed-bed
model 1s constructed entirely of concrete or other stable materiala. Sedimentation in the fixed-
bed model 1s reproduced by injecting finely-ground, light-welght shoaling material into the
model in such a manner that prototype rates‘a.nd/or distributions of shoaling are reproduced ac-
curately. The fixed-bed model is also used for investigations of sedimentation problems through
a comprehensive study of the effects of proposed improvement plans on tides, current velocities
and directions, and salinity. In the latter type of study, no attempt is made to reproduce sed-
imbntation in the model; however, the effects of proposed improvement plans on sedimentation In
nature can be evaluated by an anmlysis of the hydraulic effects of such plans in the model.

The applicability of hydraullc model studies to the general types of prototype sediment
problems mentioned previously can best be demonstrated through discussion of specific model
studies. Since space will not allow for discussion of all of the various model types which have
been and are being utilized, typlcal examples of three general types have been selected: (a) &
problem caused by bed-load movement.in a stream with stable banks; (b) a problem caused by depo-~
gition of suspended silt in & tidal stream.and, to & lesser extent, the movement of deposited
silt along the bed of the stream; and {c) a problem caused by deposition of suspended silt in a
tidal stream, in which salinity and salt-water currents had & definite relation to the problem.

As a typlcal example of model studies of sedimentation problems arising from bed-load move-
ment in streems with stable banks, a model study of the Pryors Island reach of the Ohic River
has been selected (Figure 1). In the maintenance of a g-foot navigation channel through this

* Chief, Estuaries Section, Hydraulics Divielon, Chief, Rivers and Harbors Branch, Hydraulics
Division, and Chilef, Research Center, respectively, Waterways -Experiment Station, Corpa of
Engineers, Department of the Army, Vickeburg, Miss. (Presented by H, B. Simmons).
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> ] \\ ) reach, obJectlionable shoaling 1s encountered at
Z A\ thres localities: from the head of Pryors
Island to the foot of Sisters Island; Just
above Stewarts Island; and at 0ld Maids Cross-
ing just above Dog Island. The purpose of the

model study was to develop plens to alleviate
Doglsi this condition.

)
S
oy

The model was a reproduction of the aresa
shown, to linear scale ratios of 1:600 horizon-
tally end 1:150 vertically. Banks and overbank
areas were molded in concrete to prototype con-
flgurations. The stream bed was of crushed

: coel, molded to prototype contours by means of
Figure 1. PRYORS ISLAND MODEIL STULY removable templets. Provisione were made for
LOCATION MAP ) reproducing any desired discharge hydrograph

and for setting proper flow lines in the model.
The operation of the model was diwided into two distinct phases: first , the adjustment of the

model and the verificetion of its accuracy; second, the developing and testing of improvement
plans for the solution of the shoaliung problem. -

The verificatlon of & movablo-bed model is & highly important phase of such a study, since
the valldity of the entire study rests upor the resulte of this procedure. The computation of
the proper time scale and certain other scale relationships in such a model is impossible, due
largely to the fact that mathematically determined relationships fail completely because practi
cal consgiderations do not permit the application of such relationships to available end ussble
movable-bed material. Hence, the model verification -- which might be termed the empirical de-

termlnation of scale relationships -- must be depended upon to establish the epplicebility of
the model results to the prototype. : ' )

Verification of the Pryors Island model consisted of a serles of tests during which the
time scale, slope, bed load, end roughness were progressively adjusted by trial-and-error until
the model would reproduce accurately the hydrographic changes which were known to have occurred
in the river between two surveys made five years apart. This was accomplished by molding the |
movable bed to the configuration shown by the earlier survey, and then reproducing in the model
the sequence of stages which occurred in the river during the five-year period, all artificial
changes such as dike construction and dredging belng reproduced in chronological order. The
model verification was considered satisfactory when & survey of the movable bed, made at the end

of this operation, showed the bed configuration to be an accurate reproduction of the river con-
ditions shown by the later survey. ‘ .

The model verification flxed the procedure for all subsequent tests of possible improvement
plans, and this procedure was meintained exsctly during all tests. Thus, the results of all
tests were directly comparable with each other. In all, twenty different plans or modifications
were tested in the model in arriving at one which would alleviate the shoaling problem in this
reach of the river. The river survey of 1930 (Figure 2) shows intermittent shoals Prom above

Pryors Island to below Sisters Island, a shoal above Stewarts Islend, and a dangerous crossing

above Dog Island. The general plan of improvement for this reach involved channel realignment

and the construction of stone spur dikes.

Flgure 3 1s the recommended plan of improvement which was developed in the model. ThHe
Pryors and Sisters Island back channels were moré effectively diked-and the existing dikes
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Figure 2, MODEL STUDY OF PRYORS ISLAND REACH
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between these 1slands were raised and extended. The channel opposite Pryors Island was shifted
from the right bank to the left by dredging to a 12-foot depth at the beginning of the test. The
seven spur dlkes opposite Sisters Island were completely removed. A group of spur dikes wae con-
structed above Stewarts Island and another group above Dog Island. No dredging was done in the
model except during the first of the seven years reproduced in this test, yet a 9-foot navigable
channel was open at the end of the test and the bed had reached a stable condition.

As en example of model studles of sedimentation problems caused by deposition of suspended
8ilt, a model study of Deepwater Point Range of the Delaware River has been selected. Deepwater
Polnt Range 1s approximately 4.5 miles in length and 800 feet wide with a project depth of 40
feet. At the time of the model study, the range shoasled at an average rate of approximately
2,800,000 cubic yards annually, requiring almost continuous dredging to maintain project depth.
The heavy shoaling was due, according to extensive studies, to lack of parallelism between the
currents and the channel.

The model in whlch the Deepwater Point Range study was conducted reproduced that portion of
- the Delaware River from Artificial Island on
sy =, : the downstream end to Bellevue on the upstream
I . end, and a short section of the Chesapeake and
Delaware Canal (see Figure L4). Tides were
controlled by automatic tide reproducers at
the two ends of the model and in the Chesa-
peake and Delaware Canal, and the roughness
value of the model channel was so adjusted
that tides and current velocities and direc-
tions were reproduced accurately throughout
the model. Shoaling was reproduced by inject-
ing into the model measured volumes of a mix-

su.m% ture of water and finely-ground gilsonite,
which is 'a light-weight bituminous material
Pigure 4. MODEL STUDY OF DEEPWATER POINT having a specific gravity of about: 1.035.. The
RARGE, DELAWARE RIVER shoaling material waes injécted into the model

upstream from the problem area during the ebb-
tide period and downstream from the problem area during the flood-tide period for several succes-
give tidal cycles. The gllsonite moved from the points of injection to and throughout the prob-
lem area in suspension and in some dégree along the bed; that is, most of the silt was deposited
directly in the problem area, while a smaller amount was deposited elsewhere and moved into the
problem area by rolling along the model bed. Following completion of a shoaling test on the
model, the model was pooled and the gilsonite which had deposited in the channels was picked up
and measured. No attempt was made to reproduce volumes of prototype shoaling, since formation of
deep deposits of gilsonite on the concrete bed of the model in areas exposed to the tidal currents
would have been impossible. Instead, the characteristics of the mixture and the method of Intro-
ducing the mixture into the model were varied through a cut-and-try process until the distribution
of shoaling material throughout the problem area conformed to the measured distribution of shoal-
ing in the prototype. The operating procedure developed during adjustment of the model -- the
gllsonite-water mixture used, the volume introduced, the method of introduction, and the exact
time of operation of the model after the material had been introduced -- was followed strictly
during all tests of improvement plains.

In order to evaluate correctly the effects of each proposed improvement plan on shoaling of
the channels, a base test, or test of exishing prototype conditions, was first established, and
the measured amount of shoaling obtained during each test of an improvement plan was compared to
that obtained during the basme test. The effect of each plan was then determined in terms of per-
centile reduction or percentile increase in shoaling as compared to the base test.

As previously stated, the heavy shoasling in Deepwater Point Range was attributed to lack of
parallelism between the currents and the channel. Therefore, plans for the improvement of this
condition were designed either to realign the currents to confrom with the channel alignment or,
conversely, to realign the channel to conform wilth existing current alignmenta. Numerous plans
of each type were designed and tested, and it was found that two plans, both designed to realign
the currents to conform wilth the channel alignment, indicated reductions  in shoaling of approxi-
mately 50 per cemt. Plan 1, which indicated a reduction in shoaling of 47 per cent, consisted of
& dlke beglnning at a point 1,900 feet east of the center line of Deepwater Point Renge, opposite
channel station 189+500, extending upstream parallel to the chammel for 2,900 feet , thence forming
an angle of 151 degrees and extending for 2,400 feet and tying in to the shore (Figure 5). The
top elevation of the dike was approximately 2 feet above mean high water. Plan 2, which indicated

227




7/ a reduction in shoaling of 59 per cent, con-
sisted of a straight, 6,800-foot dike, begin-
ning at a point 700 feet éast of the channel
center line;opposite channel station 200+900,

88
FLOOD

paTCH ISLAND DIKE DELAWARE RIVER

.~ and extending upstream parallel to the channel
7 DEE_P_V!A__T_ER__._______&NT_“_____RA_N_QE_’/\B{é to station 19%+100 (Figure 5). The top eleva-
1,7,::__‘—*&’5_'_‘:::220__._'25____'?_0::///( tilon of this dike was also about 2 feet above
Q'L/ ———:E;—"j%—— 200fT o meen high water. It first appeared that plan
// f-//\——__Jm@/ 2, which effected a slightly greater reduction
; Kg‘élLNY-r CEDAR POINT in shoaling than did plan 1, would be the
¢

better plan. However, on closer examination,
i1t was found that current patterns over the

LLOCATION OF PLANS | AND 2 problem area as influenced by plan 2 were not’

so satisfactory as for plan 1 (see Figure 6).
DEEPWATER POINT RANGE Furthermore, the plan 2 structure, being locat-
EIOIRE § ed in fairly deep water over its entire length,

would be conslderably more expensive to comn-

struct in nature than would plan 1; therefore,
it was recommended that plan 1 be installed in the river.

Plan 1, now known as the Pennsville Dike, wae constructed in the river during the period
April 1942 to June 19%3. A study of the effects of this dike on prototype shoaling during the
period June 1943 to November 1946 has Just been completed by the Philadelphia District Office of
the Corps of Engineers. It was found that during this period, Deepwater Point Range shoaled at an

Figure 6.

average annual rate of 1,470,000 cubic yards, or a reduction in shoaling of 48 percent from the
average rate before construction of the dike. The predicted decrease in shoaling for this struc-
ture, as obtained from the model study, was 47 percent. Construction of the dike effected some
increase in the rate of shoaling in the lower end of Sherry Island -Range, a short dlstance up-
stream from the Pennsville Dike; however, the increased shoaling in that locality is considerably
less than one-half the reduction in Deepwater Point Range effected by the structure. Teking into
account the initial cost of the structure, interest thereon, and the cost of maintenance, as
against the cost of dredging material which would have deposited in Deepwater Point Range except

for the dike, the actual monetary saving amounts to approximately $67,000 annually (Entire cost
of model study was less than $12,000).

As & typical example of model studies of sedimentation problems caused by deposition of sus-
pended silt, the results of which studies are based upon a comprehensive study of tides, currents,
and salinity instead of upon simulation and study of shoaling in the model, the model study of
Savannah Harbor has been selected. Savannah Harbor comprises the lower 22 miles of the Savannah
River and forms the navigeble waterway from the port of Savannah, Georgias, to the Atlantic Ocean.
The navigatlon channel is maintained to a depth of 30 feet below mean low water over a suitable
width, and is subject to shoaling in several reaches of the harbor.
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For the most part, the material which deposits in the navigation channel consists of finely
divided clay particles which are brought down from the headwaters of the river by the fresh water
flow. These very small and light particles will remain in suspension in fresh w&ter with very
little turbulence of flow; however, upon coming into contact with salt water, the silt particles
undergo & process of flocculation, whereby the individual particles are attracted to each other
and form into lumps of sufficient size and weight to fall to the bottom of the channel. One has
only to see the Savennah River at the head of the project channel, where the color of the water
1s about that of tomato soup, and again at the mouth of the river where, for normal river dis-
charges, the river water is almost as clear as that of the ocean, to understand fully the enor-
mous volume of ailt that 1s being deposited over the 22-mile length of the navigation channel.

The section of the herbor which is subject to heaviemt shoaling is the lower ‘h-mile reach of
Front Rlver between the city of Savannah and the intersection of Back and Front Rivers. ‘For the
most part, shoaling in this reach occurs during late summer and fall, during which period the
fresh water flow of the river is lowest and salinities in that portion of the harbor are higheat.
This shoaling is due to the fact that, during conditions of fresh water flow and salinity just -
mentioned, there is no appreciable ebb velocity along the bottom throughout the problem reach,
while surface ebb velocities ‘are about 2.5 to 3.0 feet per second. This 18 not the case during :
the flood-tide period, as bottom flood velocities are only slightly less than those at the sur-
face, This unequal  distribution of flow 1s brought about by the fact that Back River, which com-
prises a large percentage of the entire tidal prism lying above its confluence with Front River,
carrieas no appreciable fresh water flow, but fille and empties only through its downstream ex-
tremity. Therefore, at high tide, the Back River tidal priam 1s filled with salt water of & fair-
1y high specific gravity, since all water entering Back River during the flood period entered
from the downatream end. During the ebb period, ‘the flow of heavy salt water from Back River
interferes with the ebb flow along the bottom in lower Front River to such extent that both ebb
velocity and ebb duration are decreased considerably. Therefore, most of the shoaling material
which deposits in the navigation channel above the mouth of Front River, plus some amount which
deposits below this point and is brought upstream by the relatively strong flood currents, accumu-
lates in the lower 4 miles of Front River from which it must be removed by dredging. Shoaling in
this reach during perlods of low fresh water flow is further aggravated by the fact that the salt
“water wedge intrudes further, into the river, and/flocculation of suspended silt occurs over &
considerable distence upstream from the mouth of Front River.

The. Savannsh Harbor model, which was used for study of the problem just deacribed and of .
geveral other problems, reproduced an area of the Atlantic Ocean from Wassaw Sound on the south
to Hilton Head Island on the north and offshore to about the 4O-foot contour of depth; the
Savannah River from its mouth to the head of tide; and the maze of interconnecting channels tribu- -
tary to the Savannah River (see Figure 7). The model was of fixed-bed construction, all channel
and overbank areas being molded in concrete. Tides were reproduced in the simulated Atlantic
Ocean and in Calibogue Sound, and the scale discharge of fresh water, repreeenting the fresh
water flow of the river, was introduced into the upstream’end|of the model. The salinity of the

_simulated ‘ocean was maintained at the measured salinity of the prototype, so that density '
currents and their effects were reproduced accurately throughout’ the model. Wo attempt was made
to reproduce or simulate prototype shoaling in the Savannah Harbor model; instead, & comprehengive
study was made of the effects of each plan on hydraulic conditions in the harbor, and upon this
basis the effects of the plan on prototype shoaling were predicted.

Plans designed end teated to reduce shoaling in lower Front Riter consisted of deepening, _
widening, and extending upstrea.m the project channel, construction of submerged sills across the
‘mouth of Back River, construction of a dam and tide gate in Back River and a dredge cut across
Hutchinson Tsland sbove the city of Savamnsh, and replacing the tide gate of the latter-mentioned
plan with a so0lid dem. Tests of widening, deepening, and otherwise improving the Front River
‘projJect channel indicated that bottom ebb velocities 1n lower Front River could be increased ap-
preciably by this method. As was expected, improvements in the hydraulic efficiency of the chan-
nel allowed the tide wave to run more freely, and thus effected increases in velocities through-
out Front River. Tests of submerged sllls across the mouth of Back River indicated that this
‘method would have little, if any, effect on velocities in Front River. By far the greatest in-
icrease in ebb velocity in lower Front River was effacted by the tide gate in Back River a.nd the
{Hutchinson Island cut (Figure 8).

Operation of this plan was such that the tide gate opened during the flood~tide period (a.nd
“the flood tide entered Back River normally; the gate clomed at high water alack; a.mi, “during the
ebb-t1de perfod|, the Back River tidal prism sbove the gate emptied througi the| Hu'@g}l}gaqgﬂlq;la.nd

cut and thence through lower Front River, thereby increasing ebb velocities in lower' Front River
to a large extent. Tests of replacing the tide gate with a solid dam indicated thet this method
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would also effect large increases in velocity in lower Front River; however, with the solid dem
instead of the tide gate, both flood and ebb velocities in Front River were increased. By vary-
ing the location of the tide gate or the solid dam in Back River, thus varying the portion of the
Back River tidal prism which would be added to Front River by elther of these plans, 1t was found
that velocities in lower Front River could be increased up to a maximum of 4 to 5 feet per second.
It was also found, however, from a study of the effects of the tlde gate and solid dem plans upon
"the harbor as a whole, that either of these methods which added a sufficient portion of the Back
River tidal prism to that of Front River to increase appreciably the velocities in lower Front
River would also have the effect of decreasing the tidal prism of the harbor. A decrease in
tidal prism might cause shoaling in areas of the harbor not subject to shoaling at present, since
such decrease would be accompenied by decreases in mean current velocities. Decreases in current
velocitles throughout the harbor would be proportional to the decrease in tidal prism. It was
recommended , therefore, that it flrst be attempted to reduce shoaling in lower Front River by
improving the hydraulic efficiency of the navigation channel and then, if addltional works are
required, to install one of the tlde-gate or solid-dam plans which effected only a slight reduc-
tion in tidal prism of the harbor as a whole.

It has been demonstrated during this discussion that the adjustment and verification of the
sedimentation model, and hence the accuracy of results to be obtained therefrom, are based upon
data obtained from comprehensive prototype investigations. The completeness and accuracy of
such prototype studles are most essential,  since the model study would produce erroneous results
if 1ts adjustment and verification were based upon lnaccurate or incomplete field data.

In the above connection, model-prototype confirmation studies are of inestimable value to
the engineer who works with sedimentation models. Following the installation of an improvement
plen in the prototype as a result of a sedimentation model study, the question immediately arises
as to how closely the functioning of this plan in nature corresponds to the model predictionms.
Where inconslstencies are revealed through such a confirmation study, model opereting techniques
may be improved to the end of eliminating such inconsistencies in the future. Model-prototype
confirmation studies are believed to be of such importance to the further development of sedl-~
mentation model techniques -- and thus to the solution of the problems involved -~ that plans
for a confirmation study should be included as a part of each comprehensive improvement plan that
has involved study on a sedimentation model.

It must be understood that the hydraulic model 1s not proposed as a "cure-all" for sedimen-
tation problems, nor does 1ts use preclude the need for extensive field Investigations in evolv-
ing plens for thelr scolution. On the other hand, the sedimentation model, due to uncertainties
which still exist as to the mechanics and principles of sedimentation in a prototype system, can
be made to provide information not obtainable by other means. The need for experimentation is
basically fostered by the fact that present-day knowledge of sedimentation phenomena and river
.hydraulics has not advanced to the point where such problems can be resolved by theory alone. And
until that point is reached the model, with all 1lts inherent limitations, will continue to be the
most useful expedient.

A greater knowledge and a clearer understanding of the mechanics and basic principles of
sediment movements have tremendous implication on the future progress of river and harbor engi-
neering. The Corps of Engineers, participating in the program of the Federal Inter-Agency Sub-
committee on Sedimentation, and dedicated to the improvement and meintenance of the rivers and
harbors of the nation, awaits with considerable interest the research and findings of the agen-
cies represented in that group.

DISCUSSION

D, J. HEBERT.* In this paper, Messrs. Simmons, Fenwlick, and Patterson have clearly and force-
fully demonstrated that the hydraullc model is a powerful tool for use in studying sedimentation

problems In navigation chamnels. The three examples given are well-chosen to i1llustrate the
flexibility of laboratory methods of study.’

The three model investigatlions described in the paper are treated so completely that there
remains very little to be added by way of comments on testing procedure and results. It might be
worthwhile to point out that the process of verification, which appears to be relatively simple
as. 1t 1s described by the authors, is 1sally quite a difficult and involved procedure Being faced
with the necesslty for meking adjustments in the v&rious model parameters the best cholce ulti-

" % Hydraulic Laboratery, Branch of Design and Construction, Bureau of Reclamatien, Dénver, Celo.
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mately depends upon the operator's Judgmenf. This in turn derives from his understanding of the
hydraulic action involved and from hils experience. The verification must be extended to cover a
range which includes as many different cornditions as possible. This will tend to minimize the

posslbility that a new set of conditions might not be covered by the similitude relationships
developed in the verification procedure.

In studles involving considerations of tidal prism such as the Savannsh Harbor investigation,

i1t should be remembered that tidal prism is the volume actually filled by water between instan-~
teneous water surface profiles at high and low stage. It should not be confused with tidal

volume, which is a gross volume between level water surfaces at the two stages. Whether or not
changes in tidal volume willl result in changes in tidal prism is not always apparent. For ex- -
ample, let ug take the case of the Zuider Zee Dam in Holland as described by Van Veen in an un-
published paper. The dam would extend across a bay and completely eliminate & large portion of

tidal volume. This raised the guestion of the possible decrease in tidal currents past the
Frieslan Islands which are located seaward from the dam.. Studles, later confirmed by observe-
tions after the dem was completed, showed that actually the currents wers increased dy some 20
percent. The actual change in tidal prism which is closely related to the tidal currents 1s not

known but 1t is certain that it was not proportional to the change in tidal volume.

I would like to underscore the statement that model-prototype confirmation tests are in-
valuable and should be considered as part of the study. In some instances where the data are
meager, the prototype tests are mandatory. The main function of the model in such cases is to
clarify the basic principles involved and to develop the techniques whereby determination of
critical constants may be made on a prototype level. In the case of a model study of tidal in-
trusion of ocesn salinity into the chamnels of the Sacramento-San Joaquin Delte, the model was
uged principally to demonstrate that the intrusion was a true diffusion process accomplished by
mixing during tidal ebb and flood. The coefficients of diffusion at varlous critical locetions
in the delta can be determined accurately. only by measurement in the prototype.

The men who have been working in the larger hydraulic laboratories and have contributed to
the development of the hydraulic model as a design tool have, in the past, been umsble to devote
ag much time ag they should to the fundamental aspects of problems. One of the major factors
responsible for this situation is the necessity for meeting schedules. This 18 a mistake be-~
cause every model study, especlally when a sediment problem is involved, can and should be made
to yleld some contribution to the fund of basic knowledge. The impetus required to correct the

situation will have to come from the laboratory staffs in the form of comprehensive research
programs.

The laboratory men are in a position to aid materielly in formulating the overall program

galled for by Dr. Mason in & previous discuasion. They have one-root in theory and one in practice

particularly when confirmation studies or extensions of model studies to prototype-level are

involved. They should be able to do much to supply the link between basic and practlcal aspects
of any program.

ROBERT T. KNAPP.*¥ The applicabillty of model techniques to the study of sedimentation problems
has been an open questlon for a long time. The present paper by Simmons, Fenwick and Patterson
gives a very clear-cut description of three different methode -of attack that are now being em~
ployed at the Vicksburg Laboratory. These methods might be defined as follows:

A. The movable bed model which attempts to simulate the entire sediment movement in
a quantitative manner.

B. The fixed bed model in which shoaling or deposition is investigated through the
‘injection of finely-ground material into the flow.

C. The fixed bed model without sediment in which the investigation 18 confined ‘to the

study of the hydraulic forces which iInfluence erosion and deposition. _
Before any attempt is {made to comment on the applicability of these different model tech-
niques, I should like to consider some of the broader aspects of hydraulic laboratory research.

*  Cooperative, iAgent , Soll Comservation Service, Californie Institute of Technology, Pasadens,
Calif. (Preaented by V. A, Vanont).
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It is f)ossible to divide laboratory techkniques for studying hydraulic problems into a number of

different classes, as shown in Table 1.
there is much overlapping and combining.

to emphasize any basic differences that may exist.

Of course, these classes are not mutually exclusive,
Nevertheless, the classification. is useful if 1t serves

1. In the first clars may be placed studles of the fundamental nature and mechanism of a

specific hydraulic phenomenon.

These are usually paralleled by aenalytical studles since

the combination of the analytical and experimental method often makes much faster progress

than either one alome.

The objective of this class of studies 1s to achieve so thorough

an understanding of the phenomenon that it may be treated analytically and. thereby elimi-
nate the necessity for further experimental investigation.

2. This and the subsequent classes may &ll be considered model studleg. To fall ‘into this
class, & study should fulfill the following conditlons: :

a. Basic characteristics of the phenomenon involved should be well pnderétood.’

b. The need for a model study should arise from the fact that the application
is too complicated or involved to be handled readily by analytical means.

¢. It should be poseible to make the study within the bounds of strict model

similarity.

3. This class contains model studies having the following chara.cteristicsf

a. Baslc le!:aQtQI:istie_#%oi the phenomenon involved should be well understood.

b. The need for a model study should arise.from the fact that the application is

too complicated or involved to be handled readily by analytical means.

TABLE 1. - Ci.ASSIFICATION OF LABORATORY STUDIES

T ——
. Classification
_Study .
Characteristics 1 2 3 b 5
Baslic laws governing .
phenomenon Known Known Known Known Unknown
Type of solution Specific Specific Specific { Specific
sought Gensral (model study) | (model study)} (model atudy)] (model study)
Number of ma jor ‘ .
Phenomena involved 1 1 1 2 or more 1 or more
Dégr_ee of model Not Small Ma jor
similarity obtainable involved . Strict deviation deviation Unknown
Need for verification Not ~ DNot . : .
from prototype required required Desirable Required Imperative
Estimated reliability Excellent Excellent Satisfactory | Uncertain Unknown

c. It 1s inconvenient or mpfactical to construct a model having strict geometric
The departures from similarity, however, should be
deliberate and based upon a knowledge that such departures should produce effects

and dynamic similarity.

whose magnitudes are of second order..

4, studies in this class are characterized by conditions which involve the Interaction of
two or more phenomena which camnot all be studied in one model without substantial devia-
tions from strict eimilarity.
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5. This class contains studies involving unknown phenomena for which it 1s impossible to
evaluate conditions required for similarity.

In general, the engineer is not free to choose the class of study which must be carried out.
The nature of the problem determines that for him. Furthermore, the information obtailned even
from class 5 studies is often extremely valuable and worth many times the cost of obtaining it.
Therefore, none of the remarks that follow should be considered as a criticism of the work of any
sound laboratory, and certainly not of the organization to which the authors of the paper belong.
They merely represent the wrilter's philosophy concerning model studies and their applicabllity to
the solution of sedimentation problems.

It is felt that these classifications of laboratory studies have been arranged in order of
decreasing ' reliability. If this classification of laboratory studies is accepted, it will be
geen that models used for studying sedimentation problems nearly always fall into classes L4 and 5.
The reliability of their resulis depends in a large measure upon such factors as the amount of
field information avalleble, the knowledge and skill of the experimenter, and chance. Chance
probably plays its largest role in studies coming under class 5. '

Classes 1 and 2 should require no verification to establish thelr validity.

. Class 3 studiea should require very simple checks or verifications, whereas the rellability
of class 4 and 5 studies is based almost entirely upon the verification of model performance with
measured performance in the fleld. One of the difficulties of such veriiication is that it is
seldom possible to carry it out for more than one condition. It would be much more comfortable
to be able to have at least two verifications, one at each end of the range of conditions involv-
ed in the experiments. After all, the model is a measuring instrument and every experimenter has
‘much more confidence in an instrument that he has been able to calibrate over 1ts extremes of
range than on one for which he has only a single calibratlon point.

It is the belief of the writer that in enumerating three types (a, b and c) of model tech-
niques for studying sedimentation problems that they have been presented in the order of the
greatest apparent rellability, but there is at least & suspiclon that the true reliability may be
in the reverse order. Certainly the movable bed model, in which the entire cycle of cutting and
deposition tekes place, is by far the most convincing to the non-specialist even though he may be
an engineer. The operation of the fixed bed model with injected shoaling material is apt to be
not quite® so convincing, but it still gives a pretty good visual picture as to what is happening.
The fixed bed model which uses no sediment at all is apt to appear as an abstraction since the
behavior of the sedlment cannot be seen visually but must be predicted from a series of curves
and tables. The other side of the picture 1s, however, that the movable bed model involves the
greatest unknowns and in general the most serious violations of the similarity conditioms. It is
felt that in many cases its convincing appearance is one of 1lts greatest drawbacks since the ob-
server- and even-the investigators themselves are apt to place undue reliance upon the results.

On the other hand, the fixzed bed model without sediment injection cam usually be constructed
with only minor violationa[of the similarity laws. The blg advantage is that no attempt 1s made
to simulate the actual sedliment movement. When the investigetor has to infer the nature, loca~
tion, and magnitude of the mediment movement from the velocity distributions measured in the model
and the laws now available concerning sediment trensportation, it is difficult for him to avold
being aware of the large uncertaintles involved.

A few paragraphs ago reference was made to the role played by chance in class 4 and 5 stud-
ies. In their paper, the authors present an example of its effect. In discussing the study of
the Deep Water Point Range, & comparison was given between the model results of the effect of the
- construction of the Pennsville Dike and the prototype results measured after the dlke was actually
built, The model showed a reduction in shoaling of 47 percent; whereas, the prototype measure-
ments indicated a reduction of 48 percent., This extremely close agreement would seem to be quite
Fortuitous. If elther the model results or the prototype measurements were accurate within 10
percent they should be considered to be very good.

The writer agrees wholeheartedly with the suthors in thelr concluding remarks concerning the

- importance of carefully planned model to prototype confirmation studles for sedimentation models.
As the paper points out, the sedimentation model:can be made to provide much valuable information
by other means.. Some of this information is inherently empirical in nature, and is applicable
only to the specific conditions of the study. Hewever, it is believed that unless gedimentation
models are also employed to extend the fundamental knowledge of the mechanics and laws of sedi-~
mentation itself, they will be falling to capltalize upon the possibilities inherent in them,
and thus not doing thelr part to increase the rellability of this important class of model studies.
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LABORATORY EXPERIENCES WITH THE BOTTOM WITHDRAWAL TUBE METHOD OF SIZE ANALYSIS.

by C. S. Howard. *

The bottom withdrawal tube method _l'/ of size analysis has been used in the Southwestern Lab-
oratory of the Geological Survey for nearly three years. During that time over one thousand sam-
ples. have been analyzed by this method. In the early part of the work the settling tlmes recom-
mended in Report No. 7 l/ were followed. Leboratory tests indicated, however, that nelther of the
groups of settling times (10 seconds to 120 minutes recommended for c¢oarser particles, and 4 min-
utes to 124 minutes recommended for finer particles) gave complete records for the sediments be-
ing analyzed in this laboratory. Neither group of gettling times gave sufficlent data for com-
puting the percentages of particles finer than 0.0039 mm., and the times recommended for the finer
particles gave too few date for satisfactory computations of the percentages of particles with
diameters greaster than 0.0625 mm. Many samples analyzed in this laboratory have conslderable
percentages of the finer partiéles , other samples collected from the seme stream within a short
period of time have considerable percentages of the coarser particles, and it is difficult to se-
lect a satisfactory set of settling times by inspection of the sample. The range in the particle
,sizes in samples from the same river is illustrated by the graphs in Figure 1.

100 — in this laboratory an attempt was made to have
%0 § L] A the date sufficiently complete so that less than
% / twenty five percent of the material was coarser
than the coarsest sizé&€ reported and less than
twenty five percent was finer than the finest
/ gize reported. A large number of size groups
have been chosen between the coarsest and finest
/ sizes but no attempt was made to select inter-
50 mediate size groups within this range, even if
/ the percentage of material in any of the re-
ported sizes was greater than twenty five per-
30 | cent, To obtaln adequate data for the coarser
particles; the total settling time was short,
20 and a humber of withdrawals were made in the
o B i first few minutes of _sett]:ing.. For many semples,
QRN e a total settling time Gf ten minutes was chosen
and four withdrawals made in the first 1 3/h
. _ . minutes. For & few of the.samples more than
Particle size in  millimeters ninety five percent had settled in ten minutes
but for most sam i g
Figure |, Size- onalyses of suspended sediment in samples needed. Total sﬂziiﬂé'lgniﬁzz :?tztiﬁfyt:iz vas
from the Colorado River near' Grond Ganyon, Ariz. forty minutes were used on an appreciable number
A, April 3, 1945 B,Mdy 30, 1945 of samples and for many of these samples the
- results were adequate for drawing the Oden
curves. Many of the samples had large percéntages of the finer particles, and a total gettling
time of forty minutes did not give sufficlent data for determining the distribution of the sizes
of the finer particles. TFor those sempled for which 1% wee assumed thet the sediment had large
percentages of the finer particles, a total settling time of 130 minutes was selectsd and in
later determinations the total settling time was 400 minutes. TIn some of the anglyses made with
400 minutes as the total time the data were not sufficient to determine accurately the percentag-
es of the particles with diameters greater than 0.0625 mm., and thers could be no break-down for
the particles with diameters less than 0.00195 mm. Many of the semples had more than. forty per-

cent of the particles with dlameters less than 0.00L but a total s i
of 400 minutes 1a not feamible. 95 & el settling time much in excess
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For samples which had considerable percentages of the coarser particles; 1.e., when the mate-
rial ' in the first three or four withdrawals smount to more than twenty five percent of the total
material, the material drawn off in the first three or four wlthdrawals was sieved. The number
of withdrawels chosen for the sieve analysis was selected by consideration of the settling veloc-
ities and choosing those portions which were withdrawn during the time when all of the particles
having diameters greater than 0.0625 mm. would have fallen through the entire 100 cm. The sieves
used had openings of 0.500 mm,, 0.250 mm., 0.125 mm., and 0.0625 mm., The results of the sieve
enalyses were often 1n poor agreement with the resulis .of the bottom withdrawal tube analyses for
the same samples. At first, it was thought that the differences were because the particles were
not spherical and had a specific gravivy different from the assumed -value of 2. 65 used in comput-
ing <he settling times. Further study indicated that the discrspancies were probably due, in
large part, to the few points avallable for plotting the percentages of coarse material. Compar-
able results for twelve samples. from the Colorado River at Grand Canyon and forty nine samples .
from the Se.n Juan River near Bluff, Utah, are given in Table 1.

TABLE 1. COMPARATTVE RESULTS FOR ANALYSES OF SAMPLES OF
SUSPENDED SEDIMENT ANALYZED BY THE BOTTOM WITHDRAWAL TUBE
METHOD (A) AND BY SIEVING (B). :

Method {Percent finer than indicated size(in millimeters)
Location |of Anal~ . '

ysis 0.0625 0.125 0.250 , 0.500
Grand Canyon A o 58 81 : 91
(12 semples) B 4o 64 91 99
Bluff ‘ , '
(49 samples) A - 50 60 79 91

B b7 . 60 87 98 .

The study of the bottom withdrawsl tube method in the Southwestern Laboratory of the Geologl-
cal Survey was coordinated with the studies made in the Albuquerque laboratory of the U.S. Engi-
neers. The Engineers adopted a schedule of settling times (I, Teble 2) with a total settling
time of 400 minutes. Thelr schedule provides for four withdrawals within the first two and a half
minutes, thai 1s during the perlod when the coarser particles are settling. A modified form of
the Engineers schedule has been used by Lhe Geological Survey (J , Table 2).

The methods of plot‘bing the analyticsel data outlined in Report No T were modified far use
in this laboratory. The Oden curves made in this labora‘cory were made on graph paper having 20
by 20 lines to the inch. Percentages were plotted with 1q0 percent at the base line, and wilth a
percentage acale of one inch representing 20 percent. In the early work, one inch on the time
scale for the finer rarticles (curve A} represented 200 minutes. _Later this scsle was changed to
have one inch represent 400 minutes.  For many of the samples 1t was found desirable to have four
time scales, and for a number of samples Five time scales were [useful.. In the more rscent work
in this laboratory the following scales were used: Curve E, one inch repreaenting 800 minutes;
Curve A, one inch representing 400 minutes; Curve B, one inch representing 40 minutes; Curve C,
one inch represent:lng 4 minutes; Curve D, one inch, representing 0.4 minutes.

The laboratory work sheets consist of (1) bottom withdraiml tube slze @nalyeie eheet (Figure
2), used for recording the welghts o of the various withdrawn portiens and for computing the percent
in suspension after different settling times, and (2) graph sheet for drawing the Oden curve and
computing the slze analysis (Figure 3). A copy of each sheet is attached. !The Oden curve sheet
shows the size groups for which percenthges were lcomputed. Very few of the semples analyzed in
this laboratory had eny appreciasble quantities i of’ materfal with diameters larger than 0.500 mm.
The analytical results are tabulated on a _sheet | similar to that used for table 5. It will be
noted that some of the sizes reported on. the Oden sheet are not given in this table, the conden-
sation was made- to keep the tables from being too bulky.

The withdrawal times used by the Geological Survey are shown in Table 2. Percentages and
withdrawal times for twelve samples are shown in Table -3, For somg analyses two or more time
scales were used in drawing the Oden curves, and size’ analyses for nine of these samplee- are
given in table 4. Two sets or curves were drawn for each of these snalyses and three sets were
drawn for one analysie. The agreement between the |différent analyses was|usually{within two per-

cent and it is likely that this agreement may: represent the\reproducibﬂity that can be expected
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Table 2. Settling times for bottom withdrawzal tube
method of size analysis.

A ) —C D ‘
Flapsed Time to Elapsed Time to | [Elapsed Time to Elapsed Time to
time settle time settle time settle time settle
100 cm. 100 cm. 100 em. 100 cm.
(min,) (min, ) ' (min,) {min,)
15" 0.28 271 : 0,50 71 0.50 27 0.50
27 «56 484 1 48 1 48" 1
4gh 1.14 11244 2 11241 2 11240 2
S 1tast 2.92 38 5 3t 5 3! 5
2244 4.8 71304 15 71301 15 10¢ 20
3 7.5 10! 25 201 50 16! 40
4480 16 12t 40 271 90 a7 90
- 7330% 37.5 167 80 308 150 358 175
10¢ 100 | 20! 200 40¢ 400 40t 400
16! 201 401 40°*
E E g :
541 1l 544 1 154 0.28 41300 5
4! 5 4! 5 504 : 1.04 10t 12.5
10! 14 101 14 1240 2 17'30% 25
241 40 24! 40 3t 5 30! 50
508 100 50 100 5¢ 10 501 100
80t 200 70 175 16% 40 100¢ 250
901 300 90! 300 1 30! 100 2501 833
100! 500 100t 550 804 400 300 1500
120¢ 1200 130° 1300 1201t 1200 4008 4000
120¢ 130t 120! 400°%
I Iz
g 0.17 541 1
15" +31 4% 5
az" 1.0 gt 13
21301 4,2 18? 30
7rzon 15 40 80
251 62.5 60 150
758 250 1508 500
200t 1000 2401 1200
4001 4000 4008 4000
4001 400

for analyses made by the bottom withdrawal tube method.

Few of the semples received in this leboratory hed sufficient water for the bottom withdraw-
al tube method. An effort wes made to use for the gettling water a water with a concentration
and cheracter of dissolved solids similar to the concentration and character of the water in
which the suspension was carried. For meny of the samples it was possible to use in the analysis
water from the same gaging station or from another one in the same river basin, but for other
semples 1t was necessary to use Albuquerque tap weter. A number of samples were dispersed be-
fore analysis, using sodium oxalate as the dispersing agent aaxd distilled water &8s the settling
nedium.

Many of the samples received in this laboretory had concentrations of sediment much higher
than the maximum of 10,000 parts per million recommended in Report No. 7. It was necessery to
gplit those samples and for that purpose a splitter was used which was like the one developed by
the Albuquerque laboratory of the U.S. Engineers. This splitter is similar to the Jones ore
splitter and worked very well. Analyses were made of several portions of a number of samples.

Size analyses for portions of some of the spiit samples showed good agreement but for most
of the comparable samples the agreement was poor. Analytical results for a few of the samples
are glven in table 5. As a rule the analyses meds with the higher concentrations of sediment
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BOTTOM WiTHDRAWAL TUBE SIZE ANALYSIS
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River Type sample
Station Sediment concentration ___ _  percent
Date ppm
Weoeight 8ed. in Per- | Time to
Elaps{ Falll| pish Sediment Net Cumu— Deptk susp. 100 cent | settle
time ht.] weo. Gross Tare (4)-(5) (&)-Dis. 1&*-'1\7% factor cm. -Fall in 100 cm.
min. [ om. (gm.) (gn.) (em.) solids (em.) | 100/(2) (8)x(9) susp. | (1)x(9)
(em.) Reed up . (em.) (min.)
1 2 3 4 5 6 7 8 9 10 1l 12
Lab. No. Analyzed by Date Tube No. Temp. °C. Checked by Date
Suspended sediment Dissolved solids
Semple bottle + ml. em/ml.
—_— ro—
Sample bottle No. - Dish +
Suspension Zne Dish No.
.
FIGURE 2. Sample of bottom withdrawal tube size analysis sheet.
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FIGURE 3. Sample of plotting paper for (den curve



Toble 3. Settling times and percentzges for twelve sediment samples.

Settling achedule A Settling schedule B Settling schedule D
3 2 1 2 1 .2
Time to | Percent | Percent Time to | Percent | Percent Time to | Percent | Percent
settle in sus- in sus- settle in sus- in sus- settle in sus- in sus-
100 cm. | pension | pension 100 cm. | pemsion | pension 100 cm, | pension | pension
(ming) (min.) (uin)
0.28 91 9 0.5 62 75 0.5 79 43
56 79 86 1.0 40 57 1.0 72 32
1.14 62 " 2.0 26 42 2.0 69 24
2.92 38 65 5 20 31 5 66 17
4,81 28 56 15 15 24 20 62 12
7.5 22 48 25 13 22 40 57 10
16 17 35 40 12 20 90 42 9
37.4 15 30 80 11 18 175 25 8
100 14 21 200 10 16 400 16 &
Total sed- 3.3140 4,7520 1.7771  |1.1606 4,3753 1.9394
pent (gms)
‘Total settling
time { min) 10 10 20 20 40 40
Temp. °C. 25 23 31 28 27 28
Adequacy of :
Abalysis good fair good fair good fair
Settling schedule F . Settling schedule J
Time to | Percent | Percent |Percent Time to| DPercent | Percent | Percent
setile 4n sus~ in sus- in sus- settle in sus- in sua- in sus-
100 eme | pension | pension |pension 100 cm. pension | pension | pension
{nin) (min,)
1 86 85 99 1 92 97 66
5 74 71 95 5 83 90 59
14 68 63 89 13 77 85 56
40 43 55 78 0 68 79 53
100 6 47 69 80 57 70 48
175 3 41 €3 150 50 64 42
300 2 3 57 500 33 53 18
550 1 30 51 1200 21 47 S 14
. 1300 0 26 43 4000 10 39 8
Total sed-
ment (gnms) 2.6810 1.,0826 14,6120 0.5530 0.6842 | 1.1374
Total settling
| time (min) 130 130 130 400 400 400
| Temp, ° C, 26 23 20 26 27 25
Adecuacy of
| analysis good fair feir good fair fair.
Description of samples.
A~l Alamogordo reservoir deposit, dispersed with sodium oxalate
A-~2 Conchas reservoir deposit, dlspersed with sodium oxalate
B-1 San Juan River near Bluff,Utah, June 18,1944
B-2 San Juan River near Bluff,Utah, June 19, 1944
D-1 San Juan River near Bluff, Utah June 4, 1844
D-2 San Juzn River near Bluff, Utah, July 21, 1944
F-1 Arkansas River near Las Animas, Colo,, July 25, 1944
F~2 San Juan River near Ship Rock, N. Mex., April 15, 1944
F-3 Alamogordo reservoir deposit, dispersed with sodium ozalate
J-% Rio Grande at Albuquerque, N. Mex., Aug. 17, 1945
J-2 Rio Grande at Albuguerque, N. Mex. Aug. 17, 1945
J=3 San Juzn River near Bluff,Utah; Mar, 25,1945,




Table 4. Sirze analyses for nine sediment samples.

(Iines numbered a,b,and ¢ represent first, second, and third plotting, respectively)

Yo. Time . )

scale Percent finer than indicated size in millimeters

(min.per 4 *

inch) 0.0039 { 0.0055 | 0.0110 | 0.0186 |0,0312 10,442 10Q,062510,0125 { 0,250 | 0,500
Ani-a 200 - - - 16 -zl 30 48 84 98 -
A-1-D 400 - - 14 15 20 30 48 83 99
A-2~a 200 - - - 1 32 47 62 73 90 95 -
A-2-D 400 - - 32 34 45 €3 76 89 96 99
B-l-a 400 - - 13 15 20 22 31 57 92 98
B-2-b 400 - - 11 13 19 22 30 59 94 99
B-2-a 400 - - 19 21 29 34 46 75 97 99
B-2-b 400 - - - 22 29 35 43 74 97 100
D-1-a 400 - - 10 11 15 19 26 41 62 81
D-1-b 400 - - 10 11 16 8 |- 23 41 61 el
D-2-a 400 - 18 52 65 67 68 70 76 91 97
Du2-b 400 - 16 55 65 67 68 7 | 78 90 97
P-l-a 400 - 2 9 65 79 gr 83 90 a5 98
F-l-b 400 - 2 9 67 - 74 79 83 91 94 96
Felma 200 29 37 56 61 68 71 81 90 96 -
F-2<v 400 29 37 54 59 67 74 82 90 94 96
Falac 100 - 38 54 59 69 74 80 92 97 99
F-3-a 200 48 58 74 85 95 98 98 - - -
F=3-b 400 53 60 74 81 94 97 99 100 - -

Sample numbers, A-1,A-2,B-1,B-2,D-1,D-2, F-1,F-2, and F-3 refer to sample numbers in Table 3.

showed smaller percentages of the finer particles than was obtained with lower concentration.
This was especlally true when the material consisted chiefly of the finer particles (diameters
less than 0.0055mm.) and when the settling medium wae native water. The material, as 1t settled
in the mcre concentrated suspensions, appearsd to settle like a coasgulated mmss.

On several occasions 1t has been observed that a moderately or highly concentrated suspension
settles more completely and faster than & less concentrated suspension of the same material, and
also that the settlement in a narrow cylinder is more complete than in a wider cylinder. Obser-
vations made in the Southweastern Laboratory on the rate of settling of a sample of Rio Grande
weter in four cylinders showed that for concentrations greater than 6,000 parts per million the
settling vas more complets in the smaller cylinders. The cylinders used had the following diam-
sters: 6.9 om., 4.6 cm., 3.6 cm. and 2.6 cm. The studies were not sufficlently complete to show
the effect of the dlameter of the sbttling cylinder on the rate of settling of different suspensions.

The aveilable analyticel date show thet comparable results cannot be obtained for certain
semples 1f the concentrations of sediment in the settling tubes are different and if the settling
is done in native water. It appears that the concentration s 1f less than 5,000 parts per million,
is not a factor in getting comparable results when the sample is dispersed and settled in dis-
tilled water. Analyses representing three settling conditions for a semple from the Rio Grande
are shown in Figure 4. Each curve is the mean of geveral analyses made on®split portions having
similar concentrations of sediment. The curves for this one sample and the dats obtained on &
large number of samples show the improbability of getting comparable results for different con-
centrations of sediment when the material is fine anl the settling is in native or tap water.
Comparable results can be obtalned for -different concentrations of sediment when the gample is
dispersed and the settling done in distilled water, but 1t is not known how high concentretions
of sediment should be used with dispersed samples. )
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Tablc 5.

Size analyses of suspendel sediment from various sources.

{(Apalyses by the bottom withdrawal tube method, using the "J' gchedule for setiling times )

Concen=
tration Perccnt finer thun indicated size ( in millimeters )
. - of sed-
Date of collection ment in 0.00195 | 0.00276 |0.0739 | 0.0055 |o0.0078 | 0.0156 | 0.312 | 0.0825( 0,125 | 0.250 | 0.500 Settling
tube (pym) med iuz
Rio Puerco gt Adaupnns, Arizona
May 2, 1945 521 29 55 77 85 88 30 93 96 99 100 Tap water
624 50 62 76 85 91 96 100 - - - - Tap water
1,220 13 35 54 78 88 94 98 98 99 100 - Tep water
1,220 15 45 62 85 92 94 96 99 100 - - Tep water
2,530 9 15 27 a4 83 93 96 98 100 - - Tap water
2,400 <] 10 20 44 95 9§ 100 - - - - Tap water
Rio Grende at Albuquergue, N, Mex,
Aug, 17, 1945 zal 42 47 51 58 75 85 95 58 59 100 - hative water
1,050 14 25 36 47 57 71 83 o o5 2 100 Native water
2,280 10 14 19 28 50 77 91 98 95 100 - Native waier }
2,560 47 54 61 89 75 85 93 97 98 100 - Distilled water (dispersed)
Bio Grounde at S:n Acmeia, i, Mex,
July 23, 1944 1,700 25 28 61 76 8l 88 95 99 100 - - Tip water
6,100 - - ol 45 68 . B3 94 - - - - Top water
July 17, 1946 194 43 50 56 84 82 96 955 - - - - Nrtive weter
620 - 4 2 50 70 25 29 - - - - Hetive water
2,050 12 8 28 49 70 95 99 - - - - Kotive water
. 2,150 & 62 70 79 89 97 100 - - - - Distiiled water (dispersed)
- _Grand Ziver near Shadehill, S, Dakota
March 23, 1546 246 - - - 56 - - - - - - - Native water
392 - 36 42 46 90 96 100 - - - - Native water
Mzrch 30, 1946. 291 - 4 21 a7 48 - - - - - - Fetive water
352 - - 4 35 50 72 80 o4 100 - - Tap water
219 - o4 - - - - - - - - - Distiiled water ( diepersed )
551 - 94 - - - - - - - - - Distilled water (cispersed )
Colorado River nesr Gr.nd Canyon, Ariwons
Cet. 7, 1944 955 38 48 55 2 95 99 - - - - - Tap water
4,090 - 7 10 26 61 99 - - - - - Tap water
Szn Juan Rivexr neer Bluff Utsh
Mor, 28, 1948 917 18 32 .49 64 69 71 72 76 80 34 97 Tep water
2,080 9 15 17 3 | . 55 - - Jy s |1 e |1Lf 93 1y 9¢ T.p wuter
Oct., 17, 1945 3,790 - - 2 5 & 55 - |Yyeajy 7|1 1/100 Native water
4,180 35 39 44 53 57 62 65 .| 2/ 67 | L/ 74 | L/ 98 1/100 Distilled water ( dispersed)
ApT. 26, 1946 4,880 - - 8 16 23 35 54 |1/ 6 {1/ 7e |1 9z 1/100 ¥ative weter
7,350 - 15 22 26 8 38 53 |1/ 65 | L/ 75 |1 93 1/100 Distilled water (dispersed )

1/ Determined by sieve method,
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Fig. 4. Bottom withdrawal tube size analyses of Rio Grande sediment for different concentra-
tions in different settling media.

The a.vailable information indicates that for samples dispersed with sodium oxa.late it may
be difficult to ascertain the correction that should be applied for the dissolved solids of the
settling medium. The weight of dissolved solids on several samples appears to be less than the
weoight computed for the amount of sodlum oxalate added, indlcating a reactlion between the oxalate
and the suspenaion or solution. The neceselty for a correction for the dissolved solids may be
eliminated by filtering through a Gooch crucible.

During the settling, most of the samples showed an appreciable amount of sediment collect-
ing on the shoulder at the bottom of the withdrawal tube. A few observations show that some
materiel is deposited on the shoulder during the first few minutes of settling but the rate of
deposition is not known for the different withdrawal periods of the anelysis. In this labora-
tory the material that collects on the shoulder during the entire analysis is washed out with
distilled water and welghed. The weight is then added to the weight representing the material
that settled during the ninety minute period between the 60 and 150 minute withdrawals. The re-
cords obtained in this laboratory indicate that the amount of material which collects on the
shoulder of the tube may amount to four percent of the total quantity of material in the tube.

On the basis of the analytical date obtained in the Southwestern Laboratory the following
procedure is recommended for the analysis of sediments by the bottom withdrawal tube method:

1. The native water will be removed from the semple. If necessary the sample will be
aplit to get a portion which glve a concentration of sediment in the tube less than 5,000 parts
per million. Most of the samples will be dispersed before analysis but two or three samples each
month will be settled in native water using one or more concentrations of sediment (these con-
centrations to be less than 2,500 parts per million), For dispersion add about 100 ml, of dis-
tilled water, 5 ml. of sodlum oxalate solution (1.5 o/o) and mix the suspension well by stirring
with a milk shake mixer.

2. Most of the samples will be analyzed using the following settling times: 5ui",k',9t,
18' 40t 60* ,150%,240", 4OO' and 400'. If most of the material settles out within the first 60
or 150 minutes (as indicated by a light suspension left in the tube) the remainder of the sus-
pension can be drawn off at flve-minute intervels, except the last portion 1s to be drawn off
immediately after the next to the last portion.

3. The temperature of the portlon drawn off at the end of 150" is recorded as the
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temperature of the entire suspension during the analysis.

i, TIf the material that settles in the first nine minutes (the material in the first three
dishes) smount to more than twenty five percent of the total amount of material in the tube, a
sieve analysis should be made of the material in the first three dishes, using sleves with open-
ings of 0.500,0.250,0.125,and 0.0625 mm, The results of the sleve analysis are to be reported
in the size analysis.

5. After the last portlon has been drawn off, the tube should be washed out with a stream
of distilled water to remove any material clinging to the sides of the tubes (especially on the
shoulder at the bottom). The material washed out is to be weighed and the weight added to the
welght of the material that settled during the settling period from'60' to 150°'.

6. In the absence of any determined values, the correction for dissolved solids on the
dispersed samples may be assumed to be 0.0050 grams for each withdrawal. The correction for
digsolved solids in the samples settled in native water will be determined by evaporating a 50
ml. sample of the native water, drying and weighing the residue.

DISCUSSION

MARTIN E. NELSON. * The maximm velocity attained by a body in a free fall in a gaseous or
1iquid medium is a functlon of the physical dimensions of the body, 1ts density, and the demsity
of the surrounding fluid. The mathematical expression for the terminal veloclty was first pub-
1ighed by Stokes in 1845. About 40 years later engineers and geologlsts began to apply this law
in determining particle size gradations of sand, sediment, and other granular materials. Although
the terminal veloclty of sand and sediment particles is affected by the body form, it can be re-
lated to the dismeter of spherical particles with equivalent sedimentation characteristicg. In
the majority of sediment problems it 1s not the exact gecmetric slze or shape of the individual
particles that is of primary importance but rather thelr behavior in regard to transportetion and
deposition in rivers and reservoirs, which factors are directly related to the sedimentation
characteristics of the particles. Therefore, 1t is obviously advantagsous to make size analyses
of fluvial sediments by & method which i& based on these characteristics.

During the past fifty years several ingenious procedures have been developed for the pur-
pose of determining particle sizes by sedimentatlon methods, such as decantation, elutrlation,
menometer, hydrometer, plummet, and pipette. The limited accuracy and range of application, as
well as the tedlous processes involved in applying these methods, have provoked further search
for simpler and more accurate methods of making sediment size analyses. -These clrcumstances
prompted the Federal agencies who have cooperated in the investigation of sediment measurement
and analysis at Towa Clty to sponsor the development of the bottom- withdrawal tube.

The greater sensitivity of the bottom-withdrawal tube analysis is attended by new problems
which have not concerned the laboratory technician using less accurate methods. As Mr. Howard
has indicated in his very instructive review of experiences with the bottom-withdrawal tube, the
problem of flocculation assumes new and greater lmportance. Undoubtedly, flocculation plays an
important role in the natural sedimentation processes occurring in rivers and reservoirs. This
is true particularly when finely divided sediment particles are present. The laboratory tech-
nician 1s confronted with the problem of simulating conditions existing in nature, in the ap-
paratus he uses in his sedimentation analysis. Unfortunately we do not know just what forces
are involved in a natural sedimentation process. It 1s not concluslve to say that as the stream

‘velocity is reduced to a certain value all particles of a glven size will settle out and come to

rest on the bottom. The process may be accelerated by the presence of certain ions of dissolved
solids and it may be retarded by others. The mixing of different waters as one river flows into
another or into a reservolr may create circumstances which cause fine suspended sediment to re-
act differently than would similar sediment in other waters.

In order to facilitate the interpretation of the sediment data, the size analysis should be
presented in a form that enables the engineer to determine its effect upon river regulation or
development projJects. Usually this effect is related to the settling characteristics of the
sediment particles. The size analysls determined by a sedimentation process in a completely
dispersed suspension will indicate the gradatlon of the true dlameters of the suspended material.
When this method of size analysis is used on a sample In which flocculation occurs, the analysis

* Corps of Engineers, Department of thp Army, St. Paul District, St. Paul, Mimn.
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will indicate a size gradation coarser than the actual. While it is true that flocculation does
teke place in the natural stream, there are no criteria aveilable at the present time for deter-
mining the degree.of flocculation that would occur under the countless variations possible in the
contributing factors. The laboratory techniclan isg unable to induce dispersion in the sample
with any assurance that the settling characteristics of the sediment particles in the stream
from which the sample was taken will be simulated.

There appears to be a new fleld of research which should be covered in order to clarify
this phase of gedimentation. In the meantime, it 1s my opinion that the effects of dissolved
solids should be eliminated as far as possible when making laboratory size analyses with the
bottom-withdrawal tube. Sediment date determined from size analyses in which no flocculation
occurred would be more readlly interpreted than data obtained from analyses in which an uncer-
taln degree of flocculation took place. Therefore, until the effects of flocculation in the
laboratory apparatus and that which occurs in rature can be correlated, the bottom-withdrawal

tube size analyses should be made in distilled water with the assistance of a dispersing sagent
when necessary.

The bottom-withdrawal tube In its present state of development is not necessarily the ideal
instrument for making size analyses of sediment samples. Improvements in the instrument and
auxiliary equipment will no doubt be developed with its further use. The technique of operating
the tube and analyzing the data should be facllitated so as to reduce the cost and labor involv-
ed. However, sufficient tests have already been made with this instrument in various labora-
tories to demonstrate that it 1s practicel,-that it is superior to other methods for accuracy,
and that 1t is applicable to wider ranges of concentration and particle size gradat:lon than other
methods commonly used in making sediment size analyses.

E. W. LARE.* Dr. Howard has very forcefully brought.out the difficulties of sediment size analy-
sls, pariicularly those introduced by different concentrations in the-sediment analyzed and dif-
ferences in the chemical composition of the water.  Although hé has discussed this as an aapect
of the bottom wilthdrawal tube,:it is really a broader problem, for it applies equally well to the
analysis by any device using the rate of settlement in water, such as the hydrometer or pipette.
Ho has shown that widely different results may be cbtained with the same material under differ-
ent conditions, and the question, therefore, arises as to which condition we should adopt as our
standard in order that the results obtained throughout the sediment field would be comparable.

To declde this guestion, it is necessary to consider the use which will be mrde of this sediment
data, and to selegt the conditions of a.nalysis tha.t will give data in the form most suitable for
that use.

Unfortunately, this approach indicates that‘more than one method of analysis should be used.
For example, suppose that 1t 1s desired to determine the amount of sediment that will be deposit-
ed as a flood passes through a retarding basin,-which is the problem discussed by the writer on
another page,For this purpose, 1t is necessary to know how fast the particles will settle in the -
water in which they flow and at the concentration which exists there. For this purpose, the
gemples would have to be analyzed under as nearly as possible the conditions which existed where
and when the sample was taken. ' However, suppose it is desired to determine the size of the
sediment particles which have passed through a reservoir without depositing by comparing the com-
position of the material deposited in the reservoir with that which flowed in, as shown by the
samples taken from the reservoir bottom and from the inflowing stream.  For this purpose, the
analysis of material both from the reservoir deposits and from the inflow would have to show the
ultimate particle size, and both analyses would have to be made in a highly dispersed condition
in order that the perticle settling rate is not affected by the proximity of adjacent particles.
The analysis made 1n the manner best suited to determine the deposits In a retarding basin might
not be satisfactory. It is often impossidle to tell when the analyses are made what use will be
made of the data at a future date. In some situations, at least, more than one method would be
indicated by the probable uses of the data.. Of course, if ample funde were always avallable,

the thing to do would be to have all analyses made by both methods, but this is often impractical.

At the present time, we probably cannot see clearly what should be done in each case , but we
must go shead and make the analyses now, in order to havé the dats when it 1s needed. Since we
must proceed rather blindly, we should at least study the sltuation and make the best possible

*  Consulting Hydraulic Engineer, Branch of Design and Construction, Bureau of Reclamation,

Denver, Colo.
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decision in the light of our present knowledge. Future study may modify the writer's viewpoint
somewhat, but, at present, it appears that there are probably two main classes of cases of which
the two examples Jjust given are typical. One class will be the cases involving problems of sed-
imentation of the finer particles, the silts and clays, and possibly the movement of very heavy
concentration such as occur in some rivers and give rise to density currents. For this class of
problem, the analyses in native water and at the natural concentration would be needed. The
other class includes problems involving comparisons between sediment transported in flowing water
and sediment which has been deposited as previously-described.

How should a decision be made on which of these methods of analysis should be used in any
given case, or whether both should be used? In some cases, it is fairly evident that both
ghould be used. TFor example, on the Yung Ting River in China, on which the retarding basins will
probably soon be built, both of these methods :iould be used, a record by both methods being se-
cured, at least during floods. The Rio Puerco in New Mexlco is a similar case. When there are
gediment flows which might produce density currents, the sediment should be analyzed by both
methods. This may sound like a great increase in the sediment program but really it 1s not, for
1t involves only a few streams and these only part of the time. In most streams in this country,
the size data should be on the basis of the ultimate particle size, at least in the present state
of our knowledge and finances.

BILLY T. MITCHELL.* T want to take this opportunity to comment on the use of the bottom with-
drawal tube, particularly in relation to what we have found in the Omaha District. I firet want
to corroborate, with all the emphasis I can express, the opinion of Dr. Howard, Mr. Nelson, and
Mr. Lane that the bottom withdrawal tube is probably the most satisfactory instrument that we
have at present for determining particle size, and anything thet I may say which would tend to
refute what has been said up to now is not so intended. My remarks are intended only to show
some of the remifications in the use of this tube, or, for that matter, any sedimenting system
whether it be the hydrometer method, the decantation process, or some other method, and to em~
phasize that the ramifications I will mention will be found in any process. I feel that since
we have used the bottom withdrawal method so much in the Omaha District, we at least know where-
of we speak. As nearly as I can remember at the moment, we have run some 3,500 tests with the
bottom withdrawal tube in the past two years. I don't mean to disparage the number that Dr.
Howard has run, and I wouldn't be surprised if the Albuquérque District has approximated, if not
exceeded, the number we have made. We intend to continue its use for every purpose that we can
make 1t serve, but we are not satisfled with some of the actions we find in 1t.

Originally we used the hydrometer method, but the trouble of having too jhigh e concentra-
tion (which Dr. Howaerd and the other gentlemen pointed out) made 1t seem nearly useless to con~-
tinue with the hydrometer when we could get so much better results with the bottom withdrawal
tube. A sedimenting system in which a hydrometer can operate requires s6 high a concentration
of sediment that flocculation by mass attraction is nearly certain. This phenomenon has been
astudied to a considerable extent by German scientists, and Tuorila is probebly the best authority
on this subject, as far as I know. He maintaine that, no matter what the suspension medium is -
- that 1s, what type of fluid is used - - mass attraction between particles which are neutral in
electrostatic charge will occur if they are close enough to one another. This distance is de-
fined in terms of the ratlo of radil of the large and small particles, and where the larger par-
ticles settle through the fluild faster than the smaller ones, they will drag the smaller ones
along and thus produce flocculation. A

We are not worried too much about flocculation due to mass attraction where we use the bot-
tom withdrawal tube because, as Dr. Howard pointed out, the samples can be split. We do split
our samples to a concentration within the range for which the bottom withdrawal process was de-
signed. But we are concerned with the type of flocculation which is caused by electrolytic
changes of the charges on sediment particles due to the type and amounts of ionized chemical
salts in natural waters. The Omsha District has been conducting & preliminary study of the mag-
nitude of this problem for the last few months in the mammer described in the following peper.

* Omsha District, Corps of Engineers, Department of the Army, Omaha, Nebr.
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Influence of Water Quality on
Flocculation of Suspended Sediment

by Billy T. Mitchell and Leslie A. Brown ¥
Introduction

The new sclence of sedimentation is largely dependent upon the proper concept of sediment
particle sizes. Although the determination of size gradation was the concern of most of the
pioneers in this field, the interest was largely academic until the expansion of public works
within the last fifteen years forced various agencies to consider the best means by which enor~
mous investments in reservoirs, irrigation systems, floodways, navigation channels and other
undertakings to control and utilize sediment-laden waters could be protected from the sedimenta-
tion hazard. Such means cannot be deviged without aen adequate knowledge of thé behavior of all
sediment, which in turn 1s dependent upon the different behavior of various sizes of sediment -
particles. Thus, considerable emphasis recently has been given to research directed toward de-
velopment of accurate methods of determining sediment particle size. Nearly all methods applic-
able to the analyais of suspended sediment are based on an application of Stokes' Law of gettling
velocities of spherical quertz particles. The work of the Interdepartmental Committee l/ has
resulted in the invention of the bottom withdrawal tube to analyze sediments ranging in diameter
from 0.001 mm. to 1.0 mm. and in concentrations from 300 to 10,000 parts per million. According
to this Committee, the hydrometer and decantation processes still must be employed for analyses
of materials finer than 1/16 mm, when the concentrations are in excess of 10,000 parts per mil-
lion unless the samples can be split sufficlently to allow enalysis in the bottom withdrawal
tube. Any process for analysils of suspended sedlment particle slze by the application of Stokes!
Law is subject to a number of errors. One of the most comprehensive discussions of these errors
is given by Krumbein 2/, who indicates that the principal errors lie in the variation from true
sphericity and smoothness of the partic}es, the diameter of the vessel containing the sedimenting
system, the tendency toward mutual -interference of particles, and the rapidity with which the
particles reech a terminal velocity. Most of these factors have been studied by numerous work-
era to a sufficlent degree that corrective measures are availeble, Thus, Krumbein 2/ discusses
the Rubey, Wadell, Oseen and Goldstein formulas which make allowance for shape and surface
character of particles He also gtates that Lorentz, Landenburg and Arnold investigated wall ef-
fects, and that Allen and Arnold computed the maximum size of particle which would not show in-
ertia effects in a given liquid. But he concludes that much too little 1s known about the mutuel

interference of particles, except that it is better to have dilute suspensions, prefersbly less
than 25 grams of solid to the liter.

There is another, and perhaps greater, source of error in the application of Stokes! Law to.
suspended sediment size analysis, This is the possibility. of flocculation. of particles, not
alone because of their proximity to each other, but because of charges on them, Such charges
vary with the kind and amount of ions in the water surrounding the particles. Very litile has
been written on the suspended sediment phase of the subject, Nearly all investigations of
flocculation have been made in connection with soils and. gedlogical studies, where the samples
were in massive form and had to be placed in suspension in the laboratory. It has been recog-
nized for some time that sodium oxalate (Nay c%o is a good deflocculent, although there are
other chemicals which will produce the same effect. It is not generally reeognized, apparently,
that all known deflocculents have a wide va.riation in efficiency if either too much or too
1ittle is used. Krumbein. 3/ found that sodium oxalate had a dispersing effect over a fairly

wide range of solution strength on one particular clay,. ‘but it too became less effective in dis-
persing the material if too mch or too little was added,

It appears that the 'problem of flocculation 1s not one for which there is & universal pana-
Since most of the research on flocculation has been performed by soils scientlsts and
geologiats principally as a means of improving soile analyses in laboratories, many of the re-
sults thus obtained are not strictly applicable to leboratory analysis of suspended sediment.
But flocoulation of suspended sediment also has many other ramificationa. If the action of
chemlcal dispersing agents is essentially electrolytic, then may not electrolytes in natural
waters affect sediment flocculation? Puri and Keen y concluded that the effects of electrolytes
on suspensions are not abrupt but cause a continuous change in the degree of diaspersion as the
electrolyte concentration is varied. They found that the common compounds sodium chloride (NaC1)
and potassium chloride L(K{};ﬂ (which are usually present in natural waters) produced flocciulation

cea.

* Omaha District Corps of Engineers, Department of the Army, Omaha, Nebr.
1/ 2/ 3/ 4/ see "References" at close of comments.
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with relatively small concentrations and had decreasing dispersing effect with lncreesing con-
centration above a certain amount. Krumbein found the samw effect with sodium carbonate(NagCOg,).
Accordingly, i1s 1t not possible that suspended sediment may vary in its degree of flocculation

as 1t 1s carried downstream in water which is varying in its chemical quality? Do different
types of sediment react differently with the same water? In that event, is 1t desirable to have
a uniform technique for detefmining particle size in the laboratory, with the possibility that
vital date usable, for example, in estimating the potentiality of deneity current formation in

a reservolr would be completely obscured? It appears that the more logicel approach would be to
conduct experiments in the field to- ascertain the likellihood that varying degrees of flocculatlon
are present In watere of a given chemical quality, and then prepare a manusl for normal labora-
tory use based on the chemical composition of the sediment and the water at the time & sample was
obtained. It might be quite worthwhile to equip a moblle sediment laboratory for such a purpose.

It was with such questions in mind that the following experiments were undertaken. It seem-
ed necessary to attempt an evaluation of the magnitude of the flocculation problem in terms of
the equipment and techniques now availlable. The purpose of this paper is to present the problem
for general discussion, to furnigh deta obteined in a preliminary study, and to draw tentative
conclusions therefrom.

Basgls of Experiment

During the calendar year 1946, a number of samples of water were obtained from the Miamsouri
River at Elbowoods and Garrison Dam Site, North Dekota, and Oahe and Fort Randesll Dam Sites,
South Dekota, to make chemical analyses of quality. It was noted that the amounts of various
radicals varled considerably at the four locablons at different times of the year, Since there
was no apparent reason for 1946 being an abnormal year with respect to water quality or sediment
content, it wes decided thet the maximum and minimum valuses given by the analyses for the impor-
tant radicals during the open-water season at the latter three stations would be adopted for the.
floceulation study. )

In order to have enough identical material to make a considerable numbei' of tests, a special

sample of sediment (designated as FT) was obtained from a backwater area along the Missouril River
near Sioux City, Iowa. Since this sample cdntained a consilderable amount of coarse material, it .
did not appear to be the most suiltable specimen with which to experiment. Consequently, a second
sample (designated as FS) was obtained by salvaging sediment which had settled out of suspension ,
in extra "quality of water" samples, and compositing all salvaged material. This sample was con-:
slderably finer than the first, and seemed to offer a better opportunity to observe flocculation
effects. All tests described in this paper were conducted with the FS material. )

There seemed to be no loglcal reason to make the required particle slze analysee by any
mothod except the bottom withdrawal tube process, since the flocculation effects which would be
of sufficient importance to produce errors in ordinary work would have to be apparent in that
process. Six tubes of about 534 ml. capacity were selected and assigned exclusively to this
experiment. Analyses were made in the routine mammer, which is patterned after the process pro-
posed by the Interdepartmental Commlttee 1 / .

It was considered that the sediment sample must be washed thoroughly with digtilled water to
eliminate practically all natural salts which were in the original water covering the sample or
on the sediment particles themselves, since it was only in that manner that a true picture of the
effects of controlled salts content could be obtained. Much of the sample was so fine (FS L9,
Figure 1) that an absurdly long time delay would have been required to allow the sediment to set-
tle out completely after a washing, Filtering was impracticable because the filter pores would
clog with or pass fine particles, and some of the material would be lost with each washing. Con-
sequently, a supercentrifuge was used to clarify the wash water and salvege the finer sediment.
A cellulose acetate liner was placed in the supercentrifuge bowl, and the accumulated sediment;
was washed off this liner back into the sample after each clarification. The residual sales con~
tent, after each washing was determined by evaporating a specific volume of the clarified water
and weighing the residue. All duplicate tests designated by one test number were made upon split
samples. After the material deposited on the pentrifuge bowl liner was washed back into the
sample, the storage jug was well shaken and a emall amount of the suspension was poured into a
pint Jar. The sheking and pouring process was repested a number of times to insure uniformity
of sediment in the sample placed in the Jar. The sample in the jar was aplit into 32 portions by
using a microsplitter. Analyses were made with as many of the 32 portions as required, the other
portions being poured back into the storage jug. Six washings and analyses were performed before
any teats with salts were made, During the course of the experiment, occasional tests of the
1/ See "References" at close of comments..
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Character of Tasts

It was found that the principel radicals in the Missourl Rlver waters during the open water
season of 1946 varied, in parts per million, as follows: sodium (Na), 95 to 25; calcium {Ca),
95 to 32; magnesium (Mg), 32 to 6; potassium (K), 12 to 1; sulfate (SOL), 420 to 130; bicarbopate
(HCOB), 190 to 110; and chloride (Cl), 15 to 1, as shown on Figure 2. Somewhat reduced maxima
were used for calcium and sulfate, since they seemed more typical of the open water season. It
was decided to make a number of tests using only a single salt In each test, and determining the
effect of maxima and minima values of each important positive ion alone. This necessitated, of
course, that there also be anions, but the controlling factor was the amount of the catlon being
tested. Stock solutions of calcium sulfate (CaSOy), magnesium sulfate (MgSOy), sodium sulfate
(NasS0y) ; and sodium blcarbonate (NaHCO;) were prepared in such concentrations that.-1 ml. of the
solution diluted to 534 mi. (the volume of the bottom withdrawsl tube) gave & solution with a
known salt concentration in parts per million. The required amount of stock solution for a given
teat was added to a split portion of the sediment sample, diluted to a total volume of 450 ml. in
a pint Jar, stirred, and allowed to stand overnight. The next morning the contenta of the jJar
wore washed into a bottom withdrawal tube, diluted further to the required final volume of 534
ml., and the analysis begun. This entire group of tests was duplicated, using distilled water
which had been bolled to remove carbon dioxide, to determine the effect of dissolved carbon diox-
1de on the flocculating actlion of the salts. The washed sediment analyzed alone as controls be-
fore and after this serlee of tests (FS 6 and FS 19) had total dissolved solids of about 1 ppm.

when diluted in the bottom withdrawal tubes. Table 1L shows the important characteristics of
this series:

TABLE 1.

Character of Tested ‘ - Attendant

water used in
Test No.| suspension Cation ppm. Anion | ppm.
FS 7 |[Distilled Boiled Calcium | 80 |[Sulfate | 193
Fs 8 " " . " ] 32 1t 77
FS 9 " " IMagnesiunJ 25 " 100
FS lo ” " " 5 1" 20
FS 11 " " Isodium 96 |Bicarbonate] 255
FS 12 [ fn L 2h 1] 6)_‘_
FS 13 Ihistilled Caleium | 80 |sSulfate 193

Reguiar
FS 1k " " 32 " 7.
FS 15 § " Magnesim 25 " 100
FS 16 i " 5 " 20
FS 17 A Bod1um 96 Bicarbonate 255
FS 18 " " 2l " 6k

The results of the tests are shown on Figure 3.

The second section of this single-salt test was designed to determine whether flccculation
effects were being produced by the positive or negative radical. Since very 1little flocculation
was caused by sodium bicarbomate (FS 11, 12, 17 end 18), sodium sulfate was used as a substitute
for the calcium sulfete and magnesium sulfate used in Tests FS 7, 8, 9, 10, 13, 14, 15, and 16,

holding the amount of sulfate approximately equal for each individual comparison. Table 2 shows
the test conditions:
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TABLE 2.

Character of Present test Previous test

water used in

‘Lsuspens;lon ! .
Test No. Cation ppm. | Anion ppm. } Anion § ppm.j Cation ppm.

Distilled '
FS 20 Bolled Sodium 9% lsulfate ]200 | Sulfate ] 193 } Calcium 80
FS 21 " " 48 " . 1100 " 100 Magnestumf| 25
rS 22 " " 38 " 80 " T7 §Calcium § 32
FS 23 " " 10 " 20 v 20 pMagnesium) 5

The results of these tests are shown on Figure 3.

The third section of the single-salt tests was intended to compare the effect of calcium,
magnesium and sodium sulfates on flocculation when the sulfate radical was at about the maximum
concentration found in the Missouri River during the open-water season. It waas performed as
shown in Table 3.

TABLE 3.
Character 0f jue—Abiondant Jlegted
water used in -
Teat no. ] suspension Cation prm. | Anion ppm.

[ Digtilled ’ .
FS 2 Boiled Calcium 129 § Sulfate 309
TS 25 " [Magnesium - 75 " 300
FS 26 " Sodium 1 " 300

The results of this test are shown on Figure 3. FS 27, a control test with the washed material
only, showsd no apprecieble change over similer tests FS 1 to 6, inclusive, and FS 19 (Figure 1).

The portlon of the experiment using multiple salts consisted of a serles of particle-size
analysee in suspensions to which verious amounis of calcium sulfate, magnesium sulfete,-and
sodium bicarbonate were added in order to simulate the ranges of dissolved solids conditions
which were found to exist in the Missouri River in North and South Dakota during the open-water
season of 1946, Tt was found adviseble to repeat certain of the tests to verify the variations
between the quadruplicates of the first tests. All tests were performed in suspemsions of boiled
distilled water. The firat three tests, FS 28, 29 and 30, were designed to provide the maximum
calclum and magneslum cations found in the quality of water tests and to vary the sodium bicarbo-
nate content between maximum and minimum velues. The second group of three tests, FS 31, 32 and
37, were made using a moderate amount of calcium and magnesium cations, with variation of the
sodium blcerbonate content between the maximum and minimum. The third group of three tests, FS
33, 39 and 48 were made using the minimum amount of calcium and magnesium cations, agein with var+
iation of the sodium bicarbonate content between maximum and minimum. Tests FS 35, 36 and 47 dup-
licated Tests FS 31, 32 and 39 respectively, and Tests FS 38 and 46 duplicated Test FS 33. Tests
FS 34, 40 and 45 were made as controle, using the washed sediment without any added salts, and
having residual salts of only about 1 ppm. in the bottom withdrawal tube. It was found that a
calcium carbonate precipitate formed when calcium sulfate and sodium bicarbonate were mixed, snd
for that reason, the ionized concentrations of calcium and bicarbonate radicals were less than
those desired. Table L4 shows the emounts of the varlous ions in aolution for the different tests,
initially and after precipitation had occurred as determined by preparing separate solutions and
filtering off the precipitate. The parenthesized figures are the amounts remaining in solution:
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TABLE b,
(Ions in ppm.)
Test no. § Calcium JMagnesium }Sodium Sulfate. |Bicarbonate

FS 28 80 (61) 25 9% 293 255 (196)
S 29 80 (66) 25 T2 293 191 (1b7)
FS 30 80 (8o)} =5 2k 293 6L (64)

FS 31 & 35 | 56 (31) 15 % 195 255 (176)
FS 32 & 36 | 56 (L0) 15 | 712 195 191 (1k1)
FS 37 56 (56) 15 o4 195 6l (64)

FS 33 & 38 { 32 (7) 5 9% 97 255 (180)
Fs 46 32 (18) 5 % 97 255 (212)
Fs 39 32 (12) 5 T2 97 191 (131)
FS 47 32 (22) 5 72 97 191 (161)
FS 48 32 (30) 5 2k 97 64 (58)

Figure 4 shows the results of these tests.

In order to determine if the original washed sample was at its maximum deflocculation, a
series of four tests In quadruplicate were made in bolled distilled water, using various amounts
of sodium oxalate (NaQCQOu) as a dispersing agent. It is the practice in many laboratories to.
use 15 cc. of a 1.5 percent solution of sodium oxalate in all tests for particle size. This
series, therefore, was prepared using 7.5 cec., 15 cc., and 30 cc. of this solution in Tests FS
41, 42 and 44 respectively. FS 43 was run as control, using no salts of any kind. It was found
desirable, because of the disparity between the quadruplicates, to repeat the series, again in
quadruplicate. The mean particle-size distributions thus obtained from eight tests each are
shown on Figure 1 for comparison with the untreated sediment tests.

A series of chemical tests also were run to determine the lmportance of chemical precipita-
tion in the application of corrections for dissolved salts to the welghts of sediment fractions
withdrawn from the bottom withdrawal tube. The results of these tests are described in a later

paragraph.

In addition to the bottom withdrawal analyses of sediment and the chemical tests of waters
used in the experiments, a chemical and petrographic analysis was made of the sediment used
throughout the experiment. .The following results were obtailned from the chemical analysis:

Compound | Percentage of total sample
11108 (S10,) +envvreranrrnereneonenenes e, e .. 56.10
Ferric Oxide (Feg03) ........ [ e cer. - 5.39
Alumina (AlpO3) +...-en. P e, e e co. 21,33
Calcium Oxide (Cad®) ........ e e, T vee. 2,43
Magnesium Oxide (M@0) ....veevuvennnnnn.. Greienn, et ieeeeseens cresaen 2.28
Sodium Oxide (Nag0) ....... R Ceireaiae. e erees. 0.60
Potassium OX186 (K50} vvirineineeinnieta et eeieanseeeraeneas .. 2,02
Phosphorus Pentoxide (P205) et teaeeieea, i etier e eeneee.s 0.23
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Compound ’ Percentage of total sample

Carbon Dioxide (CO2) ...... v eeesera et heetianraaae 1.29
Water (expelled at 1000 °C) .........cvunvnnn e tees et 6.22
Organic Matter (as CaArbom) ..cvviuieieereneiereannnecoaennans everreeeee 0.68
Manganese Oxide (MnO) ........e.cevunn ettt e i, Not yet determined
TOBAL vovvvrvnrorneeannnonnssonananannans eee.. 98,57
The petrographic analysis is quoted "Brownish material . . . . shows aggregate polarization

present in the large chunks. Small pleces of quartz, carbonate, chert, feldspar, and muscovite."
Results of Tests

The comparison of control tests shown on Figure 1 demonstrates the difficulty of maintaining
exact uniformity of the test material over a period of time. It was found that most of the resid-
ual salts could be removed by washing in reguler distilled water, but that the salt content would
rise conslderably after the sediment stood for a few days (FS 3 and 4). It appeared that carbon
dioxide in this water was combining with calcite to form an ionized calcium bicarbonate. All
washings thereafter were made with distilled water which had been boiled to drive off the excess
carbon dioxide (FS 5, 6, 19 and 40), with the result that the sediment stood for nearly one month
without geining more than 14 ppm. of salts in the supernatant water, and an additional month dur-
ing which a loss of 10 ppm. of salts occurred. The increased clay contert in FS 40 may be due
primarily to a slight disintegration of calcite-cemented particles with no concurrent gain of
salts in solution. This conclusion may be invalid, “owever, since FS 43 has a slightly lower
clay content., It is apparent, in spite of these minor variations, that the test materlal was
maintalned in essentlal uniformity throughout the entire study. It should be noted also that the
dilution of the small samples in the bottom withdrawel tube reduces the residual salis to a neg-
ligible figure of 1 ppm. to 4 ppm.

The effect of sodium oxslate on the test sediment 1s to increase the dispersion slightly.
However, the size distributions using 15cc. and 30cc. of sodium oxalate (FS 41 and 42) are prac-
tically identical, are only & percent higher in clay content than the untreated sample FS 43, and
are only 4 percent higher in clay then the freshly-washed sediment in FS 40. There is a somewhat
lesser dispersing effect when only 7.5cc. of sodium oxalate is used. It is apparent, however,
that the original washed and untreated sediment is somewhat flocculated, although the condition
18 not sufficlently serious to invalidate the experiments where various salts were used. Inci-
dentally, it appears that sodium exerts a greater dispersing effect when present in an oxalate
compound than in carbonate or sulfate compounds (FS 11, 26 and 41), although a certain moderate
sodium sulfate concentration tends to approach the sodium oxalate action (FS 22 and 41).

The results of the single salt tests given on Figure 3 show that calcium alone (FS 7 and 8),
in both the maximum and minimum quantities normally found in the river, will cause flocculation
of the clays in the test material into particles of a fine silt size, although the magnitude of
the action is much greater with the higher calcium content than with the lower. Flocculation
also occurs when the maximum smount of magnesium alone is present {FS 9), although the action is
not as great as with the maximum amount of calcium. The minimum emount of magnesium alone appar-
ently does not cause flocculation (FS 10). Sodium, when added as & bicarbonate, seems to cause a
slight floceulation (FS 11 and 12), but in the maximum case much less than with the calcium and
megnesium maxima (FS 11, 7 and 9).

The preceding series of tests, when run in distilled water which had not been bolled to re-
duce the content of carbon dioxide, shows considerably greater flocculation when maximum and hin-
imum celcium and maximum magnesium are used (FS 7 and 13, 8 and 14, and 9 and 15). There is
relatively 1ittlé difference due to the presence of carbon dioxide with minimum megnesium and
wilth both maximum and minimum sodivm (FS 10 and 16, 11 and 17, and 12 and 18).

The tests to determine whether the positive or negative radicals were instrumental In caus-
ing flocculation demonstrated that the positive raedicals were responsible. By substituting
godium sulfate for the maximum and minimum amounts of calcium sulfate and magnesium sulfate, the
ingignificant effect of sulfate is seen in the comparisons of FS 7 and 20, 9 and 21, and 8 and
22, Comparison of FS 10 and 23, however, indicates that sodium sulfate causes slightly more
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flocculations than magneslum sulfate whep each is present in small amounts. It also appears that
tha effect of sodium sl f& 6 on the clay fractions of thia material is somevhat erratic {’ES 29;

QLIOUS Wi Bl ¥ e ey 1raclLlonlls haserial 138 sSoflowlla

2k, 22 and 23). f
The comparative effects of calcium, magnesium, and sodium, when the corresponding sulfate

was near the maximum concentration generally found in the Missourl River, are shown by tests

¥S 24, 25 and 26. It is interesting to note that; although calcium and magnesium show much great-

or flocculating effects than sodlum, megnesium has slightly more effect on flocculating action

than calcium on an equivalent basis.

The results of the multiple-salis tests using a combination of calcium sulfate, magnesium
sulfate, and sodium bicarbonate are shown in Figure 4. For purposes of compariscn, the amounts
of salts in the suspensions In chemical equivalents per million are also given by bar dlagrams.
Precipitation of calcium carbonate prevented maintenance of a uniform amount of calcium in the
suspensions while the sodium bicarbonate content was varied, so that a comparison of the floccu-~
lating action of the cations alone is not possible. Presence of the precipitates required that
non-uniform correction of the dissolved salts for each fractional withdrawal be determined, even
though the weights of such precipitates were negligible compared to the weight of sediment in the
withdrawals containing those precipitates. The corrections were determined by making bottom
withdrawael tests of solutions identical to those used in Tests FS 28, 29, 31 and 35, 32 and 36,
33 and 38, and 39 with the sediment omitted. The results and corrections are shown on Figure 5.

0 B i I \ SALTS PLACED IN SOLUTION
04 ; ! (p P M) \
; MG NA 30, HCO, :
25 ¢8 293  25%
25 72 293 19
15 96 195 288
19 72 19% 19
- 9 97 258
] 72 87 191
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FIGURE 5

Ro visible precipitates were found solutions ldentical to those in Tests FS 30 and 37.
Portions of these solutions were simply evaporated and the reslidues were welghed. The discrep-
ancy In welghts between the residues and the original salts added showed that chemical recomposi-
tion was occurring even at the low temperatures used for evaporation. In order to determine the
reactions taking place during the evaporation of the solutions for Tests FS 30 and 37, solutlons
of various concentrations of the individual salts used for those tests were evaporated to dryness.
Although the loss of carbon dioxide from the solution of sodium bicarbonate and the galn of water
of crystallization during evaporation of the calcium and magnesium sulfate solutions did not vary i
in the same ratios as the concentrations of those salts, it was possible to calculate the recom-
rositions occurring during evaporation of FS 30 and 37, as well as all other tests using multiple
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galts. In nddition, these evaporatiefis 6f individual salts eolutions gave the proper correc-
tione to be applied in the sediment tests using individual salts alone. FS L6 and 47, the
reruns of Tests FS 33 and 38, and FS 39, niade because of the fluctuation in flocculation between
duplicates of those tests, were analyved in suspensions from which the precipltated calcium car-
bonate had been remsved by filtwvatiocsi. FS 48 was run in a similar manner.

It is apparent that the miltiplé=salts tests in which calcium and magnesium are present in
large amounts are more highly Flocculated than thoss in which the amounts of these cations are
smaller. It seems that the &ize distridbution approaches that of the original untreated sample
when the total calcium and mégnesium content is somewhat less than 2.75 equivalents per million
(55 parts per million in teriis of calcium only). It does not sppear that the amount of sodium,
sulfate or blcarbonate radicals have an apprecisble effect on flocculation when the calcium and
magnesium are present in sufficient quantity.

Conclusions

A numiber of further tests are Iindicated by the results thus far and are being plénned at
present. It appears, however, that a point has been reached where some tentative conclusions
can bé drawn and placed before the engineers engaged in sediment work for their comsideration

and suggestiona.

First, and most important, it appears evident that apparent sediment particle-size may vary
considerably if the suspenslons used for analysis contaln appreciable and different amounts of
calclum or magnesium salts. Although a dispersing agent such as sodium cxalate may be effective
in counteracting the tendency toward flocculation in the analysis, there 1s no assurence that
such counteraction hasg reproduced the saline conditions under which the sediment originally was
being transported by the stream. In fact, there is relatively small probability that 1t does.
Even 1f a digpersing agent will always insure that the basic grain-size distribution is obtalned,
of what avail is that unless the effective size distribution with each iwmportant variation in the
chenical constituency of the suspersion is known? It appears emtirely possible, for example,
that the formetion and meintenance of sediment demsity currents in large resertvoirs depends to a
considerable extent on the flocculating or dispersing action of electrvlytes in the river and the
iake waters. It also-appears that only through experimentel analysls of sediment 'particle sizes
and of water quality at the site of sediment sampling, probably also at different sessons of the
year; the true relationships can be discovered.

The fcermation of precipitates in the artificial wabters uesed in the latter series of tests
seems to point toward a similar situation in natural waters. The tendency toward greater floc-
culation in Tests FS 13, 1h and 15 then in 7, 8 and 9 indicates that the greater amount of dis-
solved cerbon dioxide in the former group permittad the presence of more calcium and magnesium
ions in the suspension. The presence of more dissolved calcium and magnesium in natural waters
during cold weather is also partly explainable by the facts that cold water can retain more free
ecarbon dioxide than warm water, and that carbon dioxide must be present In a solutlor in order to
have ionized calcium bicarbonate instead of ths nearly inséluble calcium carborate. The decrease
of carbon dioxide in the stresm must cause precipitation of celc¢ium carbonate (calcite); and 1t
18 probable that an increase in carbon dioxide content causes sclution of some calcite, The
latter assumption was corroborated during this study by the iecessity of using boiled distilled
water for washing the sample to prevent increase in the dissolved solids content of the water on

the sample during a lapse of itime.

The tests reported in this paper were not of sufficient scope to permit definite conclusions
concerning the exact nature of flocculation to be drawn. Ths most important factcr yet tec be
eveluatsd is the base-exchange capacity of the sediment being used in this gtudy. This charac-
teristic 1z being determined at present, but difficulties are being encountered which are due
probably to the amount of calcite (CaCO ) in the sediment. The chem.cal analysis of the sediment
shows only a small percentage of calcium.oxide and carbon diloxide, but 1f these compounds exist as
a8 calcium carbonate, it is probable that the quantity is sufficient to affect the determination
of base-exchange capacity made by the ordinary methods. When the final determination is complet-
ed, it should be possible to form a falrly definite conception of the action of various salts on
this sediment. Until then, only conjecture is possible.

The petrographic enalysis shows that small pieces of quartz, chert, carbonate, feldspar, and
muscovite were identified, although the majority of the materiasl was unidentifisble. Since quart
quartz and chert are silica (Si0p), carbonate is probably calcite (CaCO3) or magnesium carbonate

(MgC03), feldepar 1s probably orthoclase (KAlSl308) or plagioclase (NaAlSi308 to CaAlsSis0g) and
muscovite is white mice (xglzsiholo(OH)z) the various compounds shown in the chemlcal
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analysis undoubtedly are found paxtly in these minerals. - Because the balance of the material in
the sample could not be reeolved microscopically, it is probable that it is clay. Its mineral
composition is unknown, dbut since it was obtained from river water, and consequently from widely

different areas, the minerals probably include the three principal types:  montmorillonite, illite,

and kaolinite. It is probable, from the presence of about 2 percent of KO in the chemical an-
alysis, that the clays are somewhat micaceous, although this proportion of potassium could result
from the presence of muscovite or orthoclase in the sample. Otherwise the material has the gener-
al chemical composition of montmorillonite. Ross and Hendricks 2/ state that hydrous micas (il-
lite), which consist of mixed layers of montmorillonite minerals and micas, occur widely,particu-
larly in arid regions. They also state that the mineralogy of these mica-like minerals has not
been adequately studied. If the sample utilized in this study consists principally of a mixture
of montmorillonite and illite, it may be quite difficult to obtaln an adequate base-exchange
capacity.

In a preceding paragraph, it vas' stated that the particle size distribution of this sample
appears to show flocculation only when the water content of calcium and magnesium exceeds about
50 to 55 parts. per million as calcium. If this assumption is correct, flocculation is present to
some degree in much of the water in the Missouri River basin. Since serious flocculation was
found when the calcium and magnesium content was greater than about 80 to 100 parts per million
as calcium, it seems that this situation is frequently present in tribubtary streams and to a les-
ser extent in the Missouri River itself.

The discrepancies that may be produced by analyzing sediment samples in distilled water can
also be envisioned 1f the results thus far obtained in this study can be duplicated with .other
sediments. When a sample of sediment taken from the natural stream which contains over 50 parts
per million of calcium end magnesium 1s brought into the laboratory, allowed to stand until the
supernatant water is clear and is removed and the sediment sample with the remaining water. is
placed in the bottom withdrawal tube and distilled water added, the salts content is diluted from
10 to 25 times. Accordingly, the calcium and magnesium content of the native water would have to
be over 500 parts per million for flocculation to be present in.the bottom withdrawal process.
Such salts contents-do occur at times on tributaries. But in general, the bottom withdrawal an-
alysis should exhibit little or no flocculation when distilled water is used as the dispersion
medium. However, this type of enalysis gives no idea of the particle size distridution in the
natural stresm under such conditions. TUnder such conditions proper use of particle size data
for most engineering purposes is dependent upon a thorough knowledge of chemical flocculation
characteristics of that particular sediment and of the quality of water in the natural streams
and reservoirs in question. It might be well to make frequent laboratory analysis of sediment
in native water to provide a better basis of comparison.. The entire problem of flocculation
would be more nearly susceptible of solution if a thorough study were made in the field with a
mobile laboratory. :

Thie study, although of a preliminary nature, has shown the value of investigations into the
physical and chemical nature of suspended sediment. The results obtained thus far imply that an
adequate understanding of suspended sediment phenomena must include a consideration of the chem-
ical quality of waters and sediment. The techniques now employed in the analysis of suspended
sediment particle size may require substantial revision when sufficient knowledge of the aspects
of flocculation is obtained. Many authorities on sediment are giving serious consideration to

this problem because 1t appears to have so much Importance in the design and operation of reser-
voirs and river systems.
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