
TABLE OF CONTENTS - Continued 

THIRD SESSION - RESERVOIR SEDINENTATION 

RFaSERVOIR SEDIMENTATION SURVEYS - OBJECTIVES ANDNETHODS.byAlbertS. Fry. ........ 115 
Discussion by Harold N. Murray, John A. Morrison, Charles 18. Thomas, J. W. Johnson, 

andCol.C.L.Ha3.l ............................... ..12 3 
-ANALYBIS AND Us OF RESERVOIR SEDINENTATION DATA, by L. C. Gottschalk ........... 131 

DisCussion by M. G. Barclay, Y. A. Churchill, Gail A. Hathaway, L. C. Gottschalk, and 
Victor H. Jones 

El?mWrs OF E33mdmu 0N 6&&*&‘0i3ii.&~~*0~ i&s'&'ti~~o;Rs,'~ kie;t*E: E0idG* 
. 138 
. 142 

Mscussion by Lester C. Walker, Oliver Johnson, Clarence Pedersen, H..O. Westby, 
GerardH. Matthes, and AlbertE. Coldwell ..................... .15'7 

FOURTHSESSION-RIVEHS,FLOODWAYSANDCANALS 

EFFECTSOFDA&SONCHANNELBEGINEN.by,J.W.Stanley ................... .163 
Mscussion by D. C. Bondurant, S. W. Stanley, and R. H. Rupkey .. ; .......... 166 

CAUSES AND EFFECTS OF CHANNEL AND FLOODWAY AGGRADATION, by Victor H. Jones ......... 168 
Mscussion by Robert c. Lord Stafford c. Happ ................... .178 

STABILIgATION OF BANKS OF STREANS OF THE LGVfER ALLUVIAL VALLEY OF THE MISSISSIPPI RIVER, 
hyCharles Senour .. ................................. 185 

Mscussion.by Bllliam H. Berry, John T. O'Brien, and E. 0. Stephenson .......... 193 
OPERATIONANDNAINTENANCEOFCANALS.byA. R. Goloe .................... 200 

DiecussionbyR.H.RupkeyandNarendraK. Berry .................... 204 

FIFTH SESSION - LABORATORY INVESTIGATIONS 

DEVELOPNENT OF THE MKXANICS OF SEDIMENT TRANSPORTATION, by Vito A. Vanoni . . . . . . . . . 209 
Msoussion by M. A. Ma son, Parker D. Trask, and H. A. Einstein . . . . . . . . . . . . . 222 

APPLICABILITYOFUNXLSTUDIES TOSEDIMENTPROBLEMB INNAVIGATIONCHANNEIS, by 
H. B. Simmons, G. B. Fenwick, and C. B. Patterson . . . . . . . . . . . . . . . . . . . 225 

Mseussion bp D. J. Hebert aud Robert T. Knapp . . . . . . . . . . . . . . . . . . . . . 231 
~~TO~~~~~~THTHE:~~~~~W~~BEBIETRoDoFSIzE~~pSIs,$r 

. . . . . . . 
M&u&on by &t&'E: ieis&; &*'A: ia&: E;1: kil; ~.'~~t~h~li 1 1 1 1 1 . . . . . 

235 
. . 243 

SIXTH SESSION - SEDINENTATION CONTROL 

HOWEFFECTIVE ARE SOIL CONSERVATION MEASHRES IN SEDIMENTATION CONTROL? by Carl B. Brown . . 259 
Mscusaion by H. V. Peterson and Evan L. Glory . . . . . . . . . . . . . . . . . . . . . 266 

DESIGNANDOPERATIONOFDEBRIS BASINS,byB. H.Dodge . . . . . . . . . . . . . . . . ...274 
Mscusaion by H. C. Storey, W. J. Parsons, Jr., and J. H. Douma. . . . . . . . , . . . . 294 

WATERSHED MANAGEMENT FOR SEDIMENT CONTROL, by Reed W. Bailey and George W. Craddock . . . . 3 02 
MscussionbyRalf R. Woolleyandlf. J.Endersbee . . . . . . . . . . . . . . . . . . . . 310 



FIFzEtSJBSIOR-U.BORATORYIIwESTICATIORS 

Albert s. Fry,* Presiding 

lRLWEWRgRi!i?OF!PRRMRCRARICS OFSRDlMElrpp!l!RARSPOR!CATIOIV 

by Vito A. Vanoni * 

Introauct10n 

The purpose of this paper ie to outline briefly the history and develomnt of the mecbau- 
Ice of sediment transportation and to indicate the iuformation in this field that is available 
to the engineer and sedimentation specialist. A brief chronological. historg of the develomnt 
will be given with some discussion of the more eigaificant results. No attermpt will be made to 
give a complete bibliography on this extensive subject einoe this bae been done in an excellent 
fashion by a zunuber of writers to which reference will be made. Finally, lines of researchwill 
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 

Dubeve and Gilbert. The science of sediment transportation was started by DuBoys r/, who, 
in 1879, published the formula which now carries his name. He introduced 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 tractivc force at which gen- 
eral movement takes place in the bed of the stream. The DuSoys formula (derivation given by 
Rouse 2/ is 

where G is the rate of s-t movanent, iu pounds per second per foot of widthv is a co- 
efficient,%0 is the tractive ferce, or shear, at the bed and% ie the critioal value of this 
force in pounds per square foot. The average ahearatthebedie calculatedby e~iugup the 
foroee on a-section of the stream one uuit in length, ae shown di agmsmatically in Fig. 1. As- 
suming uniforsn flow, the pressure forces, F, at the two enda of the.priam are the same and the 
only forces entering the equation are the weight of the water and the friction force aloug the 
bed. The average value of the friction f3.r~ ia 

P- 

f 
P 

Where ie the specific weight of water in lbs/cu.ft. 

A is the cross sectional area of the stream in e~usre feet 

pie thewetteapErimeter infeet 
S is the slope infeetperft, and 
R is the hydraulic radiue ia feet 

+ Chief, Rydraulic Data Divieion, !Cenueeeee Valley Authority, Ruoxville, Ten& 
* Project Supervisor, Cooperative U&oratory, Soil Coneervation Service, and 6alifornia Iumti- 

tute of Technology, Pasadena, Calif. 
A/g/ See "References" at close of contnents. 
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The work of DuBoys has been followed by practically all xorkere 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 
field W&ES that by G. K. GilbertQ/, who did his 
work in about 1909 at the University of Cali- 
fornia and published it in 1914. 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- 
searchman. Re pioneered in making sediment 
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 made some very ccanprehensive 
experiments, the data fromwhichhave beenused 
over and over again, (Johnson 4/ has compiled 
aU available bed-load data). -Gilbert describ- 
ed very Clearly ths modes of movement. Re ob- 
served that for incipient motion, the grains 
of sand are moved by rolling and sliding along 
the bed. As the velocity increases, he noted 
that the graina tend to take short jumps in 
curved orbits. He described this mode of trans- 
portation as saltation. As the flow was in- 
creased further, henotedthatmaterialwas 
carried in suspension. He described in detail 
the eand waves similar to aeolian dunes which 
formed at the bed soon after incipient motion. Fig. 1. Tractive Force on Channel Bottom. 
As these dunes progress downstresm the material is carried up the flat, upstream slope and de-' 
posited 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 ~mamd further, 
another type of bed undulations appear, which he termed "anti-dunes." These dunes or eand waves 
move upstream and are periodic in nature, tending tc form, build up to a maximum, and then dis- 
appear. They are accompanied by waves on the water eurface similsr in shape to the bed wave. 
Gilbert also introduced the term, "~ompetence,~ which is applied to the characteristics of the 
stream for the conditions at which sediment comnences 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 Follcwing World War I 

Following World War I, the problem of transportation of material by stresms was attaoked 
vigorouslgbothinEuropeandintheUnitedState8. During this period also the movable bed 
b$~X~~ul.lc model was developed and much of the research on sediment transportation was~in con- 
nection with developing techuiquee of representing alluvial streams to a small scale. One of the 
principal factors in the developnt of sediment transportation and hydraulic engineering in gen- 
eral in the United States was the establishment of travel fellowships by the Late John R. Free- 
man. Through this mm m promising young men studied in Europe where the science of bydrau- 
lies and the use of the model was developed much more than it 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- 
pS.ricalor semi-mpiricalnature, based onsedimenttramportationexperiments In flumes, A 
number of the better known of these formUm are shown in TabLe 1. An inspection of these for- 
mulaswiI3. show thatmoatof fhepnare similar tc theDuRoya formulaend that they involve either 
a critical tractive force, or a critical flow. A study of the results of the various investiga- 
tions WZKL show that it is difficult to get a preciee value of the critical tractive force or 
flow. The critical values are defined as the values existing when general movement first occurs. 
The tenu, "general movwnt," is difficult to define precisely and different observers are apt 
tohavedifferentinterpretations ofthetena. The reetit is that the data of differentworkers 
are not alwe comparable. Thefactthataomany formulaeappearedie very confusing. This 
confuaionwas clarified to a greatextentby Johnsong/, who compared anumberof these fornualas 
by plotting the same data according to a numrber of different fonmalw. He did thie for data from 

J/ 4/Jf See "References" at alose of oonsuente. 
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the U. S. Waterwaya Experiment Station $/ for 
Fonnula8 1, 3, 4, 5, 6 and 8. Fig. 2 ehowe Me 
graphs for Formulas 1, 3 and 4. It ia verg 
difficult frcna inspection to de-e which 
of the fomulas gives the best fit. By means 
of a statlstkal analysis of the VarlOuS graphs, 
Johnson concludsd that the goodness of fit for 
the three graphs shown inFIg. 2, as well as 
for graphi of equations 5, 6, and 8, wae about 
the 881118. Frcm this he concluded that the 
choice of equatlcms could be made on the basis 
of the copveoience inmeasuringths variables 
appearingintheformula. 

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," item 
7, at close of comments)" 

6/ See "References" at close of comments. 
2l.l 



An iuspection of the bed-load formulas in Table 1 till show that there are a number of con- 
stants in the equations which must be determined ce~piricaliy before the equation can be applied. 
To be@& with, the critical valtaee of either the shear or the discharge must be determIned. The 
difficulty in the definition of critical conditions makes it very difficult to determine these 
values and leads to inconslstencles between various workers. 
apply to the determination of the other constants. 

The same difficulties appear to 
The general impression that ie obtained in 

1ook.i.n~ at the formulas is that they are too simple to represent such a complicated system as a 
sediment-carrying stream. It is like4 that some of the constants are actual4 functions. 

As mentioned pre~lous4, much of the work on sediment transportation was done to develop 
techniquesfor movable bed model studies. The comprehensive work of Kremer l2/ and of the U. S. 
Waterways Experiment Station Was done for this purpose. The objective was G find a sand mix- 
ture that could be used in a river model to simulate movement for all rates of flow occurring 
in the prototype,. lbamer was one of the first workers to introduce the size frequency dlstrl- 
bution or size grading of the sediment as a variable. He expressed the size grsding empirical4 
by the ratio of the areas above andbelowthe 50 percent line on the standardmechauicalana4- 
sis graph where grain diameter is plotted against the percentage of the sample that is finer 
than the given diameter. He used this ratio in his expression for critical tract&e force. 

Newer Theories 

ments 
Starting in about 1935, new appreaches to the problem were developed by applying develop- 

in basic flufd mechanics that appeared a few years before this time as a result of rapid 
develoments in aeronautics. Shieldsl;?/ showed that the for initial movement 
could be expressed as a function of the dimensionless parameter where D is the dia- 

meter of the sediment grains in feet, e is the mass density of the fluid in slugs per cubic 
aud$$.is the k!.nematic viscosity of the fluid in aqua& ft/sec. This parameter Is proportioual 
to D/s'where 5 is the thickness of the thdn layer of laminar flow that occurs at the boundaries 
of a channel. The value of5 is given by the following formula derived by van IWman in 1930, 

b= 11.6 x 

3 is Shields' graph of dlmensionle-&critical tractive force plotted against the meter 
D/J which is proportional to $-; . As We graph shows, he was also able to corre- 

the dune formation at the bed withFhe parameter - an extremely significant result, es- 
pecially in view of the wide ranSe of the variables which he covered. He varied the density of 
his sediments from 1.06 to 4.2 grsms per cc aud the diameter of his sediments from 0.36 to 3.4 
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,kfg. 3. Tractive force 
plotted again&Reynolds 
number of sand grain 
according to Shields. - 
(Reprinted from "I,ab~ 
atory Investigations of 
Flume Traction and 
~ansportation") (See 
"References,Y item 7, 
at close of comments. 
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mu. He classifies sand waves at the b&I into ripples, shortbars an&longbars indecreasing 
order of height to length ratio, and ehows In Fig. 3 that they caribe claaeifled according to 
D/$ l Shields statesthat~bed-loadformulamuetoontainparameterswhichwiU.degcribe 
the bed configuration much as Fig. 3 does. He also develops an empirical bed-load fozmzla which 
applies only tc oedimenta which do not form ripple8 or high waves. 

In 1941 II. A. Einstein 141 published his 4-y follaula for bed-load. It represented a rad- 
ical departure fmm all of the previous bed-load formlas in that it ~a8 not based on the ccn- 
oeptlon of a critical tractive force 'or critical condition of any kind. It is based on two main 
ideas. The first is t&at the sediment moves in steps or jump3 and that the length of the step, 
L, is given by 

L- -hD 

where D is the d&meter of the sedtietit grain and 

h is a coefficient I 

The secoud Is that the number of particles that will move out of an area of unit.wldth and 
length, L, In a second depends on the probability that the lift force will exceed the weight of 
the particle in water. By developing this idea with the use of dimensional analysis, he arrives 
at the form&. 

A# ‘- f (49 (91 

whwc g = & (5 
F’ 

1 (10) 
F z-1-p ,o&l*f 9 

3 is the mass density of the sediment in slugs per cn.ft.: g Gthe acceleration of gravity in 
ft/sec per second,* is the coefficient of viscosity In pound seconds per sq.ft., and A and B 
are donstants'which are to be determined experimentally along with the function9 . Fig. 4 is 
a graph shorn data from bed-load experiments by various !imestigatoraplotted according to 
Einstein's fomul& Fig. &L, which is .for uniform size material, follows a curve very well. 
For values of $ up to 0.4, the formula can be expressed as 

0.465 $4 le-O-3g1 YJ 

The fact that the results from various workers follow a curve is remarkable since the data cover 
experimentq with material varying fmm 28.6 to 0.35 mm. in dtieter, a variation of almost one 
hundredfold and for flows varying in depth $?ron~ .06 to 3.6 feet. Fig. 4b is a graph of the data 
obtained by the U. S. Waterways Experiment Statlon on sand mixtures. The representative aiam- 
eter of the sand mitiures wm taken a&that d&meter for which 40 per-cent of the material is 
finer or the sieve size through which k, Ter cent of the material will pass. The data seem to 
follow a functional trend except that there is a range between curve (S) and (1) where the data 
a0 not fit a CUPVB. Einstein atttibuted this to sorting in the elpertients. However, the work- 
ers at the U. S, Nterways Experiment Station did not believe that this could be possible since 
they were extremely careful to avoid sorting. The result is that the discrepancy Is not ex- 
plained satisi&torLl.y. 

Einstein 14/ developed a method for determining the true shear on the bed by correcting 
Por the frictGi on the walls. li5.s formula and the Meyer-Peter fonr&.a, equation (8), are baaed 
on corrected values of R and Q, to compensate for the wall shear, The need for this 'CB~B recog- 
nized by earlier workers and attmpts to correct for it were made. Shoklitach lO/ actually pro- 
posed a formula which Is similar to Einstein's formula. Experimenters attempte;i-to correct for 
the friction by using mooth walls so that the friction could be neglected,. by roughening the 
walls with the same sand as In the bed and &me collected ths sediment only from the center 
portions of the flume, where the side wall effect could be neglected. Shields apulied a wall 
shear correction In calculating values of c 

1 
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Fig. 4. Graph of Einstein # -pbed-load folrmula. (a) for uniform aand, (b) for sand 1lliti-6 
(Reprinted fran "Formulas for the Tmnsportakion of Bed-l&d19 
(See "Refmenoes," item 14, at close of ocaimumts) 



EinsteinlJ/ carried his wxk farther by actually making sediment load measurements in two 
small stream8. Mountain Creek, which is in South Carolina, is about 14 feet wide, has a slope 
of from .0014 to .0018 and bed material about 0.68 mm. in diameter. Measurements were m&de with 
flow depths up to about 1.4 feet. Goose Creek, in Mississippi, is about 13 feet wide, with a 
slope ran&n& from .0025 to .CO31 and with material 0.25 mm. in dismeter. Messurentents were made 
in it with flow depths up to 0.6 foot. Fig. 5 show8 a pI - Iygraph of the measurements on these 
stretvns. Curves 1 and 2 appearing in Fig. 4 have also beetiput on Fig. 5 for ccmparison. It 
can be seen that the field and laboratory measurements follow the same curve. 

o West Goose Creek 3.26.42 

0.001 0.01 0.1 I lo 
VOlUoe Of 6 I 

Fig.' 5. Bed-load measurements in two streams plotted according to Einstein q -9 formula. (Re- 
printed from "Bed-load Transportation in Mountain Creektl (See “References,” item 15, at close 
of comm&s) 

In order to get a better idea of the size of streams coveredby the $ -3 graph, some numer- 
ical values will be substituted in the formula. By re-arranging the formula for?, the value of 
the hvdraulic radius becomea 

B = q-p D 
-Y/r P 

rf we now assume aylvalue of 4, q uartz sand with diameters of 1 and 0.5 mm., and channel slopes 
of -001 and .OOOl, we obtain values of R shown in Table 2, 

TABLE 2. VALUES OFRYDRAULIC RADIUS FOR$?= 4 

for assumed values of D and S 

Pm ) D (ft) S R (ft) 
.OOl 1.3 

1.0 .00326 
. 0001 13 
. 001 

0.5 .00163 
0.65 

l.-5/Ses "References," . 0001 at close of comments. 6.5 
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With 1 mm. eand and a slope of .OOl, the hydraulic radius for a value of p = 4 will be 1.3 feet. 
With the smaller slope this value will go up to 13 feet. This would be a condition for a rela; 
tively small stream, but would still cover many conditione of practical interest. By going to 
lower values of$J and higher values of (d on the graph, conditions for atill 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 oonvereely, one must be able to calculate the discharge from the hydraulia 
radius. Thie means that we must know the roughness of the channel. A number of experimenters 
have reported that the roughness of a,eandbedvaries with the rate of transportation. 
Einstein 16/ has plotted a factor P 

In Fig. 6 
, against @, where /7 is the ratio of the Manningroughness, 

n, for noTransportation to the roughness, n, at any given rate of t.ra.mportation. The value 0fr 
the roughnese, n 8, 38 .given by the Strlckler formula 

146 
n8 = 0.0132 D 

1 
(15) 

where D1 ie a representative diameter of the sediment in mm. 
for which 65 per cent of the material wae smaller. 

Einstein found that Dlwaa the value 
With the above formulas, a complete calcula- 

tion can be made of the bed-load transportation of a stream. It is the only complete bed-load , 
equation available in the literature that is baaed on a modern analytical development. Kallnske 
17/ has developed a formula based on statistical conceptions similar to those of Einstein. How- - 
ever, it Involves quantitiee not measured in any experimenta and its validity, therefore, remains 
to be proved. Recently Einstein l8/ has developed a method of calculating the load when-an ap- 
preciable part of the sediment moves in suep&rion by dividing the load into bed and suspended 
load. Other worker% 19/20/21/22/ have etudied:.the forces acting on the sediment partialee both ---- 
experimentally end theoretically. Those uere not. intended to yield traDeportation formulas but 
to clarify the mechanism of movement whic6 ultimately muet form the basis for the formulas. 

omcm Yokriol 
P.66 Cr0v.l fZiblCh) 
0.521 Gravel (Ziirich) 
0 521 B&to (L&rich) 
0.521 COOI (Ziirich) 
son4 2 Growl ( Visk~burg ) 

I 
I II I I III I 

00, 0.1 

Valuer 0I g5 

- 

Fig. 6. Relative bed roughness plotted again&. # according to Einstein. (Reprinted from "Flow 
on a Movable Bed" (See "Reference@," stem 16, at close of comments) 

s 16/17/18 jw j2o /a jz/ ee --- "References" at close of cQmmeIltg. 
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Suspended Load 

The very rapid development of the knowledge of transportation of suspended sediment by flow- 
ing fluids 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 1: The basic concept of turbulence suspension of sediment was advanced by Wilhelm 
Schmidt 231 in 1925 for the suspension of dust in air. 
to the suspension of sediment in streams. 

In 1933 Leighly 24/ applied this method 
In 1933 O'Brien 251 derived tG differential equation 

- for distribution of suspended load in a stream, which is 

rc*E f so 06) 

where w is the settling velocity of the particle in the still fluid, c is the concentration at a 
distance, y from the bottom, and gis the' so-called "exchange coefficient" which has the dimen- 
sion of velocity times length. The left-hand term of the equation is merely the m&88 rate of 
settling of the particles under th% force of gravity. The right-hand term is the rate of upward 
movement due to turbulence mixing. This w&k of O'Brien's set off a rapid sequence of develop- 
ments which, in a period of a relatively few years, has developed the knowledge of suspended 
material to a degree comparable, if 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 transfer from the velocity distribution by the fol-mula, 

c =pQ (17) 

whereb t Is the shear stress and V is the velocity at a distance y from the bottom. Ife is 
constant then by integrating equation (16) we get the equatiorr 

- 5 (y - a) 
c=c,e E (18) 

where Ca isthe concentration at some arbitrary level distant, a, from the bottom. This equation 
was checked by Hurst 261 and Rouse 271 for steady conditions with artifically-produced turbulence 
which was uniform overthe depth, thus giving the condition of,c+=konstant. Bobbins g hzs 
checked the relation for unsteady conditions with uniform turbulence. By assuming the von Kai-r?an 
logarithmic velocity distribution law, 

v - vmax 

P- 

= 2.3log ; 
k (19) 

+ 
< can be calculated from eq.(lT)and eq. (16) can be integrated to give the sediment distribution 
in a 24imensional uniform flow of depth d. The result of this integration is given by 

(20) 

where z c W 

kJ- 
t3d.s 

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

This equation was first published by Rouse 291 in 1936. Fig. 7 is a graph of this equation 
for a number of assumed values of z. It will benoted that.as z becomes small, the concentration 
tends to become more nearly unifoq, while for high values of z the concentration vanishes in the 
upper part of the stream and \ploet of the material is carried near,the bed. It must be pointed 
out that this equation assumes that the transfer coefficient, e , for momentum is the same as 
that for sediment. This is not necessarily so, as experiments have shown. Equation (16) was 
checked by Christiansen 301 by applying it to field measurements of suspended load in the Imper- 
ial Valley Irrigation C&&s. The form of the equation was checked by Vanozii 311 In the labora- 
tory experiments. The results of some of these experiments are shown in Fig. F in which measur- 
ed concentration is plotted against depth. The curve at the right is for uniform material of 0.1 
mm. diameter and the measurements follow a curve with value of the exponent zl of 0.34. The 
value of the exponent calculated icram the foxnniLa is 0.423 and gives the dotted curve% Fig. 8. 
23/24/25/26/27/28/29/30/ See "References" at close of comments. --- --- 
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In this case the measured ‘concentration was actually more uniform than the concentrations pre- 
dicted from the theory. (A similar result was found by Anderson 32/ for distribution of suspended 
load in a natural stream). 
and in this case, 

The curve at the left is for a uniform material of 0.16 mm. diameter, 
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. 

af 

QL 

Q-f-C azi 

z 
%I I 

I I I I 
Theoretical distribution of , ) suspended load: 

\ \ 
\ 
\. 

CO - Relative concentration 

Fig. 7. Graph of theoretical suspended load Fig. 8 - Comparison of theoretical and measured 
distribution equation No. 20. suspended load distribution for two 

ekes of sediment. 

A very significant observation during the experiments w&s that sediment in suspension tended 
to cause en 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 the sediment muat 
come from the turbulence and by giving up its energy the turbulence is leas effective in mixing 
or agitating the flow. This is the same as saying that the transfer coefficlentE is reduced. 
From equation (17) it follows that lf%is kept constant as the sediment load Increases, the value 
of the velocity gradient, and hence of the velocity, must increase. Careful velocity dietribu- 
tion measurements confirmed this. As the load increased, the slope of the velocity distribution 
curve also increased, tending to give greater differences in velocity between the bottom and the 
top. The amount of this increase can be expressed by the factor, k, in equation (19), since it 
was found that the velocity distribution equation even for relatively high loade still kept the 
logarithmic form of equation (19). Another factor that WBS found to vary tith the amount of the 
load was the exponent, z. Fig. 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 frcm Fig. 7 that as z increases, the 
distribution of material in the flow tends to become less uniform. Fig. 9, then, indicates that 
as the load increases, the sediment behavea 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 
crosa section as a whole. The material tended to travel in bands or ribbonsrather,thanuniformly, 
leading one to believe that there were certain secondary circulations present. IVo detail study 
was made of these, but there la some evidence indicating that it may be an jmportant factor In 
the phenomenon. If so, the problem is much more complicated than had been anticipated since the 

r 
z/ See "References" at close of 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 end cannot be used to de- 
termine the load unless the concentration, Ca, 
at some level Is known. Lane and Kalinske g/ 
have developed an expression for the concentra- 
tion just above the bed in terms of the proper- 
ties of the sediment at the bed and a normal 
distribution of turbulence fluctuations. This 
is a step in the direction of calculating the 
total load of a stream in terms of the hydrau- 
lit factors. The trend in recent years haa been 
to make leas and less distinction*between the 
material carried near the bed and that carried 
in auspenaion. 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 iso the "washload" and the "bed mater- 
ial load" has done much to bring this pbout. 
These writers defined the waehload as a very 
fine material that Is carried in auapension and 
that does not appear In the bed in appreciable 
quantities. They pointed out that this mater- 
ial is usually not a function 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 portion 
of the load having the same composition as the 
material in the bed. The rate of transporta- 
tion of this material is a function of the 
stage. 

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 
only formula that is complete enough to be con- 
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sidered in such a discussion is the formula of 'Fig. g. Variation of apparent roughness , von 
Einstein. It agrees with a wide range of lab- Karman k and-exponent z 
oratory experiments from a number of sources and )I 

$n sediment 
distribution equation wit mean concen- 

has also been found to agree with field measure- trat ion. (Reprinted from "Transporta- 
merits in small streams. The range covered by tion of Suspended Sediment by Water") 
the formula up to $ = 10 does not cover condi- (See "References," item 31, at close 
tions where the rates of transportation are of comments). 
relatively high, such as in many of our streams 
during flood stage. This formula has not actua1l.y been tried on larger streams and therefore 
has not proved itself completely. However, it shows good promise and can at least serve to 
guide engineers in planning worh-s where sediment transportation is involved. Formulas of the 
DuRoys 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. However, it does not seem possible to use this 
type of formula to calculate sediment loads without makw elaborate field checks. 

O.loc 
0.9c 
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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 heave devoted much time to it~ithoutm8khgmore pe- 
greas Is 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 progress with it. The eco- 
nomic importesce of the problem needs no emphasis. This has already been done by the elaborate 
programs of development on our major streams involving the expe&ture of many millions of dol- 
lars. If we are to do 8 creditable job on this devdopent, then we must learn more about sedi- 
ment transportation and the mechanics of streams in-general. 

The following is a list of the problems on sediment transportation that I feel are of 6 
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 product$on of sand waves an& their 
effect on the roughness of the channel and the flow characteristics. 

3. Detailed studies bf the turbulence distribution and the effect of 
the sediment on the turbulence. 

4. Studies of the exchange coefficient for suspended sediment and the 
factors governing it0 variation. 

5. Studies of secondary circulation and it0 influence on sediment 
transportation and stream behavior. 

6. Measurements in natural strew, to assist in extending the reliable 
range of equations for sediment transportation. 

. 

As pointed out previously, such investigations tist involve cotitinuea effort on the part of 
highly trained research men. I estimate th+ there are less than 10 professional men in this 
country devoting a major part of their time to the study of the mec,hanics of sediment trgspor- 
tation. Thie is far too emall a number. In my estimation, the sediment problem certainly ranks 
in importance with the more popular new problems of atomic energy, rocket propulsion, end travel 
at supersonic speeds. Yet it is receiving 8 negligible amoqt of research effort compared to 
these problems, It Is up to those of us that know the vital im$ortance of the sediment problem 
to call it to the attention of the people so its stud;V will receive 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-df the mechanics of sediment.' 
transportation needs no amplification of its teohnical aspects, but ita philosophical aspects 
can well be considered. 

Recall that DuBoye classic work was the outgrowth of a study of natural river problems, 
specifically a question of,the quantity of material oarried by the Rhone River. Today we find 
that despite the advances made since DuBoys, the same question cannot be answered without reser- 
vation. Dr. Qanoni attributea this condition in part to the complexity of the problem, and In 
part to the emall nu&er of competent workers in the field. I believe a third factor, presently 
of transcendent importance, should be considered. That factor is our apparent inability to re- 
late the fundamental technical aspects of the problem to our common economy in such a way that 
the financial support required to prosecute needed research and studies is available and assured; 

We, as investigators or technioal administrator6 , 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 
a program? We must admit negative replies to these questions - we must admit; also, our fre- 
quent inability to convince even our own departmental budget and administrative officials df'@ 
necessity for our own limited programs. This is a defioienoy in the leadership that can be 
reasonably expected of engineers. It is a deficiency that can be supplied by the Inter-Agency 

* The Beach E&&On Board, Corps of Engineers, Department of the Army, Washington, D. C. 
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River Basln'Commlttee, by the professional societies, even by a group of workers in the field. 
Certainly it is a deficiency that, under present conditions, is a major contributing cause to 
the difficulty of further work in this field. 

The formulation of a well-conceived program in sediment transportation research is by no 
means 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 is much broader. The list furnished by Dr. Vanoni has not exhausted his own 
possibilities, and each of us could add fundsmental items. In the study of shore phenomena, for 
example, Sediment, or more accurately, material, transportation is a major concern. Sediment Is 
carried by streams to the sea as an ultimate destination; arriving there it is subjected to new 
transportation processes. Littoral movement by water forces and aeolian 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 environment can we find material movement governed by the extreme vio- 
lence of a breaking wave associated intimately with 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 important sediment transportation problem. At the other extreme 
we can consider 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 a legitimate variation that our finally developed mechanics 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, Gilbert, and Einstein be avoided? Will there not be opportunity for a more logical and 
successful appeal for financial supportfrom government, university, and industrial funds? 

Perhaps this latter question involves a realism that has no place in a technical discussion. 
B.ut the record presented by Dr. Vanonl indicated to my mind that the deficiencies :n our know- . 
ledae of the mechanics of sediment transnortation could be attributed more to lack of snecifica- 
tion of what we need to lmow and of support in satisfying our needs than to lack of technical 
comnetence in solvinu the uroblems once adeauatelr defined. If this is true then further advanc- 
es by other than a system of chance are coni&gen"t on supplying these past and present deficien- 
ties. To my mind this can be done best and only by a wise, realistic recognition that what we 
have been doing is not enough, and by translating that recognition into a deliberate effort to 
actively 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 field of sedimentation. We cannot hope to solve most of our problems until we know 
the basic laws governing the erosion, transport, and deposition of sediments. Most of us are 
concerned with practical applications of these laws and we make the best approach we can by 
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 
certainty than we can now. 

Messrs. Vanoni, Einstein, Lane, 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. EINSTElN. ** I thought you might be interested to know, in a 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 seen from Dr. Vanoni's paper that there exist essentially two separate theories: one 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 conditions. The suspended-loadtheorytriesto doSOme- 
thing entirely different. It doesn't give the rate itself but it gives the distribution of con- 
centrations as ratios over the differnt locations in the flow, It has been found and brought 
out, especially by Professor Lane, who unfortunately isn't here, that also Yor suspended loads 
Q The Geological Survey, Washington, D. C. 
**Cooperative Laboratory, Soil Conservation Service and California Institute of Technology, 

Pasadena, Calif. 
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there exist in the river certain laws according to which, at least for the coarser particles, 
the absolute value of the concentration is 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 the 
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 how enough about the behavior of different sized particles 
within a mixture. It has been possible in many cases to assume that &he 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 theories of bed load and suspended load that 
assumption 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. NOW, I 
can't very well elaborate on the way this assumption works out, but it is a very reasonable one 
and seems to give g00a results. I don't think that It 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 caee in most of our Western streams. I believe if we do as the other 
speakers mentioned, that is, if we try to impress those agencies and people who are responsible 
for the distribution of f&s 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. 



APPLICABILiTY OF MODEL STUDIES Td 
SEDIMENT PROBLEMS IN NAVIGATION CHANNELS 

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

The reason for the "Navigation Cb@nnels" limitation in the title of this paper is obvious, 
since the Corps of Engineers, being responsible for the development and rhaintenance of the navi- 
gable rivers and harbors of our country, is 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, '&d Increase in efficiency of the channels as navig- 
able routes. The work of the Waterways Experiment Station in this particular respect has been 
confined to etudies of specific' sedmntation problems, with a view toward designing and develop- 
ing plans of improvement for the reduction or elimination of shoaling. 

Sedimentation problems which have been investigated by meens of hydraulic models at the 
WatarwayeExperiment Station can be roughly divided into two groups, the first group consisting 
of problems caused by bed-load movement, and the second of problems causd by deposition of sus- 
pended silt. In certain prototype sedimentation problems, it has been found that both bed-load 
movement and deposition.of suspended 8ilt 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, @d 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 various types of 
sedimentation, or combinations of types, which contribute to channel shoaling are numerous. 

The two basic types of models used forinvestigations of sedimentation problems are the mov- 
able-bed model and the fixed-bed model. For either type, a relatively small section of a river, 
or an entire tidal estuary, may be reproduced inthe model as required by the specific problem 
under study. The movable-bed model is constructed with a movable-bed section of sand, crushed 
coal, haydfte, or other movable material, and the banks are either 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 is constructed entirely of concrete or other stable materials. Sedimentation in the fixed- 
bed model is reproduced by injecting finely-ground, light-weight shoaling material Into the 
m&e1 in such a manner that prototype rates‘and/or distributions of shoaling are reproduced ac- 
curately. The fixed-bed model is also used for investigations of sedimentation problems through 
a camprehensive study of the effects of proposed improvement plans on tides, current velocities 
ant directions, and salinity. In the latter type of study, no attempt is made to reproduce sed- 
ix&ntation in the model; however, the effects of proposed improvement plans on sedti&ntation in 
nature can be evaluated by an analysis of the hydraulic effects of such plans in the model. 

The applicability of hydraulic model studies to the general types of prototype sediment 
problems mentioned previously can best be demonstrated through discussion of specific model 
studiee. Since space will not allow for discussion of all of the various model types which have 
been and are being utilized, typical examples of three general types have been selected: (a) a 
problem caused by bed-load movement.ln a stream with stable banka; (b) a problem caused by depo- 
sition of suspended silt in a tidal strem,'and, to a 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 ealt-water currents had a definite rela%ion t6 the problem. 

As a typical example of model studies of eedimentatlon problems arTsing from bed-load moX!e- 
memt in streems with stable banks, a model stub of the tiyors Island reach of the Ohid River 
has been selected (Figure 1). In the maidenance of a 9-foot navigation channel .through this 

* Chief, Estuaries Sectl&,E@raul.ios Dlvieion,Chief, Rivers an0 Harbore Branch, Hydraulics 
Division, and Chief, Research C6nter, respectively, Waterways -Experiment Station, Corps of 
Engineers, Department of the Army, Vicksburg, Miss. (Presented by H. B. Simmons). 



reach, objectionable shoaling is encountered at 
three localities: from the head of Pryors 
Island to the foot of Sisters Island; just 
above Stew%-ts Island; and at Old Maids Cross- 
ing just above.Dog Island. The purpose of the 
model study was to develop plans to alleviate 
this condition. 

The model w&s a reproduction of the area 
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- 
figurations. The stream bed was of crushed 
coal, molded to prototype contours by means of 

Figure 1. PRYORS lSLAND MODEL STUDY iremovable templets. Provisions were made for 
LOCATIOn MAP reproducing any desired discharge hydrograph 

and for Betting proper flow lines in the model. 
The operation of the model was dlrviaed into two distinct phases: first, the adjustment of the 
model end the verification of its accuracy; second, the developing and testing of improvement 
plans for the solution of the shoaling problem. 

The verification of a movable-bed model is a highly important phase of suoh a study, since 
the validity of the entire study rests upon the results of this procedure. The computation of 
the proper time scale and certain other scale relationships in such a model iB impossible, due 
largely to the fact that mathematically determined relationships fail completely because practi- 
cal considerations do not permit the application of such relationships to available end usable 
movable-bed material. Hence, the model verification -- which might be termed the empirical de- 
termination of scale relationships 
the model results to the prototype. 

-- must be depended upon to establish the applicability of 

Verification of the Pryors Island model consisted of a series of tests during which the 
time scale, slope, bed load, and roughness were progressively adjusted by trial-and-error until 
the model would reproduce accurately the hydrographic changes which were known to have occurredt 
in the river between two surveys made five yeare 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 being reproduced in chronological order. The 
model verification was considered satisfactory when a 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- 
ditiona shown by the later eurvey. 

The model verification fixed the procedure for all subsequent teBtB of possible improvement 
plans, and this procedure was maintained exactly during all tests. 
tests were directly comparable with each other. 

Thus, the results of all 
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 shoalB from above 
Pryors Island to below Sisters Island, a shoal above Stewart8 Island, and a dangerous crossing 
above Dog Island. The general plan of improvement for this reach involved channel realigoment 
and the construction of stone spur dikes. 

Figure 3 is the recommended plan of improvement which was developed in the model. The 
Pryors and Sisters Island back channels were more effectively dike.dand the existing dikes 
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between these islanda were raieed end extended. The channel opposite Pryore-Ieland was shifted 
from the right bank to the left by dredging to a 12-foot depth at the beginning of the test. The 
aeven spur aik0s oppoelte Sieters m=a were completely removed. A group of epur dike8 was con- 
structed above Stewarte Island and another group above Dog Island. No areaging w&8 done in the 
model except during the first of the seven years reproduced in this test, yet a g-foot navigable 
channel W&E open at the end of the test and the bed had reached a stable condition. 

As an example of model studies of sedimentation problems caused by deposition of suspended 
silt, a model study of Deepwater Point Range of the Delaware River has been eelected. Deepwater 
Point Range ie approximately 4.3 milee in length and 800 feet wide with a project depth of 40 
feet. At the time of the model study, the range shoaled at an average rate of approximately 
2,800,OOO cubic yards annually, requiring almost continuoue dredging to maintain project depth. 
The heavy shoalingwae due, according to extensive studies, to lack of parallelism between the 
currenta and the channel. 

The model in which the Deepwater Point Range study was conducted reproduced that portion of 
the-Delaware River from Artificial I&and on 
the downstream end to Bellevue on the upstream 
end, and a short section of the Chesapeake and 
Delaware Canal (see Figure 4). Tides were 
controlled by automatic tide reproducera at 
the two enda of the model and in the Cheea- 
peake and Delaware Canal, and the roughneaa 
value of the model channel was 80 adjusted 
that tide8 aa current velocities and airec- 
tione were reproduced accurately throughout 
the model. Shoaling was reproduced by lnject- 
ing into the model measured volumes of a mix- 
ture of water and finely-ground glleonite, 
-which ie‘a light-weight bituminous material 

Figure 4. MODEL STUDY OF DEEPWATER POIRT having a specific gravity of about 1.035. The 
RARGE,DELAWARE RIVER shoaling material was injectea into the model 

upstream from the problem area during the ebb- 
tide period and down&ream from the problem area during the flood-tide period for eeveral succee- 
slve tidal cytilee. The gileonlte moved from the points of injection to and throughout the prob- 
lem area in suepension and in some degree 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 wag pooled and the gilsonite which had aWpOSit0a in the channels was picked up 
and measured. I?o attempt was made to reproduce volumes of prototype ahoaling, since formation of 
deep deposits of gileonite on the concrete bed of the model in areas exposed to the tidal currents 
would have been impoeeible. Instead, the characterietice 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 auring adjustment of the model -- the 
gilaonite-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 plana. 

In order to evaluate correctly the effects of each proposed improvement plan on shoaling of 
the channels, a baee teat, or test of existing prototype conditions, wa8 first established, and 
the meaeured amount of shoaling obtained during each test of an improvement plan was compared to 
that obtained during the base test. The effect of each plan was then determined in terms of per- 
centile reduction or percentile increase in shoaling ae compared to the baee teet. 

As previously stated, the heavy shoaling in Deepwater Point Range wae attributed to lack of 
parallelism between the currents and the channel. Therefore, plans for the improvement of thle 
condition were designed either to realign the current8 to confrom with the channel aligoment or, 
convereely; to realign the channel to conform with existing current alignments. Ibmerous plane 
of each type were designed aa tef.ea, and it ~18 found that two plane, both d%BigWd to realign 
the currents to conform with the channel alignment, indicated reductions In shoaling of approxi- 
mately 50 per cent. Plan 1, which indicated a reduction in shoaling of 47 per cent, coneieted of 
a dike beginning at a point 1,900 feet east of the center line of Deepwater Point Range, opposite 
channel station 189+500, extending upetream parallel to the channel for 2,900 feet, thence for@ng 
an angle of 151 de@?ees and extending for 2,400 feet and tying in to the shore (Flgurs 5). The 
top elevation of the dike was approximately 2 feet above mean high water. Plan 2, which indicated 
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a reduction in shoaling of 59 per cent, con- 
- sisted of a straight, 6,&&foot dike, begin- 

ning at a point 700 feet east of the channel 

DELAWARE RIVER 
center line(opposite channel station 2OOt900, 
and extending upstream parallel to the channel 
to station 194+100 (Figure 5). The top eleva- 
tion of this dike was also about 2 feet above 
mean high water. It first appeared that plan 
2, which effected a slightly ‘greater reduction 
in shoaling than did plan 1, would be the 
better plan. However, on closer examination, 
it was found that current patterns over the 

LOCATION OF PLANS I AND 2 problem area as influenced by plan 2 were not 

DEEPWATER POINT RANGE 
so satisfactory as for plan 1 (see Figure 6). 
Furthermore, the plan 2 structure, being locat- 

w ed in fairly deep water over its ent-lre length, 
would be considerably more expensive to con- 
struct in nature than would plan 1; therefore, 

it was recommended that plan 1 be installed in the river. 

Plan 1, now lmown as the Pennsville Dike, was constructed in the river during the period 
April 1942 to June 1943. A study of the effects of this dike on prototype shoaling during the 
period June 1943 to Movember 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,OOOcubic 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 distance 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. Taking into 
account the initial cost of the structure, interest thereon, and the cost of maintenance, as 
against the coat. of d.r&ging 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 wau less than $12,000). 

As a typical example of model etadies of'sedlmentation 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 navigable waterway from the port of Savannah, Georgia, to the Atlantic Ocean. 
The navigation channel is maintained to a depth of 30 feet below mean low water over a suitable 
ddth, and is subject to shoaling in several reaohes of the harbor. 



For the most part, the mterial which deposit8 in the navigation channel consista 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 suepenaion In fresh water wi& very 
little turbulence of flow; however, upon coming into contact with salt water, the silt particles 
undergo a process of flocculation, whereby the individual particlee are attracted fo each other 
and form Into lumps of sufficient eize end weight to fall to the bottom of the chanqel. One has 
only to see the Savannah River at the head of the project channel, where the color of the water 
is about that of tomato soup, and again at the mouth-of the river where, for normal river dia- 
charges, the river water is almost as clear as that of the ocean, to under&and fully the enor- 
mous volume of silt that is being deposited over the 22-mile length of the navigation ohannel. 

The section of the harbor which is subject to heavier& shoaling ie the lower ,&mile reach of 
Front River between the city of Savanna h and the intereection of Back and Front Rivers. For the 
moat part, shoaling in this reach occurs during late summer end fall, during which period the 
fresh water flow of the rivgr is lowest and salinities in that portion of the harbor are higheet. 
This shoaling itl due to the fact that, during conditions of fresh water flow and salinity just 
mentioned, there ia 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. Thia is not the cake during 
the flood-tide period, aa bottom flood velocities are only slightly less than those at the BUT- 
face, This unequal distribution of-flow is brou&ht about by the fact that Back River, which com- 
prises a large percentage of the entire tidal priem lying above Its confluence with Front River, 
oarries.no appreciable fresh water flow, but fills and empties only through ite downstream ex- 
tremity. Therefore, at high tide, the Back River tidal prlam ie filled with salt water Of a'fair- 
ly high specific gravity, since all water entering Back River .during the flood period entered 
from the downstream end. During the ebb period, the flow of heavy salt water fromBack River 
interferes with the ebb flow al&g the bottom in lower Front River to such extent that both ebb 
velocity and ebb duration are decreased considerably. Therefdre, moet of the shdaling material 
which deposits In the n&vigation channel above the mouth of Front River, plus come amount which 
deposits below this point end is brought upstream by the relatively strong flood currente, accumu- 
lates in the lower 4 mile8 of Front River from which i.t must be removed by dredging. Shoaling In 
thie reach during period% of low fresh water flow is further aggravated by the fact that the salt 

'water wedge intrude8 furtheqinto the river, .and.:flocculation of suspended silt occura over a 
considerable dlst8,nce upstream from the mouth .of Front River. 

The. Sa vannah Harbor model, which YBEI used for &u&y of the problem just deeorlbed and of 
aev&al other problem, reproduced an area of the Atlantic Ocean from Waasaw Sound on the eouth 
to Hilton Head Island on the north and offehore to about the 40-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). 
and overb+k area8 being molded in oonorete: 

The model was of fined-bed construction, all channel 
Tide8 were reproduced in the simulated Atlantic 

Ocean and in Calibogue Sound, and the eoale discharge of freeh water, representi- thd freeh 
ptq--flow of Me river, was introduced into the upetream?e$of the model. The tialinlty of the 
8imd.ated 'ocean was maintained at the msasured salinity d?-ihe prototype, 80 that density 
currents and their effecta were reproduced accurately throughout'the'model. lo attempt wae made 
to reproduce or simulate prototype shoaling in the Savannah Harbor model; instead, a compreheneive 
8tudy was made of the effect8 of each plan on hydrauliC conditiona In the harbor, and upon thi8 
baais the effeots of the plan on prototype shoaling were predicted. 

.~ 
Plane designed and tested td reduce ehoaling In lower Front Rl*sr oonaieted of heepenlng, 

widening, and extending upetream the project channel, oon&ruction of eubmerged 8i&18 am-088 the 
mouth of Back River, construction of a dam and tide gate in Back.River an$ a dredge out acrO8a 
jHutohineon Iala@ above the city of Savannah, and replacing the tide gate of the latter-mentioned 
plan with a eolid dam. Tests of widening, deepening, and otherwiee improving the Front River 
project channel indicated that bottom ebb velocitiee In lower Front River could be inoreaaed ap- 
preciably by this method. As wae expected, improvement8 in the hydraulic effioienoy of the &en- 
nel allowed the tide wave to run more freely, and thus effecte& increa$es in velocitiee through- 
out Front River. Tests of submerged sills acroee the mouth of Back River indicated that this 
.method w~uldhave little,.if any, effect on velooities in Front River. By far the greatest in- 
;creaae in ebb velocity in lower ,Front River wae effected by the tide gate in Back River EL& the 
IHutchineon Island cut (Figure 8). 

Operation of thi8 plan was 8uch that the tide gate openad cillriw the flood+i&,,p~~iod/and 
3hs flood tide entered Back River normally; the gate cloeed at high xmter slack; +, durieg the 
ebb-tide;per$$l, the Back River tidal prism above the gate emptied through the;Rutchinson It&@ _---..~~ - .-.-_-. 
cut =a thenoe .through lower Front River, thereby increasing ebb velocities- in low&Front River 
tl, a large extent. Tee+ of replacing the t&&&e with a solid dam inii~ated8m&&& 
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would also e'ffect large increases in velocity in lower Front River; however, with the solid dam 
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 either of these plans, it 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 tide gate and solid dam plans upon 
the harbor as a whola, 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 accompanied by decreases in mean current velocities. Decreases in current 
velocities throughout the harbor would be proportional to the decrease in tidal prism. It was 
rec,ommended, therefore, that it first be attempted to reduce shoaling in lower Front River by 
improving the hydraulic efficiency of the navigation channel and then, if additional works are 
required, to install one of the tide-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 ma accuracy of 
such prototype studies are most essential,. since the model study would produce erroneous results 
If its adjustment and verification were based upon inaccurate or incomplete field data. 

In the above connection, model-prctotype confirmation studies are of inestimable value to 
the engineer who works with sedimentation models. Following the installation of an improvement 
plan 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 mod81 predictions. 
Where inconsistencies are revealed through such a confirmation study, model operating 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 develo$nnent of sedi- 
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 tiprovement plan that 
has involved study on a sedimentation model. 

It must be understood that the hydraulic model is not proposed as a "cure-all" for eedimen- 
tation problems, nor does its use preclude the need for extensive field investigations in evolv- 
ing plans for their solution. 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 Giver 
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 its 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 maintenance of the rivers and 
harbors of the nation, awaits with considerable Interest the research and findings of the agen- 
cies represented in that group. 

t 
DISCUSSION 

D. J. HEBERT .* In this paper, Messrs. Simmons, Fenwick, and Patterson have clearly and force- 
fully demonstrated that the hydraulic model is-a powerful tool for us8 in studyi~~sedimentation 
problems in navigation channels. The three examplea given are well-chosen to illustrate the 
flexibility of laboratory methods of study. 

The three model Investigations described in the paper ar8 treated so campletely 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 proceed of verification, 
as.lt is described by the authors, 

which appears to be relatively simple 
is ieally quite a difficult and involved proced~e. Being faced 

with the necessity for making adjustments in the various model parameters the best choice ulti- 
* Hydrauli‘c Labor&my, Branch of Desiiyl aa Ce&tr&tion;. Ejureau cpf Beclamatien, Dhwer, Calm. 
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mat&y depends upon the operator's judeent. This in turn derives from his understanding of the 
hydraulic action involved and from his experience. The verification must be extended to cover a 
range which includes as many different conditions as possible. This will tend to minimize the 
possibility that a new set of conditions might not be covered by the similitude relationships 
developed in the verification procedure. 

In studies involving considerations of tidal prism such as the Savannah Harbor investigation, 
it should be remembered that tidal prism is the volume actually filled by water between instan- 
taneoue 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 will result in changes in tidal prism is not always apparent. For ex- 
ample, let us 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 a large portion of 
tidal volume. This raised the question of the possible decrease in tidal currents past the 
Friesian Islands which are located seaward from the dam,; Studies, later confirmed by observa- 
tions after the dam was completed, showed that actually the currents were increased by some 20 
percent. The actual change in tidal prismaich is closely related to the tidal currents is not 
known but it 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 ocean salinity into the channels of the Sacramento-SsnJoaquin Del,ta, the model was 
used principally to demonstrate that the intrusion was a true diffusion process accomplished by 
mixing during tidal ebb and flood. The coefficients of diffusion at various critical locations 
in'the delta can be determined accurately o'nly 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 pa&, been unable to devote 
as much time as they should to the fundamental aspects of problems. One of the major factors 
responsible for this situation is the necessity for meeting schedules. This is a mistake be- 
cause every model study, especially when a sediment problem is involved, can and should be made 
to yield 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 materially in formulating the overall program 
called for by Dr. Mason in a previous discussion. They have one.root iti theory and one in practice 
partioularly when confirmation studies or extensions of model studies to prototype-level are 
involved. They should be able to do much to supply the link bgtween basic and practical aspects 
of any program. 

ROBERT T. KNAPP.* The applicability of model techniques to the study of sedimentation problems 
has been an open question for a long time. The present paper by Simmons, Fenwick and Patterson 
gives a very clear-cut description of three different methods 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 qwtitative manner. 

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

c. The fixed bed model without sediment in which the investigation is confined.to the 
study of the hydraulic forces which influence erosion and deposition. 

Before any attempt is lmdato 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,Agent, Soil Conservation Service, California Institute of'Technology, Pasadena, 
Calif. (Pre%nted by V. A. Vanoni). 
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It Is possible to divide laboratory techniques for etudying hydraulic problem into a number of 
different classes, aa shown in Table 1. Of course, these. claesea are not mutually exclusive, 
there Is much overlapping and combining. Nevertheless, the classification is useful if it serves 
to emphasize any basic differencea that may exist. 

1. In the fir& claps may be placed studies of the fundamental nature and mechanism of a 
specific hydraulic phenomenon. These are ueually paralleled by analytical studlea since 
the combination of the analytical and experimental method often makes much faster progress 
than either one alone. The objective of this class of studies is to achieve so thorough 
an underetanding of the phenomenon that it may be treated analytically and thereby elimi- 
nate the necessity for further experimental investigation. 

2. This and the subsequent clasees may all be coneidered model studieq. To fall into this 
class, a etudy should fulfill the following conditions: 

a. Basic characteristics of 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 meane. 

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

3. This class contains model studies having the following characteristics: 

-Study 
Characteristic8 

Basic laws governing 
phenomenon 

Type of solution 
sought 

Number of major 
Phenomena involved 

Degree of model 
eimilarltg obtalnable 

Need for verification 
from prototype 

Estimated reliability 

r 

18 

a. Basic chWaet&%&iof the phenomenon involved should be well understood. 

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

TABIS 1. - CLASSIFICATION OF LABORATORY STUDIO 

1 

General 

1 

Not 
involved 

Not 
required 

Excellent 

Classification 

(1 

2 

KIlOWIl 

Specific 
model study) 

1 

Strict 

Not 
required 

Rxcellent 

3 

IblOWn 

Specific 
(model study) 

1 

Small 
deviation 

Desirable 

Satisfactory 

4 

Specific 
(model study] 

2 or more 

Major 
deviation 

Required 

Uncertain 

5 

unknown 

Specific 
(model etudy) 

1 or more 

Imperative 

unlmown 

c. It is inconvenient or Impractical to conetruct a model having strict geometric 
and dynamLc similarity. The departures from similarity, however, ehouldbe 
deliberate and based upon a knowledge that such departures should produce effects 
whose magnitudee are of second order. 

4. Studies in this class are characterized by conditions which involve the interaction of 
two or more phenomena which cannot all be studied In one model without aubatantial devia- 
tions from atrlct similarity. 
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5. This cleas contains studies involving unknown phenomena for which it is 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 obtained 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 writer's philosophy concerning model studies and their applicability to 
the solution of sedimentation problems. 

It ie felt that these classifications of laboratory studies have been arranged in order of 
decreasing ',rsliability. If this classifioation of laboratory studies is accepted, it will be 
seen that models used Tar studying sedimentation problems nearly always fell into classes 4 and 5. 
The reliability of their results depends in a large measure upon such factors as the amount of 

' field information available, the knowledge and skill of the experimenter, and chance. Chance 
probably plays its largest role in studies coming under class 5. 

Claases 1 end 2 should require no verification to establish their validity. 

Class 3 studies should require very simple checks or verifications, whereas the reliability 
.of class 4 and 5 studies is based almostentirely upon the verification of model performsnce with 
measured performenoe in the field. One of the difficulties of such verification 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 8 measuring instrument and every experimenter has 
much more confidence In an instrument that he has been able to calibrate over its extremes of 
range then on one for which he has only a single calibration 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 reliability, but there is at least e suspicion that the true reliability may be 
in the reverse order. Certainly the movable bed model, in which the entire cycle of outting end 
deposition takes place, Is by far the moat convincing to the non-specialist even though he may be 
en engineer. The operation of the fixed bed model with injected shoaling material is apt to be 
notqatb 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 sediment cannot be seen visually but must be predicted from a series of curves 
and tables. The other side of the picture is, however, that the movable bed model involves the 
greatest unknowns and in general the most serious violations of the similarity conditions. It is 
felt that In many cases ih convincing appearance Is one of its greatest drawbacks since the ob- 
server and eventhe investigators themselves are apt to place undue reliance upon the results. 

On the other hand, the fixed bed model without sediment injection can usually be constructed 
with only minor violations[of'the similarity laws. The big advantage is that no attempt is made 
to simulate the actual sediment movement. When the investigator has to infer the nature, loca- 
tion, and magnitude of the eediment movement from the velocity distributions measured in the model 
end the laws now available concerning sediment transportation, it is difficult for him to avoid 
being aware of the large uncertainties 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 discuesing the study of 
the Deep Water Point Range, 8 comparison was given between the model results of the effect of the 
construction of the Pennsville Dike and the prototype results measured after the dike was actually 
built, The model showed a reduction in shoaling of 47 percent; wherees, the prototype meaaure- 
merits indicated a reduction of 48 percent. This extremely close agreement would seem to be quite 
fortuitous. If either the model results or the prototype measurements were accurate within 10 
peroent they ehould be considered to be very good. 

The writer agrees wholeheartedly with the authors in their aoncludlng remarks concerning the 
importance of carefully planned model to prototype confirmation studies for sedimentation models. 
As the paper points out, the sedimentation model.can be made to provide much valuable information 
by other,m$Ziis-; Some of this information is inherently empirical in nature, and is epplioable 
only to.the specific conditions of the study. However, it is believed that+unless sedBsnt&ion 
models are also employed to extend the fundamental knowledge of the mech.~@cs and laws of sedi- 
mentation itself, they will be failing to capitalize upon the possibilitlss inherent in them, 
end ,w not doing their pert to Increase the reliability of this important class of model studies 
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TABORATOFCf EXPERIENCNCES WITH THE BOTTOM FmmWfi TUBE METHOD OF SIZE ANALYSIS. 

by C. S. Howard. * 

The bottom withdrawal tube method I./ of size analysis has been used in the Southwsetsrn Lab- 
oratory of the Geological Survey for nearly three years. During that time over one thousand s&m- 
plea have been analyzed by thie method. In the early part of the work the settling times rscom- 
mended in Report No. 7 l/ were followed. Laboratory teats Indicated, however, that neither of the 
groups of settling timei (10 secon$a to 120 minutes recommended for coarser particles, and 4 min- 
utes to 124 minutes recommended for finer particles) gave complete rscorde for the sediments bs- 
ing analyzed in this lab'oratory. Neither group of settling times gave sufficient data for com- 
puting the percentages of particles finer than 0.0039 mm., and the times recommended for the finer 
particles gave too few data for satisfactory computations of the percentages of particles with 
diameters greater than 0.0625 mm. Many samples analyzed in this laboratory have considerable 
percentages of the finer partidles, other samples collected from the asms stream within a short 
period of time'have considerable percentages of the coarser particles, and it is difficult to ae- 
lsct a satisfactory set of settling times by inspection of the sample. The range in the particle 

,si.zes in samples from the same river is Illustrated by the graphs in Figure 1. 

100 In this laboratory an attempt was made to have 
90 

the data sufficiently complete so that lees than 
twenty five percent of the material wae coarser 

80 than the coarsest siZB reported and lees than 
twenty five percent was finer than the finest 

E 70 eiZ8 reported. A large number of size groups 
a" s 60 have been chosen between the COexaest and. finest 

& 
eizea but no attempt was made to select inter- 

50 mediate dzze groups within this range, even if 
3% ic 40 the percentage of material in any of the re- 

z 
ported .~Hzbe,was greater than twenty five per- 

$ 30 cent. To obtain adequate data for tpe coarser 
2 particlea, the total settling time was short, 

20 and a iiumber of withdrawals were made in the 
I 

IO , (I( first few minutes of settling.. For many samples, 
/ a total settling timear-ten mix-&tee W&E chosen 

0.001 .Ol JO 
and four withdrawals ?JEd8 in the first 1 3/4 

'.O minutei. For a few of th&samples more than 
Particle air0 in milllmetclrs ninety five peroent hadaettlea in ten mlnutee 

but for most' samples a longer settling time was 
Figure I, sire analyses of suspended sediment in samples W8d8d. Total settling times of twenty and 
from the Colorodo River neor Gmnd Canyon, Ark forty minute6 were Ue8d on an appreciable number 
A, April 3, 1945 0,Mdy 30, 1945 of samples and for many of these samples the 

dts were adequate for drawing the Oden 
curves. Many of the samples had large per&+ntages of the finer particles, ana a total settling 
time of forty minutes aid not give sufficient data for det8rdning the distribution of the size9 

of the finer particles. For those Sampled for rbhich it was assumed that the sediment had large 
percentages of the finer particles, a t&al Settling time of 130 minutes was selected and in 
later determinations the total settling time was 400 minutes. In some of the analyses made with 
400 minutes as the total time the data were not sufficient ta &&ermine accurately the percentagi 
eg of the partiCl8S with diameters greater then 0.0625 mm., and there could be no break-down for 
the particles with diameters 1836 than 0.00195 mm. Many of the samples had mitre than. f&y per- 
cent of the particles with diameters less than 0.00195, but a total settling time much In sxcsea 
of 400 minutea ie not feasible. 
+ District Chemiet, Geological Survey, Albuquerque, N. Msx. 
&/ Iowa Inst. of Hydraulic Research, 

msnt Samples." Report Np, 7 of 
"A StuaJt of New Methods for Size Analysis of Suspended Ssdi- 

merit Loads in Strehms," 1943. 
"A Study of Methods Used in Measurement ‘ana Analysis of Sedi- 



For samples which had, considerable percentages of the coarser particles, i.e., when the mate- 
rial' in the first three or four withdrawals amount to more than twenty five percent of the total 
materia1, the material drawn off in the first three or four withdrawals was sieved. The number 
of withdrawals chosen for the sieve analysis was selected by consideration of the settling veloo- 
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,O.goo mm., 0.25o-mt~, 0.125 mm., and 0.0625 mm. The results of the sieve 
analyses were often in poor agreement with the results of the bottom withdrawal tube analgses for 
the ssme samples. At first, it was thought that the differences were because the particPes were 
not spherical and had a specific gravity different from the assumed-value of 2.65 used in comput- 
ing -:he settling times. Further study indicated that the discrepancies were probably due, in 
large part, to the few points available 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 San Juan River near Bluff, Utah, are given in Table 1. 

TABLE 1. COMPARATIVE RESULTS FOR ARALYSES CF SAMPLES OF 
SUSPENDEDSED~AIVALYZ?XDBYTBEBCTTOMWITRDRAWALTUBE 
METROD (A) AND BY SIEVIEG [Bl. 

Method Percent finer than indicated aize(in millimeters) 
Location ofAnal- 

ysis 0.0625 0223 0.250 0.500 

Grand Canyon A 81 
(12 samples) B i; 2: 91 ii; 

Bluff f 
(49 samples) A 

B z; 2 ii; ;; 

The stud-y of the bottom withdrawal tube method in the Southwestern Laboratory of the Geologi- 
cal Survey was 'coordinated with the studies made in the Albuquerque laboratory of the U.S. wi- 
neers. The Engineers adopted a schedule of settling times (I, Table 2) with a total settling 
time of 400 minutes. Their schedule provides for four withdrawals within the first two and a half 
minutes, that is durfrw the period when the coarser particles are settling. A modified form of 
the Engineers schedule has been used by the Geological Survey (J, Table 2). 

The methods of plotting the analytical data outlined in Report No. 7 were modified for use 
in this laboratory. The Oden,cFvee made in this laboratory were made on graph'paper having 20 
by 20 lines to the inch. Percentages were plotted w&&,10@ percent at the base line, and with a 
percentage scale of one inch representing 20.percent. In the early work> :one inch on the time 
scale for the fine%:particles (curve A) represented 200 minutes. _Later.thia scale was changed to 
have one inch represent 400 minutes. For many of the samples it was found desirable to have four 
time scales, and for a number of samples five time scales were iuseful. In the more recent work 
in this laboratory the following scales were used: Curve E, one inch representing 800 minutes; 
Curve A, one inch representing 400 minutes; Curve B , one inch representing 40 minutes; Curve C, 
one inch representing 4 minutes; Curve D, one inch.representing 0.4 minutes. 

The laboratory work sheets consist of (1) bottom withdrawal tube size~analysis sheet (Figure 
2), used for recording the weights of the various withdrawn portions and for oomputing the percent 
inLpFspension after different settling times, and (2) @%ph sheet for drawing the Oden curve and 
computing the size analysis (Figure 3). A copy of each sheet is attached. \The Oden curve sheet 
shows the size groups for which percent&ges wereIcompute&. Very few of the samples analyzed in 
this laboratory had any appreciable quantities&f@ material with diameters larger than 0.500 mm. 
The analytical'reaults are tabulated on a sheet similar to that used for table 5. It will be' 
noted that some of the sizes reported on the Od,en sheet are not given in this table, the conden- 
sation waa madeto keep the tables from being too bulky. 

The,.ethdrrval times used by the Glmlogical Survey are shown in Table 2. Percentages and 
withdrawaltimes for twelve samples are shown.in Table 3. For aomq analyses two or more time 
scales were used in drawing the O&en curves, and size.analyses for nine of these samples-are 
given in table 4. Two sets or curvea were drawn for each of these analyses and three sets were 
drawn for one analysis. The agreement between the \different analyaee was/ususX..~~within two per- 
cent and it,ia likely that this agreement may represent the/reprbducibilPtythat can be expected -...- _ 
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I Table 2. Settling times for bottom withdrtiN& tube 
I method of size aoalysis. 

A 2 2 2 
Zlapsed Time to Elapsed Time to Elapsed Time to Elapsed Time to 
time settle time settle time settle time settle 

100 cm. 100 cm. 100 cm. 100 cm. 
(min.1 (min.1 (min.) (min.) 

15" 0.28 27" 0.50 27" 0.50 27" 0.50 
27" .56 48" 1 48" 1 48" 1 
48" 1.14 1'24" 2 1'24" 2 1'24' 2 
1'45" 2.92 3' 5 5 3' 5 
2'24" 4.8 7'30" 15 $,,n 15 10' 20 
3' 7.5 10' 25 20' 50 16' 40 
4'48" 16 12' 40 27' 90 27' 90 

- 7'30t' 37.5 16' 80 30' 150 35' 175 
10' 100 20' 200 40' 400 40' 400 
10' 20' 40' 40' 

L % ii 54" =1 54" 1 15" 0.28 4'30" 5 
4' 5 4' 5 1.04 10' 12.5 

10' 14 10' 14 ,5$ 2 17'30" 25 
24' 40 24' 40 3' 5 30' 50 
50' 100 50' 100 5' 10 50' 130 
80' 200 70' 175 16' 40 100' 250 
90' 300 90' 300 30' 100 255' 833 

100 ' 500 100' 550 80' 400 300' 1500 
120' 1200 130' 1300 120' 1200 400' 4000 
120' 130' 120' 400' 

r, L 
9 " 0.17 54" 1 

15" .31 4' 5 
42" l*O 9' 13 

2'30" 4.2 18' 30 
71'011 " 15 40' 80 

25' 62.5 60' 150 
75' 250 15Q' 500 

XJO' 1000 240' 1200 
g; : 4000 4008 4000 

400' 

for analyses made by the bottom withdrawal tube method. 

Few of the aemplee received in this laboratory had sufficient water for the bottom withdraw- 
al tube method. An effort w&a made to use for the settling water a water with a concentration 
and character 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 
samples it was necessary to use Albuquerque tap water. A number of samples were dispersed be- 
fore.analysis, using sodium ox.alate as the dispersing agent axi distilled water E.B the settling 
medium. 

Many of the samples received in this labordory had concenhrations of sediment much higher 
than the maxilnum of 10,000 parts per million recommended in Report Ro. 7. It was necessary to 
split those samples and for that purpose a splitter was used which ~8 like the one deve)oped 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 eaalysee for portions of some of the spiit eamples showed good agreement but for most 
of the comparable samples the agreement was poor. Analytical restits for a few of the aamples 
are given in table 5. As a rule the ana$yses made with the higher concentrations of sediment 



BO'ITCMWITHDRAXAL IlJBE SI!2E ANALYSIS 

River 

Station 
Date 

Type sample 
sediment ooncentration percent 

- pm 

I 

Lab. No. Analyzed by rate Tube NO. Temp. 'C. Checl:ed by Eate 4 
Suspended sediment 

Sample bottle + 
Dissolved solids 

ml. 
Sample bottle No. Dish+ - 
Suspension W. Dish No. 

En. 
FIGURE 2. Sample of bottom Mthdrawal tube size aralysis sheet. 

FIGu&53. Sample of plotting paper for Oden cww 
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Table 3. Settling times and percentages for twelve sediment samples. 

Settling schedule A Settling schedule B Settling schedule D 

3. 2 1 2 1 2 
Time to Percent Percent lime to Percent Percent Time to Percent Percent 
settle in sus- in sus- settle in sus- in mm- settle in eus- in su*- 
100 cm. pension pension 100 cm. pension pension 100 cm. pension -@ISiOn 
(mint) (min. ) (mid 

0.28 91 91 0.5 62 75 0.5 79 43 
.56 79 86 1.0 40 57 1.0 72 32 

1.14 62 77 2.0 26 42 2.0 69 24 

Description of ssmples. 
A-l Alamogordo reservoir deposit, dispersed with sodium oxalate 
A-2 Conchas reservoir deposit, dispersed with sodium oxalate 

B-l San Juan River near Bluff,Utah, June 18,1944 _ 
B-2 San Juan River near Bluff,'Jteh, June 19, 1944 

D-l Sen Juan River near Bluff, Utah June 4, 1944 
D-2 San Juan River near Bluff, Utah, July 21, 1944 

p-1 Arkansas River near Las Animas, Co?o., July 25, 1944 
F-2 San Juan River near Ship Rock, N. Vex., April 15, 1944 
F-3 AlamogorJo reservoir deposit, dispersed vith sodium oxalate 

J-l: Rio Grande at Albuquerque, N. Vex., Aug. 17, 1945 
J-2 Rio Grznde at Albuquerque, N. Mex. Aug. l?. 1945 
J-3 San Juan River near Sluff,Utah, %r. 25,1945. 



Table 4. Size alyses for nine sediment smples. 

(Lines uum”uored. a,b,and c represent first, second, anL third plotting, resyactivaly) 

NO. Time 
scale ~~ -Percent finer than indicated size ir, millimeters (min.per . 

inch) 0.0110 0.0156 0.0312 0.442 0.0625 0.0125 0.250 0.500 

A-1-a 200 16 -21 30 40 84 98 - 
A-l-b 400 14 15 20 30 48 83 99 - 

A-2-a 206 32 47 62 73 90 95 
A-2-b 400 32 34 45 63 76 89 96 99 

&l-a 400 13 15 20 22 31 57 92 98 
B-E-b 40'9 11 13 19 22 30 59 94 99 

BZ-a 400 19 21 29 34 46 75 97 99 
B-&b 400 22 29 35 43 74 97 100 

D-l-a 403 10 11 15 19 26 41 62 81 
10 11 16 18 23 41 61 79 

52 65 67 68 70 76 91 97 
55 65 67 68 70 76 90 97 

9 65 79 8Y 83 90 95 98 
9 67 74 79 a3 91 94 96 

29 56 61 68 71 81 90 96 - 
29 54 59 67 74 82 90 94 96 

54 59 74 80 92 97 99 

48 74 85 
53 74 81 

a 95 98 
94 97 100 : I / : 

. ^I_ -.....w..- 1- - . - ^ 
ample numners, and 1!65 reIer to sem;Jle numbers in Table 3. 

ahowed smaller percentages of the finer particles than was obtained rrith lower concentration. 
Thie wae especially true when the material consisted chiefly of the finer particles (diameters 
less than 0.0057mm.) and when the settling medium was native water. The material, as it settled 
in the more concentrated suspensions, appeared to settle like a coagulated mass. 

On several occasions it haas been observed that a moderately or highly concentrated suspension 
settles more completely and faster than a 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 Southwestern Laboratory on the rate of settling of a sample of Rio Grande 
water in four cylinders showed that for concentrations greater than 6,000 parts per million the 
settling was more complete in the smaller cylinders. 
eters: 6.9 cm., 4.6 

The cylinders used had the following diam- 
cm., 3.6 cm. and 2.6 cm. The studies were not sufficiently comulete to show 

the effect of thediameter of the settling cylinder on the rate of settling of different suspensions. 

The available analytical data show that comparable results cannot be obtained for certain 
samples if the concentrations of sediment in the settling tubes are different and if the settling 
is done in native water. It appeara that the concentration, if 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 sample from the Rio Grande 
are shown in Figure 4. Each curve is the mean of several analyses made on*split portions having 
similar concentrations of sediment. The CUT.% for this one sample and the data obtained on a 
large number of sampler? show the improbability of getting comparable results for different con- 
centrations of sediment when the material. is fine an9 the settling is in native or tap water. 
Comparable results can be obtained for different concentrations of sediment when the sample i,q - 
dispersed and the settling done in distilled water, but it is not hog hoa high concentrations 
of sediment should be U8d with dispersed samples. 



Tcblz 5. Size a~&ses oi euspendei sediment from vsrious oo~rcea. 

(Analyses by the bottom withdrawal tube method, using the "J" schedule for settlhg time8 ) 

COIlCeIl- 

tration Perccst finer than indicated mize ( in nilljmeters ) 
of sed- 
nent in 0.30195 0.00276 0.0939 0.0055 0.0278 0.0156 0.512 0.0625 0.125 0.250 0.500 Settling 
tube (p+n) medim 

E;q 2, 1945 521 29 
624 50 

1,220 13 
1,220 15 
2 330 
2:400 

9 
6 

55 
62 
35 
45 
15 
10 

Rio Paerco at Adasuia. Arirom 
77 85 88 90 93 96 99 100 - Tap water 
76 85 91 96 100 - 

Tzp water 

341 
1,050 
2,280 
2,560 

4.2 
14 
10 
47 Diptilled water (dispersed) 

July 23, 1944 

July 17. 1946 

March 23, 1946 

M.zch 30, 1946. 

Oct. 7, 1944 

Kr. 28, 1945 

Ott . i7, 1945 

iipr. 26. 1946 

1,700 
6,100 

194 
620 

2,050 
2.150 

246 
392 
291 
352 
219 
551 

955 
4,090 

917 
2.080 
3,790 
4.180 
4,680 
7,350 

25 

43 

12 
56 

3E 

18 
9 

35 

28 

50 
4 

18 
62 

36 
4 

34 
94 

48 
7 

32 
15 

39 

15 

61 76 81 88 95 99 100 - T,:p water 
"0 r5 68 A3 94 - T.p water 
56 64 83 96 lSS - 8:tive ketar 
8 50 70 35 33 XtdiVE water 

28 43 70 9.5 99 - BRt,iVt) rater 
70 79 89 97 100 - Dintiiled water (dis$:ersed) 
". ';i 3-r, -s hakhill. S. Dakota 

56 - &dive water 
42 46 30 96 100 - r;ative water 
21 37 48 - Xativi weter 
3% 35 50 72 83 94 loo - Tzp weter 

- w - Distilled Water ( &ifpSrSSd 

Distilled water (dispersed ) 
color.sdo River nezr Gr?nd Canyor, bri~ocz. 
55 I 82 95 99 - - - Trp water 
10 26 61 99 - - - Tap water 
sn Juan River nem B..uff.DtA. 

49 64 69 71 72 76 80 94 Tzp we.ter 
17 34 55 - - 1/ 56 d 6i T-p w:;tcr 

2 5 6 55 - d El 1/ 72 3 "9: Native water 
44 53 57 62 65 d67 d 74 1/36 Distilled water ( dispersed: 

6 16 23 35 54 &/ 64 1/ 7d Native WTte?r 
22 26 28 38 53 u 6i 1/ 75 

3 ii; 
Distilled water (dispersed ) 

l/ Determined by sieve method. 
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$ 
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B 30 
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0.1 

A.Dispersed, distilled water 
8. Native water 
C. Tap water 
D. Tap water 
E. Native water 

Particle size in millimeters 

Fig. 4. Bottom withdrawal tube eize aoalyeea of Rio Grade eediment for different concentra- 
tions in different settling media. 

I i 
The available information indicate% that for samples dispersed with aodium oxalate j,t may 

be difficult to ascertain the correction that should be applied for the dieeolved solide of the 
settling medium. The weight of dissolved solids on several samples appears to be less than the 
weight computed for the amount of sodium oxalate added, indicating a reaction between the oxalate 
and the suspension or solution. The necessity for a correction.for the dieeolved 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 observation8 show that 8ome 
material 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 anelyaia. In this labora- 
tory the material that collecta on the shoulder durin&the entire analysis ie washed out with 
distilled mater and weighed. The weight is then added to the weight repreeenting 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 collecta 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 data obtained in the Southwestern Laboratory the following 
procedure is recommended for the analysi's of sediments by the bottom withdrawal tube method: 

1. The native water will be removed from the sample. If necessary the sample will be 
split to get a portion which give a concentration of sediment in the tube less than 5,000 part8 
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 concentratdons of sediment (these con- 
centrations to be lees than 2,500 parts per million). For dispersion add about 100 ml. of dis- 
tilled water, 5 ml. of sodium oxalate solution (1.5 O/o) and mix the suspension well by stirring 
with a milk shake mixer. 

Most of the samples will be analyzed using the following settling times: 54",4',9', 
W,4:; 60' 150' 240' 400' and 400'. If moet of the material settles out within the first 60 
or 150 &dee (LB in&cated by a light suspension left in the tube) the remaider of the EIUS- 
pen&on can be drawn off at five-minute intervals, except the last portion is to be drawn off 
immediately after the next to the last portion. 

3. The temperature of the portion drawn off at the end of 150' ie recorded as the 
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temperature of the entire suspension during the analysis. 

4. If the material that Bettles in the first nine minutes (the material in the first three 
dishes) amount 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 sieves with open- 
ings of 0.500,0.250,0.125,and 0.0625 mm. The results of the sieve analysis are to be reported 
in the size analysis. 

5. After the last portion 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 
weight 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 grame for each withdrawal. The correction for 
dissolved 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 maximum velocity attained by a body in a free fall in a gaseous or 
liquid medium is a function of the physical dimensions of the body, ita density, and the density 
of the surrounding fluid. The mathematical expression for the terminal velocity was first pub- 
lished by Stokes in 1845. About 40 years later engineers and geologists began to apply this law 
in determining particle size gradations of B.SIIa, sediment, and other granular materials. Although 
the terminal velocity of sand and Bediment particles is affected by the body form, it can be re- 
lated to the diameter of spherical particles with equivalent sedimentation characteristics. In 
the majority of sediment problems it is not the exact geometric size or shape of the individual 
particles that is of primary importance but rather their behavior in regard to transportation and 
deposition in rivers ma reservoirs, which factors are directly related to the sedimentation 
characteristics of the particles. Therefore, it is obviously advantageous to make size analyses 
of fluvial sediments by a method which is based on these characteristics. 

During the past'fifty years several ingenious procedures have been developed for the pur- 
pose of determining particle sizes by sedimentation methods, such as decantation, elutriation, 
manometer, hydrometer, plummet, ana pipette. The limited accuracy ma range of application, as 
well as the tediOUB processes involved in applying these methods, have provoked further search 
for simpler and more accurate methods of making sediment size analysee. *These circumstances 
prompted the Federal agencies who have cooperated in the investigation of sediment measurement 
and analysis at Iowa City 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 techni'cian using less accurate methods. As Mr. Howard 
has indicated in his very instructive review of experiences with the bot'tom-withdrawal tube, the 
problem of flocculation assumes new and greater importance. Unaoubtealy, flocculation plays an 
important role in the natural sedimentation procesaee occurring in rivers and reservoirs. This 
is true particularly when finely divided sediment particles are present. The laboratory tech- 
nician is confronted with the problem of simulating conditions existing in nature, in the ap- 
paratus he uses in his sedimentation analysis. Unfortunately we a0 not know just what forces 
are involved in a natural sedimentation process. It is not conclusive to say that as the stream 
velocity is reduced to a certain value all particles of a given size will settle out and come to 
rest on the bottom. The process May be accelerated by the presence of certain ions of dissolved 
SOiiaB and it may be retarded by others. The mixing of different waters as one river flows into 
another or into a reservoir may create circumstances which cauBe 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 
aevelopment projects. Ueually thie effect is related to the settling characteristice of the 
sediment particles. The size analysis determined by a sedimentation process in a completely 
aiBperBea suspension will indicate the grada;tion of the true diameters of the suspended material. 
When this method of size +nalysis ie ueed on a sample in which flocculation occurB, the analysis 

* Corps of Engineers, Deparitment of th,e Army, St. Paul District, St. Paul, Minn. 
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will indicate a size gradation coarser than the actual. While it is true that flocculation does 
take place in the natural stream, there are no criteria available 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 technician is unable to induce dispersion in the sample 
with any assurance that the settling charaoteristics of the sediment particles in the stream 
from which the eample was taken till be simulated. 

There appears to be a new field of research which should be covered in order to clarify 
this phase of sedimentation. In the meantime, it is 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 data determined from size analyses in which no flocculation 
occurred would be more readily interpreted than data obtained from analyses in which an uncer- 
tain degree of flocculation took place. Therefore, until the effects of flocculation in the 
laboratory apparatns and that which occurs in nature can be correlated, the bottom-withdrawal 
tube size analyses should be made in distilled water with the assistance of a dispersing agent 
when necessary. 

The bottom-tithdrawal 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 facilitated so as to reduce the cost and labor involv- 
ea. However, sufficient tests have already been made vlth this inetrumen t in various labora- 
tories to demonstrate that it is practical, that it ia superior to other methods for accuracy, 
and that it is applicable to wider ranges of concentration and particle size gradation than other 
methods commonly used in making sediment size analyses. 

E. W. LANE.*  Dr. Howard has very forcefully brought out the difficulties of sediment size analy- 
sis, particularly those introduced by different concentrations in the-sediment analyzed end dif- 
ferences in the chemical aomposition of the water. Although he has discussed this as an aspect 
of the bottom withdrawal 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. 
He hae shown that widely different results may be obtained 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 wotid be comparable. 
To decide this question, it is necessary to consider the use which till be made of this sediment 
data, and to sele$t the conditions of analysis that will give data in the formmost suitable for 
that use. 

Unfortunately, this approach indicates that more than one method of analysis should be used. 
For example, suppose that it is 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 Pag%For this purpose, it is necessary to know how fast the particles vi11 settle In the 
water in which they flow and at the coneentratlon which exists there. For this purpose, the 
eamples would have to be enalyzed 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 3ould have to show the 
ultimate particle size, and both analyses would have to be made in a highly aispersea condition 
in order that the particle settling rate is not affected by the proximity of adjacent particles. 
The analysis made in the manner best suited to determine the deposits in a retarding basin might 
not be satisfactory. It is often impossible 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 funds were always available, 
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 ahead and make tbe analyses now, in order to have the data when it is needed. Since we 
must proceed rather blindly, we should at least study the situation and make the best possible 

* Consulting Bydraulic Engineer, Branch of Design and Construction, Bureau of Reclamation, 
Denver, Colo. 



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 just 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 
should be used. For example, on the Yung Ting River in China, on which the retarding basins will 
probably soon be built, both of these methods r'lould be used, a record by both methods being se- 
cured, at least during floods. The Rio Fuerco in New Mexico is a similar case. When there are 
sediment 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 is not, for 
it 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. * I 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 first 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 that 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 ramifications 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 Albuquerque District has approximated, if not 
exceeded, the number we have made. We intend to continue its use for every purpose that we can 
make it serve, but we are not satisfied with some of the actions we find in it. 

Originally we used the hydrometer method, but the trouble of having tooi.high a concentra- 
tion (which Dr. Howard and the other gentlemen pointed out) made it seem heady 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 so high a concentration 
of sediment that flocculation by mass attraction is nearly certain. This phenomenon has been 
studied to a considerable extent by German scientists, and Tuorila is probably the best authority 
on this subject, as far as I know. He maintains that, no matter what the suspension medium is - 
- that is, 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 ratio of radii of the large and amall particlerr, and where the larger par- 
ticles settle through the fluid faster than the smaller ones, they will drag the smaller ones 
along and thus produce flocculatian. 

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 causea by electrolytic 
changes of the charges on sediment particles due to the type and amounts of ionized chemical 
salts in natural waters. The Omaha District has been 'conducting a preliminary study of the mag- 
nitude of this problem for the last few months in the manner described in the following paper. 

* Omaha District, Corps of wincers, D&rtment 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 science of sedimentation is largely dependent upon the proper concept of sediment 
p8rticle sizee. 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 enon- 
moue investments in reservoirs, irrigation systems, floodways, navig8tion channels and other 
undertakings to control and utilize sediment-laden waters could be protected from the sediments- 
tion hazard. Such means cannot be devised without an adequate .&.nowledge of the behavior of all 
sediment, which in turn is dependent upon the different behavior of various sizes of sedim8nt 
particles. Thus, considerable emphasis recently has been given to research directed toward de- 
velopent of accurate methods of ,determining sediment particle size. Nearly all methods applic- 
able to the analysis of suspended sediment are baaed on an application of Stokes' Law of eettling 
velocities of spherical quartz particles. The work of the Interdepartmental Committee L/ has 
resulted in the invention of the bottom withdraw81 tube to analyze sediments ranging in diameter 
from 0.001 mm. to 1.0 mm. a0a in concentrationa from 300 to 10,000 parts per million. According 
to this Committee, the hydrometer and decant&ion 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 C~IJ be split auffi6iently to allow analysis In the bottom withdrawal 
tube. Any process for analysis of suspended sediment particle size by the application of Stokes' 
Law is subject to a number of errors. One of the most comprehensive diacueeioiis of theae errors 
is given by Erumbein z/, who indicates that the principal errors lie in the variation from true 
sphericity and smoothness of the particles, the diameter of the vessel containing the sedimenting 
system, the tendency toward mutual-interference of particles, aa the r8piaity with which the 
particles reach a terminal velocity. Most of theae factors have been studied by numerous work- 
ers to a sufficient degree that corrective measures are available. Thus, ICrumbein 2/ discussea 
the Rubey, Wadell, Oseen and Goldstein formula% which make allowance for shape and &face 
character of particles. He also :&ate@ that Lorentz, Landenburg and Arnold inv&atigated 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 is known about the mutual 
interference of particles, except that it is better to have dilute suspensions, preferably less 
than 25 grams of solid to the liter. 

There is another, and'perhaps greater,~sonrcs of error in the application of Stokes* Lam to 
euspezded sedizmt size analysis. This is the pos%ibiUty of flocculation of particles, a.+ 
alone bec+use,of.their proximity to each other, butbecause of charges on them. Such charges 
vary with the kind and amuuht of'ious in the uater surroundingthe particles. Yii little hae 
been written on the euepezded z%d%ent phaee of the auhject, l&e&$ all investigations of 
flocculation ham been made in comectiou with soils; and-geological studies, where the sqlee 
i+re in maz~i~e~for~i and had to ,be placed in eus en&u in the laboratory. It has been recog- 
nlsed for zone time that sodium o-ate (Xa$ 4 

$ 
B is a good deflocculeht, although there are 

other chezdcals which will pr&uce the 88108 e feet. ft is.not generally recoghized~.apparehtly, 
that all know deflocculents have a wide variation in efficiency if either too pouch or too 
little is used. Krumbein.2/ fouhd that sodium oxalate had a dizperzihg effect over a,fairlg 
wide range of zolutioz strength on one.partiaular clay, but it too bee8me lese effec$ive in dia- 
persiug the material if too much or,too little was added. 

It appears that the 'problem of flocculation is not one for which there is a universal psna- 
tea. Since most of the research on flocculation has been performed by soils scientists and 
geologists principally as 8 means of improving eoila analyses in laboratories, many of the re- 
sults thus obtained are not strictly applicable to laboratory analysis of suspended sediment. 
But flocoulation of suapended sediment also has many other ramifications. If the 8CtiOn of 
chemical dispersing agents is e%%entially~electrqlytic, then may not electrolyte% in natural 
waters affect sediment flooculation? Puri and Keen y concluded that the effects of electrolytes 
on %u%pen%ion% are not abrupt but cause 8 continuous change in the degree of dispersion as the 
electrolyte ooncentration.i% varied. They found that the common compounds sodium chloride (N8Cl) 
8na pota%%iu?z chloride I(&$j (which are usually present in natural waters) produced flocciiLstion 

+ Omaha District, Corps 6f Engineers, Department of the Army, Omaha, Nebr. 
112/ 2/i/ See "References" at close of comment%. 
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with relatively small concentrations and had decreasing diepersing effect with increeaing con- : 
centration above a certain amount. Krumbein found the came-effect with sodium carbonate(Na$O$. 
Accorduly, 18 it not poeaible that auapended sediment may vary in its degree of flocculation 
as it is carried downstream in water which is varying in ite chemical quality? Do different 
types of sediment react differently with the same water? In that event, ie it desirable to have 
a uniform technique for d&&mining particle size in the laboratory, with the possibility that 
vital data usable, for example, in estimating the potentiality of deneitg current formation in 
a reservoir would be completely obscured? It appear8 that the more logioal approach would be to 
conduct experiments in the field to aecertain the likelihood that varying degrees of flocculation 
are present in watere of a given chemical quality, and then prepare a manual for normal labora- 
tory uBe based on the chemical compo&ition-of the sediment and the water at the time a semple ~(1% 
obtained. It might be quite worthwhile to equip a mobile sediment laboratory for such a purpoae. 

It wee with such question8 in mind that the folloting experiments were undertaken. It aeem- 
ed neceaeary to attempt an evaluation of the magnitude of the flocculation problem in terms of 
the equipment and techniques now available. The purpose of this paper ie to present the problem 
for general discuaalon, to furnieh data obtained in a preliminary study, and to draw tentative 
conclueione therefrom. 

Baeis of Experiment 

During the calendar year 1946, a number of samples of water were obtained ?rom the Miflaourl 
River at Rlbowooda and Garrison Dam Site, North Dakota, and Oahe and Fort Randall Dam Sites, 
South Dakota, to make chemical analyses of quality. It waa noted that the ,amounts of various 
radicals varied coneiderably at the four locations 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 was decided that the maximum and minimum values given by the analyses for the impor- 
tant radicals during the open-water aeaeon at the latter three stations would be adopted for the 
flocculation study. 

In order to have enough identical material to make a considerable number of teate, a special 
sample of sediment (designated as Fl!) was obtained from a backwater area alow the Mieaouri River, 
near Sioux City, Iowa. Since this sample contained a considerable amount of coarse material, it 
did not appear to be the most suitable specimen with which to experiment. Consequently, a eecond 
sample (designated as FS) w&a obtained by ealvaging sediment which had settled out of euapenaion 
in extra "quality of water" eamplea, and compoaiting all aalvaged material. This aemple was con- 
siderably finer than the first, end seemed to offer a'better opportunity to observe flooculation 
effects. All tests described in thie paper were conducted with the FS material. 

There seemed to be no logical reason to make the required particle aiee analyses by any 
method except the bottom withdrawal tube process, since the flocculation affects which would be 
of sufficient importance to produce errors in ordinary work would have to be apparent in that 
proceea. Six tubes of about 534 ml. capacity were aelected and assigned exclusively to this 
experiment. Analyses were made in the routine manner, 
posed by the Interdepartmental Committee &/. 

which is patterned after the process pro- 

It was considered that the sediment sample muat be washed thoroughly with dietilled water to 
eliminate practically all natural salts which were in the original water covering the aemple or 
on the sediment particle8 themselves, since it was only in that manner that a true picture of the 
effecta of controlled aalte content could be obtained. Muoh of the eample .waa 80 fine (FS 49, 
Figure 1) that an abeurdly 10~ time delay would have been required to allow the sediment to eet- 
tle out completely after a washing, 
clog with or pass fine particles, 

Filtering was impracticable becauee the ;fllter pores would 
and some of the material would be lost with each-washing. Con- 

sequently, a supercentrifuge nas used to clarify the waeh water and ealvage the finer sediment, 
A cellulose acetate liner wae placed in the supercentrifuge bowl, and the accumulated sediment1 
w&e washed off this liner back into the eample after each clarification, The residual ealee con- 
tent, after each washing waa determined by evaporating a specific volume of the clarified water 
and weighing the residue. All duplicate teat8 designated by one test number were made upon epfit 
samples. After the material deposited on the centrifuge bowl liner was washed back into the 
aample, the storage jug was well shaken and a small amount of the euapeneion was poured into a 
pint jar. The shaking and pouring proceae MB repeated a number of ttie to insure uniformity 
of sediment in the sample placed in the jar. 
using a microaplitter. 

The fiample in the Jar was split into 32 portions by 
Psalyees were made with aa many of the 32 portiom ae required, the other 

portion8 being poured back Into the storage fug. 
teats with salts were made. 

Six watvhinge and analyses were performed before 
During the oouree of the experiment, oocasional tests of the 

at cloee of commenta.~ 



It was fauna that the principal radicals in the Missouri River water.3 during the open water 
season of 1946 varied, in parts per million, as followa: sodium (!?a), 95 to 25; calcium (Ca), 
95 to 32; magnetdum (Mg), 32 to 6; potassium (x), 12 to 1; sulfate (SOb), 420 to 130; bicarbonate 
(HC03), 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 moxe typical of the open water eeae6n. It 
was decided to make a number.of tests udng only a 8ingle ealt in each teat, and detedning the 
effect of maxti and minima values of each important positive 1on alone, Thi6 neceadtated, of 
cour,~e, that there also be aniona, but the controlling factor was the mount of the cation being 
tested. 
h-@Q+J, 

Stock solutions of calcium Bulfate (CeSO4), magnesium sulfate (MgSO4), aodium mlfate 
and sodium bicarbonate (NaHC03) were prepared in such concentrations that.1 ml. of the 

solution diluted to 534 ml. (the volume of the bottom withdrawal tube) gave a, evolution tith a 
&nom salt concentration In parts per million. The required amount of stock solution for a given 
teat was a&Led to a split portion of the sediment mple, diluted to a total volume of 450 ml. In 
a pint Jar, d&red, and allowed to stand overnight, The next morning the content8 of the Jar 
were washed into a bottom withdrawal tube, diluted further to the required final volume of 534 
a., and the analy~& begun. This entire group of ted8 wae duplicated, uaLng distilled water 
which had been boiled to remove cezbon dioxide, to determine the effect of dissolved carbon diox- 
ide on the flocculatiw action of the salt@. The washed Bediment analyzed alone a8 controls be- 
fore and after th1a seriee of teats (FS 6 and FS 19) had total diesolved solids of about 1 ppm. 
when diluted in the bottom wlthrlrawal tubes. Table L chows the important characteridice of 

Test r?o. 

m7 

Fs 8 

Fs 9 

Fs 10 

Fsu. 

Fs 12 

FE! 13 

FS 14 

Fs 15 

FS 16 

Fs 17 

Fs lt3 

Character of 
water used in 

auepenrdon 

&&illed Boilt 

tt ,, 

1, ,I 

n 1, 

,t ,, 

n ,, 

Wtillea 
Regular 

0 

l- Te 

st1on 

Caltilum 

M 

sgnefm 

,, 

Od.hIl 

,, 

El0ilml 

The remits of the teats are shown on Figure 3. 
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80 

32 

25 

5 

96 

24 

80 

Anion 

Xlfate 

0 

bicarbonat 255 
0 64 

sulfate 

32 

25 

5 

96 

24 

,, 

,t 

iicarbonat e 

I 

77 

1CQ 

20 

255 

64 

The ~~econd section of this dngle-salt test, wae designed to determine whether flccculation 
effects were being produced by the positive or negative radical. Since very little flocculation 
was caused by aodium bicarbonate (FS 11, 12, 17 and 18), sodium sulfate was use& as a eubatitute 
for the calcium sulfate an& magnedum eulfate u8ed in TeetB FS 7, 8, 9, 10, 13, 14, 15, and 16, 
holding the amount of sulfate approximately equal for each individual comparison. Table 2 show8 
the tad condltion~: 

mlt 

Ppm. 

193 

77 

100 

29 

193 
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Test No. 

FS 20 

FS 21 

Fs 22 

FS 23 

TABLE 2. 

!haracter of 
iater used in 
suspeneion 

T 
Cation 

Sodium 

11 

11 

n I 

Present test 

PPm 

96 

48 

38 

10 

Anion 

iulfate 

I, 

I, 

" 

The result8 of these tests are shown on Figure 3. 

PPm- - 

200 

100 

80 

20 

Previous test 

Anion PP. Cation 

193 Calcium 

~ 

100 epleeium 

77 dCiU!l 

20 epesium 

PPm. - 

I 
80 

25 

32 

5 

The third section of the eingle-salt teats WWI intended to compare the effect of calcium, 
magnesium and sodium aulfatek on flocculation when the sulfate radical waa at about the maximum 
concentration found in the Missouri River during the open-water eeaaon. It we.8 performed as 
shown in Table 3. 

TARLE 3. 

l Tea,t no. 

Fs 24 

FS 25 

Fs26 

Character of 
water used in I---= 

,I Sodium 
I 

129 

75 

144 

Anion Ppm. 

Sulfate 

7 
309 

,1 300 

11 300 

The reeults of this teat are shown on Figure 3. FS 27, a control test with the washed material 
only, ahowed no appreciable change over similar teat.8 FS 1 to 6, inclusive, and FS 19 (Figure 1). 

The portion of the experiment using multi-p10 salts consisted of a eerie8 of particle-eiee 
analysee in euspeneions to which various amounts of calcium sulfate, weeium sulfate,-and 
aodium bicarbonate were added in order to simulate the ranges of diesolved eolicla conditions 
which were found to exist in the Missouri River in North and South Dakota during the open-water 
0ea0on of 1944. It was found advieable to repeat certain of the tests to verify the variations 
between the quadruplicates of the first tests. All te&s were performed in euepeneione of boiled 
distilled water. The first three test%, FS 28, 29 and 30, were de&wed to provide the maximum 
calcium and magnesium cations found in the quality of water teats and to vary the sodium bicarba- 
nate content between maximum and minimum values. The second group of three testa, FS.31, 32 and 
37, were made using a moderate amount of calcium and magnesium oatione, with variation of the 
sodium bicarbonate content between the maximum and minimum. The third group of three tests, FS 
33, 39 and 48 were made ueing the minimum amount of calcium and magnesium oationa, again with varr 
i&ion of the sodium bicarbonate content between maximum and minimum. Tests FS 35, 36 and 47 dup- 
licated Teats FS 31, 32 and 39 respectively, and Teats FS 38 and 46 duplicated Test FS 33. Teste 
FS 34, 40 and 45 were made as controls, using the washed pediment without any added ealte, and 
having residual ealte of only about 1 ppm. in the bottom wlth^drawal tube. It was found that a 
calcium carbonate precipitate formed when calcium sulfate and sodium bicarbonate were mixed, and 
for that reaeon, the ionized concentrations of calcium and bicarbonate radical8 were leas than 
those desired. Table 4 shows the amounts of the various ione in aolutlon dor the different teats,, 
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: 



TABLE 4. 
(IOllB 

!LWpW3i7lDJ 

mm. 1 
iOdiUDl Test no. 

FS 28 

ps* 
FS 30 

Is 31 & 35 

FS 32 & 36 

FS 37 

FS 33 & 38 

FS 46 

= 39 

FS 47 

FS 48 

Calcium 

80 (61) 

80 (66) 

80 (80) 

56 (31) 

56 (40) 

56 (56) 

32 (7> 

32 (18) 

32 (12) 

32 (-22) 

32 (30) 

25 

25 

25 

15 

15 

15 

5 

5 

5 

5 

5 

Figure 4 shows the results of these tests. 

96 

72 

24 

96 

72 

24 

96 

96 

+P 

72 

24 

Sulfate, .B 

f 293 

293 

293 

195 

195 

195 

97 

97 

97 

97 

97 

Icarbonate 

255 (196) 

191 (147) 

64 (64) 

255 '(176) 

191 (141) 

64 (64) 

255 (180) 

255 (212) 

191 (131) 

lyl (161) 

64 (58) 

In order to determine if the original washed sample W&S at its maximum deflocculation, a 
series of four teats in qua&uplicate were made in boiled distilled water, using varioua amounts 
of sodium oxalate (Na2C204) 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 teats for particle Bize. This * 
series, therefore, waa prepared using 7.5 cc., 15 cc., and 30 cc. of this solution in Teds FS 
41, 42 an& 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 aeriea of chemical tests also were run to determine the Importance of chemical precipita- 
tion in the application of corrections for dissolved salts to the weights of aedimsn$ fractions 
withdrawn from the bottom withdrawal tube. The results of these tests are described in a later 
paragraph. 

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

Compound Percentage of total sample 

Silica (Si02) . . . . . . . ..-.......................-...................... 56.10 

Ferric Oxide (Fe203) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.39 

Alumina (Al2O3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.33 

Calcium Oxide (CaO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.43 

Magnesium Oxide (MgC) .*...*.-*.-................*...........*,.....*. 2.28 

Sodium Oxide (Na20) '..,..I,.......................................... 0.60 

-Potassium Oxide (K20) **a.*.....-..................................... 2.02 

Phosphorus Pentoxide (P205) . . . . . . . . . . ..*......*...................... 0.23 
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Abscissas show particle sizes in microns. 
Dashed lines indicate maximum aberrancy of 
cny individual test in c group. 
EPM is defined as the concentration in parts 
per million divided by the chemical equiva- 
lent weight of the element or radical. 
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Percentage of total sample 

Carbon Dioxide (C02) . . . . ..-............................................ 1.29 I 

Water (expelled at 1000 'C) . . . . . . . ..*................................a. 6.22 

Organic Matter (as Carbon) ,............................................ 0.68 

Manganese Oxide (MnO) . . . . . . . . . . . . . . ..a.......................... Not yet determined 

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98.57 

The petrographic analysis is quoted "Brownish material . . . . shows aggregate polarization 
present in the large chunks. Small pieces 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 regular distilled water, but that the salt content would 
rise considerably 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 en 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 gaining more than 14 ppm. of salts in the supernatant water, and sn additional month dur- 
ing which a loss of 10 pyon. of salts occurred. The increased clay content 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, however, since FS 43 has a slightly lower 
clay content. It is apparent, in spite of these minor variations, that the test material was 
maintained in essential uniformity throughout the entire study. It should be noted also that the 
dilution of the small samples in the bottom withdrawal tube reduces the residual salts to a neg- 
ligible figure of 1 ppm. to 4 ppm. 

The effect of sodium oxalate on the test sediment is to increase the dispersion slightly. 
However, the size distributions using 15cc. and 30~. of sodium oxalate (FS 41 and 42) are prac- 
tically identical, are only 8 percent higher in clay content than the untreated sample FS 43, and 
are only 4 percent higher in clay than the freshly-washed sediment in FS 40. There is a somewhat 
lesser dispersing effect when only 7.5~~. of sodium oxalate is used. It is apparent, however, 
that the original washed and untreated sediment is somewhat flocculated, although the condition 
is not sufficiently 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 amount of magnesium alone is present (FS 9), although the action is 
not as great as with the maximum amount of calcium. The minimum amount of magnesium alone appar- 
ently does not cause flocculation (FS 10). Sodium, when added as a bicarbonate, seems to cause a 
slight flocculation (FS 11 and 12), but in the maximum case much leas than with the calcium and 
magnesium maxima (FS 11, 7 and 9). 

The preceding series of tests, when run in distilled water which had not been boiled to re- 
duce the content of carbon dioxide, shows considerably greater flocculation when maximum and kin- 
imum calcium and maximum magnesium are used (FS 7 and 13, 8 and 14, and 9 and 15). There is 
relatively little difference due to the presence of carbon dioxide with minimum magnesium and 
with both maximum and minimum sodium (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 radicals were responsible. By substituting 
sodium sulfate for the maximum and minimum amounts of calcium sulfate and magnesium sulfate, the 
insignificant 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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flooculatlons then magneeium sulfate when each is preeent in small ~ounte. It also appears that 
the effect of .30ah sulfate on the clay fractions of this material is somewhat erratic (l% 20, 
21, 22 aa 23). 

The comparative effects of calcium, magnesium, an0 sodium, when the corresponding sulfate 
nas near the maximum concentration generally found in the Missouri River, are shown b4 tests 
FS 24, 25 and 26. It ie interesting to note that, although calcium and magnesium show much great- 
er flocculating effects than aodium, magnedum has slightly more effect on flocculating action 
than calcium on an equivalent basis. 

The results of the multiple-salts tests using a combination of calcium sulfate, magneeium 
sulfate, and sodium bicarbonate are shown in Figure 4. For purposes of comparison, the amounts 
of salts in the suspensions in chemical equivalents per million are also given by bar diagrams. 
Precipitation of calcium carbonate prevented maintenance of a uniform amount of calcium in the 
suspensiona while the sodium bicarbonate content was varied, 80 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 
withdrawal teats 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 Fi'gure 5; 

I I ! i / / ] / I 
- 

I I I I 2 3 4 5 6 ? a 9 IO 

WITHDRAWAL NUMBERS 

k g2 I 3 7 I0 40 00 120 

TIME (MINUTESI 

SALTS PLACED IN 
(PPM) 

TESt NO CA MC NA 

Fs’ Zs 00 25 M 
FS 39 80 25 72 
Fs’ 35 sp IS 96 
FS 36 56 IS 72 
FS 30 3q 5 98 
FS 39 32 S 72 

SOLUTION 

so4 Hca3 

293 255 
293 191 
195 2SL 
195 191 

97 25s 
a7 191 

N 0TE.S 
I. NO SEDIMENT USED IN THESE TESTS. 

2. ALL POINTS ARE AVERAGES OF 

DUPLICATE TESTS. 

J. DASHED LINES ARE CORRECTIONS 

APPLIED TO RESPECTIVE TESTS WHERE 

SEDIMENT WAS USED. 

FIGURE 5 

no visible precipitates were found solutions ideniical to those in Tests FS -30 fina 37. 
Portions of these solutions were simply evaporated and the residues were weighed. The dlscrep- 
ancy in weights between the residues an& 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 JE 30 and 3’7, solutions 
of various concentrations of the individual salts used for those teate were evaporated to dryness- 
Although the loss of carbon dioxide from the solution of sodium bicarbonate and the gain of water 
of crystallization during evaporation of the calcium and magnesium sulfate solutions did not vary 
in the same ratios as the concentrations of those salts, it was possible to calculate the recom- 
positions occurring during evaporation of FS 30 and 37,.as well as all other tests using multiple 
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salta. In addition, these evaporations of individual salts solutions gave the proper ccmreo- 
tions to be applied in the sediment tests using individual salts alone. FS 46 and vi, the 
reruns of Tests FS 33 and 38, and 3% 39# made because of the fluctuation In flocculation between 
duplicates of those tests, were analyzed in suspensions from which the precipitated calcium oar- 
borate h&d been removed by filtPatioii; FS 48 was run in a similar manner. 

It is apparent that the mQl.tiple%alts tests in which calcium end magnesium are present in 
large amounts are more hig&ly flocoulkted than those in which the amounts of these cations are 
smeller. It seems th&t the size distribution approaches that of the original untreated sample 
when the total calcium and &Qneeium content i.s somewhat lea8 than 2.75 equivalents per million 
(55 parts per million in terms of calcium only). It does not appear that the amount of sodium, 
sulfate or bicarbonate radidals have an appreciable effect on flocculation when the calcium and 
magnesium are preeent in sufficient quantity. 

Conclusions 

A number of further tests are indicate6 by the results thus far and are being planned at 
present. It appears, however, that a point has been reached where some tentative conclusions 
can be drawn and placed before the engineers engaged in sediment work for their considera-tion 
and Fluggestions. 

First, and most important, it appears evident that apparent sediment particle-size may vary 
considerably if the suspensions used for analysis contain appreciable and different amounts of 
calcium or magnesium salts. Although a dispersing agent such as sodium cxalate may be effective 
in counteracting the tendency toward flocculation in the analysitl, there is no assurance that 
such counteraction has reproduced the saline conditions under vhioh the sediment originally was 

being transported by the stream. In fact, there is relatively small probability that it does. 
Even if a dispersing agent will always insure that the basic grain-size distribution is obtained, 
of what avail is that unless the effective size dia-tribution with each important variation in the 
chemical constituency of the suspension is known? It appear8 entirely possible, for example, 
that the formation and maintenance of sediment density currents in large reservoirs depends to a 
considerable extent on the flocculating or dispersing action of electrolytes in the river and the 
iake waters. It also.appears that only through experimental analysis of sediment 'particle sizes 
and of water quality at the site of sediment sampling, probably al80 at different seasons of the 
year, the true relationships can be discovered. 

The fcnnation of precipitates in the artificial waters used in the latter aeries of tests 
seem8 to point toward a similar situation in natural watera. The tendency toward greater floc- 
culation in Tests FS 13,,14 and 15 then in 7, 8 end 9 indicates that ths greater amount of dis- 
solved carbon dioxide in the former group permitted the preeence of more calcium and magnesium 
ion8 in the suspension. The presence of more dissolved calcium and magnesium in natural waters 
during cold weather is also partl;r explainable by the facts that cold water can retain more free 
carbon aioxide than warm water, and that carbon dioxide must be present in a solution in order to 
have ionizea calcium bicarbonate instead of th,e nearly insoluble calcium carbonate. The decrease 
of carbon dioxide in the stream must cause precipitation of calcium carbonate (calcite); and it 
i8 probable that an increase in carbon dioxide content causes solution of some calcite. The 
latter assumption was corroborated during this study by the necessity 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 time. 

The tests reported in this paper were not of sufficient scope to permit definite conclusions 
concerning the exact nature of flocculation to be drawn. The most important factcr yet to be 
evaluatsd is the base-exchange capacity of the sediment being used in this study. This charac- 
teristic is being determined at present, 

(CaCOj) 
but difficulties are being encountered which are aue 

probably to the amount of calcite in the sediment. The chemi:al analysis of the sediment 
shows only a small percentage of calcium oxide and carbon dioxiae, but if these compounds exist as 
as 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 fairly definite conception of the action of various salts on 
thia sediment. Until then, only conjecture is possible. 

The petrographic analysis shows that small pieces of quartz, chert, carbonate, feldspar, and 
muscovite were identified, although the majority of the material was unidentifiable. 
quartz and ohert'are silica (SiOz) 

Since quart 

(Mgco3), feldspar 
, carbonate is probably calcite (CaC03) or magnesium carbonate 

is probably orthoclase (KAlSi308) or plagioclase (%AlSi308 to CaAl.+3i20S) e,nd 
muscovite is white mice (~~i4qo(OW, the various compounds shown in the chemical 
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analysis undoubtedly are found partly in these minerals. Because the balance of the material in 
the sample could not be resolved microscopically, it is probable that it is clay. Its mineral 
composition is. unknown, but since it was obtained from river water, and consequently from widely 
different areas, the minerals probably include the three principal types: montmorillonite, ~llite, 
and kaolinite. It is probable, from the presence of about 2 percent of N20 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 >/ state that hydrous micas (il- 
lite), which consist of mixed layers of montmorillonite minerals and micas, occur widelg,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 montmorillonita and illite, St may be quite difficult to obtain an adequate base-exchange 
capacity. 

In a preceding paragraph, it was? 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 tributary 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 if 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 and magnesium is 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 
lo to 25 times. Accordingly, the calcium and magnesium content of t6e native water would have to 
be over 500 parts per million for flocculation to be present in the bottom withdrawal process. 
Such salta 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 analysis gives no idea of the particle size distribution in the 
natural stream under such conditions. Under 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 reservoir-a 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. 

This study, although of a preliminary nature, has shown the value of investigations into the 
physical end 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 lmowledge of the aspects 
of flocculation is obtained. Many authorities on sediment are giving serious consideration to 
this problem because it appears to have so much importance in the design and operation of reser- 
voirs and river systems. 
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